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FOREWORD

The second volume of this two-volume aircraft and airship design text-
book and reference takes the reader on a unique time-travel journey. The
authors, Grant E. Carichner and Leland M. Nicolai, both possess a rare
multifaceted portfolio of flight vehicle system integration skills. This exper-
tise has been proven not only to develop competitive flight vehicle systems
and explore prospective technologies, but also to support future competi-
tive corporate strategies. This book is surprising at first because of its focus
on a flight vehicle type thought extinct since the traumatic Hindenburg
disaster on May 6, 1937. In Fundamentals of Aircraft and Airship Design,
Volume 2—Airship Design and Case Studies, the authors thoroughly explore
airship transportation potential while providing the reader with a prag-
matic engineering approach to quantifying such a vehicle in the systems
context. This professional forecasting capability renders this book unique.

At the heart of this time-travel journey is the enduring quest for human
mobility. The Montgolfier brothers initiated this movement when they sent
the first balloon aloft in 1783. The sky was limitless from that moment
onward, and inventors began developing steerable airships. The first gen-
eration of ellipsoidal nonrigid airships was followed by semirigid airships
incorporating fixed keels. The evolving rigid airships pioneered by Count
Zeppelin resulted in majestic and capable aircraft that were able to carry
large civil and military payloads. At the turn of the last century, Zeppelins
conquered the skies by establishing the world’s first passenger-carrying
airline and providing nonstop transatlantic air service. As time and tech-
nology progressed, the airship era was brought to an untimely end, surviv-
ing only within small and specialized markets today.

This volume invites the reader to experience traditional airship designs
and operational concepts virtually by using the Lockheed Martin Skunk
Works mindset. The book provides unique insight into the workings of this
famed advanced design group because the reader has the unique opportu-
nity to observe and learn from two Skunk Works practitioners, both of
whom have had long careers at Lockheed Martin Aeronautics. The classi-
cal airship characteristics are systematically quantified. Past and present
system choices are detailed correctly using the language of advanced design
project engineers. The authors are able to assemble solid arguments and
convincing proof that confirm the relegation of the classical airship mode
of transportation to today’s niche markets.
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In the best tradition of Lockheed Martin’s Skunk Works, the authors have
identified in advance inherent drawbacks of the evolutionary pattern and
eventual stagnation of the classical airship concept from the past to the
present time. Based on this knowledge, they turn their forecasting proficiency
to explore the unfolded potential in a modern airship implementation—the
hybrid airship. At this point, this author duo succeeds in developing a strong
argument justifying the continuation of the airship bloodline with the con-
ception of the hybrid airship type.

The last century has been characterized by the speed seekers who
shaped aeronautics. This thirst for high-speed transportation is leveling
out naturally owing to modern environmental concerns, energy efficiency
requirements, and cost pressures. In this context, the primary focus of this
book is to provide the tools and mindset that are required for the quantifi-
cation of a next-generation hybrid airship completely capable of transport-
ing large payloads over long distances at low speeds, while requiring
minimal infrastructure and securing mandatory safety performance even
in demanding operating conditions. Such future designs will benefit from a
synergy of several technological spirals observed today: mixed (aerostatic +
aerodynamic) lift configurations, lightweight composite materials, efficient
and ecology-friendly power plants, smart avionics, including, where needed,
unmanned control, satellite positioning, networked operations, etc. Inter-
estingly, the hybrid airship mode of transportation naturally complements
the surface transportation analog: the well-established railroad and cargo
ship systems and infrastructure. Given the impact of present day low-speed
railroad and cargo ship transportation modes, the operational and com-
mercial potential of the hybrid airship becomes apparent. The hybrid airship
presents a technically feasible and experimentally proven concept with oper-
ational characteristics superior to the classical airship and even to surface
and aircraft transportation in sparsely populated and remote areas.

With the availability of this text, it is up to the next generation of strate-
gic planners and financial decision makers to incorporate this new concept
and efficient mode of carriage into future multimodal transportation infra-
structures and operations. In my opinion, this text provides a well-balanced
analytical framework required for new design quantification. The authors’
approach follows the best-practice flight vehicle design development meth-
odologies and analytics known to engineers and technologists.

Leland Nicolai and Grant Carichner have succeeded in providing a
cutting-edge two-volume aircraft design text and reference addressing
probably the most productive modes of air transportation: fixed wing air-
craft and the promising low-speed hybrid cargo airship. Flight vehicle design
decision making cannot rest exclusively on capable flight vehicle analytical
product development methodology tools; this volume uniquely comple-
ments flight vehicle design principles with carefully selected flight vehicle
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case studies detailing project engineer lessons learned by renowned design-
ers. Because design is a form of organized ideation, it is of significance for
the student and practitioner alike to systematically complement formal
analytical quantification proficiency with project engineer lessons learned.
It is the combination of analytical expertise and open-ended problem-
solving skills that instill the “right stuff” in any flight vehicle design team.

In Fundamentals of Aircraft and Airship Design, Volume 2—Airship Design
and Case Studies, Carichner and Nicolai have carefully selected a cross
section of case studies throughout aviation industry. These case studies
present a romance of successes and failures, studies of the ability of people
in groups, fused together to merge into a balance-compromised designed-
to-mission flight vehicles limited by time pressures, cost constraints, and
the challenge of producing machines that often have never before existed.
No textbook would be complete without telling the tales of these groups in
order “to realize the immense potentials of an effort shared” As such, these
development accounts are produced from the perspective of manager, inte-
grator, and technologist. These design perspectives offer a message that
benefits the student and practitioner alike. A genuine tour de design is
complete with this second volume—an important and unique contribution
to aeronautics.

Bernd Chudoba

Associate Professor

Director, Aerospace Vehicle Design
(AVD) Laboratory

Mechanical and Aerospace
Engineering

The University of Texas

at Arlington

February 2013
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PREFACE

This book is Volume 2 of the two-volume set Fundamentals of Aircraft
and Airship Design. It contains everything needed to perform a conceptual
design of an airship. As different as an airship is from winged aircraft the
governing equations of motion are identical to those for winged aircraft.
Even though most of an airship’s lift force comes from a buoyant gas, the
presence of aerodynamic and/or vectored propulsive forces and moments
are essential for normal mission stability and control. Thus, there are many
similarities between designing an airship and a winged aircraft. This work
is the collaborative result of two practicing aerospace engineers with more
than 90 years of air vehicle design experience. They have been designing
airships since 1998 and have taken that experience and put it on paper in
the form of this book.

As with Volume 1, the discussions in Volume 2 address the science, art,
and state of mind of airship design; all three are needed for a successful
design. The science is the compliance with the laws of physics, the analysis
methodology, and the mechanics of designing the craft. The art of design is
the beauty and timeless elegance of the craft and is captured in the history,
lessons learned, the facts and stories (that appear in blue boxes), nine case
studies, and a four-color section found at the back of the book. The state of
mind is the passion and yearning for the unachievable that the designer
brings to the game. The design of an airship or aircraft must be a love affair
between the designer and his design.

As airships regain some of their lost prominence, there is an increased
interest in designing new and improved versions of old designs as well as
creating new and exciting buoyant vehicles. Much of this is due to improve-
ments in the envelope fabric, landing gears (air cushion landing systems),
vectored thrust, and hybrid configurations having more efficient lift gen-
eration. There are a few airship books available but none of them address
the step-by-step process of designing a modern airship.

Both Volumes 1 and 2 are aimed at upper-level undergraduate and
graduate students as well as practicing engineers. The books have a com-
prehensive treatment of the conceptual design phase that starts with the
consideration of the user’s needs to the decision to iterate the design one
more time. Volume 2 is complete in that the reader should not have to go
outside the text for additional information. It has a comprehensive set of
appendixes that present general data in a central location.

XXi
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Fundamentals of Aircraft and Airship Design: Volume 2

The text is organized in two parts with the first 10 chapters giving back-
ground information on aerostatics, aerodynamics, performance, propul-
sion, weights, materials, structures, stability, and control. Chapters 11 and
12 then discuss the specific design of a conventional airship (body of revo-
lution) and a hybrid airship respectively. The last technical chapter dis-
cusses balloon design and operation and was written by Rodger Farley of
NASA.

The second part of the book presents nine case studies of air vehicles
that have influenced the art and science of design. The case studies cover
military to commercial to private sector, incompressible to hypersonic
speeds, and hydrocarbon-powered to man-powered to no powet.

Using design examples throughout the book, the authors guide the reader’s
journey through the design process as it would happen in the actual design
environment. By sharing their unique background, the authors give practi-
cal guidance that can be used directly in an airship design project. Students
and practicing engineers alike will find Fundamentals of Aircraft and Airship
Design: Volume 2—Airship Design and Case Studies a perfect complement
to aircraft design found in Volume 1.

A special thanks to our ATAA editor, Pat DuMoulin, whose contribu-
tions have made this book much better.

Grant E. Carichner
Leland M. Nicolai
February 2013
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The quote below reminds us
that customer requirements
can be flawed. The flawed
requirements must be
challenged and hopefully
changed to present a credible
set. History is filled with
flawed requirements. An
example of a flawed
requirement is discussed in
this chapter.

Mother Nature cannot be challenged . . . but

man-made rules can and must be.
Clarence “Kelly” Johnson
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QY Lighter Than Air . . . the Beginning

ince the dawn of humankind, we have wanted to soar and fly like the
birds, but humans have only had this ability for a little more than 100
years. The mile works of the Wright brothers, Samuel Langley, Otto
Lilienthal, Octave Chanute, and Sir George Cayley are well documented.
All of these engineering giants contributed to successful powered manned
flight. However, more than 100 years before the birth of aviation, a group of
engineers, scientists, and experimentalists individually pursued manned
and powered flight using a lifting gas, rather than wings, to generate lift.
Centuries earlier, man’s pursuit of flight inadvertently started with
Archimedes, who is credited with quantifying buoyancy. His discovery
around 200 BC was not motivated by aeronautic or hydrodynamic thoughts
or any other scientific endeavor. He was merely trying to come up with an
accurate method to determine whether or not the King’s gold had been
alloyed with a base metal. It would be nearly 2000 years later that
Archimedes’ principle would be applied to manned flight.
The Chinese are credited with building the first man-made airborne
objects: signaling lanterns in 200 AD. Figure 1.1 shows a re-creation of such




Introduction

a lantern, which used the principles of buoyancy to stay aloft. Although
there is much debate if this was indeed the first man-made airborne object,
it has also been suggested that centuries earlier the Nazca Indians of Peru
used hot-air balloons to view their geometric land patterns from the air.
However, the evidence is not definitive that the Nazcas made balloons.
British balloonist Julian Nott built a hot-air balloon (see Fig. 1.2) using
materials and weaving technology thought to be available to the Nazcas,
and Nott successfully flew it. It is left to the reader to decide if the Nazcas
of 500 AD could have accomplished this lighter-than-air feat.

More than 1000 years later in the late 1700s, balloon development
heated up, and the evolution has many similarities to how the airplane
would be developed 100 years later. Several balloon designers such as the
Montgolfier brothers and Jacques Charles were furiously building lighter-
than-air (LTA) machines, and in late 1783 the Montgolfier brothers’ hot air
balloon carried the first people. Since hot air is not an efficient lifting gas,
the discovery by British scientist Henry Cavendish of hydrogen, which was
recovered using a new sulfur process, was immediately embraced by nearly

Figure 1.2 Demonstration that Nazca Indians of Peru had
materials to make a balloon.
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all serious balloon designers. Since hydrogen is so much less dense (by a
factor of 14) than ambient air, it was a major improvement in lifting power
compared to hot air.

Jacques Charles (of gas law fame) designed a new balloon that used
hydrogen as the lifting gas in mid-1783 and was its first passenger just
months later in December. Hydrogen would be the predominant lifting gas
for all buoyant vehicles for the next 150 years! These efforts were followed
closely by French mathematician and engineer Jean Baptiste Meusnier,
whose design provided a modest ability to steer using an elongated shape,
a rudder, and a source of propulsion. 1783 was indeed the year of the
balloon! Figure 1.3 shows a collage of balloons from the late 1700s to
modern day airships.

In the late 1700s many inventors attempted to develop an efficient
means of flight. At first hot air and hydrogen-filled balloons were built and
tested, but they were difficult to control, had a very low speed, and, in the
case of hydrogen-filled balloons, used the dangerous gas. Based on these
obstacles some engineers and scientists turned their energies to winged
aircraft, which came with their own unique set of challenges.

Concurrently, there were other inventors and engineers that continued
to design balloons that could also allow man to fly for long periods of time
by using the property of gases that generated a buoyant force due to the
density difference between a lifting gas (hot air or hydrogen) and ambient
air. Years later, inventors such as German general and aircraft manufac-
turer Ferdinand von Zeppelin, who would come along in the early 1900s,
significantly increased the aerodynamic performance of airships. Most of
these new airship designs used hydrogen since it was much lower in density
than heated air and much cheaper since no fuel had to be burned to main-
tain the density difference that generated the buoyant lifting force. Buoy-
ancy is simply the total lifting force generated by the volume of contained
lifting gas. Chapter 2 will develop the equations necessary to assess the
aerostatic characteristics of a buoyant vehicle and the differing levels of
buoyancy for various lifting gases.

Scientific studies of gas properties and engineering developments were
performed that allowed for the later construction of successful balloons,
dirigibles, blimps, and airships. For example, in the mid-1600s Evangelista
Torricelli invented the barometer to measure atmospheric pressure and
Robert Boyle (Boyle’s gas law) started to weigh air. In 1766 Henry Caven-
dish isolated hydrogen, weighed it, and stated that hydrogen weighed about
1/14 as much as air. He called it phlogiston, a mystical fire element. Twenty-
three years later, Frenchman Antoine Lavoisier properly recognized that it
was an element and renamed it hydrogen.

The magical year for balloon development was 1783. In a small French
village the Montgolfier brothers, Joseph and Etienne, noticed smoke rising,
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Jacques Charles hydrogen balloon - 1783

Montgolfier balloon (hot air) - 1783
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Meusnier’s steerable hydrogen balloon - 1783 Henri Giffard blimp - 1852

Sentinel 1000 non-rigid airship - 1994 Zeppelin NT semi-rigid airship - 2001

Figure 1.3 Balloon development over the last 200+ years.
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so they built a 35-ft balloon filled with smoke that ascended 6000 ft and
then landed a mile away. Later in the year physicist Horace-Bénédict de
Saussure explained that the balloon rose because the air was hot and not
because of the smoke. (He would prove it two years later by putting ther-
mometers inside and outside of a balloon.)

In mid-1783 in the big city, Parisians were not to be outdone by the
Montgolfiers. They hired the distinguished physicist Jacques Charles to
design a balloon. Using hydrogen the balloon rose to heights where it
overpressured and burst. There was no pressure relief valve. Later in 1783
King Louis XVI invited the Mongolfiers to Versailles for a demonstration,
so they built and flew a very successful balloon measuring 72 x 41 ft, and
included a rooster, duck, and sheep among its passengers (the first living
beings to fly!). They landed safely more than a mile away after soaring to
1500 ft. However, two years later while attempting to cross the English
Channel, Pilatre de Rozier became the first air fatality. His hydrogen-filled
balloon had a metal vent valve that produced an electrostatic spark during
venting causing the escaping gas to catch fire. Hydrogen valves were made
of wood from then on. About 150 years later a similar electrostatic spark
would also be responsible for the most famous airship disaster of all time,
the Hindenburg.

It didn'’t take long for military minds to understand that these balloons
could be used in battle. Soon, military observation balloons became
popular, so the French formed a balloon corps that was organized and sta-
tioned at Chalais-Meudon, and was known as the Compagnie d’Aérostiers.
This forward thinking was short-lived however, as Napoleon didn’t include
balloons in his military strategy and tactics, leading to the Aérostiers being
disbanded. Napoleon’s refusal to use balloons did not deter aviation prog-
ress, so in the 1880s, the world’s largest hangar would be built at Chalais-
Meudon to house Charles Renaud’s revolutionary airship, La France. It was
the first airship to be controllable during flight. Chalais-Meudon is now the
world’s oldest airbase.

After a flurry of balloon design activity in the late 1700s, not much
progress was made due to the inability to supply power and forward speed
to a balloon. Balloons were still at the mercy of the winds. It wasn’t until
1853 that engineer Henri Giffard put a steam engine on a hydrogen-filled
balloon, making it the world’s first passenger-carrying dirigible. Although
it could travel at 6 mph, it could not fly a circular route and return to the
point from which it was launched. In the 1880s another power-generating
system was integrated onto an airship when Charles Renaud introduced a
battery-powered airship, La France, which could return to its launch point.
It was the first aircraft of any type to do so. It would be another ten years
before airships and manned gliders would have the gas engine as a source
of propulsive power. Among legends such as Samuel Langley, the Wright
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Brothers, and Count Zeppelin, it was the little-known engine designer,
Charles Manly, who would deliver a useable engine for both aircraft and
airships.

Armed with a reliable high power-to-weight ratio gasoline engine,
developers such as Count Ferdinand von Zeppelin began their airship
design efforts. Curiously, it was not until Zeppelin had retired from the
military that he seriously started his rigid airship development. In his
younger days, he served with the union army and saw firsthand the utility
of balloons in military settings during the civil war. Intrigued by a balloon’s
operational possibilities, von Zeppelin studied the possibilities of building
motorized balloons or airships.

In July 1900, against public opinion, von Zeppelin launched his first
ship, which was 419-ft long. Powered by two 16 hp motors, it attained a
speed of 18 mph. Realizing he needed a larger and more powerful ship, von
Zeppelin started to raise funds for the project. Five years later he success-
fully flew a new Zeppelin ship to an altitude of more than 1600 ft. After
several disasters the count was forced to go to the people for new invest-
ment. About $1.2 million was raised from public donations. This so touched
von Zeppelin that he put the money in trust and founded the Zeppelin
Endowment for the Propagation of Air Navigation. Since profits were to go
back into aeronautics, the foundation as well as von Zeppelin, over time,
became rich and powerful. The foundation designed and built its own
motors, gears, hangar buildings, and performed its own research. Von
Zeppelin had a special ability to attract gifted and clever people. Engineers
such as Karl Maybach (motors), Dr. Karl Arnstein (mathematics), and
Claude Dornier (design) became part of his foundation’s team.

During the golden age of airships, which started around 1900, many
designs were built and tested by famous inventors other than von Zeppelin.
The very wealthy Alberto Santos-Dumont built nearly twenty balloons and
airships in a few years’ time (see Fig. 1.4). Shortly thereafter, he changed his
focus to winged aircraft, which were much faster. Numerous other Euro-
pean inventors also tried their hand at designing balloons that could be
controlled. But Count Ferdinand von Zeppelin's designs for balloons and
airships were ultimately used extensively by Germany during World War L.

Technology was advancing quickly, so unstable spherical tethered bal-
loons were soon being replaced by designs that would weathercock into the
wind and not create too large a load on the ground tether. Military balloons
and airships filled with hydrogen were doomed by the invention of the
incendiary bullet and rapid development of the fighter plane. Even with
these technological shifts, Zeppelin airships flew several million miles in
support of fleet patrol, reconnaissance, and bombing operations during
World War 1. During this time numerous airships were built by Germany.
Though they were greatly feared by people on the ground, they did
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Figure 1.4 Alberto Santos-Dumont’s ship.

relatively little damage and were responsible for relatively few deaths,
because their role shifted to scouting and reconnaissance, such as to clear
mines and to track submarines.

After World War I all of Europe was enchanted with airships and their
potential. Under the guidance of Paul Jaray, Zeppelins were designed and
built as commercial endeavors. Commercial airship designs were prevalent
during the 1920s but it wasn’t until the 1930s that these behemoths of the
sky became extremely popular. Examples of Zeppelin airship designs are
shown in Fig. 1.5. Jaray’s design of the Bodensee (LZ120) became the pro-
totype of the future large airships such as Graf Zeppelin (LZ127) and the
Hindenburg (LZ129). Figure 1.5 compares early rigid airship designs to the
much larger rigid Zeppelin designs.

The United States also became interested in airships in the early 1920s
and purchased the semi-rigid ROMA airship from Italy in 1921. The
ROMA crashed during a test flight the next year and became the last U.S.
airship to use hydrogen (see Fig. 1.6). Over the next ten years the United
States would build four large rigid airships named Shenandoah, Los
Angeles, Macon, and Akron. The Shenandoah, Macon, and Akron would
crash and the Los Angeles was retired after eight years of service. The
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Shenandoah was the first U.S.-built rigid airship
and it was the first airship to use helium, which
was in very short supply. Helium supplies were
so low that the Los Angeles could not be oper-
ated when the Shenandoah was operating.

There were numerous airship crashes in the
early part of the 20th century and most were
directly or indirectly caused by abnormal weather
events. This slowed and for some countries
stopped further development of lighter-than-air
vehicles. While severe weather can still do great
damage to an airship, it is no longer a signifi-
cant threat because precise weather is known
everywhere along the route. Current airships
simply avoid, wait out, or out run any dangerous
weather event.

During the 1920s and 1930s, hydrogen-
filled Zeppelins were everywhere and were very

LZ-120 Bodensee (1919)

Introduction 9

In the 1920s the famous
airship designer, Charles
Burgess, claimed that rigid
designs were superior and
became even better as airships
got bigger. Of course, this has
not turned out to be true.
Burgess was basing his
prediction on the facts that
human labor was inexpensive
at the time and no material
could successfully contain
lifting gases while under
pressure. After 8 decades
labor rates have skyrocketed
and envelope materials have
become nearly 30 times better
making rigids too expensive
and much heavier than a
non-rigid equivalent.

Count Ferdinand von Zeppelin

LZ-129 Hindenburg {1936)

T T
0 100 200 300 400 500
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Figure 1.5
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Comparison of Zeppelin airship designs.
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Figure 1.6 ROMA airship, 1921. The last hydrogen-illed airship
operated by the United States.

successful at carrying passengers around Europe and across the Atlantic
Ocean and back. A Zeppelin airship was also the first to circumnavigate the
globe. All of these Zeppelins used hydrogen since Germany had no supply
of helium. The use of hydrogen instead of helium is what lead to the famous
catastrophic Hindenburg crash. The sister ship Graf Zeppelin would be
retired because of the dearth of helium supply. During the 1930s only
Germany was building airships (all of which were rigid). After 1940 only
the United States was building non-rigid airships and these were for mili-
tary purposes. More than 150 non-rigid airships were built for the military
and were used mainly for convoy escort and submarine scouting.

The U.S. airships were very successful in World War II and averaged
more than 87% readiness . . . a very enviable record. An example of their
value is illustrated by the fact that unescorted convoys had more than 500
ships sunk. Convoys escorted by airships had only one sinking occur out of
more than 80,000 trips—an incredible record!

Appendix E is a compilation of airship characteristics. Most of the
numbers seem correct but a few are suspect, so it's prudent to use for
overall trends but one should be careful using data from a single airship.
Weights, tail sizing, and ballonet sizing plots elsewhere in the book have
come from this database. When viewing this data keep in mind that hull
volumes for rigid designs did not equal the volume of the lifting gas. Rigids
were filled with bags of lifting gas that were encased in an aerodynamically
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shaped hull. Hull volumes were 10%—20% larger than the lifting gas volume.
However, the hull volume for non-rigids is within a few percent of the
lifting gas volume because the envelope provides the aerodynamic shape
and contains the lifting gas as well.

Y Helium

Helium manufacturing technology quickly responded to this scarcity
with the large scale production of the non-flammable gas, helium, which
came too late to be used in World War I. However, just twenty years later
helium-filled airships became a military asset during World War II. The
primary military role for airships was its unique ability to protect naval
fleets from submarines. Another lesser known tactic was to use large
numbers of small tethered balloons surrounding a battlefield (e.g. D-Day)
to deter strafing and low level bombing by enemy warplanes. These were
called barrage balloons.

French astronomer Jules Janssen originally identified helium in 1868 as
he detected a yellow line in the sun’s spectrum that had not been previously
seen. English scientist Joseph Lockyer showed that the new line was an
element not yet known on earth. They named this element helium from the
word helios, the Greek word for sun.

Even though helium was discovered as a drilling byproduct in 1903, the
first buoyant vehicle using helium did not appear until 1921. Helium was
much more expensive than hydrogen so its use was not as widespread. It
took the Hindenburg disaster to make all airships thereafter use helium as
the lifting gas. The inert characteristic of helium was valuable to users
because of its safety, but helium is more dense than hydrogen and thus not
quite as good a lifting gas. Another drawback for helium is that its atom is
smaller than the hydrogen molecule so it is harder to contain helium
without some leakage. Typically, airship envelopes filled with helium have
to be “topped off” every few weeks.

Helium is 1/7 the weight of air and has 7% less lifting capability when
compared to hydrogen. However, design comparisons between helium and
hydrogen airships will show that helium designs have 20%-30% more
volume than hydrogen airships for the same buoyant lift. Some of this dif-
ference is explained by the 7% density difference

between helium and the less dense hydrogen gas. ~ Janssen was ridiculed for his
claim that he had discovered

However, most of the size difference comes from 2 new element. Later in the

their ballonet sizes. Hydrogen is a relatively inex- year his discovery would be
pensive gas especially when compared to helium. confirmed by Lockyer.
This means that venting some hydrogen to  liclium was the first element

keep an airship’s envelope from rupturing from was found on earth.
overpressure is acceptable. This approach is not

discovered in space before it

11
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acceptable with airships having helium as the lifting gas. Therefore, a con-
stant internal pressure must be maintained for all possible altitude and
temperature excursions and it is the role of a ballonet system to maintain
this constant internal pressure. Ballonet designs will be discussed in several
of the following chapters.

Airship Structural Concepts—A Quick Overview

Historically, two structural concepts are prominent, namely rigid and
non-rigid. While virtually all airship designs have been either rigid or non-
rigid there is an intermediate concept called semi-rigid. Figure 1.7 illustrates

ballonet

Rigid

Figure 1.7 Comparison of structural concepts for body of revolution airship.
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the general differences among these three approaches. A detailed discus-
sion on airship structure is contained in Chapter 8 but a short overview is
appropriate here.

In the late 1800s and early 1900s, virtually all airships were constructed
as rigid designs. Early airship concepts had their designs limited by the
ability of materials to safely contain the lifting gas under any pressure.
Therefore, rigid shells were constructed and covered with material that
would endure the rigors of flight but were also not under any pressure.
These materials were simply attached to the outer structural frame. The
buoyant lift was generated by gas cells containing hydrogen (and later by
helium) that were attached to the bottom of the rigid frame. These gas cells
were allowed to expand and contract as the lifting gas changed temperature
and became fully expanded when the airship was at its maximum altitude.
Figure 1.8 shows a rigid design in the process of being covered.

The intermediate structural approach, or semi-rigid, attempts to
combine the best features of rigid and non-rigid designs. This concept adds
a pressure-stabilized envelope with a modest structure running most of the
length of the airship. Significant structural items such as engines and tails
are attached to this internal structure. Although the Zeppelin NT-07 is

Figure 1.8 Applying the external shell fabric over a rigid structure.
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such a design it has not proven to be commercially viable. As a result, there
are very few successful semi-rigid designs.

Non-rigid designs were attempted in the early 1900s but these airships
were small. No envelope materials were available in sufficient quantity or at
a low enough cost that could contain either hydrogen or helium at pres-
sures needed to structurally attach tails and resist puncture. Chapter 8 dis-
cusses the continuous improvements in fabrics over the last century that
have made non-rigid designs the modern structural design of choice.
Although rigid and semi-rigid designs are briefly discussed, this book con-
centrates on the non-rigid structural design approach. As seen later in
Chapter 6 rigid designs are always heavier than non-rigid designs for a
given volume.

Unlike the rigid design the non-rigid design uses a flexible bag called a
ballonet inside the main envelope (shown in Fig. 1.7). The purpose of the
ballonet is to maintain a constant pressure differential (Ap = pamp — Pint-gas)
across the envelope. For example, the interior gas may change its density
due to temperature changes from the sun, or ambient conditions may
change due to a change in altitude. If the pressure difference between exter-
nal ambient conditions and internal conditions is held constant, the
buoyant lift is also constant assuming perfect gas behavior, which means
the envelope shape stays the same. The ballonet is normally filled with
ambient air to compensate for the changing pressure of the internal lifting
gas (nearly always helium) to maintain a constant AP between the outside
air and the internal lifting gas. It functions as the pressure regulator for the
airship’s envelope. It is the constantly changing lifting gas properties of
density, pressure, and temperature that create the basic need for ballonets.
For airships operating with a constant AP across the envelope its internal
gas density then varies inversely with absolute temperature (Boyle’s Law).
The ballonet constantly changes volume to maintain this constant delta
pressure across the envelope as the lifting gas temperature changes. The
lifting gas temperature is in turn a function of changes in either altitude,
heating from solar radiation (superheat), or from directly heating the inter-
nal lifting gas.

Ballonets are commonly arranged to have one forward and one aft bal-
lonet envelopes. This forward/aft design allows for air mass to inflate or
deflate, in order to help with trimming the vehicle on the pitch axis. A rigid
design does not need a ballonet as there is little pressure differential across
the envelope, except at the nose. Internally, bags of lifting gas are attached
to the rigid structure and have enough extra volume to operate at its
maximum altitude. The envelope covering a rigid structure is for aerody-
namic purposes only.

A prime example of the non-rigid structural concept is the ZP4K
airship, which was produced by the Goodyear Aircraft Company of Akron,
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Ohio in 1953 for the U.S. Navy. It was one of 134 K-class airships produced
by Goodyear between 1938 and 1954 for ASW patrol and escort duties.
The ability of the K-class airships to hover and operate at low altitudes and
low speeds made them well suited to detect and destroy enemy subma-
rines. The ZP4K descriptive arrangement is shown on Fig. 1.9 and has the
following features:

Crew: 9-10

Maximum speed: 68 kt

Cruise speed: 50 kt

Range: 2205 nmile

Endurance: (2205/50) = 44 hr

Powerplant: (2) Pratt & Whitney R-1340 radial engines of 425 hp each
Buoyancy ratio = Static lift/Gross weight = 0.9

Propeller diameter = 11.5 ft

Propeller blade angle = -6 deg to +30 deg (small reverse thrust)
Sensors: ASG radar, sonobuoys, and magnetic anomaly detection (MAD)
Armament: (4) 350 Ib Mk 47 depth charges & (1) 50 caliber machine gun
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Figure 1.9 General arrangement of the ZP4K non-rigid airship,
courtesy of Goodyear.
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Figure 1.10 K-Class airship as escort during WWII. 134 K-Class
airships were built.

The ZP4K was retired in 1959 after building 134 airships (see Fig. 1.10).
It was also during this time that Goodyear came up with the term dynamic
lift as a contrast to buoyant lift. While the term is popular within the airship
community, we will use the term aerodynamic lift and thrust vectored lift in
this book because that is a more accurate and literal description of what is
happening It is also worth noting in Fig. 1.9 that the scrape angle is called
out on the drawing. While generally not a critical design issue for conven-
tional airships, scrape angle plays a more significant role in the design of
hybrid airships. As we’ll discuss and refer to later, hybrid airships are capable
of generating more than 10% of its total weight with aerodynamic forces.
The term hybrid airship does not have an exact definition. For this book the
term hybrid airship means a buoyant air vehicle with takeoff BR < 0.9.

|:J Failed Concepts and the Square-Cubed
Law Revisited

Why is adding a small amount of volume for lifting gas to an existing
airplane design such a bad idea? It is a temptation that must be resisted.
Perhaps discussing the “square-cube law” (S-C) again (it first appears in
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Volume I) can help to better understand the general limitations and bene-
fits of buoyant vehicles as compared with wing aircraft. It was Galileo [3]
who first stated “when an object undergoes a proportional increase in size,
its new volume is proportional to the cube of the multiplier and its new
surface area is proportional to the square of the multiplier” In physiological
terms this means as an animal gets bigger its weight increases in propor-
tion to its volume and its strength goes up by the cross-sectional area of its
muscles. This explains why a flea can jump many times its height and an
elephant cannot get all four feet off the ground even though the elephant is
far stronger than the flea. As seen in Volume I, the S-C law limits airplane
size as airplanes are photo-scaled to larger sizes since their weight increase
is proportional to the volume (cube of the scaling factor). At the same time
an airplane’s ability to generate aerodynamic lift is proportional to the wing
area (square of the scaling factor). For a given level of technologies, an air-
craft still has a size limit to meet its requirements (weight, cost, perfor-
mance). Beyond this limit any attempt to increase performance by simply
photo-scaling the design would fail. But does this limitation apply to air-
ships as well and, if so, is it the same?

Taking another look at the S-C law for buoyant vehicles shows some
interesting contrasts. First of all, buoyant lift is proportional to volume,
while most drag and weight are proportional to envelope surface area. This
is just the reverse of physiological systems or winged aircraft. How does
this distinction change the design approach to buoyant vehicles? The most
dramatic change is the relationship between weight and drag. Based on the
generalization of the S-C law, weight is less critical to the designer of a
buoyant vehicle since volume can always be increased to generate lift faster
than its weight increases (similar to sea ship design). In other words,
buoyant vehicles become more efficient lift generators as their size increases
without limit. Theoretically this is true but actual practice would place a
limit on buoyant vehicle size based on structural design, manufacturing
facilities, ground handling, launch and recovery, etc. Of course, actual mag-
nitudes of forces such as drag must be accounted for as size increases, but
this does not change the overall result that “bigger is always better and
always more efficient” when generating buoyant lift. Some designers are
uncomfortable with this result based on their aircraft design background
and it takes a while for them to come to terms with this suspected heresy.
For every pound of structural weight or payload that is added to a winged
airplane, its takeoff weight will increase by 2—3 Ib for transport aircraft and
3-5 Ib for fighter aircraft. This is known either as the growth factor or the
multiplier effect [see Eq. (1.1)].

Multiplier Effect = (Struct Wt — Struct Wt;)/(Base Weight Increase) (1.1)

Relative to airplanes and using the S-C law, when it comes to adding
weight we would expect different behavior for balloons and airships. To
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Buoyancy = 0.065 Ib/ft3

Table 1.1

Parameter | Buse case | Parameter | Payload

Envelope
wi (Ib)
Payload
wi (Ib)
Lift force
(Ib)
Volume
(1t3)
Surface
areq (ft2)

Material
(lo/ft2)

Diameter
(M. a

Length
(. b

Fineness

6500

6500

100,000

12,297

0.5286

20

59.68

2.984

| +10%

Envelope 7651

- wi(lb)

Payload 650
wi (1b)

Lift force 8301
(b)

Volume (ft3) 127,712

© Surface 14,475
areq (ff2)

Material 0.5286
(Ib/f2)

Diameter 21.699
(ft), a

Length 64.75
{fh.b

Fineness 2.984
ratio

Multiplier effect =

1.277

1.277

1177

1.000

1.085

1.085

1.000

1.77

Sample Problem #1: Prolate Spheroid

| Material
| Parameter | density
- Envelope 8651
wi (b)
Payload 0
wi (Ib)
Lift force 8651
(Ib)
Volume (f13) 133,100
Surface 14,879
areq (ft2)
Material 0.5814
(Ib/ft2)
Diameter 22.000
(fH),a
Length 65.65
(M. b
Fineness 2.984
ratio
Multiplier effect =

| from
| base

1.331

1.331

1.331

1.210

1.100

1.100

1.100

1.000

2.31
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illustrate this difference, Sample Problem #1 in Table 1.1 compares three
situations for a prolate spheroid filled with a lifting gas. The base case is for
a 100,000 ft3 prolate spheroid filled with helium. Spheroid sizes and weights
will be recalculated for two design changes. The first change increases the
payload by 10% of the envelope weight and the second change adds weight
by increasing the envelope material density by 10%. At first these may seem
the same but closer analysis shows that increasing material weight increases
the airship size and total weight more than the 10% payload increase does.
It is worth spending some time with this example until it is clear why these
| two changes give different results.

Example 1.1 Sample Calculation [See Eq. (1.1)]
Multiplier Effect = (7651 — 6500)/650 = 1.77

Look at Table 1.1 and notice that the envelope weight increases by
17.7% and 33.1% for these two cases that changed weight terms by
10% in two different ways. This results in a balloon or airship multi-
plier effect of 1.77 and 2.31, respectively. These numbers are lower
than for aircraft but still not insignificant. The geometry changes
associated with these 10% increases in weight only added 5-6 ft in
length and 2 ft in diameter and there would be no theoretical limit to
these size increases. All calculations keep the fineness ratio, FR, con-
stant. If another parameter is kept constant, such as volume or length
instead of FR, then these relationships would also change.

w Comparison of Modes of Transportation

Since the 1990s there has been a renewed interest in airships, and in
particular non-rigid airships. What are the reasons behind this renewed
interest? Figure 1.11 presents a simplistic view of the relative efficiencies of
buoyant vehicles vis-a-vis high speed winged aircraft. From Fig. 1.11 one
concludes that for systems where high speed (>120 kt) is not important
and/or long duration is important, there is no better solution than a buoyant
vehicle. However, this benefit deteriorates rapidly with an increasing need
for speed such that above about 150 kt the winged aircraft will always be a
more efficient mode of transportation.

How these buoyant airships relate to other modes of transportation is
shown in Fig. 1.12. It is clear from this figure that airships fill a void in the
famous Gabrielli-von Kirmdan chart that relates the specific resistance
(efficiency) to speed. The relationships postulated by Gabrielli and von
Karman [1] in the early 1950s show the specific resistance needed to move a
weight at a certain speed using various modes of transport. It is traditionally
shown with the three major transportation modes sea, land, and air.
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Balloons Cruise Speed Transport
Aircraft

Figure 1.11 Comparison of relative efficiencies of aircraft vs
buoyant vehicles.
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Figure 1.13 Failed attempts to blend buoyancy and fixed wing aircraft. [2]

However, notice that there is a region of operation between land and air
that is uniquely filled in by airships and in particular hybrid airships. Even
though buoyant vehicles are very efficient, adding buoyancy does not always
result in a reasonable design. As a result, airplane designers, recognizing
that a buoyant lifting gas offers efficiencies far beyond those of winged air-
craft, have many failed attempts to integrate a lifting gas into an airplane.
Why is this design road littered with failures such as in the examples of
Fig. 1.13? The problem is that most “would be” designers fail to recognize
that adding volume for buoyant lifting gases creates drag more rapidly than
it creates lift until at least 50% of the lift force is generated by buoyancy.
Most of the failed designs in Fig. 1.13 tried to add a modest amount of
volume for a lifting gas to increase lift but it was at the expense of weight and
drag. This is a losing proposition for modest volumes filled with a lifting gas.

XY The Hybrid Airship

Since the mid 1990s a new airship design has emerged that offers unique
operational advantages over conventional airships. These new hybrid air-
ships are dramatically different than a conventional ship and more capable
than airship designs from 70 years ago, due to improved designs and much
technological advancement. These improvements include a 20x improve-
ment in envelope strength and improved digital flight controls, world-wide
weather awareness, prediction, and dramatic improvements in landing
systems. The bottom line is that hybrid airships are faster than trucks,
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trains, or sealift and have unique operational capabilities and flexibility not
available in any fixed wing or rotary wing vehicle.

So, what is a hybrid airship and how will it make the world a better
place? To answer this question, it is necessary to discuss buoyancy. Since
Archimedes first postulated the laws of buoyancy nearly 2000 years ago,
man has used this principle for transportation purposes. Most notably in
ships, which transport most of the world’s goods, it is buoyancy that allows
flotation to occur. Similarly, buoyant air vehicles also float—in air, not
water—with superior efficiency compared to airplanes.

The static or buoyant lift is constant and always “on” The dynamic lift
(aero lift and thrust vectored lift) can be varied between on and off. Up to
40% hybrid airship liftcomes from aerodynamic lift, whereas conventional
airships generate no more than 10% of their lift with aerodynamics.

When transporting goods, a hybrid’s unique combination of buoyancy
and varying aerodynamic lift makes it superior to its conventional airship
siblings and airplane cousins. A conventional airship is nearly “neutrally
buoyant” and as a result, it quickly becomes too light when offloading even
modest payloads. A hybrid airship is designed to be partially buoyant, i.e.
somewhat “heavier than air” This characteristic, together with its unique
shape, permits it to generate larger variable amounts of aerodynamic lift.
The ability to modulate this lift vastly increases a hybrid’s operational flex-
ibility and allows it to offload larger payloads without any loss of control.

A typical design layout for a hybrid airship is shown on Fig. 1.14 (see
more details in Appendix D). Because of its multi-lobe shape, a hybrid
airship can add features such as an Air Cushion Landing System (ACLS),
which gives it a unique ability to take off, land, taxi, and park without sub-
stantial ground infrastructure. This ability is the brilliant result of the inte-
gration of hovercraft technology to the underside of an ellipsoidal or lobed
shape. The capability of an ACLS was verified by Lockheed Martin Aero-
nautics in 2006 during the testing phase of a 3-lobe hybrid airship named
P-791 shown in Fig. 1.15. With the ACLS system, a hybrid airship can easily
travel to and from austere sites such as frigid Canadian mine sites, the Bra-
zilian rain forest, Africa, China, and areas with deteriorating infrastructure
such as Mexico. Yes, it can even operate from water.

The Northrop Grumman Corporation has a contract with the US Army
for a long endurance multi-intelligence vehicle (LEMV), which is being
designed and built by Hybrid Air Vehicles of the UK. The requirements for
the LEMV are to operate unmanned for 21 days at 20,000 ft carrying a
2500 Ib payload of sensors and communications equipment [6]. The LEMV
is shown on the Chapter 6 title page. It first flew August 7, 2012, and is
currently in flight test.

Over the last two decades natural and perceived operational issues have
been explained, debunked, or overcome through judicious application of
modern engineering and technology. It is a “green” machine that is very
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Approximate geomettric
sizing proportions are
as follows -

length=4

width=2

height=1

Alllobe radii are equal

- aftACLS pad

Figure 1.14 Typical layout of a hybrid airship design.

fuel efficient, relative to an aircraft, while generating little noise—it is a
good neighbor and requires little, if any, supporting infrastructure. The
hybrid airship is also a friend to humanitarian and disaster relief missions.
Its ability to efficiently and inexpensively deliver large payloads to isolated
regions, quietly, and with little site preparation is unmatched by any of
today’s transportation systems. It is good for people, good for countries,
and good for the world. The hybrid’s time appears to have finally arrived.

Figure 1.15 P-791 hybrid airship demonstrator—Lockheed Martin,
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Aerodynamic

Figure 1.16 Hybrid airships combine aerodynamic and buoyant
lift info one vehicle.

It is now time to review a few definitions that will be used throughout
the book. First, the term, hybrid airship refers to any airship that is capable
of generating more than 10% of its total weight with aerodynamic forces
(see Fig. 1.16). Three other terms that we have used and will continue to
refer to are also associated with the total lift forces and these are buoyancy,
buoyancy ratio (BR), and heaviness. Buoyancy is simply the total lifting
force generated by the volume of contained lifting gas.

Buoyancy ratio, BR = (buoyant lift, Lp,,y)/(total weight, W) (1.1)
Heaviness = aerodynamic lift = W (1 — BR) (1.2)

Heaviness equals the amount of aerodynamic force during equilibrium
flight or the airship’s weight when on the ground at rest. Since fuel is burned
during flight, the weight of an airship changes and therefore the BR changes.
As for BR, only two conditions are of interest to the airship designer, the
BR@takeoff and BR@landing. Discussions in Chapters 11 and 12 will
provide more detail on their usefulness.

Compared to airplanes, hybrid airships are such poor generators of aero-
dynamic lift that very low values of BR result in too much drag-due-to-lift
and/or the inability to generate sufficient aerodynamic lift during takeoff. For
landing the lower the BR@landing the more weight (payload) that can be
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offloaded without immediately replacing it with new payload or ballast. Actu-
ally, offloading large payloads is simply a buoyancy control problem. Some-
times ballast/new payload must be onloaded at the same rate that the payload
is offloaded. One of the most challenging problems for airship designers is
controlling buoyancy when offloading payload. The unique ability of a hybrid
airship to generate enough aerodynamic lift (which supports added payload
or fuel during flight) reduces or eliminates ballast material. This design issue
will be examined in greater detail in Chapters 11 and 12. Since low BR@takeoff
also results in longer takeoff field lengths, bigger engines, and more fuel
burned during the mission, a classic trade study is needed to identify the
volume, fineness ratio, AR, BR, T/W, etc. The best combinations of these vari-
ables will vary with differing mission requirements.

Another source of vertical force that is easily integrated and adds flexi-
bility into air vehicle designs is thrust vectoring, which results in unique
designs that derive their vertical force from various combinations of three
sources: aerodynamic lift, buoyant lift, and thrust vectoring. A Venn
diagram (Fig. 1.17) shows air vehicle designs for all of the vertical force
combinations. So far, the only vehicles that have successfully combined
these three vertical forces have been hybrid airships.

For operators/owners, transportation system efficiency is important
because it results in good productivity/throughput, yielding more revenue.
An interesting comparison of transportation efficiencies is presented in

Aerodynamic
High Speed + Efficient
L/D < 20, long runway, accident intolerant
C-130
c17
C-5
500ton V-22 .
50ton LEMV
) Buoyant ~, SkyTug Direct
Large Size + Low Speeds o “_ Easily Controlled + VTOL
L/D > 100, inexpensive, L E ive, costly t t
accidenttolerant ~~~ A€ros Boei ] P ccident infolerant
ML oeing
N GZ-22 ) A CH-47
\ Xﬁf’ CH-53

_ A-160

Figure 1.17 The three classes of lift generate the full spectrum of
air vehicle designs.
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Figure 1.18 Comparison of efficiency between various modes of transport.

Fig. 1.18, which shows that a hybrid airship is not the most efficient of all
known systems. If you narrow the comparison to air vehicles only, then
Fig. 1.19 shows the superiority of airships and hybrid airships against their
main air vehicle competition. However, other parameters are also important.
Trucks and ships are more economical but suffer from longer delivery times
or inability to travel from one point to another during or after a large weather
event. What will be discussed in Chapter 12 is that the hybrid airship offers
operational flexibility along with good efficiency that satisfies a unique
market that cannot be served as well by any other transportation system.

| W4¥ Modern Airship Examples

A recent example of the interest in hybrid airship designs is the Long
Endurance Multi-intelligence Vehicle (LEMV) program for high altitude
ISR (Intelligence, Surveillance, Reconnaissance). A non-military use for a
hybrid airship design (SkyTug) from Lockheed Martin focuses on carrying
cargo and its operations over time should verify its commercial value.

However, hybrid airships are not the only innovative buoyant vehicles
on the near horizon. In the latter part of the 20th century and the early
part of the 21st century, airships were relegated to sightseeing, scientific
research, advertising, and sporting events. However, a brand new buoyant
vehicle program has emerged recently. This vehicle is a very high altitude
airship named ISIS (Integrated Sensor Is Structure) that will be capable
of station-keeping for a year or more above 60,000 ft by collecting solar
energy from the sun. This energy is converted to electrical energy to power
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Figure 1.19 Performance comparison for various air vehicles.

electric motors and store excess solar energy in a storage device to power
the vehicle through the night. An artist’s rendition of ISIS is shown in
Fig. 1.20. The solar power discussion and the Solar HALE example in
Chapter 5 will expand upon this concept.

In 2005 a manned hybrid airship demonstrator was built to validate the
hybrid airship concept. This demonstrator (P-791), shown earlier in Fig. 1.15,
was built and first flown by Lockheed Martin in January 2005. Its primary
purpose was to demonstrate that an Air Cushion Landing System (ACLS dis-
cussed in Chapters 9 and 12) would give the airship ground handling charac-
teristics unlike any other airship (or airplane). The major success of this
vehicle was instrumental in quieting the naysayers regarding the perfor-
mance of the ACLS system on a modern airship and the possibilities of a
hybrid airship for commercial and military use.

The term hybrid airship does not have an exact definition. For this book the
term hybrid airship means a buoyant air vehicle with takeoff BR < 0.9. Other
characteristics that are often associated with hybrid airships are listed below.

60% W < Buoyant Lift < 90% W
10% W < Aerodynamic Lift < 40% W (capable of modulation)
0% W ¢ < Thrust Vectoring Lift < 15% W
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Figure 1.20 ISIS high altitude, solar-powered airship-Lockheed Martin.

Multi-lobe configurations

Enhanced operations during landing, takeoff, and taxi.
Handling qualities more like an airplane than an airship
Rapid loading and unloading of large payloads

Reduced use of ballast weight

Operate from austere unimproved sites

Hybrid designs with BR < 0.6 should be reviewed closely as they are
likely to have poor cruise performance due to large drag-due-to-lift and
very poor takeoff performance due to a very limited takeoff C;.

Specifically, how is a hybrid airship able to
carry more payload when compared to a normal

airship (body of revolution)? Figure 1.21 illus- Although it is not part of the
trates the hybrid advantage. This figure com-  traditional design effort for
. . . . an airship the values of the
pares a hybrid to a conventional design operating infrared (IR) signatures are
on the same “out and back” route. Since the of interest to military users.
hybrid is able to generate much more lift it is ~ Froman IR standpoint the

envelope is difficult to

able to carry significantly more payload. Both acquire as its temperature is
vehicles are assumed to be neutrally buoyant on the same as the surrounding
their final landing for a consistent comparison. air. The engines h'c}\'e thermal
Remember that lift generated by a buoyant gasis ~ Signatures but their low

. o power levels make them hard
very economical as it is purchased once and only to acquire as well.

requires modest topping off every month or so
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Figure 1.21 Advantage of a hybrid airship vs a normat airship
in carrying payload.

to offset leakage. The disadvantage is that this buoyant lift cannot be turned
off or modulated. As Fig. 1.21 shows, additional aerodynamic lift can reduce
this problem but cannot eliminate it. The implications of using ballast by
the hybrid airship designer will be discussed in detail in Chapter 12. It is
true, however, that for unique routes which have similar payloads out and
back ballast weight can be zero.

Airship Design

The design of an airship is a large undertaking by many talented engi-
neers with expertise in the areas of aerodynamics, propulsion, materials,
structures, flight control, performance, and weights. Specialists, who design
such components as the crew station, landing interface system, interior
layout, and equipment installation, must work together to produce the
most efficient flight vehicle. It should be clear that the design process is a
very involved integration effort, requiring the blending of many engineer-
ing disciplines and is essentially identical to that for a fixed-wing aircraft.
However, modern day airship designers are not blessed with the rich data-
bases available to airplane designers. If there is some data available it is
probably based on very old experiments whose results are often inaccurate
or suspect. This is especially true for the hybrid airship designer. What
little design data there is for hybrid airships is simply not available to the
general public as companies protect their private data.
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Figure 1.22 Zeppelin LT doing scientific research in Botswana.

The key figure in the design process is the design team leader, IPT
leader, or Chief Designer who acts as the main integrator and arbitrator.
The Chief Designer is usually one who understands and appreciates all dis-
ciplines involved in the design process. He is often called upon to negotiate
compromises among the design groups. For example, the propulsion group
might propose thrust vectoring as a means of controlling the airship
throughout its flight envelope. At the same time, the structures group
might recommend a fineness ratio (FR) of 3.0 while the aerodynamics
group might want the FR to be 4.5. The flight control group might propose
putting an “X” tail on the design and the sensors group would prefer an
inverted “Y” tail. The Chief Designer will bring about the best compromise
among the design groups towards the design goal. An example of a modern
airship design is the Zeppelin LT shown in Fig. 1.22.

m Performance vs Cost

Airships will provide excellent cost vs performance. However, airships
are only a realistic option when speed is relatively unimportant or not
important at all. Mission scenarios requiring long duration are best satis-
fied by a buoyant vehicle such as an airship. Several studies over the last
decade have shown that hybrid airships show significant benefits when
delivering perishable payloads or operations involving austere sites. Other
studies have also shown cost benefits for operations to and from mining
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sites such as in northern Canada. Cost will be discussed in more detail in
Chapter 11, where it is shown that development costs for an airship program
are about 10% of an equivalent aircraft development program.

MEEXY 1here Is Never a Right Answer

In the design of an aircraft there is never a right answer—only a best
answer at a given point in time [4]. The same can be said for an airship. This
is because in aircraft and airship design a balance is always sought between
competing requirements whose priorities change with time. An air vehicle
might be designed to certain government technical and economic require-
ments, but if the government administration changes, then the requirements
priority may change. The advice to the designer is to remain flexible and
develop as robust a design as possible so that it will survive should the require-
ments change. The watchwords are compromise, balance, and flexibility.

gl XY Overall Design Requirements

Before an architect designs a building, he must first establish who and
how many will occupy the building, what is its purpose, what is its scale,
cost target, etc. The designer of an aircraft or airship must have similar
requirements established before a design can proceed. The requirements
define: (1) what mission will be performed, (2) how much it can cost, (3)
how it should be maintained and supported, and (4) the schedule.

KXY \ission Requirements

The mission requirements identify the following:

» Purpose: logistical transport, ISR (intelligence, surveillance and recon-
naissance), etc.

+ Manned or unmanned

+ Payload: passengers, cargo, sensors, etc.

+ Speed: cruise, maximum, loiter, landing, winds, etc.

« Range or radius

« Endurance or loiter (time-on-station)

o Takeoff area (vertical, short, conventional—takeoff and landing)

+ Signature level: Not a design issue for airships—inherently low IR

MEEXY Cost Requirements

The cost requirements for both aircraft and airships encompass the
following:
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+ Development cost

» Acquisition cost

o O&S (operation and support) cost

» LCC (life cycle cost which is the sum of development, acquisition and
0&S)

o CAIV (Cost As an Independent Variable) for government programs

AEEXY Vaintenance and Support Requirements

The maintenance and support requirements for aircraft and airships
are as follows:

+ Maintenance manhours per flight hour (MMH/FH, maintenance index)
+ Ground support equipment (GSE)

+ Maintenance levels (i.e. organizational, intermediate, and depot)
 Integrated Logistics Support (ILS) plan

» Contractor support or user support

Generally speaking maintenance and support is somewhat less costly
‘ for an airship than for an airplane. This is so because of the much higher
flight hours (FH) giving a lower maintenance index and fewer landings and
takeoffs. As a general rule the mission profiles are much less stressing than
for aircraft.

AEEXY scheduling Requirements

The schedule requirements for aircraft and airships depend on the fol-
lowing:

» Development and test scheduling

+ Product availability—when the airship should be available for deploy-
ment, Initial Operational Capability (IOC), to the warfighter or the
commercial customer

m Sources for Design Requirements

In the case of a commercial program, requirements are established by
the airship designer based on input from potential users and customers.
The airship company performs market analyses to determine what the
public’s needs or desires will be in the near future. Projections are made
for future passenger travel or air freight needs. The commercial program
starts up when a customer shows serious intent to buy the production air-
plane. A down payment usually entitles the customer to influence some of
the requirements. Careful thought and research go into establishing the



CHAPTER 1 Introduction

requirements because if they are inappropriate, then the airship (if it is for-
tunate enough to be built) may not find new customers or keep its initial
customers.

Sometimes requirements are established by a military user such as the
U.S. Air Force, U.S. Navy, U.S. Marines, U.S. Army, DARPA, etc. These
requirements are usually developed to fill a military need (shortfall) or
replace an obsolete system. These requirements are termed a “require-
ments pull” because the military need “pulls” the requirements.

Sometimes a new technology will push the requirements for a new air-
craft (termed a “technology push”). The jet engine in the early 1940s, the
stealth technology in the mid-1970s and the high energy airborne laser in
the early 1990s are examples of technology push requirements which led to
the XP-80, the Have Blue/F-117, and the YAL-1/ABL aircraft respectively.

The requirements usually come with a document called a Concept of
Operations or ConOps for short. The ConOps describes how the airship
will be deployed, operated, maintained, and supported. . . essentially all the
information the designer needs to complete the design. The ConOps is
helpful for a commercial airship but is essential for a military airship. For
example the military airship designer needs to know if the threat defenses
will be “up and in-place” or rolled back and what the maintenance con-
cept will be.

mme Need to Question the Requirements

When the requirements arrive, the designer MUST study them, under-
stand them, evaluate them, and question them . . . and if necessary negoti-
ate with the customer about their feasibility. Because, if the designer does
not agree with the requirements he must walk away. This is very difficult to
do. Disagreement with the fundamental requirements will sap the design-
er’s passion and commitment, which are necessary to generate a successful
conceptual design that will ultimately be selected to proceed into prelimi-
nary design.

Even when the customer tries very hard to generate credible require-
ments, as history shows, sometimes requirements are flawed. Some flawed
requirements are discovered and changed, while others prevail and designs
are produced. And some are ignored—this one is always risky. An example
of a flawed requirement was the customer speed requirement of 132 kt for
the Aerocraft Program conducted by Lockheed Martin in 1998-2000. The
program evaluated numerous technical designs and their economies of
transporting perishable goods across the Atlantic or Pacific Oceans. Real-
istic cost estimates ultimately showed that there was only a modest reduc-
tion in transportation costs compared to jet aircraft. Later designs operating
at 80 kt or below showed significant cost reductions. Airship performance
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is very sensitive to maximum speeds so they should be selected with
extreme care. The effects of speed on airship weight are discussed Chapters
6,9, and 12.

AEXD Veasure of Merit (MoM)

The airship design must meet (or exceed) the stated requirements in
order to be acceptable to the customer. Meeting the requirements is a nec-
essary condition for being a candidate to proceed to the next phase. If there
is a requirement that the designer cannot meet or thinks is unrealistic, then
he needs to petition the customer for a waiver.

The Measure of Merit, or MoM (sometimes called Figure of Merit), is
similar to a requirement except that it is initially known only to the cus-
tomer and is not overtly specified. The MoM is important to the customer
and will be used by him as a “tie breaker” in his selection of the winning
design. It is often said that meeting the requirements gets you invited to the
dance . .. but meeting the MoM gets you out on the dance floor.

Since the MoM is initially unspecified, the designer (or someone in his
design group) must do the homework to understand what the customer is
really looking for. Sometimes the MoM is simply that the design must be
aesthetically pleasing. But more often the MoM is more substantive and is
learned by developing a close rapport with the customer. It goes without
saying that developing a design to the wrong MoM will lose any contract.

A1y Unmanned Aerial Vehicle (UAV)

The DoD defines a UAV as a powered unmanned aerial vehicle that
uses aerodynamic forces to provide some control, can fly autonomously or
be piloted remotely, is expendable or recoverable, and can carry a payload.
With this definition aerostats and airships may be classified as UAVs, but
an aerostat is similar to a balloon on a long tether. The design of unmanned
and manned airships is the same in that they must obey the same laws of
physics, but there the similarity ends. Each has advantages over the other.
We should use unmanned airships where they have an advantage over their
manned counterparts and vice versa. Since one of the main benefits of an
airship is its long endurance, designing for unmanned operations is usually
a winning strategy.

The main disadvantage of the unmanned airship system (and hence the
manned airship advantage) is that it cannot think for itself and cope with
unforeseen or dynamically changing events. No amount of autonomy and
artificial intelligence can address all the uncertainties of war or unforeseen
environmental events. Because of this shortcoming, unmanned systems
will always have off-board human operators in the loop. This means that
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the unmanned system must have additional sensors and data-link capabil-
ity onboard to make the off-board human operator aware of the situation at
all times.

The advantages of an unmanned system are as follows:

1. The design of the unmanned system is not limited by the requirement to
carry a human onboard and accommodate his frailties.

2. No human is at risk of capture.

. No infrastructure is required to recover the crew if the airship crashes.

4. The unmanned airship does not need to fly to keep the unmanned
system proficient.

w

MERIXYJ Design Limitations—Human Operator

This feature has both pluses and minuses. On the plus side the
unmanned airship does not have to accommodate a crew station. The elim-
ination of the crew station also shortens the gondola a little thus reducing
the empty weight. There is a modest cost reduction as well. Airship crew
stations are not highly integrated into the design so there is little cost saving
associated with designing the crew station into an underslung gondola or
cargo bay.

Not having to “man-rate” the aircraft will simplify the design and devel-
opment of the unmanned UAV somewhat. There will be a cost savings due
to not having to man-rate the engine (engine testing), and the elimination
of a crew escape system, and crew survival equipment design and test.

However, the down side to not having a human onboard is the require-
ment to recover pilot functionality by having an off-board operator that has
complete situational awareness. This means increasing the software devel-
opment for autonomous flight, adding sensors and data links, and of course
adding a ground station to the overall system development cost. The con-
sensus of knowledgeable aerospace professionals is that all of the plusses
and minuses together will only give a modest cost reduction to the devel-
opment and acquisition cost of an unmanned airship relative to a manned
airship. Besides long endurance most advantages to unmanned airships
tend to be political and will be discussed below.

m Elimination of Search and Rescue

The elimination of the infrastructure to search for and rescue downed
crewmen is a real opportunity for cost saving. In addition, the attention
given a downed crew results in a significant resource shift away from
combat operations. Since the crew has been eliminated from the airship,
the political sensitivity of the unmanned mission is reduced as there is no
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crew to be held hostage and identified with a country (e.g. Gary Powers,
1960).

AEBI¥) 1rcining and Proficiency

The fundamental premise is that the unmanned airship does not need
to fly for the unmanned system to train or stay proficient. The human oper-
ator is off-board and trains by simulation. On the other hand, the ISR
unmanned airship flies all the time since its flights are for the purpose of
gathering continuous intelligence on target countries. Critics accept this
premise but argue that the unmanned airship needs to fly during peacetime
as well. As part of a combined arms team, the unmanned airships have to
operate with the manned airships as the humans train. This argument fails
when the capability of modern simulators is recognized. This notion of no
(or at least minimal) peacetime flying presents a tremendous cost saving
opportunity for unmanned airships and in general for any UAV.

s BEY soecifications, Standards, and Regulations

The U. S. government regulates the operation of all airships in the United
States by a system of specifications, standards, and regulations. An airship
designer must not only meet (or exceed) the requirements discussed earlier,
but must also comply with all the appropriate aircraft specifications, stan-
dards, and regulations if the aircraft is to be operated in the United States.
The regulation of military aircraft is administered by the Department of
Defense through the Department of Defense Specifications and Standards
System (DODSSS) and of civil commercial aircraft by the Department of
Transportation through the Federal Aviation Regulations (FAR).

Specifications are procurement documents which describe the essen-
tial and technical requirements for airship items, materials or services,
including the procedures by which it will be determined that the require-
ments have been met. Standards establish engineering and technical limi-
tations and applications for items, materials, processes, methods, designs,
and engineering practices.

The documentation of design standards for airships is reported in the
Federal Aviation Regulations FAA 8110-2 as well as CS-30T which was
created by the European Aviation Safety Agency (EASA) and is temporarily
recognized by the FAA. A full listing of potential DoD documents that may
impact an airship’s design are shown in Table 1.2.

It is a fact that the specifications and standards for aircraft are numer-
ous. The number of regulations for airships is much less and often use
modified versions of those for aircraft when appropriate. It has been
asserted that military and FAA specifications and standards are excessive
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Table 1.2 Partial Listing of Military Specifications and
Standards—Aircraft Design

Doc number | Title

MIL-HDBK-1797 Flying Qualities of Piloted Airplanes (replaced MIL-F-8785C)

MIL-F-83300 Flying Qualities of Piloted V/STOL Aircraft

MIL-F-9490 Flight Control Sys-Design, Installation and Test of Piloted Aircraft
MIL-S-8369 Stall/Post-Stall/Spin Flight Test Demonstration Regs for Airplanes
MIL-C-18244 Control and Stabilization Systems: Automatic, Piloted Aircraft
MIL-D-8708 Demonstration Requirements for Airplanes

MIL--8700 Installation and Test of Etectronics Equipment in Aircraft
MIL-P-26366 Propellers, Type Test of

MIL-S-18471 Seat System, Ejectable, Aircraft

MIL-W-25140 Weight and Balance Control Data

MIL-STD-850 Aircrew Station Vision Req for Military Aircraft

MIL-STD-757 Reliability Evaluation from Demonstration Data

MIL-C-5011 Charts; Standard Aircraft Characteristics and Performance
MIL-STD-881 Work Breakdown Structure (WBS)

MIL-HDBK-5168B Airworthiness Cerfification - U.S. Tri-service

FAA8110-2 Airship Design Criteria

CS-30T (EASA) Certification Specifications for Transport Airships

and are part of the reason for the high cost of air vehicle systems. Compa-
nies spend considerable time and money in military “spec” compliance.
The authors will remain neutral in this matter but suggest that the reader
examine this issue and become involved.

Airship Design Phases

Design is the name given to the activities that create a new flight vehicle.
[t starts as a vision and finishes with the final inflation and integration of all
major systems, subsystems, and components. It is the most important time
in the life cycle of an airship as all its features both good and bad are locked
in at this point. The design process is usually divided into the following
three phases.

Conceptual Design
Preliminary Design
Detail Design

Although the specific activities during these three phases vary from one
design group to another, they are generally formed as shown in Fig. 1.23.
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Figure 1.23 Comparison of the three design phases for an airship.

The TRL (Technology Readiness Level) used in Fig. 1.23 is an expression
for the maturity of the technologies used in the three design phases [5].

MERER) Conceptual Design Phase

The conceptual design phase determines the feasibility of meeting the
requirements with a credible airship design. The conceptual design process
is shown schematically in Fig. 1.24. The general size and configuration of
the airship along with a credible layout of the major systems are identified
during this phase.

As we've discussed, the designer’s first task is to study, evaluate, under-
stand, question, and if necessary negotiate the requirements (or at least ask
for a waiver). The requirements are flowed down to the design group in the
System Requirements Document (SRD). The SRD lays out the ground rules
for the design study along with information about the Measures of Merit
(MoMs), program strategy, selection criteria, significant design decisions,
and assumptions about technologies.

It is a good idea at the very beginning to have brainstorming sessions to
identify all possible solutions to the design problem. These sessions need to
be an open exploration of any and all concepts. Both left and right brain
thinkers should attend as well as any person who will impact the design,
e.g. engineers, maintenance, manufacturing, and cost personnel.
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Figure 1.24 The conceptual design process.

Design trade studies are conducted around the more promising con-
cepts using preliminary estimates of aerodynamics and weights to converge
on the optimal volume, fineness ratio, and operational buoyancy range.
Engine size, number of engines, and their locations are also evaluated for
the best combination of cruise efficiency and thrust vectoring for control.
Aerodynamic control surface§ are sized based upon the static stability and
control considerations over the speed range from zero to the maximum.
The performance requirements are varied (called mission trades) to deter-
mine the impact of each performance item on the airship volume, weight,
and cost. This information is then shared with the customer to make sure
he understands the penalty each requirement imparts to the design. The
technologies being considered in the design are examined (called technol-
ogy trades) and estimates made of their “maturity” (probability of success)
and the consequence of their not meeting the required maturity level. The
results of the technology trades form the design risk analysis.

The first look at cost and manufacturing is also made at this time. Only
gross structural aspects are considered during the conceptual design phase
as resources are usually limited and the design is changing often. The ability
of the design to accomplish the given set of requirements is established
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during this phase, but the details of the configuration are subject to change.
Most of the work done during this phase is done by a group of 15 to 40
people over a year. It should be emphasized that the cost of making a design
change is small during conceptual design, is large during preliminary
design, and is very large during detail design.

m Preliminary Design Phase

The best configuration defined by the MoMs from the conceptual
design phase is now fine tuned using wind tunnel parametric testing and
computational fluid dynamics (CED). This fine tuning is accomplished
with a wind tunnel model capable of representing the general configuration
with the provision for minor variations in body shape and tail arrangement.
The engine is selected and the propellor is sized. Major loads and stresses
in the envelope are determined along with considerable structural design.

Refined weight estimates are made and a more thorough performance
analysis conducted. Dynamic stability and control analysis influences are
determined and 6-DOF (degrees of freedom) simulations are conducted to
establish flight control requirements and handling quality levels. The three
trade studies (design, mission and technology) started in the conceptual
design phase are continued but with more vigor.

The design is given serious manufacturing consideration with prelimi-
nary plans for jigs, tooling, and production breaks. Refined cost estimates
are also made. Clearly the resources for the preliminary design phase are
greater than the conceptual phase and typically number 100 or more people
over about 1-2 years.

MEREX¥) Detail Design Phase

In the detail design phase, the configuration is “frozen” and the decision
has been made to build the airship. Detailed structural design is completed.
All of the detail design and shop drawings of the joints, fittings, and attach-
ments are accomplished. Interior layout is detailed as to location and
mounting of equipment, hydraulic lines, ducting, control cables, and wiring
bundles. Mockups are rarely required for the internal arrangements of air-
ships due to the large volume available. The drawings for the jigs, tooling
and other production fixtures are done at this time. A detailed cost esti-
mate based upon Work Breakdown Structure (WBS) is made. All equip-
ment and hardware items are specified. It is important that from this point
on that the design changes be kept to a minimum because the cost of
making a change is large once the drawing hits the shop floor. The next step
is ordering all the equipment items (called Bill of Materials) and the fabri-

cation and assembly of the prototype (Sl EIcSHToIPictonpesiane
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Biil). Often, the fabrication of some components will be started during
this phase as soon as their shop drawings are released. Usually there are a
few items which are called long lead items that have to be ordered before
detailed design starts to prevent schedules from being increased.

Figure 1.25 shows the three phases of design in a typical government
program acquisition according to DoD 5000.1. The years shown are
extremely optimistic since there are always breaks in the schedule while the
government issues a Request for Proposal (RFP), industry submits propos-
als, the government evaluates the proposals, selects a winner and gets its
funding in place. Commercial programs move much faster since the air-
craft builder controls the tempo and funding of the program. Typical times
from the decision to build the airship (Milestone 1 or B for the government
and the start of preliminary design for commercial) to production is about
four years for the government and three years for commercial. FAA certifi-
cation can add a year to the commercial effort.

Figure 1.25 also shows the importance of the conceptual design phase
in that over 70% of the design features that drive Life Cycle Cost (LCC) are
selected during that phase.

G to Cost i anage to Cost
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Figure 1.25 Design phases infegrated into the entire government program.
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IR Ky Scope of the Text

This is the second volume of a two-volume set

Volume 1 —Aircraft Design

Volume 2 —Airship Design and Design Case Studies

Volume 1 covers the conceptual design phase of the aircraft design
process. It is self contained as the chapters and appendices will lead the
reader through one iteration of the conceptual design process. Volume 1
will give the reader an understanding and appreciation of how the different
disciplines must blend together to produce an effective aircraft.

Volume 2 (this volume) is also written as a stand-alone volume; in some
instances the text is based on Volume 1 but is rewritten for airship design.
Virtually all text is new as it focuses on the unique design issues of airships,
hybrid airships, and high altitude balloons. The second half of the book is
comprised of nine sections discussing individual design case studies for
both aircraft and airship programs. These case studies include the follow-
ing air vehicles: 1) SR-71, 2) JSF/X-35, 3) Boeing 777, 4) Honda Jet, 5)
Hybrid Airship, 6) Daedalus (human-powered aircraft), 7) Cessna 172, 8)
T-46 Trainer, and 9) Hang Gliders. The authors of these case studies are
highly regarded authors who have intimate knowledge of each vehicle
through years of study or actually from working on the vehicle.
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Introduction

n airship is a unique flying machine that is very different from an
aircraft with wings. Airships generate most of their lift using a lifting
gas such as hydrogen or helium. Because bodies of revolution are
inefficient producers of aerodynamic lift (very low L .,,/D), ellipsoid-shaped
airships are designed such that most of their lift comes from a buoyant gas.
Historically, there have been many names given to buoyant vehicles that
depend on their operations, structure, and speed. Fundamentally, there are
three distinct classes of buoyant vehicles. First, there is the balloon that is
untethered, free floating, and uncontrolled (Fig. 2.1). Next there is the teth-
ered balloon shown in Fig. 2.2 that is known as an aerostat. The aerostat is
fixed to the ground by a long cable that also serves as its power and com-
munications backbone. The last category is the airship that has also been
called a blimp or dirigible in the past. The terms blimp and dirigible are
rarely used now. This book will concentrate on the fundamentals for
designing all airships but will discuss in detail hybrid airship and balloon
design in Chapters 12 and 13 respectively.
Aerostatics is the study of gases, their characteristics for changing
pressure and/or temperature, and the lift they generate when enclosed. As

s

Figure 2.1 Scientific balloon launch.
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Figure 2.2 Aerostat operating along southern U.S. border.

opposed to aerodynamics, which studies gases and bodies in motion,
aerostatics concentrates on gases and bodies that do not move or move
slowly. This chapter will present the principles of aerostatics and how they
affect the behavior and performance of airships, aerostats, and balloons.
All of the equations needed to calculate the buoyant lift of an airship under
various temperature, pressure, and humidity conditions are developed.

Buoyant lift for any vehicle is generated by the density differences
between the enclosed envelope volume of lifting gas and the outside
ambient air. This vertical force (lift) is the result of a body submerged in a
higher density fluid (liquid or gas) and was mathematically developed by
Archimedes about 2300 years ago. Archimedes postulated and then later
proved that the buoyant force depended only on the body’s volume and the
density difference between the submerged body and its surrounding liquid.
The buoyant force was independent of shape!

Archimedes’ principle states that a body immersed in a fluid is buoyed
up by a force equal to the weight of the displaced fluid. Independent of shape
and composition, objects of equal volume in the same fluid experience equal
buoyant forces.

The revelation was that this simple relationship was independent of
body shape! The derivation of the fundamental equation for calculating
buoyant lift using the Navier-Stokes equation is shown as Eq. (2.1).

Aerostatics for Airships

Because the characteristics of air are important for determining airship
buoyancy, it is important to know its composition and molecular weight.
Although the composition of air varies slightly with altitude, the values
shown in Table 2.1 will be assumed constant from sea level to 10,000 ft.
Table 2.1 shows the gaseous content of air that is primarily made up of
nitrogen and oxygen.
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Table 2.1 Gaseous Content of Air [1]

Sea level with 0% air*-water vapor

Nifrogen 78.00%
Oxygen 20.95%
Argon 0.91%
Carbon dioxide 0.03%
Hydrogen 0.01%
Other gases 0.10%

"The molecular weight for air is 28.8.
Hydrostatics is the study of fluids at rest. For this special case, # =0 in the

Navier-Stokes equations, the external force F = g and the pressure gradient
is just dp. The Navier-Stokes equations of motion are reduced to Eq. (2.1).

Example 2.1 Sample Buoyancy Calculation (See Fig. 2.3)

What is the buoyant force for 1 ft3 of helium at sea level?

%Z+(u-/7)u=-le+F+E)72u
¢ P P

Oz—le+F
p
1 dp
O=—— +
pﬁd—z (&)
dp=pgdz
Force= pxarea=p g zxarea (2.1)

volume

Volume
containing
aless dense
fluid

Volume

containing
avacuum

fluid
Li L

Force Force
(Pgyiq)* 9 Volume ( Pr,™ Py, )+-g-Volume

A

Figure 2.3 Buoyancy forces acting on a submerged body.
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Force = (pp — pr1) X g X Volume

Force = (0.002377 — 0.000327) x 32.17 x 1.0 (note that density is in slugs/ft3)
Force = 0.0659 Iby/ft? (helium) or = 0.0711 lb//ft3 (hydrogen)

Force = 0.0646 Iby/ft> @ 98% purity for helium

All liquids and gases are fluids. For discussion purposes it can be
assumed that gases and liquids are fluids that have significantly different
densities. Gases are different from liquids in that they are compressible and
change volume rapidly with changes in temperature or pressure. Liquids,
on the other hand, change little over large changes in temperature or pres-
sure. Compressibility has little effect on buoyancy and will not be taken
into effect in ordinary airship design efforts. The change in density as tem-
perature changes is very significant and is the primary gas property that
governs airship design.

Density is the weight per unit volume or more accurately the force of
gravity acting on the mass of a unit volume. Units are typically kilograms
per cubic meter or pounds per cubic foot. A comparison of the densities of
gases important to airship performance are shown in Table 2.2. Water is
included only as a reference point. Specific gravities of gases use the value
for dry air as the reference.

There are several laws of physics that govern the behavior of gases, which
are summarized as follows. The most fundamental is Charles’ Law as it
governs how gases behave at constant pressure. Non-rigid airships are
designed so that their internal gases are kept at a constant pressure using bal-
lonets for controlling the pressure. The behavior and performance of aero-
stats and balloons are also a direct result of Charle’s Law. Why modern airship
designs are almost all non-rigid will be discussed in detail in Chapter 8.

¢ Boyle's Law: For a fixed amount of an ideal gas kept at a fixed tempera-
ture, P (pressure) and V (volume) are inversely proportional. Stated
another way, the product of absolute pressure and volume is always
constant. This law was named after chemist and physicist Robert Boyle,
who published the original law in 1662 and appears as Eq. (2.2).

Table 2.2 Density of Various Gases and Fluids

Density | Specific gravity

Water 62428 1b/83 1000 kg/m3 1.0 (liquid)
Water vapor 0.05045 Ib/f* 0.80813 kg/m? 0.625

A (dry) 008072 lp/ft? 1.293 kg/m? 1.0

Air (60% rh) 0.08047 Ib/f3 1.289 kg/m? 0.9969
Helium 0.01114 I/f3 0.1778 kg/m® 01375

Hydrogen 0.00562 Iby/ft3 0.09002 kg/m?3 0.0696

47
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P V= constant (2.2)

o Charles’ Law: At constant pressure, the volume of a given mass of an ideal
gas increases or decreases by the same factor as its temperature on the
absolute temperature scale. It is an experimental gas law that describes
how gases tend to expand when heated. This law is based on unpublished
work by Jacques Charles in the 1780s and appears as Eq. (2.3).

(T2)(V1) = (T1)(V2) (2.3)

+ Dalton’s Law: The pressure of a mixture of several gases in a given space
equals the sum of the pressures that each gas would individually exert
occupying that same space. This empirical law was observed by John
Dalton in 1801 and appears as Eq. (2.4).

Protar=p1+p2+ - +py (2.4)

o Joule’s Law: The internal energy of an ideal gas is independent of its
volume and pressure, depending only on its temperature. This law is
based on observations and studies performed in the 1840s by James
Joule.

o Pascal’s Law: The pressure of a fluid due to external pressure on the walls
containing it is the same throughout the fluid and appears as Eq. (2.5).

(P1) (V1) =(P2) (V) (2.5)

These basic gas laws govern the movement, behavior, and performance of
airships and submarines. Submarine behavior and the governing equa-
tions of motion are similar to airships if one substitutes sea water for
ambient air and air is the lifting gas instead of helium. Virtually all equa-
tions of motion can be used for either vehicle. One main difference is that
as a submarine goes deeper the water density stays relatively constant
(although the pressure changes significantly). Liquids do not behave
exactly like gases so some motions of the submarine can be quite different
from that of an airship. For instance, water is about 770 times more dense
than air for a submarine and air is about 7.3 times more dense than helium
for an airship. When the concept of added mass is discussed in Appendix C
it will be noted that the displaced water for the internal volume of a sub-
marine is far more significant than the displaced air for the internal volume
of an airship. Hence, the added mass terms are larger for a submarine than
for an airship.

Because lifting gases are responsible for creating most of the lift force,
the equations that calculate buoyant lift must be developed. The basic
equation in Eq. (2.1) assumes that the ambient outside air is dry, the lifting
gas is pure, and the lifting gas occupies 100% of the volume inside its con-
tainer (see Fig. 2.3).

The buoyant force is easily calculated using the equation developed
from the Navier-Stokes equation in Eq. (2.1) and is generalized into Eq. (2.6).
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This equation says that the buoyant force = volume X (density of ambient
air—density of internal lifting gas).

Buoyant Lift = Volume ( pair — Pgas) (2.6)

where density, p, is in 1b/ft3 (if density is in slug/ft> then don't forget to
multiply by g = 32.174 ft/s?).

This equation assumes that the air and lifting gas have the same
temperature and that the pressure is constant. If the air and lifting gas
temperatures are changed by the same amount, then there is no change
in the buoyant lift.

L=V(pa—pg)
L=WV(T/To)(ps To/T - pgTo/T)
L=W(T/To)(pa - pg) (To/T)

This becomes the same as Eq. (2.6) and therefore has the same lift.

L=V(pa~pg)

Several sample problems will now be used to illustrate the variations in
pressure, volume, density, and buoyant lift.

Sample Problem 2.1: Change in Volume Due to Change
in Temperature

There is an elastic container whose initial volume is 1000 ft> and the
internal gas temperature is 59°F. If the gas temperature increases by 20°F
what is the volume after the gas expands? See Fig. 2.4 for an illustration of
this problem and the governing perfect gas relationships.

The volume varies directly with the absolute temperature of the gas so,

Gas absolute temperature =459.7 +59=518.7°R
Heated gas absolute temperature = 518.7°R + 20°F = 538.7°R
New volume becomes Vo= Vi x (T1/Ts)

= 1000 x (538.7/518.7) = 1038.6 ft3
or, change in volume is AV = V| X (AT/T1) = 1000 x (20/518.7) = 38.6 ft3

Sample Problem 2.2: Change in Density Due to Change
in Temperature

If the 1000 ft3 elastic container is filled with helium, what is the change
in density when the temperature of the helium is increased from 59°F to
79°F?

Density of helium is 0.01114 Ib/ft3 @ 59°F (see Table 2.2)
New density at 79°F =0.01114 x (518.7/538.7) = 0.01069 Ib/ft3
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V,=1038.6 ft3
T2 = 538.7°R
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Pi=p:RT, P2=p2RT;
PVi=nRT, Vo=P T,/ PoTy P,V,=nRT,
Since P, =P,
V>=(1000) (538.7)/518.7= 1038.6

Figure 2.4 Effect of increasing the temperature of a liffing gas in
an elastic container.

It is now time to expand Eq. (2.1) to put it into terms that are more
easily known. Because density is not something that is easily measured, it is
better to use parameters such as pressure and temperature that are known.
Recognizing that

P=pRT and p= P/RT and therefore p, = P,/RT,
Solving yields, p=P/[(Py/poTy)T]
Rearranging yields, p= (poTo/Po)(P/T) 2.7)

For convenience we now define the constant term G = ( p,T,/P,)
Eq. (2.7) then becomes
p=GP/T (2.8)

Table 2.3 shows values of G for various gases and units.
Using Eq. (2.5) the lift can be calculated in Eq. (2.9)

L=(G,P/T - GgP/T)V=VP/T(G, - Gg) (2.9)
Introducing the quantity specific gravity, S = pg/pa
L=V(pa—pg)=V(pa—paS) = Vpa(l - §) =[G, PV/T](1 - §) (2.10)

There is another correction to the buoyant lift equation that is straight-
forward yet important. This is generally referred to as superheat and
represents the higher temperatures of the internal gases relative to the
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Table 2.3 Gas Properties for Airships

@ Sea level std day (59°F/15°Q) i

TDensity [Temperuture S Pressure } G
Gas | (Ib/f13) (°R) | (Ib/f12) (poTolPo)
air 007648 518.7 2116.2 0.018746
He 0.01057 518.7 2116.2 0.002591
Hy 0.00533 518.7 2116.2 0.001306
@ 32°F/0°C
f Density Temperature i Pressure |

Gas (Ib/f13) R) | Gn.Hg) | (poTolPo)
air 0.08066 4917 2992 1.3263

He 001114 4917 29.92 0.18318

Ho 0.00562 4917 2992 0.09241

ambient air temperature. Superheat means that the internal lifting gas (and
ballonet air) have higher temperatures due to radiation from the sun.
Although the ambient air is also being radiated by the sun, its heat is dissi-
pated by natural convection currents in the atmosphere. The internal gases
are trapped inside the envelope and remain at a higher temperature for the
same reason temperatures inside a greenhouse are higher than outside air.
The change in lift due to a change in temperature (by superheat or any
other means of changing the internal gas temperature) can be calculated
using Eq. (2.10) resulting in Eq. (2.11).

AL =G4 PVAT, /TS (2.11)

These rearrangements may initially seem pointless but are important
because the resulting equations are in terms of quantities that are measure-
able such as pressure and temperature. Density is not easily measureable
and so perfect gas relationships are substituted for density in most of the
following equations.

Sample Problem 2.3: Change in Lift Due to Superheat

The envelope volume of an airship is 1,000,000 ft3. The airship is
brought out of the hangar and the sun raises its internal gas temperature by
20°F. The outside air is 60°F and its pressure is 2150 Ib/ft? (30.40 in. Hg).
The airship has ballonets whose total volume is 100,000 ft3. How much
does the lift increase due to the 20°F of superheat?

AL = pVATy/T = G4 VPAT,/T?

5]
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AL =0.01875(2150)(1,000,000 — 100,000)(20)/519.72 = 2687 Ib

Introducing the quantity fullness, F, which indicates the fullness of the
envelope, Eq. (2.10) can now be written as

L=[G4PFV/T](1-S) dry air, gas, and air at the same temperature

where F = 0.96 means that the lifting gas can only fill 96% of the internal
theoretical envelope volume.

Another effect on the lifting properties of an airship is the relative
humidity of the air. Because the molecular weight of water vapor, gaseous
H>O, is 18 (2 + 16) and air has an average molecular weight of 28.8, water
vapor weighs 18/28.8 or 5/8 as much as dry air alone. So, parts of the atmo-
sphere that contain both air and water vapor weigh 1 + 5/8 as opposed to
1 + 1, which is 3/8 less than two portions of dry air. The term commonly
used to designate how much water vapor is in the atmospheric air is called
relative humidity and is defined as

Relative humidity = (vapor pressure-actual)/(vapor pressure-saturated)

Using the theory of gas partial pressures (Dalton’s Law) the weight of a
volume of wet air is equal to the weight of the dry air plus the weight of the
water vapor within the same volume. Obviously wet air will weigh less than
dry air because it is lighter (has lower molecular weight) than the dry air it
has displaced. Therefore, within a constant volume, the pressure of dry air
is P-w, where P is the atmospheric pressure and @ is the partial pressure of
water vapor. This results in defining the density of dry air as Eq. (2.12).

Density of dry air = pys = G,4(P - @)/T (2.12)

Density of water vapor in same volume = py,, = G,(@/T)(5/8).
The density of the dry air/water vapor combination in the volume is

Pa = Pda + Pwv

Pa=Ga(P-0)/T+ Gy (w/T)(5/8)

Pa=GuP/T-G, T+ G, (w/T)(5/8)
Pa=Gu(P-w+5/8w)/T ,
Pa=Ga(P-3/18w)/T (2.13)

where @ is the pressure of water vapor (w = 35.6 Ib/ft3 at standard
conditions).
Combining Eq. (2.13) with Eq. (2.10) yields Eq. (2.14),

L=[G,FV(P-3/8w)/T)(1-S5) (2.14)
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However, ambient air always has some moisture, there are always some
impurities in the lifting gas, and the envelope has some internal volume
(ballonets, etc.) that is not filled with lifting gas. Equation (2.14) incorpo-
rates all of these effects.

If we designate the amount of purity that a gas has as Y, then if the lifting
gas is 98% pure, Y = 0.98. Eq. (2.15) is the result of modifying Eq. (2.14) for
purity.

L=[G,FYV(P-3/8w)/T](1 - S) (2.15)

Sample Problem 2.4: Lift Force for a Given Specific Gravity,
Temperature, Pressure, and Humidity
A non-rigid airship with a volume of 1,000,000 ft3 is filled with a lifting
gas whose specific gravity is 0.213, temperature is 60°F, and ambient pres-
sure is 2116 1b/ft2, What is the lift force? Using Eq. (2.14) and Table 2.3 and
w=0 for dry air,
L=[G,FYWV(P-3/8w)/T)(1 - S) = [0.1875(1,000,000)(2116)/(459.7 + 60)]
(1-0213)
L=60,0811b

Sample Problem 2.5: Effect of Humidity on Lift Force
What is the lift in Sample Problem 2.4 when the relative humidity (RH)
is 60%?
L =10.1875(1,000,000)(2116 — 0.375 x 0.60 x 35.6)/(519.7)](1 — 0.213)
L=59,8511b

The lift has changed by only 0.3% for RH = 60%. Because the change in
lift is so small for relative humidity, its effect is usually ignored.

Sample Problem 2.6: Lift Force Due to Superheat

What is the new lift in Sample Problem 2.2.4 when its lifting gas is
superheated by 30°F?

L =[0.1875(1,000,000)(2116)/(549.7 — 519.7)]0.213/(519.7 x 549.7)
L =60,969 1b

The lift has changed by 1.3% for a 30°F superheat. A superheat of 30°F
is considered to be near the maximum value that is experienced. This effect
is small but should not be ignored.

The fundamental equation for buoyant lift was developed from the
generalized Navier-Stokes equation in Eq. (2.1). Modifications to the
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Navier-Stokes equation for zero velocity and the external force being
caused only by gravity result in a very simple relationship for buoyant lift.

Force = (pr2 - pr1) x Volume  (p expressed in Ibpy/ft3) (2.1a)

For simplicity and reduced confusion between pound-mass and pound-
force units, it is suggested that when using English units for density that
(slugs/ft3) be used rather than pound-mass/ft3. Remember that 1 slug =
32.174 Iby,. Equation (2.1a) then becomes

Force = (pf2 — pr1) X g x Volume  (p expressed in slugs/ft3) (2.1b)

Care must also be taken to distinguish between the terms weight and
mass. For airplanes weight and mass are essentially the same. For airships
weight (because of buoyancy) is significantly different than mass. Figure 2.5
shows the changing weight and mass terms for various levels of buoyancy.
This simple illustration shows that completely filling the sphere with a
lifting gas such as helium reduces its weight by ~95% (4584/80,000) but
only reduces its mass by 42% (2813/4863).

An object’s buoyancy is always the result of the density differential
between the enclosed liquid and the surrounding liquid. It does not matter

W =weight of envelope =80,0001b Buoyant Force = {pgas; - pgas) X Volume x g*
V = volume of envelope = 1,000,000 ft3 Vertical Force = Weight - Buoyant Force

50 % Helium

100 % Helium
e =0.000327 slugs/ft>

Phe="0.0106 lby/ft°

Forcey =W - (p,ir - Pair) Vg Forcey =W - (Pair - Pre)V/2 Forcey =W - (Pair - PrelVg
Forcey =W = 80,000 b Forcey =W -(0.02377 - 0.000327)Vg/2 Forcey =W - (0.02377 - 0.000327)Vg
Forcey =W - (0.002344)Vg/2 Forcey =W - (0.002344)Vg
Forcey = 80,000 - 37,708= 42,292 b Forcey = 80,000 - 75,416 Ib = 4,584 Ib
Mass = W/g + gV Mass =W/g + (Pair + PpelV/2 Mass =W/g + (Pair + Ppe)V
Mass = 2,486 + 2,377 Mass = 2,486 + 0.002704 V/2 Mass = W/g +0.000327V
Mass = 4,863 slugs Mass = 2,496 + 1,352 = 3,848 slugs Mass = 2,486 + 327 = 2,813 slugs

*1slug =32.174 by

Figure 2.5 Weight, force, and mass comparison for three lifting
gas combinations.
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how this density difference comes about. Generally, it is the result of
enclosing a gas that is less dense than air. However, the gases need not be
different. Based on the perfect gas law, density is inversely proportional to
temperature. This explains why a hot air balloon can generate buoyant lift.
The heated air in the balloon is less dense than the cooler outside air. The
greater the temperature difference the greater the buoyant lift. Figure 2.6
shows the buoyant lift achievable for a hot air balloon. All calculations
assume that the sphere’s volume is 1000 ft3 and its envelope has no weight.

Two other buoyant lift systems are also illustrated in Fig. 2.6 showing
relative lift capabilities for varying altitude. The first system, a closed con-
tainer with no ballonet, plots the lift performance of the same 1000 ft3
sphere as for the hot air balloon that is filled completely with helium. Notice
that its lift performance varies a great deal with altitude. Although its buoy-
ancy is the highest of all systems it is impractical as there is a significant
pressure differential that increases with increasing altitude.

10,000 ft.
, Q ﬁlozecli’conrainer
_ o bailonet
10 Volume = 1000 ft 100% helium

Ballonet=0%
8 \o

6 Q . Airship
* with
o Ballonet

Ballonet=0%

Altitude (1000 ft)

Hot Air Balloon
4
nt e
2 80 80
m m Ballonet=30%

24

0 :

0 20 0 60 & 80
Buoyant Force (lb)

Figure 2.6 Buoyant forces for a 1000 ft2 sphere—balloon, airship,
closed container.
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The third system shown in Fig. 2.6 shows the same size sphere that
exhausts to the atmosphere and has a 70% helium fill and a 30% ballonet
filled with air. Figure 2.6 shows that when the ballonet maintains a constant
pressure differential across the envelope the buoyant lift force is constant
with altitude. The reason for this slightly surprising result is shown below

p2— p1=Ap=pRTH — piRT| = constant
Ap=R(poT> — p1T1) = constant
RT(py — p1) = constant {when lifting gas temp = ambient temp}
(p2 — p1) = constant

... therefore, the buoyant force is constant

Hydrogen vs Helium

The central ingredient of an airship is its buoyant gas. There are only two
practical lifting gas candidates, hydrogen and helium. Hydrogen has a density
of 0.01114 Ib/ft3 and helium has a density of 0.00562 1b/ft3 at 32°F. From
Fig. 2.3 and Example 2.1 with the fluid being air at 60% relative humidity
(density = 0.0805 1b/ft3), hydrogen has 8% more buoyancy than helium. With
8% more lifting capability, hydrogen would be the preferred buoyant gas
except for one very important characteristic: Hydrogen when mixed with air
is an extremely flammable mixture. Hydrogen leaks can never be ruled out,
so the use of hydrogen as the lifting gas in airships has been banned
worldwide. Helium, on the other hand, is the lightest of the inert gases and
will not burn. Thus, it is often used in fuel tanks to inert the fuel/air voids.

The United States with its vast helium fields in Texas has been the world’s
repository for helium since the turn of the 20th century. In the 1920s the cost
of helium was 50 times that of hydrogen. With the improvements in the
helium extraction technology the cost of helium today is 1/8 that of hydrogen.
In the early part of the 20th century everyone used hydrogen except the
United States. In 1927 the United States passed the Helium Control Act,
which prohibited the export of helium for military purposes.

The Zeppelin Company in Germany was the most prolific builders of
dirigibles in the world (see Appendix E)—all of them filled with hydrogen.
They flew passengers all over the world and never had an accident until 1937.
In 1933 the Zeppelin Company started to build the largest dirigible in the
world, the LZ-129 Hindenburg (gas volume =7 million ft3 and length = 804 ft).
The Zeppelin Company had been flying the LZ-127 Graf Zeppelin for 5 years
on passenger routes and understood the danger of using hydrogen as the
lifting gas. They considered the hydrogen airship to be a “ticking time bomb”
and designed the Hindenburg for helium.
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In 1933 Adolph Hitler became the Chancellor of Germany and immediately
began using the Graf Zeppelin airship as a propaganda tool to trumpet the
military supremacy of the Nazi party. Hitler made a poor judgment call and
instructed propaganda minister Joseph Goebbels to make the Hindenburg
ready for propaganda missions. This turn of events did not go unnoticed by
President Roosevelt who could see war clouds looming over the horizon. He
called up the Helium Control Act of 1927 and refused to sell helium to
Germany. The Hindenburg was filled with hydrogen.

The German passenger airship LZ-129 Hindenburg began the second
flight of its second year of commercial service in Frankfurt, Germany on
May 3, 1937 and crossed the Atlantic without incident. It was raining as the
Hindenburg was approaching the mooring mast at Lakehurst, NJ on May 6,
1937 and the air was rich with static electricity. As the wet handling ropes
touched the ground, the circuit was completed and a spark ignited the
hydrogen leakage in the aft part of the Hindenburg, resulting in the picture
on the opening page of this chapter. Newsreel cameras rolled and radio
announcer Herbert Morrison described the events for the first coast-to-
coast news radio broadcast. As word of the disaster spread around the world,
fueled by the horrifying newsreel coverage, the public lost faith in the
technology . .. heralding the end of early commercial passenger airship flight.

The Graf Zeppelin II was the sister airship to the Hindenburg and was in
production at the time of the Hindenburg disaster. The LZ 130 was quickly
modified to use helium. However the United States still refused to sell any
helium to Germany. The LZ 130 was converted back to hydrogen and very
carefully operated in 1938 as a propaganda tool for the Third Reich. The
majestic airship was scrapped in 1939 for aluminum to build Luftwaffe
aircraft.

Reference

[1] Khoury, G.A., Airship Technology, Cambridge University Press, 2004.
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Aerodynamics

The first civilian Zeppelin
built after WW I was the
LZ-120 Bodensee, which
made its first flight on
August 20, 1919. Bodensee’s
highly advanced and
aerodynamically determined
teardrop shape differed
greatly from the thin,
pencil-like shape of previous
Zeppelins. Its shape was
developed in the Gottingen
wind tunnel.

Do not fudge your data . .. it may be right.

Wilbur Wright
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ERY introduction

erodynamics play a vital role in the behavior and performance of
any air vehicle and lift is likely the most important of all aerody-

namic parameters. For aircraft it is the wing that generates most of

the lift and much of the drag. Because airships generate most of their lift
using lifting gases instead of wings, there is no drag-due-to-lift that is
created by the buoyant lift. When an aircraft flies it produces forces and
moments (e.g. lift, drag, and pitching moment) around each of the three
axes (x,  z). Additionally, some derivatives with respect to angles are
important, such as Cr,, Cp,, Chy, etc. These same forces and moments
are produced when an airship flies as well. The difference is that the forces
and moments are in different proportion and have differing importance for
an airship compared to an aircraft. Actually, most of the aerodynamic
forces and moments for an airship are much smaller due to its much slower
speed and the fact that it does not have to generate all of its lift with wings.

When the airship flies at any angle of attack it generates aerodynamic lift
and a drag-due-to-lift that is added to the buoyant lift and skin friction drag
and zero lift pressure drag. Because bodies of revolution are inefficient at pro-

’ ducing aerodynamic lift, airships generally fly at very low angles of attack and

| very close to neutral buoyancy. When bodies of revolution are discussed later it

’ will be shown that their maximum aerodynamic L/D is usually less than three.

| Other major contributors to airship behavior are the tails. They are

l wing-like surfaces generating aerodynamic forces enhanced by trailing

| edge control surfaces. Because tails are moment generators they should be
able to create efficiently (without adding a lot of drag) up and down forces
that produce stabilizing moments. The need to create both up and down
forces means that the tails will likely be symmetric airfoil sections with a
moveable control surface.

Because an airship’s body dominates its aerodynamic characteristics,
much of the discussion will be focused on optimizing body geometry for
low drag or maximum buoyant lift-to-drag ratio. Tail arrangements and
their sizing will be covered in Chapter 7.

¥y Body Geometries

Historically, the standard approach to optimizing the design of an
airship body was to use wind tunnel testing, which is a good means for
accurately measuring aerodynamic forces and moments for any air vehicle.
Figure 3.1 shows the Géttingen wind tunnel facility with the latest airship
design in 1918, the Bodensee. Gottingen is best known as the home of
Ludwig Prandtl, whose work in boundary layers and separated flow are
legendary and still relevant today.



CHAPTER 3 Aerodynamics 61

Because an airship has no wings, its wind
tunnel models tend to be simpler and less expen-
sive. However, it is also important to maximize his nearly 50-year career at
the test Reynolds number (Re) by making the Géttingen. A partial list of

Ludwig Prandtl had more
than 80 doctoral students over

airship model as big as possible, which adds some ~ some of his most famous
students includes Blasius,

cost. Tunnel test time for airship models is gen- Schlichting, Tollmien, von
erally less than for aircraft because there is no Karman, and Busemann.
wing and hence no trailing edge control surfaces.

Wing-control surface combinations generally

add significant test time to most aircraft wind tunnel tests.

Current body design techniques generally include some initial compu-
tational fluid dynamics (CFD) estimates that reduce the number of geom-
etry variations to be tested to those with the highest performance. This
technique can be extended to specialized CFD codes that specifically opti-
mize airship bodies to minimize drag by defining shapes that result in large
portions of the airship having laminar flow (see Fig. 3.2). Note that the
airfoil section NACA Series 66 is used as a configuration starting point and
how similar it is to the configuration that optimizes drag over the forebody.
These body shaping techniques are very similar to designing sophisticated
airfoil sections for a high performance aircraft wing.
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Airship Body - Low Drag Configurations

Configuration with Configuration with
Pressure Distribution Pressure Distribution
Optimized for Forebody /_ Optimized for Midbody

Figure 3.2 Comparison of shapes of low drag bodies designed using
modern computer techniques (CFD). [1]

Optimizing aerodynamic performance (endurance, range, speed, etc.) for
an airship is a complicated trade study that includes several new variables.
The trade study process is virtually identical to that required for winged air-
craft. These variables include volume (buoyant lift), body cross-section
shape, envelope material properties, amount of buoyancy or buoyancy ratio
(BR), and size of ballonets. Multidisciplinary optimization (MDO) tools are
perfect for this type of trade study just as they are for aircraft trade studies.

Figure 3.3 shows ellipsoids that are the basis for many buoyant vehicle
bodies. As discussed, these three ellipsoid shapes are applicable to specific
types of airships or balloons. Spheres and oblate ellipsoids are used for bal-
loons and will be discussed in Chapter 13. Prolate spheroids are very similar
to most airship (and submarine) designs and their mathematical shapes
makes them good candidates for analytic trade studies. Chapter 11 dis-
cusses designing specific airships that have nearly ellipsoid shapes. In
Chapter 12 these ellipsoids are joined side by side to form a lobed airship
body. The reasons why this lobed geometry is appropriate for a hybrid and
not for a standard airship are also discussed. Appendix D presents the geo-
metric and physical properties of ellipsoids and discusses the process of
merging these shapes together to form multilobe hybrid configurations.

There are distinct geometric differences between a typically shaped
body of revolution airship design and that of a hybrid airship design. Fig-
ure 3.4 compares the cross sections and planforms of the two designs. The
symmetrical arrangement of circular arcs with the same radius is typical of
the hybrid design philosophy. The arcs have the same radius to create the
same level of stress throughout the envelope. It is important to have con-
stant stress so the same material thickness can be used throughout. Because
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Sphere: All three axes a, b, and c are equal in
length. It has the lowest ratio of surface area
to volume and has equal fabric stresses
everywhere. In terms of weight the sphere is
the most efficient lifting shape. However, it
can only function as a balloon that has no
stationkeeping requirement. Its drag is high
and it is at the mercy of the winds.

Prolate Spheroid: Major axis, a, is
the longest and axes b and c are
equal. Its surface area is somewhat
larger than a sphere and stresses are
different at every point on the
envelope. This is the prototypical
airship shape that is modified to
address performance requirements.
Its drag is much less than for a
sphere. Its fineness ratio, a/b, is
optimized for the best combination
of drag, buoyant lift, and envelope
weight. With tails and/or thrust
vectoring this shape can be designed
to stationkeep.

Oblate Spheroid: Major axis, a, is the
shortest and axes b and c are equal.
Like the prolate shape it has a high
surface area to volume ratio. Interest
in this shape is discussed in Chapter 13
on balloon design when the subject of
“pumpkin shaped balloons” and their
advantages are evaluated against
standard spherical balloons.

Figure 3.3 Ellipsoidal bodies of revolution.

the radius of the circular arcs is obviously much smaller than the single cir-
cular shape (typically less than }2) the resulting stresses are also much lower.

The remainder of the discussion will focus on specific characteristics of
bodies or revolution, i.e., spheres, spheroids, ellipsoids, and similar shapes.
The flowfield of a body of revolution is in many respects similar to a wing.
Air flows over an airship body and accelerates to about the midpoint then
decelerates over the aft portions until the flow meets at the trailing edge/
point. When there is a distinct trailing edge, as for a wing upper and lower
surface, the flow adjusts so there is no pressure discontinuity. This
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Body of Revolution frontal area = Lobed frontal area

Hybrid volume = Ellipsoid volume

Hybrid Airship
(3 lobes)
alllobe radii are equal
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Figure 3.4 Comparison of ellipsoid airship to a hybrid airship
with equal volume.

phenomenon is referred to as the Kutta condition. For a body of revolution
there is no finite edge but the flow still cannot produce a pressure disconti-
nuity at the trailing edge point. This acceleration of the air particles causes
the static pressure on the surfaces to drop below the static pressure in the
free stream. There is one streamline of air particles (called the dividing
streamline) that slams into the body’s nose and comes to a stop. This is
referred to as the stagnation point and the total pressure at this location is
equal to the free stream static pressure plus the dynamic pressure.

XY Body Aerodynamics

Lift, drag, and moment data for an airship are necessary ingredients for
any design or performance analysis. The sign convention for these analyses
and test data is shown in Fig. 3.5. The mean aerodynamic chord of a wing
or tail, denoted by mac or ¢, represents an average chord that, when multi-
plied by the average section moment coefficient, dynamic pressure, and
reference area, gives the moment for the entire wing. It can be estimated
for straight taper wings and tails by

mac = (2/3)Cr[(1 + A+ 22)/(1 + A)]

where A = taper ratio = C1 /Cg and Ct and Cp are the tip and root chords
respectively.

In the following sections actual data is presented for various body
shapes and flow conditions. Because airship drag is dominated by skin
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Figure 3.5 Airship sign convention.

friction, the Reynolds number will be very important in determining zero
lift drag, coefficient Cp,. Therefore, significant time is spent on methods
for estimating skin friction drag and more importantly, how to reduce it.
Actual data is also presented for various airship body geometries, and when
possible, compared to estimated results. This chapter will focus on the fun-
damental aerodynamic concepts necessary to generate an acceptable data-
base of lift, drag, and moment to be used for airship performance, stability,
and control.

MEERY Reterence Area

The aerodynamic forces and moments need to be non-dimensionalized
into lift, drag, and moment coefficients. Dimensional analysis tells us that
the lift and drag forces are made non-dimensional by dividing them by a
pressure (the free stream dynamic pressure g = ¥ pV.3 is the most obvious
pressure) and a reference area. The moments are divided by g, reference
area, and a characteristic dimension (wing span, mean aerodynamic chord,
or airship length).

The reference area for aircraft is by international convention taken to be
the planform area (Spiqn). This is self evident because the wing is the main
lift generating component and accounts for about half the zero lift drag due
to the skin friction on its surface. The reference area for the airship was in
debate for the first half of the 20th century and finally established by inter-
national convention to be Vol* where Vol is the volume of the airship
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envelope holding the lifting gas. This convention is not at all self evident
because the airship does not generate much aerodynamic lift. The airship
envelope surface area would be more in line because the airship drag is all
aerodynamic and primarily due to skin friction. However determining the
airship surface area requires considerable information about the airship
configuration whereas the volume is easily determined by the equation
[from Eq. (2.6)].

Volume = weight/0.065 o

where 0.065 is the lifting capability for 98% pure helium gas and & is the
ratio of the densities between sea level and the maximum altitude for the
airship for standard day conditions. So the Vo/ % is a matter of convenience
and works well . . . except when you want to compare the aerodynamic
forces and moments of airships with aircraft. For most airship configura-
tions the exact planform area, Sy, of the envelope is difficult to deter-
mine, however it can be approximated b/r a prolate spheroid (see Fig. 3.4).
The relationship between S, and Vol 7 can be expressed as

S plan = N Vo’ (3.1)

where N depends upon the number of lobes in the configuration. Ny can
be determined empirically from real airship/hybrid vehicles as

#lobes N, |

1 2
2 2.25
3 2.4
4 25
5 2.54

Equation (3.1) can be used to convert airship/hybrid aero data from
Vol’3to S plan for comparison with aircraft data.

An example of this conversion is as follows (note: the subscript V will
denote reference to Vol and subscript p for reference to Spian.

For Cy, Cr,, Cp, and Cpy

L=Crp¥q Splan = C1,, ¥ Vol
Crp =Cuy (VoI /S pian )
Cr, =CL,Np
For drag-due-to-lift factor K = ACp /C?

Dy =Kp Cp ] Splan =Ky Cp3q Vol’s
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Using C;, mentioned previously,

(Kp/NE) Ci2 Sptan = Ky Cp2, Vol
Kp=N3 (Vols/Spian ) Kv =(N?/NL) Ky

Ky=Kp/Ny,

When reading C;,or K from Fig. 3.8 or Fig. 3.26 remember they are
referenced to Spjap. Before using these values for airship design they must
be re-referenced to Vol s, which requires that they be converted using the
Cr, and Ky relationships derived in this section.

MEXERY rerodynamic Database

The design of an aircraft or airship should start with an examination of
what equipment is already out there in the real world doing the mission that
you are designing to. This examination can be a big help in getting your
design started. Your clean sheet design must be better than what is already
“on the shelf” otherwise you will not sell any new aircraft or airships because
your price will not be competitive. Also, as your design progresses you
should always compare your estimated aerodynamics, weight, performance,
etc. with existing aircraft and airships as a “sanity check” of your estima-
tions. If your takeoff gross weight (TOGW) is very much different than
an existing aircraft/airship doing a similar mission you had better find out
why . .. the answer is usually a flaw in your analysis. Appendix E contains
data on existing airships for getting started and conducting “sanity checks.

Table 3.1 contains design and aerodynamic data (wind tunnel or flight
test) on seven body of revolution (single lobe) airships, three multi-lobe
hybrid airships, six lifting body research aircraft, and seven low aspect ratio
(AR < 4) fighter type aircraft. The lifting body research configurations [9]
were introduced into the data set to fill in the AR gap between airships and
aircraft. The lifting bodies have shapes similar to the multi-lobe hybrids.
They were designed to have blunt leading edges, providing a large bow
shock to manage the high heating rate of reentry but have an aerodynamic
L/D of 3-5 for good cross-range, down-range, and low speed handling
characteristics.

All of the airships (single lobe and multi-lobe hybrids) in Table 3.1 have
their aerodynamic data referenced to Vol and the lifting body and fighter
type aircraft are referenced to the conventional wing planform area S plan-
This mix of reference areas is necessary in order to maintain the purity of
the airship/hybrid data because the conversion Splan =N1. Vol’sis empirical,

Figure 3.6 shows a representative vehicle for each of the four classes of
air vehicles shown in Table 3.1.
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Table 3.1

BoR, FR=17.2
BoR, FR=6.0
BoR FR=4.8
BoR, FR=3.6

USS Akron w/o tails,
FR=5.9

USS Akron + tails, FR=5.9
ZP5K w/o tails, FR=4.4
ZP5K + tails, FR=4.4
HALE w/o tails, FR= 3.2
HALE + tails, FR= 3.2
P-791

HA-1

Aerocraft

M2-F1

M2-F2

HL-10

X-24A

X-248

Space Shuttle

SR-71

F-117A

F-22A

F-16C

F-104C

F-15E

F-5E

All Re > 107 and M < 0.2.
AR = 4/TtFR for bodies of revolution.

"Wind tunnel Cp, value and models did not have full operational features such as lines,

cooling drag, and landing gear.

The P-791 (see Fig. 1.15) was a demonstrator vehicle to examine inte-
gration of an ACLS and general hybrid configuration handling qualities. As
such most of the wiring, cables, and attach fittings were external on the hull

CHAPTER 2 Aerodynamics

Design and Aerodynamic Data Sheet

Vor/3
Vol2/3
Vol?/3
Vol2/3
VoI %3
Vol2/3
Vol2/3
Vol2/3
Splan
Splan
Sp/an
Splan
Splan
Splan

%

s}

/i
la
/

w

plan
Sp/on
Sp/an
Splan
Sp/an
Sp/an

018
021
0.27
0.35
0.22

023
0.29
0.3
0.4
0.41
0.54
0.60
0.46
0.65
0.712
1.16
0.62
1.11
2.27
1.72
2.06
2.36
3.2
2.45
3.02
3.83

resulting in an unusually high Cp, value.

0.0216
0.023
0.024
0.0217
0.0437
0.04
0.05
0.046
0.054
0.058
0.057
0.066

1.24
2.0
0.9
1.15
0.55
0.32
0.28
0.46
0.69
0.95
0.57
0.623
0.5
0.33
0.3
0.33
0.16
0.1
0.17
0.18
0.12

0.028
0.030°
0.0285
0.031°
0.019

0.025°
0.0152"
0.026°
0.016°
0.024'
0.096
0.033
0.032"
0.062
0.065
0.05
0.04
0.025
0.061
0.006
0.0108
0.016
0.018
0.017
0.028
0.018

~N oo O O

12
12
14
14
14
14
14

O O O O

13
13
13
13
13
13
13
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MEEE)Y 1he Generation of Lift

Both aircraft and airships generate lift and are thus able to move in
three dimensions. Aircraft rely on aerodynamic lift whereas airships rely
primarily on buoyant lift with some aerodynamic lift (sometimes called
dynamic lift).

Because buoyant lift cannot be turned on or off, the airship relies on
aerodynamic lift to modulate its total lifting force to account for ascent,
descent, and fuel burn. The buoyancy ratio, BR, is defined as the buoyant
lift divided by the total lift:

Buoyancy Ratio = BR = (buoyant lift)/(buoyant + aerodynamic lift)

Airships typically have BRs of 90-95% and hybrids have 70-80% at
takeoff.

Aerodynamic lift is generated by a fluid flowing over a body such that
at angle-of-attack « the fluid flows faster over the top surface than the
bottom surface. The energy contained in a fluid streamline is a constant
and is a combination of pressure energy, kinetic energy, and thermal/
internal energy. We will assume that the speed is less than 100 KEAS such
that the thermal/internal energy does not change. Thus, as the speed
increases the static pressure must decrease (Bernoulli’s Theorem) result-
ing in a lift force (called circulation lift) normal to the free stream. This lift
is expressed as

Aerodynamic Lift = Cp q Sger = C,, @ q Sper (3.2)

where Cy is the lift curve slope and « is the angle of attack. The Cj, is the
non-dimensional lift coefficient referenced to S 4y, or Vol %,

Lift generation is illustrated in Fig. 3.7 showing the changing flow field
around a 20% thick airfoil and body of revolution. There is one flow stream-
line (called the dividing streamline) that smashes into the airfoil and body
of revolution at the stagnation point (point A).

In Fig. 3.7a one streamline goes over the top of the airfoil and one goes
along the lower surface and they both meet (coalesce) at point C. The flow
over the upper surface initially has to speed up going around the nose and
then slow down as it approaches point C. As the flow speeds up the static
pressure on the surface drops (denoted by —) and as it slows down the static
pressure increases (denoted by +). The flow on the lower surface does just
the opposite generating an increased pressure along the nose and a
decreased pressure on the aft end as it accelerates around the aft end to
meet the upper streamline at point C. The resultant summation of static
pressures results in zero lift but a nose-up moment is generated. There is a
drag force on the airfoil due to the skin friction.

The airfoil in Fig. 3.7b is the same as in Fig. 3.7a except that the aft end
has been made sharp and approximates a NACA 0020 airfoil. Physically the
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A: Stagnation Point
B: Kutta Condition Point (a) 20% thick 2-D airfoil at a>0°
C: Streamlines coalesce

—ty

Voo

Aftend
~" modified

(e) Prolate Spheroid of FR=5 with sharp aft end and tails, at a>0°

Figure 3.7 The generation of lift on airfoils and bodies of revolution. (A is
stagnation point where streamlines divide and B is point of Kutta condition.)

lower surface flow cannot negotiate the sharp trailing edge and flow
forward to meet the upper surface flow. Consequently the upper and lower
surface streamlines coalesce at the trailing edge (point B), resulting in the
upper surface streamline having gone further and faster than the lower
surface. A subtle note is that air molecules on adjacent streamlines at point
A do not arrive at point B at the same time. The air molecule over the upper
surface arrives at the trailing edge before the lower surface air molecule.
This coalescing of the flows at the trailing edge is an important physical
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phenomena called the Kutta condition and results in a differential pressure
between the top and bottom surface generating a lift force (and a nose-up
moment). A necessary condition for generating lift on an airfoil or body is
a sharp trailing edge (TE) to satisfy the Kutta condition. The modification
of the airfoil in Fig. 3.7a by adding a sharp TE results in a very efficient
airfoil for generating lift.

Figure 3.7c shows a prolate spheroid (body of revolution) of fineness
ratio FR = 5 (20% thick) inclined at &> 0 deg. Again, there is no lift gener-
ated (same as in Fig. 3.7a) due to the lower surface streamline flowing
around the body and coalescing with the upper surface flow at point C. The
blunt aft end is unable to support a Kutta condition. There is a moment
generated due to the up force on the forebody and the down force on the aft
body and there is a drag force as well.

Figure 3.7d shows the same body from Fig. 3.7c except a semi-sharp
cone has been attached to the aft end. The semi-sharp cone on the aft end
forces the upper and lower flow (single streamline) to coalesce at point C,
which generates a small amount of lift (due to a weak Kutta condition).
Because of the higher pressure on the lower surface there is a flow around
the entire body reducing the pressure differential between the upper and
lower surface that reduces the lift generated.

Figure 3.7e shows the same body from Fig. 3.7d except that horizontal
tails have been attached to the aft end for pitch stability. The horizontal
tails interrupt the flow from the lower surface to the upper surface at the aft
end, which reinforces the Kutta condition and increases the lift generated.
The tails also generate lift adding to the overall body lift and decreased
nose-up pitching moment.

A useful expression for calculating Cy,, for aircraft is (from [10])

2 AR

C, =

« (3.3)
2+J4+ARH¢(1+

tan2 A

i

where 2 = 1 — M? and A is the sweep of the wing leading edge

and AR = (span)?/S pjan. For speeds <100 KEAS, 2~ 1 and Eq. (3.3) becomes
2w AR

Cr =
ta 2+\/4+AR2 (1+tan2 A)

(3.4)

and for low sweep tan? A = 1 and Eq. (3.4) becomes the familiar Helmbold
equation (from [11])

dCyp 27 AR

—— =0, =
da 2++/4+ AR?

(3.5)
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And finally for AR < 1, which is the case for bodies of revolution, the
equation for C;, becomes the slender body expression

Ci, = TAR/2 (3.6)

The Cp, vs AR for the data set of Table 3.1 is shown on Fig. 3.8. The Cp,,
for airships and hybrids has been referenced to S pian using Eq. (3.1) (divid-
ing by Np) so that all C, are referenced to the same area. It is observed that
the single-lobe body of revolution without tails is a poor lifting body. This is
because the body of revolution typically does not have a sharp TE and the
lower surface flow rolls around the aft end (from the high pressure to the
low pressure regions) with the flows coalescing forward/upstream of the TE
(see Fig. 3.7d). Lift efficiency improves somewhat when tails are added
(see data points 5a to 5b, 6a to 6b, and 7a to 7b in Table 3.1) as the tails
interrupt the lower surface flow around the aft end reinforcing the Kutta
condition. However, C, is still low.

Another approach to improving airship lift is by laying out a multi-lobe
configuration that increases Cy,, by a factor of two to four over the single lobe
body of revolution. This is due to the multi-lobe configuration having (1) an
increased aspect ratio, (2) connecting the aft end of the outer lobes with a

0.1

0.08 Slender Body Equation T |
0.6 o ”;‘R — e a 104 i":"'_’——*\ F'_5E
v Tomeet s F-15E  F-16C ]
g 0.04 ; /,;};J’/F-WA A j
g 0.03 c 27 AR /

Y, o Lo = 2
a 0.02 AA’,Z)/sAAU 2+;4+AR
) - foey Equation 3.5
_? 10
Yo o0.01 ~
§_ 0.008 /

s,

% 0.006] feo”
A 6b
> 30 7 O Bodies of Revolution w/o tails

X o
5 0.004 506 04 ® BoR with tails and Hybrids
3 0.003 82 6a A Lifting Bodies
= 10 m Aircraft
- 0.002

Sret = Spian for all vehicles

0.001
0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Aspect Ratio (span’/S,,,)

Figure 3.8 Lift curve slopes for the vehicles from Table 3.1.
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sharp-edged piece of unpressurized fabric (as shown on Figs. 3.4, 3.6, and
D.1 in Appendix D), and (3) possible vortex lift due to high leading edge
sweep.

MEEYJY Body Reference Points

A design parameter that is unique to airships is called the center of
buoyancy (c.b.). It refers to the x, y, z location on the airship where the
buoyancy forces produce no moment about any of the three axes and is
coincident with the centroid of the displaced fluid. Typical aircraft design
efforts concentrate on maintaining a proper c.g. location that results in
good performance and handling qualities. The c.b. is located at the cen-
troid of the displaced fluid and adds another design parameter that must
be positioned carefully. Its relationship to the c.g. must also be understood
throughout the flight envelope. Generally, the c.b. should be slightly aft of
the c.g. so that there is a slight nose-down moment from the buoyant
gases.

Airships also have an aerodynamic center (a.c.) just like an airplane, and
as such, their a.c. has a nominal position. For subsonic winged aircraft, the
a.c. is usually located very close to c/4 where ¢ is the mean aerodynamic
chord of the wing. The a.c. is that point on an aircraft, wing, airship, or
body about which the pitching moment is independent of angle of attack
(i.e., dCpr/dar =0). The a.c. is the most convenient place to locate the lift,
drag, and moment of an airship. This is obvious from stability consider-
ations because this results in dCps, /da=0so there is one less term to
worry about.

The position of the a.c. for an airship uses the same relationship as for
an aircraft but substitutes the body length for the wing ¢. Equations (3.7)
and (3.8) give the relationship for calculating the location of the a.c.

Xac = Xmrp + £ (dCpr/dCy) {airships} (3.7)
Xac=Xmrp + ¢ (dCpy/dCy) {aircraft} (3.8)
where X, is the x location of the point about which the moments were
measured
Cy for airships is referenced to body length
Cu for aircraft is referenced to the wing ¢
Stable aircraft have the c.g. ahead of the a.c. but airships also have the
c.b. to contend with as well. Because most of the lift is generated by the
lifting gas that acts through the c.b., the c.b. should be very close to the c.g.

or it will produce a constant longitudinal moment that may be hard to trim
out. If this moment is too large then deflected control surfaces are
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necessary to trim out this moment in flight thereby producing trim drag
that reduces performance. For very low speeds, aerodynamic forces are
small so any moment must be reacted by vectored thrust. Figure 3.9 is a
detailed diagram of the forces and moments that an airship experiences
and their relative positions.

The location of the c.b. is invariant as it depends entirely on the cen-
troid of the displaced fluid and does not depend on the arrangement of the
internal gases. A common misconception is that when the ballonets fill
with air, as in Fig. 2.5, the ¢.b. moves as well. This is not true. The location
of the c.b. does not depend on the arrangement or distribution of the inter-
nal gases at all. This fact is illustrated in Fig. 3.10 where three conditions
are compared for their c.b. and c.g. locations. The location of the c.b. is
typically 45% of €p for most airship shapes (see Table 7.1).

MEEXY Body Pressures

Because the forces and moments on the body dominate other parts of
an airship, the body’s pressure distribution and boundary layer character
become major design goals. Figures 3.11-3.13 show these pressure varia-
tions as they vary with body shape, computational accuracy, and Re.

Figure 3.11, which compares the surface pressures on three different
bodies of revolution, introduces the quantity, pressure coefficient, Cp, which
is the non-dimensional coefficient defined in Eq. (3.9). Clearly, the ellipsoid
and paraboloid shapes are quite different and therefore their pressure distri-
butions would be expected to be different. Of more interest is the difference

Body a.c:

Fuselage ‘
ReflLine 7

Sign Convention w _ £
G Vyy = Tail Volume Coefficient = eiv—
B

Note: Tail chord lines are parallel to body centerline
All distances are positive as shown
Forsmall aitis assumed that
N =normal force=L=C qV3
C=chordforce=D=CpqV?3

Figure 3.9 Forces and moments acting on a buoyant airship with an aft tail.
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Surrounding fluid: homogeneous air
Internal gas: homogeneous helium

The location of the center of buoyancy (c.b.) is
determined by the location of the centroid of
the displaced surrounding fluid.

Therefore, the c.b. is located at the centroid
of the ellipse and a c.g. position is assumed.

Surrounding fluid: homogeneous air .
Internal gases: non-homogeneous air+helium

The location of the center of buoyancy (c.b.) is
determined by the location of the centroid of
the displaced surrounding fluid and not the
internal fluid distribution:

Therefore, the c.b. is still located at the ellipse
centroid but the c.g. moves forward.

Surrounding fluid: non-homogeneous fluid* Air
Internal gas: homogeneous helium

The location of the center of buoyancy (c.b.) is
determined by the location of the centroid of the
displaced surrounding fluid which is not homoge-
neous. Therefore, the ¢.b. is no longer located at the
ellipse centroid but is shifted in the direction of the
much denser fluid (water). The c.g. doesn't change.

" Helium %'g

* Of course this fluid arrangement is impossible and is presented for instructional purposes only.

R

Figure 3.10 Effect of surrounding fluid properties on the location of the c.b.

in the pressure distribution of an actual fuselage shape and the similarly
shaped ellipsoid. Notice how there are two distinguishing peaks in the C,
distribution for the fuselage shape that do not appear in either the plain
ellipsoid or plain paraboloid shapes. These peaks are the result of a discon-
tinuity in the curvatures (second derivative) as the ellipsoid nose fairs into
the cylindrical section. The same explanation is made for the aft peak where
the cylindrical section (curvature = 0) becomes parabolic (curvature > 0).

Cp = pressure difference from freestream/freestream dynamic pressure
Cp=(p=p=)/12p=VE=Ap/q (3.9)

Computational fluid dynamics (CFD) design codes are available for opti-
mizing the shape of an airship’s body. These codes vary from the simple
potential flow solvers such as QuadPan to the full Navier-Stokes solvers such
as CFD++. Figure 3.12 shows the results comparing inviscid vs turbulent and
2-D vs 3-D flowfields. Again notice how subtle changes in the area distribu-
tion of the two bodies shows large differences in the pressure distributions.
However, comparing the axisymmetric body using an inviscid solution vs a
turbulent solution shows little difference except for the aft closure region.
This aft closure difference will not affect lift much but could be the reason
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for different values of drag between the two. Keep in mind that potential
flow solvers inherently yield poor drag results regardless of the body shape.

Body pressures in Fig. 3.13 show the results of optimizing body shapes
for various Re regions. This optimization consists of properly contouring
the body to maintain a laminar boundary layer as far back as possible for
each Re. Even though the boundary layer would transition to turbulent
quickly on a flat plate, the laminar runs are maintained on the axisymetric
body by the associated favorable (dp/dx < 0) pressure gradient on the
forward portion of the 3-D body. Actual airship designs are capable of pro-
viding a proper area progression that can keep the boundary layer laminar
for as much as a hundred feet or more. Notice in Fig. 3.13 that for each
body the boundary layers turn turbulent the instant the pressure distribu-
tion becomes adverse (dp/dx > 0). Another difference among the three
bodies in Fig. 3.13 is that they have different c.b. locations and different
volumes. While volume is a fundamental optimizing parameter, c.b. loca-
tion is a design parameter that impacts the handling qualities.

-0.08

Fineness Ratio=10

-0.06

-0.04
Cp
-0.02

0 01 02 03 04 05 06 07 08 09 1.0
x/e

fuselage shape

S

Figure 3.11  Pressure distribution comparison for three body shapes
in potential flow. [2]
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0.02

0.04
0 01 02 03 04 05

x/8

b
.
.
.
!

06 07 08 09 1.0

Fineness Ratio = 5.0 \’\

Figure 3.12 Pressure distribution comparison for three flowfields

on FR = 5 bodies.

Real flow pressure distributions also produce a pressure drag parallel to
the free stream and a pitching moment (usually measured about the body
mid-length). Because pressure drag and skin friction drag vary in the oppo-
site sense for varying FR, much of the drag optimization will trade these
parameters to get the lowest zero lift drag coefficient Cp,and still maintain
significant buoyant lift created by a large volume of lifting gas. This optimi-
zation also recognizes that skin friction drag changes in two ways for varying

FR. In one sense, for a given volume, the surface area increases for increas-

ing FR that increases skin friction drag. However,
skin friction drag also depends on where the
boundary layer transitions from laminar to tur-
bulent and this transition can be delayed by care-
fully designing the body area distribution.
Combining all of the contributing factors
together, skin friction, pressure, pressure gradi-
ent, and volume, yields a total L/D for the airship
that determines its range and endurance. Because
volume is the means of generating buoyant lift
from a lifting gas, the designer must seek the

“I'am an old man now, and
when I die and go to heaven
there are two matters on
which I hope for
enlightenment. One is
quantum electrodynamics,
and the other is the turbulent
motion of fluids. And about
the former I am rather
optimistic”

Werner Heisenberg (circa 1976)
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’ Stree?s)(fgevo:zgl’gnt dp/dx<0 = favorable gradient
P g modest favorable
pressure gradient )
@3, s, Laminar
1005 UL,
\%0 : s, Turbulent
-0.5 —===

gentle favorable %
pressure gradient

1.0 °
0 0.2 0.4 0.6 0.8 1.0

x/e

Minimum imized for Design Zone
Pressure | Optt e 2ne .

Figure 3.13 Inviscid pressure distributions of bodies optimized for drag in
various regions. [4]

optimum combination of low drag body shape, boundary layer character,
and volume to maximize performance. For buoyant vehicles that are
required to perform stationkeeping, long endurance, or fly long distances
the trade study to optimize total L/D is very important. Although total L/D
does not appear in the range/endurance equations, the buoyant part of the
lift term is very important from a design standpoint. If the buoyant lift is
reduced then the aerodynamic lift would have to be increased, which would
increase drag and thus reduce range/endurance for a given amount of fuel.
It is instructive to study the drag area results shown in Fig. 3.14. These
generic 2-D bodies show major differences in total drag and how that drag
uniquely varies with Re. In particular, note the drag variation of the ellipse.
Because most airship bodies are very ellipse-like it is important to under-
stand how drag changes with increasing Re. The FR = 2 ellipse in Fig. 3.14
will be shown to not be optimum when an airship is designed in Chapter 11.
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@ll?Y Boundary Layers and Skin Friction Drag

’ Air molecules flow over a body in layers called streamlines. The air
molecules in the streamline next to the body surface actually interact with

| the molecular structure of the surface and come to a stop. This is the “no
slip condition” that makes up the foundation of boundary layer theory and
is illustrated in Fig. 3.15. For streamlines away from the surface the air mol-
ecules are moving faster, which results in a varying velocity gradient dv/dz.
At a distance 6 (called the boundary layer thickness) from the surface the
velocity gradient is zero. However, standard practice defines 6 as the dis-
tance away from the body where the local streamline velocity is 0.99 of the
freestream velocity. The thicknesses of the two forms of boundary layer
can be estimated by Egs. (3.10) and (3.11).

Laminar thickness 8 = 5.2x/ Red? (3.10)
Turbulent thickness 7= 0.37x/ Red?2 (3.11)

The boundary layer is composed of many streamlines and can take one
of three forms as shown in Fig. 3.15; (1) if the streamlines are smoothly
flowing it is laminar, (2) if the streamlines are chaotic and vortical it is tur-
bulent, and (3) if the streamlines are separated from the surface (dv/dz <0
at z=0), it is called a separated boundary layer. The character of the sepa-
rated boundary layer is such that the flow near the surface can actually
reverse direction and flow upstream. The shearing action between the



CHAPTER 3 Aerodynamics

Friction force ~ u dv/dz (area) where u is the fluid coefficient of viscosity and dv/dz is
the velocity gradient evaluated at z = 0. This force acts parallel to the surface.
Boundary layer starts out laminar and transitions to turbulent at Rey = 5 x 10°
where Rey = local Reynold’s Number = pvx/u
Laminar thickness 6 = 5.2x/Rex®* and turbulent thickness 6 = 0.37x/Rey°?
Flow separates when dv/dz = 0 at the surface.

z zA ZA v@

v(z) v(z)
I 7
_,/'——‘“ __v/ __,,z /_j___.
& ; — b ORI ’ - ra PR
e B
laminar turbulent separated

Figure 3.15 Boundary layer profiles and the resulting flat-plate
skin friction coefficients.

streamlines creates a friction force in the stream-

i i ion. he surf = is friction
line direction. At the surface (z = 0) this fr by many to be the father of

force is equal to udv/dz x the surface area where u modern aerodynamics. His
is the fluid coeftficient of viscosity and acts parallel mathematical formulations
to the surface. Notice that the velocity gradient created the foundation for

subsonic and transonic

dv/dz at the surface is smaller for the laminar analyses. But it was his work

boundary layer than the turbulent boundary layer, on characterizing the

which results in a lower skin friction drag. Notice ~ boundary layer and

also that in the separated region dv/dz = 0 at the understanding its important
role in defining drag,

surface there is nearly zero skin friction drag but streamline bodies, and flow

at the same time, there is a large increase in static separation that is so

important to the design of

pressure, pressure drag, and some loss of lift. -tot
modern airships.

The character of the boundary layer is depen-
dent upon a non-dimensional parameter called
Rey = pVx/u, which is a ratio of the inertia forces in the boundary layer to
the friction forces. For a flat plate the boundary layer starts out laminar and
transitions to turbulent at a local Rey = 5 x 10°. The laminar boundary layer
is very delicate and will transition early if it encounters a disturbance or an
increasing pressure gradient. Thus, the location of the maximum thickness
is a good indicator of where the boundary layer transitions from laminar
to turbulent because that is approximately where the pressure gradient
(dp/dx) switches from negative to positive.

Ludwig Prandtl is considered
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The averaged skin friction coefficient Cr acting on a square unit of an
airship’s surface is shown in Fig. 3.16 as a function of Reynolds number
where the characteristic length is measured from the leading edge of a flat
plate or the leading edge of a surface, i.e., the nose of the body. Note that
several airships have been placed on this figure for reference purposes. The
solid line on Fig. 3.16 is the fairing for a turbulent boundary layer and is
referred to as the Schoenherr-von Karman relationship. The dashed line at
the left on Fig. 3.16 assumes the boundary layer is completely laminar and
the transition line connecting them approximates the likely mixture of flow
as the boundary layer transition progresses from laminar to fully turbulent
flow. Using this data the airship skin friction drag force component is cal-
culated as follows.

Skin friction drag force = Cr (surface area) (dynamic pressure)

In order to design a high performance airship it is necessary to under-
stand the basics of the boundary layer. More than 100 years ago Ludwig
Prandtl postulated the existence of the boundary layer and many of its gov-
erning equations. Because most of an airship’s drag is due to skin friction
and pressure and not drag-due-to-lift, it is important to understand the
behaviors of these boundary layer forms.

It has been shown in earlier figures that body shapes that are not ellip-
soidal can have significantly lower drag by shaping the area distribution to
maintain as long a run of laminar flow as possible. However, long laminar
runs on a flat plate are difficult once the Re approaches 1 million because
there is no favorable pressure gradient (i.e., dp/dx 2 0).

In a similar manner to airfoil design, airship bodies can be very carefully
shaped to maximize the extent of the laminar flow region. Because the
transition would happen quickly on a flat plate it is necessary to create an
accelerated flow that results in a favorable pressure gradient to keep the
boundary layer laminar for as long as possible. Luckily, airship forebodies
are naturally shaped to create this natural favorable gradient. However,
keeping the flow laminar aft of the maximum cross section is difficult.
Designs of axisymmetric bodies are discussed in Chapter 11 and the flatter,
more wing-like body shapes are presented in Chapter 12.

lEXT Airship Drag

MEXRY Airship Drag Definitions

All possible types of drag are briefly defined in the following paragraphs.
Even though they may not contribute to an airship’s total drag, all terms are
included for completeness.
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Skin Friction Drag: The drag on a body or component resulting from
viscous shearing stresses over its entire wetted surface.

Pressure Drag (or Form Drag): The drag on a body or component result-
ing from the integrated effect of the static pressure acting normal to its
surface resolved in the drag or wind axis direction.

Mininum Drag: The sum of the skin friction drag and the pressure drag.
This is the same as zero lift drag, Cp,.

Viscous Drag-Due-to-Lift: The drag that results from the integrated
effect of the static pressure acting normal to its surface (resolved in the
drag direction) when the body angle of attack is increased to generate
lift.

Induced Drag: The inviscid drag that results from the influence of the
trailing vortices along the body on the body aerodynamic center (some-
times called inviscid drag-due-to-lift).

Drag-Due-to-Lift: This is the term that will be used in this book as it
accounts for both viscous drag-due-to-lift and induced drag. Because air-
ship bodies are very low aspect ratio it is difficult to separate the viscous
drag-due-to-lift from the induced drag. Using this more general term is
more appropriate for airship drag discussions.

Interference Drag: The increment in drag resulting from bringing two
bodies in proximity to each other. There is a flow mismatch at the junction
of the two bodies that is usually resolved by the generous use of fillets at the
junction of the two bodies.

Trim Drag: The increment in drag resulting from the aerodynamic
forces required to trim the airship about its c.g. Usually this takes the form
of added drag-due-to-lift on the horizontal tail. This definition is identical
to that for aircraft. However, for long term trim situations on an airship it
is possible to offset some of the trim moment by moving ballonet air either
forward or aft to change the c.g. This was discussed in Chapter 2.

Base Drag: The specific contribution to the pressure drag attributed to
a blunt after-body. This term is much larger for an airship than for an air-
plane as the airship body fineness ratio is about 1/2 that of an aircraft fuse-
lage. This term can easily be equal to the skin friction drag for low FR
bodies or bodies that have abrupt closure angles.

Miscellaneous Drag: Drag associated with cables, engine attachments,
landing gear, Air Cushion Landing System pads (ACLS), propeller shrouds,
antennas, sensors, and other protrusions external to the envelope.

MEX®J Configuration Effects on Drag

All of the discussions about surface pressures and surface skin friction are
necessary to provide an understanding of the zero lift drag of an airship. As
a first step in calculating Cp, of an airship, analyses showing the drag
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Figure 3.17 Body drag as a function of the location of boundary
layer transition.

coefficient of ellipsoidal bodies of revolution are presented in Fig. 3.17 for
various body FR and varying points on the body where the boundary layer
transitions from laminar to turbulent. Notice that for FR > 4 there is very
little pressure drag so most of the body drag is skin friction. As the FR is
reduced to 3 and below the pressure drag term becomes more and more
significant as it ultimately approaches FR =1, which is a sphere. Figure 3.17
also shows that the no-laminar-flow (fully turbulent) body drag is reduced
by half for the case where laminar flow is maintained to about 60% of the
body length.

The aerodynamicist usually furnishes data in coefficient form that may
show some variation with Re. Portions of this dataset consist of data showing
the effects of compressibility and Mach number that are concerns to the
aircraft designer but of no concern to airship designers. The coefficients
of most interest are C;, Cp, and Cjs that are non-dimensionalized by
area and length and by dynamic pressureq = % pVZ. Aerodynamic pitch
axis characteristics of aircraft are referenced to wing area and its mean
aerodynamic chord. For airships the area and length reference terms used in
this book, unless specifically stated otherwise, are Volume®3 and body
length, £, respectively. Standard nomenclature in this book shows aerody-
namic coefficients for three-dimensional bodies (bodies, tails, and combina-
tions) as capital subscripts and for two-dimensional shapes as lowercase
subscripts.
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In airship design, lift is very good and mostly constant, moment is useful
and drag is bad. Aircraft designers spend most of their time trying to max-
imize lift, control moment, and minimize drag. Drag is the aerodynamic
force resolved in the direction of the free stream due to (1) viscous shearing
stresses on the body surface, (2) integrated effect of the static pressures
acting normal to the surfaces, and (3) the influence of the shed vortices
along the side of body.

Continuing the discussion of body drag from the previous section, Fig. 3.18
shows experimental results for five different bodies. These bodies have
varying combinations of nose and tail sharpness/bluntness. Results from
this data indicate that optimum shaped bodies should have some nose
sharpness and at least be moderately sharp in its aft closeout angle. Again,
keep in mind that it is ultimately the total L/D that is the design measure of
merit (MoM) so volume plays an important part in maximizing the total
L/D parameter. Optimizing volume and body FR is the source of a very
important trade study in airship design. In Chapter 12 the difficulties asso-
ciated with sharp close-out angles will be discussed in detail.

It is also important to understand the main sources of airship body drag
and their relative magnitudes. Figure 3.19 shows experimental data for
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Figure 3.18 Effect of nose and tail bluntness on drag-prolate bodies. [5]
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Figure 3.19 Drag coefficients of streamline bodies. [3]

various streamline bodies as their FR changes. Notice the skin friction line,
which quantifies the contribution of fully turbulent skin friction drag. This
highlights the dramatic change in pressure drag starting with FR =1 for a
sphere all the way to FR =9. Pressure drag becomes fairly constant for FR > 5.
This figure clearly shows how pressure drag dominates total drag for 1 < FR
< 3. For bodies more slender than FR = 4 skin friction becomes an increas-
ingly larger portion of total drag. Another example of body drag variation
with both FR and Re is shown in Fig. 3.20 for several Goodyear Zeppelin
shapes. The optimum FR depends on Re with the best FR being below 4 for
Re = 109 and the best FR at higher Re is approximately 6.

The pressure distribution is usually expressed as the surface pressure
coefficient C, defined in Eq. (3.9). There are, however, both skin friction and
pressure drags. Most slender body drag is due to skin friction with the pres-
sure drag term being rather small. For smaller body fineness ratios (FR)
pressure drag becomes an increasingly larger portion of the total drag. At
FR > 7 the pressure drag is no more than 5% of the total. At about FR < 3
the pressure drag becomes greater than skin friction drag.

MEXEY Airship zero Lift Drag

Both airships and aircraft display a parabolic behavior of Cp with C;
(see Fig. 3.21 and [10]). This behavior is expressed as
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Figure 3.20 Effect of fineness ratio and Re on Cp, (wind tunnel test on
Goodyear Zeppelin designs). [6]

Cp =Cpy+Cp, =Cp,+K'C}+K"(CL-Cy,,, )’ (3.14)

where Cp, is the drag-due-to-lift, K’ and K" are the inviscid and viscous
drag-due-to-lift factors respectively, Cy, , is the C; for minimum Cp, and
Cp, is the zero lift drag coefficient. C;,,, = 0 for uncambered configura-

tions, which is usually the case for airships and hybrids. For Cp,, = 0
Eq. (3.14) becomes
Cp=Cp,+(K'+K")C} =Cp,+ KC? (3.15)

where K= K"+ K" is defined as the total drag-due-to-lift factor and is com-
puted as

K=(Cp—Cp,)/C}=8Cp/C} (3.16)

This K is discussed in Sec. 3.5.4.
The zero lift drag coefficient is made up of the following four terms:

Cpy=Cp, +Cp; +Cp (3.17)

int

+Cp

misc

where Cp,, = pressure drag coefficient and is experimentally determined,
estimated from Fig. 3.19, or assumed to be approximately 5%.
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The Cp, is the skin friction drag coefficient and is determined as follows
(referenced to Vol ;3)2

Cp, = 3, component Cp, = 3. Cr... (FF)(Swet ) ooy / Vol (3.18)

for each component on the airship such as the body/envelope, the tails, the
car/gondola, and engine nacelles. The S, is the wetted area of the component
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and theCf,, »
from Fig. 3.16.
The FF are form factors that account for the thickness and 3-D aspects

of airship components:

is the flat plate skin friction coefficient of each component

Component | FF

Body/envelope, car/gondola 1+ 1.5/(FRY¥2 + 7/(FR)3
Wings and tails 14+ 1.2(H/c) + 100(#c)*
Nacelles, smooth stores 1+ 0.35/FR

where FR is the fineness ratio and t/c is the wing or tail thickness ratio.
For bodies of revolution a good approximation for surface area is

Swer = 3.88 Vol 75 (FR)'3 (3.19)

See Appendix D for the equation to calculate the surface area of a multi-
lobe hybrid configuration. The Re, = pV.. £/ is determined for each com-
ponent using body length for the body, length of the car/gondola, length
of the nacelle and 2/3 root chord for the tails as the characteristic length £.
The component Cr is determined from Fig. 3.16 or using the Schoenherr-
von Karmdn turbulent boundary layer equation

0.455

Y — (turbulent Schoenherr-von Karmdn) (3.20)
[loglo Re[/] ‘

or the Blasius laminar boundary layer flat plate equation

1.328
vV Rep

or the transition curve on Fig. 3.16 for 5x10° < Rep < 2x 10°.

Flat plate skin friction Egs. (3.20) and (3.21) are plotted on Fig. 3.16. 1f
it is assumed that boundary layers along a flat plate transition from
laminar to turbulent at about a Re, = 5x10° = pVx/u then the transition
distance, x, would be about 1 ft from the leading edge of a flat plate for the
following conditions {x = (5x10°)(3.717x 10-7)/(0.002308)/(50x 1.689) =
0.95 ft'} when traveling at a speed of 50 kt at a 1000 ft altitude. However,
many airships have significant laminar runs that can extend to the
maximum cross section and sometimes a little further aft. The calculation
above showed transition occuring at 1 ft and yet actual transition may
not occur for 100 ft or more! The difference is the pressure gradient.
Flat plate skin friction coefficients, Cy;, always assume no pressure gradient,
dp/dx = 0. Gradual, well managed pressure gradients can usually main-
tain laminar flow on a body of revolution up to its maximum cross-
sectional area.

Cr= (laminar flat plate) (3.21)
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An alternate method for determining the component Cp, uses the zero
lift drag area measured from existing airships. This alternate method can be
used when the design is not mature or the information for the Re, wetted area,
and FF is not available. The zero lift drag area is defined as component drag
area (ft?) = component zero lift drag/q =Cp,,,,, x{component wetted area or
frontal area) and is shown on Figs. 3.22 and 3.23 for most components on the
airship. For example

Envelope Cp, = (drag area from Fig. 3.22)/Vol’s (3.22)
200
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Figure 3.22 Airship component drags. [8]
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Figure 3.23 Airship drag components. [8]

TheCp,,, is determined using the drag area values on Figs. 3.22 and
3.23 for the miscellaneous items on the airship such as the bracing cables,
control lines, outriggers, landing gear, etc. The faired lines on Figs. 3.22 and
3.23 are curve fits through the data and the equations for these lines are
given as follows.
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Component ' Equation for drag area

Envelope CoSeny= Crenv (FF)env (Swet)env (3.23)
Envelope accessories CpSeqa=0.04 Cp Seny (3.24)
Tail surfaces CpSts = 0.01 (Spian) tais (3.25)
Bracing cables CpSpe=9.7 x 1076 Vol + 10.22 (3.26)
Tail control lines CpSer=1.67 x 1076 Vol + 3.46 (3.27)
Tail surface accessories CpStsa=7.0x 1077 Vol + 0.625 (3.28)

- Car, gondola (+fairing) CpScar=0.011 (Atontal)car + 0.6 (3.290)
Car, gondola (+fairing) CpSear=0.108Cp Seny+ 7.7 (3.290)
Outriggers CpSout = 0.076(#engine)(Anontal) out + 3.3] (3.300)
Outriggers CpSput=0.044Cp Seny+0.92 (3.30b)
Engine nacelle CpSnac = 4.25(#engine) (3.31)
Engine cooling CpSeoor= (#engine)(2 x 1070 Vol + 4.1) (3.32)
Handling lines CpSni=17.9 (3.33)
Interference CpSi=4.78 x 1076 Vol (3.34)
Fixed landing gear CpSng=1.76 x 1070 Vol + 4.68 (3.35)
Retractable landing gear CpSiig=1.76 x 106 Vol + 0.92 (3.36)
Air cushion landing system CpSacis=2.0 (3.37)

In Eq. (3.25) the S piun is the total planform area of the tails (not the wetted
area). If the flight control system is a fly-by-wire and the tail rudders are actu-
ated by servos (not externally mounted cables) then Eq. (3.27) is zero. If
dimensions are available for the car/gondola and the frontal area can be esti-
mated, use Eq. (3.29a) otherwise use Eq. (3.29b) [same for the outriggers in
Eq. (3.30)]. Equation (3.37) uses empirical data from [14]. Find the best rep-
resentation of the ACLS pad shape and use the Cp,, X the total frontal area of
all ACLS pads. However, for the most part ACLS pads are retracted and
faired for flight so drag is approximately zero.

The stabilizer and fins are constructed in one of two ways. When weight
is critical (e.g., a high altitude long endurance airship) a fabric pressurized
design is usually best. To keep the pressure
low these pressurized tails look similar to air oosrational wirehin for the
matresses with small radius curves stabilized by U[.) S. Navy and Waf
numerous internal septums. The other technique decommissioned in 1962. It
is to make extremely light space frame structure ~ is the biggest non-rigid
and cover it with material similar to that used for :ii:ﬁip se:«’/eerrgllilllltiitﬁ;llrof
the envelope. Both tail designs are stabilized with whichpincluded a 1;rge
guy wires at their tips. These guy wires have high internal radar antenna.
drag as seen by their drag area given by Eq. (3.26). :iifgﬁyezr:sila;er ;’: j::‘::ﬁz 4
If the horizontal stabilizer/fin is cantilevered off  |gig uzes thge sfmegappmach.
the aft end with rigid structure then the bracing

The ZPG-3W is the last
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cables are not needed and CpSp. = 0. Notice that any external cables, control
lines, or handling lines create a lot of drag.

Tail arrangements can also change the zero lift drag of an airship body.
Figure 3.24 presents drag data for several tail configurations on the ZP5K
airship. It also compares Cp, and Cy,, for seven different tails to body alone
data. Adding tails increases drag by ~50% but also increases C;, by more
than double.
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Figure 3.24 Drag and lift curve characteristics for ZP5K airship
with different tails. [12]
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In Fig. 3.25 the drag area build-up is shown for a small airship ZPK-2
(volume = 425,000 ft3 ) and a large airship ZPG-3W (volume = 1,465,000 ft3).
The body/envelope accounts for 50-60% of the total drag area with tails and
cables accounting for approximately another 20%.

If the Cp, for the operational airships and hybrids shown on Table 3.1
is referenced to Sy by dividing their values by Ny it is observed that
their Cp, is similar to that of aircraft (Cp, varying from 0.006 for the
SR-71 to 0.018 for the F-16C). The Cp, for lifting body configurations is
larger (Cp, = 0.04 — 0.062) because they were designed to have large Cp,
for the reasons mentioned earlier.

Sample Problem 3.1: Estimate the Cp, for the ZP4K Shown
in Fig. 1.9

The dimensions and performance of the ZP4K are as follows:

Volume = 527,000 ft3
Vol’s = 6518.7 ft2
Length = 263.34 ft
Maximum diameter = 62.1 ft
Fineness ratio, FR = 4.24

Surface area Syer = 40,905 ft2 [using Eq. (3.19) Sy = 40,935 ft2, which is
very good agreement]

Assume maximum speed = 68 kt = 114 ft/s at 4000 ft (0= 0.00211 slug/ft>
and (= 3.657 X 1077 slug/ft-s).
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Envelope Cp,:
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Re=pVI/it=17.3 x 107 (envelope is primarily turbulent flow)
Cr=10.00197 [using Eq. (3.20)]

Envelope form factor FF=1.26
Envelope drag area = drag/q = (0.00197)(1.26)(40,905) = 101.5 ft?

Tail Cp,:

From Fig. 1.15 the tail areas are:

Fins

Rudders

Elevators (2)

upper
horizontal

lower
subtotal
upper
lower
subtotal

404
808
254
1466 ft2
150

80

230 ft2
300 ft2

Total tail plan form area = 1996 ft2

Total tail wetted area S,e; = 2(1996)(1.2) =4790 ft2 where the 1.2 accounts
for the increased area due to thickness. Using (2/3)(root chord) for the char-
acteristic tail dimension gives a tail Re = 18 x 10° (turbulent). Using Eq. (3.20)
gives a tail Cr=0.0027. Using a tail ¢/c = 20% and the wing/tail form factor
equation gives FF = 1.4. The combined tail drag area is

Tail drag area = (0.0027)(1.4)(4790) = 18.1 ft2

The ZP4K drag area is the summation of all the components. Using the
drag area from Egs. (3.22-3.37) gives

Component

Envelope (CpSeny)
Envelope accessories
Tail surfaces

Bracing cables

Tail controf lines

Tail surface accessories
Car/gondola

Outriggers

Engine nacelles (2)
Engine cooling

Handling lines
Retfractable landing gear
Interference

Pressure drag (5% of envelope)
Total drag area

| Drag area

101.5
4.1
18.1
15.3
4.3
1.0
18.7
54
8.5
10.3
7.9
1.85
2.5
5.08

204.5 ft2
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The Cp, of the ZP4K referenced to Vp[?3 is 204.5/6518.7 = 0.031.
Notice that the envelope and accessories are 52% of the total Cp,.

Drag-Due-to-Lift

The drag-due-to-lift coefficient Cp, for uncambered airships and hybrids
is composed of inviscid (induced) and viscous terms and is expressed as

Cp, = K’C% + K"C% (3.38)

where K'and K" are the inviscid and viscous drag-due-to-lift factors respec-
tively and are usually combined into the drag-due-to-lift factor K =K' + K"

The inviscid K'C7 term is due to the flow rolling around the wing tip or
body edge from the high pressure to the low pressure region on the wing or
body. The flow creates a vortex that trails behind the vehicle called a trail-
ing vortex or wing vortex (the source of the destructive wake turbulence
behind an aircraft that can cause a small aircraft trailing a large aircraft to
be flipped upside down). This trailing vortex induces a downwash at the
aerodynamic center of lift that results in an induced drag. This drag coef-
ficient is expressed theoretically as

K'C} =C} [rnARe (3.39)

where the e is the wing efficiency factor. The e for airships is much less than 1
resulting in a large induced drag for airships. The e for aircraft is typically 0.5 to
L.0. The viscous drag-due-to-lift coefficient K"C7 is due to the pressure drag on
the hull of the airship or wing of the aircraft as lift is generated for o> 0.

The combined drag-due-to-lift factor K = ACD/C% for the data set of
aircraft and airships is determined from wind tunnel or flight test data and
reported in Table 3.1. The K values for the airships and hybrids in Table 3.1
are multiplied by N (to reference them to Spjzn), plotted vs AR, and shown
on Fig. 3.26 along with the aircraft and lifting body values. Because K is
dependent upon Cy, the K for the body of revolution airships is extremely
large, whereas the K for the multi-lobe hybrid airships is in line with that of
the lifting bodies and fighter type aircraft having low AR.

MEXXY Aerodynamic Data—Experimental

Figures 3.27-3.30 shows wind tunnel data for single lobe airships with
and without tails. The data covers fineness ratios of 3.6 to 7.2. A body of
FR < 3.0 is very bulbous and displays significant aft end flow separation
and pressure drag (see Fig. 3.19). A body of FR > 8 is very long and slender,
suffers severe body bending, and its skin friction drag is significantly greater
than its pressure drag.
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Figure 3.26 Drag-due-to-lift factor, K, for vehicles in Table 3.1.
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Figure 3.27 Effect of Re on aerodynamic characteristics (wind tunnel fest on
Goodyear Zeppelin designs). [6]

For slender bodies of revolution Fig. 3.31 shows the three primary aero-
dynamic quantities C7, Cp, and Cy; for a body (fuselage) with an ellipsoidal
nose, followed by a constant cylindrical section, closed off by a parabolic
shape. The slender body data shows symmetry about = 0 as it should. As
alpha increases the efficiency of a slender body is very poor at low alphas
and doesn't get much higher than L/D = 2 regardless of angle of attack.
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Figure 3.28 Effect of Re on aerodynamic characteristics (wind tunnel fest on
Goodyear Zeppelin designs). [6]

All of the experimental data display several important aspects. First, all
of the drag polars are parabolic with C; and symmetric about C;, =0 when
the tails are not deflected. Second, the body alone provides small amounts
of lift (small C7,). The addition of tails gives a factor of two improvement in
Cr,. As shown in Fig. 3.24 the configuration of the tail has a strong influ-
ence on the Cr, improvement. It is observed that after about Re = 2 x 10°
the Re has little effect on lift curve slope. However the Re continues to have
a strong effect on Cp,.
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Figure 3.29 Effect of Re on aerodynamic characteristics (wind tunnel test on
Goodyear Zeppelin designs). [6]

In Sec. 3.5.3 theCp, for the ZP4K was estimated to be 0.031. In
Fig. 3.24 the Cp, for the ZP5K is reported as 0.025. This does not suggest
that the ZP5K is a more streamlined airship than the ZP4K. Figure 3.24
reports the results of a wind tunnel test of a 1/48 scale model of the ZP5K
that did not have many of the features of an operational airship such as
handling lines, envelope accessories, cooling drag, etc. An operational
ZP5K hasa Cp,=0.03.
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Figure 3.30 Effect of Re on aerodynamic characteristics (wind tunnel test on
Goodyear Zeppelin designs). [6]

The USS Akron data in Fig. 3.21 demonstrates the following:

1. Drag polars are parabolic and do not exhibit any break for angles less
than 15 deg.

. Drag polars are symmetric when tails are not deflected.

. The body provides small amounts of lift.

. Adding tails more than doubles the amount of lift at a given alpha.

. Xac is located using Eq. (3.7) as follows.

R W
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Figure 3.31 Aerodynamic characteristics of a slender body
of revolution (fuselage). [2]

bare hull X, is ~0.37€g aft of the nose {0.464 — (0.10/0.25) x 0.248 =0.365}
+ tails move X, to ~0.44¢ 5 aft of the nose {0.464 — (0.05/0.05) x 0.248 = 0.44}

AEXY totai L/D

When performance comparisons are made between aircraft and air-
ships it is useful to compare the total L/D of each vehicle. Figure 3.32 shows
an overall comparison between an airship and a commercial transport. As
was previously discussed speed is the important discriminator. One vehicle
type is not the best at all speeds. When speed is less important the airship
becomes the logical choice based on total L/D. Obviously, when the speed
nears zero the total L/D becomes very large and essentially operates like a
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Figure 3.32 Total L/D comparison of an airship and a commercial transport.

balloon. Since there are always other requirements the vehicle with the
highest L/D is not necessarily the best.

<¥.J Added, Apparent, or Virtual Mass

One of the more misunderstood effects in all of aerodynamics is added
mass. This term is sometimes also referred to as apparent mass or virtual
mass. However, these terms do not accurately convey its true character
because they imply that there is something mystical about them. In this
book the term added mass will be used when discussing this effect. Another
popular misconception is that added mass is only present for buoyant air-
ships. This is not true. Added mass affects the motion of every object that
is accelerating or decelerating in a surrounding fluid whether or not there
is any appreciable buoyancy. However, the effects of added mass are only
significant when the mass of the object is similar to that of the displaced
surrounding fluid.

When a body accelerates, decelerates, or changes direction while
moving in a fluid, it behaves as though it has more mass than it actually
does. The apparent increase in mass and distribution of this added mass
varies with the nature of the motion. A complete discussion of added mass
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appears in Appendix C and includes a complete development of the equa-
tions that are used to calculate the total force and moment that is consis-
tent with a body’s accelerated motion.

In Appendix C the buoyancy ratios of several objects are compared

including an air bubble. Read Appendix C to find out why an air bubble in
water has a buoyant force equivalent to ~770 g’s and yet only experiences
an acceleration of ~2 g’s.

DELAG and the LZ-120 Bodensee

The world’s first passenger airline, DELAG (German Airship Transportation
Corporation Ltd.) was established in 1909 as an offshoot of the Zeppelin
Company. While most of the early flights were sightseeing tours, the LZ-120
Bodensee began scheduled service in 1919 between Berlin and southern
Germany. The flight from Berlin to Friedrichshafen took 4 to 9 hr compared
to the 18 to 24 hr by rail. The Bodensee made 103 flights and carried almost
2500 passengers, 11,000 b of mail and 6600 1b of cargo.

With its revolutionary design and four 245 hp Maybach engines, the
LZ-120 Bodensee could reach a speed of 82 mph. The LZ-120’s shape
provided less drag, increased speed, and greater aerodynamic lift, and it
became the basic model for the LZ-126 Los Angeles, LZ-127 Graf

Zeppelin I, LZ-129 Hindenburg, and LZ-130 Graf Zeppelin II airships.
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s’ P introduction

ince an airship is an air vehicle the laws of physics that govern the

flight of a winged aircraft are exactly applicable. Similarly the gov-

erning equations of motion and the forces and moments are the
same . . . with the understanding that the buoyant force is zero for the
aircraft. Airship performance analysis of cruise range, loiter, landing,
and takeoff is only dependent on the aerodynamic lift, aerodynamic
drag, propulsive/reverse thrust, fuel consumption, and landing gear
friction force. These forces are the same as for aircraft such that the
airship performance equations are the same as for aircraft. The buoyant
lift only enters into the analysis to define total lift [see Eq. (4.3)]. The
buoyant lift can create a large pitching moment if the center of gravity
(c.g.) and the center of buoyancy (c.b.) are very much misaligned (see
Fig. 4.1).

This chapter considers steady-state and accelerated performance
methods for airships. A large portion of an airship’s mission can be consid-
ered as steady-state (equilibrium) because long range and long endur-
ance are usually the most important performance parameters. The landing
and takeoff phases and the climb-acceleration phase are not equilib-
rium conditions and are proportionally very small when compared to
the cruise segment.

For the discussions in this chapter, the airship will be treated as a point
mass system with translation and rotation degrees of freedom and subject
to aerodynamic, propulsive, buoyant, and gravity forces. The force diagram
for the airship is shown in Fig. 4.1 (x-z plane) where the lift and drag forces
are normal and parallel to the free-stream velocity V.. respectively. See
Fig. 3.4 for the sign convention in the x-y plane and y-z plane.

Body a.c.

. Fuselage X
Refline

Sign Convention
+ (+

Figure 4.1 Forces and moments acting on a buoyant airship.
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Level Unaccelerated Flight
During level unaccelerated flight the flight path angle y is zero and all

external forces acting on the aircraft are in balance. Thus, adding forces
normal and parallel to V.. (the wind axis) yields the following
W= Laero + Lbuoy cos o+ T'sin & (4.1)
T cos =D + Lpyoy sin & (4.2)
Because « is usually small during most airship missions, Egs. (4.1) and
(4.2) can be expressed for equilibrium flight as
W =L = Laero + Lbuoy = Clu, @ VI + Lpuoy (4.3)
T=D=Cpq Vol%3
where g = },p..V.2 is the dynamic pressure and Vol?/3 is the reference area
for C; and Cp (airships use Volume 2/3 which is represented by Vol%/3
throughout this book). It is important to recognize that
Lpuoy# f (@, V, h) = constant
and

Laero =f(0, V, h): CLaemqVOI?‘/?’

It is also convenient to define two terms that will be used throughout
the book. First, is the buoyancy ratio, or BR, and second is heaviness, Wp.

BR = Lbuoy _ Lhuoy (4.5)
W Laero + Lbuoy

Ly
Wi =(W = Louoy )= W (1- BR) = %(1—312) = Lgero  (46)

Lpuoy cannot be “turned off,” which is why airships with buoyancy ratios,
BR, close to 1.0 must be able to carry ballast and be tied down during ground
operations. This feature has been the major disadvantage of airships since
their invention more than 200 years ago. On the other hand L, can be
modulated or completely turned off by adjusting the angle of attack ¢, flight
speed V;, altitude 4, or any combination of the three. Negative aerodynamic
lift can even be obtained by flying at a negative angle of attack.

Designing the airship as a hybrid (BR < 1.0, discussed in Chapter 12) is
a way of ameliorating the disadvantage mentioned earlier by being able to
turn off/adjust part of the lift.

During ground operations Lgero = 0 and W 2 Lpuoy- During cruise
W = Laero+ Lbuoy= WH + Lbuoy and Lgero is varied to account for the fuel
burned. During climb, L > W by increasing . During descent, L < W by
decreasing . The «is controlled by the force on the horizontal tails. Climb
and descent can also be modified by vectoring some of the engine thrust.
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Remember the airship drag coefficient Cp (from Chapter 3) is

Cp=Cp, +KC2 +K"(Cp,,, ~ClL,, ) (3.14)

acro

where K’ and K" are the inviscid and viscous drag-due-to-lift factors res-
pectively.
Because conventional airships typically have low camber we can set

CL,.» = 0. Thus, we can express the drag coefficient as

min

Cp=Cp, +K C}. (4.7)

erQo

where K= K'+ K"and Cp, is primarily skin friction drag with some pressure
drag on the aft body due to separation. There will be some interference drag
and other miscellaneous drags as shown in Fig. 3.22. Figure 3.26 shows the
influence of configuration on the drag-due-to-lift factor K for various air-
craft and airship configurations.

Power Required

Because propulsion systems for airships do not involve jet engines and
are only powered by piston and turboshaft engines driving propellers,
thrust terms have little value and only power terms are used for airship
performance. Therefore, starting with Eq. (4.7) the drag determines the
thrust required Tz and is written as Eq. (4.8).

Tr = D=Cp, q Vol?® + K (Laero /g VoI?3)’ q VoI?3  (4.8)

But power is what we are looking for so multiply Eq. (4.8) by velocity, V, to
convert to a power required relationship as shown in Eq. (4.9). A typical
plot of the zero lift drag and drag-due-to-lift contributions to power
required for CA-1 and HA-1 configurations is illustrated in Fig. 4.2.

Power =V x D=V xCp, qVol®+V x K (Luero /q Vol 3 )2 qVol*3  (4.9)

{zero lift term} {drag-due-to-lift term}

Power = V|[(Cp, +K C7, )aVol?] (4.10)
V[(CDO +KC2 g VOﬂ/ﬂ
PR _ aero (4‘1 1)
55011,

where 550 is the conversion from ft-1b/s to horsepower, V'is the flight speed
in fps, and 7, is the propeller efficiency.

The first term in Eq. (4.9) is the zero lift drag and the second term is the
drag-due-to-lift during level unaccelerated flight. The zero lift drag is inde-
pendent of the BR but the drag-due-to-lift term is not. Figure 4.2 shows
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calculations for both CA-1 and HA-1. Because long endurance and range
are very important for an airship it is important to identify the operating
conditions where maximum endurance and range occur. The minimum
power required speed on Fig. 4.2 is also the minimum fuel flow point. For
aircraft, flight below this speed is usually limited by either wing buffet or
wing stall. However, neither of these conditions exists for airships. The
maximum speed is at the intersection of the power available curve and
the total power required curve for both aircraft and airships. Obviously,
the maximum speeds for aircraft and airships are quite different.

Sample Problem 4.1: Airships CA-1 and HA-1 Power
Required

This example will determine the power required for a conventional
airship (CA-1) and a hybrid airship (HA-1) having the characteristics sum-
marized in Appendix D and Table 4.1. The first airship CA-1 is a conven-
tional body of revolution configuration with a fineness ratio FR = 4.0 and a
BR @ takeoff of 0.91. The second airship HA-1 is a three lobe hybrid con-
figuration with a BR @ takeoff of 0.75.

The one lobe body of revolution airship CA-1 is 91% buoyant allow-
ing it to burn off its fuel and still have some heaviness (1000 Ib) at landing.
A BR=0.91 equates to 9% aerodynamic lift for changing altitude and adjust-
ing for fuel burn. CA-1 would need to be tied down during the unloading of
its 20,000 Ib payload at its destination because its heaviness is only 1000 Ib at
landing. It would then be loaded with a new payload of 20,000 Ib and/or
ballast and refueled for the return flight.

The hybrid airship HA-1 has a BR = 0.75 so o
that there is 25,000 Ib (0.25 X 100,000) of aerody- ~ Fistorically theterm

o 'ynamic lift has been used
namic lift available for adjusting to fuel burn and instead of heaviness. The
unloading the payload. Its Cp,, =W(1-BR)/q terms heaviness and

Vol23=w Vol2'3 is determined for a ran f aerodynamic lift will be used
Hlq ete orarangeo throughout this book as their

flight speeds, V, and used in Eq. (4.11) to deter- names convey what they
mine the power required shown in Fig. 4.2. actually are. When there is
The power required (Pg) variation and the no thrust, vectoring

heaviness and aerodynamic

various operating points for both CA-1 and HA-1 lift are synonymous.

are shown on Figs. 4.2a and 4.2b respectively.

Table 4.1 Sample Problem 4.1

CA-1 56,000 5000 0.026 0.9 00115 0.65
HA-1 100,000 10,000 0.033 0.28 0.045 0.65 0.75
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The minimum PR for CA-1 varies between 260 hp at 44 f/s and 18 hp at
18 f/s depending on the heaviness. For the HA-1 hybrid airship the Pg
varies between 990 hp at 63 f/s and 460 hp at 49 f/s from start of mission to
end of mission respectively.

The engine selection is a “designers choice” and depends upon how fast
the airship needs to go and the number of engines. The engine is sized for
the start of mission (maximum heaviness). The engines for this CA-1
airship example will be selected in Sample Problem 5.1.

From Fig. 4.2b it is observed that the minimum power for HA-1 is
almost a factor of four greater than the minimum power for CA-1. Given
that difference the question arises as to why anyone would design a hybrid
airship that requires so much more power than a conventional airship. The
answer is not found in the efficiency of the system but rather the flexibility,
ease of operation, and superior ground handling. The CA-1 airship will
need to be tied down during the unloading of its 20,000-1b payload and will
need an equal weight of payload or ballast for the return trip. The HA-1
operates similar to an airplane on the ground and carries significantly more
payload than a conventional airship. HA-1 does not need any unique infra-
structure or ground support during unloading and loading of weight/
ballast for the return trip. The benefits of these operational issues will be
considered in more detail in Chapter 12 and form the basis for the benefit/
penalty trade study performed in the conceptual stages of airship design.

Minimum Drag and Maximum Lgero/ D

Continuing with Fig. 4.2 notice that it is possible to fly slower than the
speed for minimum Py and this is generally referred to as flying on the back
side of the power curve. What this means is that when flying very slow
increased speeds actually require less power. Referring to Fig. 4.2, as speed
increases from the point of minimum power the speed for maximum L/D is
attained that represents the flight condition for maximum range. It should be
obvious from Fig. 4.2 that flying at maximum L/D as fuel burns off requires
that the airship vary its speed to fly at the constant Cy for L/D,;,4x. Subsequent
discussions will compare flights at constant C; vs flights at constant speed.

Power required curves are useful when analyzing reciprocating-engine
propeller-driven airships. Reciprocating engine fuel flow rate is propor-
tional to power output rather than thrust output. A useful conversion factor
that the designer should remember is that horsepower equals 550 ft-1b/s.

It is worth looking at the equations for lift, drag, and power that often
provide exact calculations for the speeds for minimum drag, minimum
power, minimum fuel flow, maximum L/D, and maximum range and
endurance. For these discussions the total drag coefficient for an airship is
expressed in the same manner as for an aircraft [Eq. (4.7)]. However, the
difference is that the approximate equality of lift and weight for equilibrium
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Figure 4.3b Effect of speed on drag for HA-1 at various heavinesses.
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flight typical of aircraft is not valid for airships. Because most of an airship’s
lift is produced by a buoyant gas there is no drag-due-to-lift produced by
the buoyant lift force.

Cp=Cp, + KCEW (airships) (4.7)

Equation (4.7) becomes a relationship for airship drag in Eq. (4.12) by
multiplying Eq. (4.7) by g Vol?3.

Drag= D= (CD(, +KC?

- Javer?? (4.12)

Although the speed for minimum drag (maximum L/D) is noted on Fig. 4.2
this speed is verified by the data plotted in Figs. 4.3 and 4.4. Here calculations
are presented for CA-1 and HA-1 for both drag and L/D. The fact that the
speed for minimum drag and the speed for maximum L/D are the same is
shown in these figures. Equations will be developed later in the chapter that

prove that the speed for maximum L/D and maximum range are also the same.

fXF Breguet Range

Historically, the range and endurance of an aircraft were easily calcu-
lated using the Breguet equations whose genesis begins with Eq. (4.13a).

180
Maximum Range:
. Fly at constant C;
160 K / for L/D,ax
7 CA-1
140 ',“;%)
P
120 Py
“ I\ \
*, . For flight at constant
100 s, . speeds with Wyp=6000 Ib
s, F and Wy;=10001b
Total RO Veonst(fps) Range(nmi)
' Seo vk 30 2217
L/D 80 : S 37(0pt) 2343
: ! 40 2325
O 50 2091
60 . 60 1754
40 ; P R
0 X
20 30 40 50 60 70 80 %k gq

Speed (fps)

Figure 4.4a Effect of heaviness and speed on total L/D (CA-1).



116 Fundamentals of Alrcroft and Airship Design: Volume 2

35

HA-1

30| * Maximum Range:

Fly at.constant C
for L/D pax

25
20
Total
L/D
/ 15
For flight at constant
10 speeds with Wyo=25,000 Ib

and Wy;=15,000 Ib
Vconst(fps) Range(nmi)

: 60 1101
5 | 2
s 80 1167
. 90 1093
0 H
40 50 60 70 80 %t 90 100 110 120

Speed (fps)

Figure 4.4b Effect of heaviness and speed on fotal L/D (HA-1).

Range = J.tf V dt (4.13a) The Breguet range equation
L is named after Louis Charles
|7 v Breguet, the record setting

Range = (4.13b) aviation designer and builder.
Wi dW/ dt Breguet pioneered the

. . . development of the helicopter
where dW/dt is the vehicle weight change due to and built the first piloted

burning fuel. The weight change for a propeller pro- vertical ascent aircraft.
pulsion system is dW/d¢ = (BSFC)(hp) where BSFC

is the brake specific fuel consumption of the engine in 1b of fuel/hr-hp and hp
(horsepower) is hp = (drag)(speed)/5501),. Also, 1), = propeller efficiency and the
550 converts the Ib-fps into horsepower. Equation (4.13b) can be rewritten as

—dw = [ 320y 4w (4.14a)
BSFC Sy BSFCx D

and because the integration is over the initial heaviness Wy, to the final heavi-
ness Wy, and at any point in flight L e, = Wi Eq. (4.14a) can be rewritten as

np Laero dVVH
BSFC D Wy

Note that the heaviness term W has been substituted for weight in the
above equation. From an aerodynamic point of view heaviness for an

Range = Jth = .[

(4.14b)

Range (nmiles) = 326j
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airship is the equivalent of weight for an airplane. Heaviness is the lift that
must be generated by flying at an angle of attack and is the source of any
drag-due-to-lift for the airship. As mentioned before the constant buoyant
lift force generates no drag-due-to-lift.

ARV Cruise strategy #1

The airship has two possible cruise strategies. The first cruise strategy
is at constant C; that makes L;ero/D a constant over the mission. Because
airships usually cruise at a constant altitude the speed must decrease as fuel
is burned to keep C;, constant. The Cy is usually selected to fly at maximum
Laero/ D = 1/[4(Cp)(K)] e , which is also a minimum drag flight.

If we assume C, 1, and BSFC constant over the weight change (fuel
burned), Eq. (4.14b) can be integrated to give an exact solution for cruise
strategy #1

. 326Mp Laero Wh,
Range (nmiles) = —————= ba | — 4.15)
ge(nmiles)=Zeee "D | Wi, (
Equation (4.14a) can also be numerically integrated as follows:
Range:ZI:V/(BSFCX Pov'ver)](W;-[Hl -Wh,) (4.16)

for i = 0 to n increments where V and Power are the average speed and
power over the weight increment. The quantity V/(BSFC x Power) is called
the range parameter or range factor.

AXEY Cruise strategy #2

The second cruise strategy is to fly at constant speed. For this strategy the
Cr. must decrease as fuel is burned to fly at constant altitude (constant g).
Returning to Eq. (4.14a) and substituting Cp, + KCL ) q Vol2/3 for the
drag termand Cy,, = Wy /qVol%3 gives

Np dWy

(4.17)
BSFC qVol3 |:(CD() rkVa )}

Range(nmiles) = 326j
g2 Vol*°
Equation (4.17) can be integrated from the initial W}y, to the final Wy,
for constant speed (g), BSFC, and nj, to give an exact solution for the cruise

strategy #2 range.
Range

3261, 1 -1

=——————| tan e —_——
BSFC JKC IC ~ [C
Dy q VOZ 2/3 7%0" q VO[Z/S %
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Figure 4.5 Range calculation comparison—for constant C; and consfant
speed strategies (data for CA-1 Sample Problem 4.1).

The range for the two cruise strategies is compared on Fig. 4.5 using the
data of Sample Problem 4.1. For a given amount of fuel ( W};,/ W}y,) constant
Cr flight [Eq. (4.15)] always gives an increased range over constant speed
strategy [Eq. (4.18)] but takes longer because the speed decreases. The cruise
strategy employed will depend upon the user requirements . . . maximum
range or minimum time. It is important to remember that for constant C;
cruise Eq. (4.15) must be used and for constant speed cruise Eq. (4.18) must
be used.

MEXEY Cruise Strategy #3

Taking notice of Fig. 4.5 it might make sense to fly a combined cruise
strategy: start the mission at a high value of Wp;,/ W}, with a constant Cy
cruise, then at a specified speed switch to a constant speed cruise for the
remainder of the flight. This combined strategy would yield more range than
a constant speed for the entire cruise distance and less cruise duration than
for a constant C;, for the entire cruise distance. The CargoStar example in
Sample Problem 6.1 will demonstrate this combined cruise strategy.
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AEXY Optimal Flight at Constant C; (Winged Aircraft)

For a winged aircraft we would find the C;, that minimizes an air-
craft’s total drag or maximizes its L/D. The assumption of flight at a con-
stant C; would be used to generate equations that specifically calculate
optimum values of C; and speeds. For subsonic incompressible flight the
maximum aerodynamic L/D occurs at one C;. However, this is not the case
for airships. Flight is typically not at a constant C; but is generally at con-
stant speed and constant altitude, which means C; varies over the flight.
Optimum speeds for other important conditions such as minimum power
or drag and maximum L/D are calculated the same regardless of whether
flight is at constant C;, or at constant speed.

It must also be recognized that total L/D (which includes buoyant lift) is
not a constant since the drag term varies with speed given a constant
buoyant lift term. For an airship the L/D is a combination of the aerody-
namic L/D (which doesn’t vary with speed) and the buoyant L/D (which
does vary with speed).

As a reminder the following equations have been developed in Refer-
ence 3 and many other textbooks on aerodynamic design. The equations
will be presented without discussion. All of the equations use the standard
approach for finding maxima and minima with differentiation and setting
this differential equal to zero.

C
CL,, = —% minimum drag and L/D,;44 (4.19)
Substituting this value of C;,  into Eq. (4.8) and dividing by C/ results

in the expression for (Lgero/ D) max below [Eq. (4.16)].

1
ey wd (4.20)
It is also instructive to find the speed for maximum L4¢r,/D or minimum
drag. This speed is presented with an expanded equation for C;, ., solving
for speed, V, and then substituting Eq. (4.19).

2 L 2 2
V(L D)= aero __ _ WhH N WH‘ K (4.21)
e inax PCL,, Vol%3 pCr,, Vol= 3 pVol?3\ Cp,

opt?

where the heaviness, Wy = L,er0, ignores any contribution to vertical force
(lift) from vectored thrust and assumes equilibrium flight. The term heavi-
ness is often used to describe the weight state of an airship where it is
defined as W= W — Lp,y. Recall that the definition of weight is W= L.y, +
Lpuoy + Tvec- In other words, heaviness is that portion of the weight that is
not supported by the vertical buoyant force Lj,y. Technically speaking,
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W= Laero + Tyec where Ty = T sina. For most cruise conditions the thrust
vectoring force, T, is assumed to be small and is ignored for discussion
purposes in this book.

This process also leads to the speed for minimum Py as

2wy [ K
mePR _JPV012/3 BCDO (4.22.’;\)

3Cp,
K

Notice that the speed for minimum Pp is 24% less than the speed for
maximum Lgeye/D or minimum drag in Eq. (4.21).

Clyin P = (4.22b)

AEXJ Optimal Flight at Constant Speed (Airships)

Since airships usually fly at constant speed rather than at constant C; a
different set of equations that calculate maximum L/D, minimum drag,
minimum power required, and their associated speeds will now be devel-
oped. The technique is the same as in Sec. 4.5.4 except the differentiations
are done with respect to velocity, V, instead of C;.

It is possible to derive similar equations for the speeds where Pp is
minimum, drag is minimum, L/D is maximum, and range is maximum.
Unfortunately, a closed form solution for the speed where endurance is
maximum does not exist. The following discussion develops the equations
for minimum Pg, minimum drag, and maximum range (is shown to be the
same speed as for maximum L/D).

As before, we start with an expression for drag such as Eq. (4.12) where
the equation is then rewritten in terms of velocity as Eq. (4.23). This results
in the following:

Drag =D =Cp, qVol%3+ K W} /qVol?/3 (4.12)
D=Cp, %pV2Vol¥3+ KW} [ ¥ pV2 Vol 3 (4.23)
Applying the differential dD/dV and setting it equal to zero yields
4KW 2
V= ——g{—- speed for minimum drag ~ (4.24)
(pVOlz/S) Cp,

Notice that Eq. (4.24) is the same as Eq. (4.21) for constant Cy, after rec-
ognizing that Wy for an airship is aerodynamically equivalent to W for an
aircraft. The same technique is then used to find the speed for minimum
power required. Equation (4.12) is multiplied by V to calculate Pg:

Pr=VxD=VxCp, %pV2Vol23+V x K WA [ %4 pV2Vol¥3  (4.25)
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Applying the differential dPr/dV and setting it equal to zero yields the
closed form solution for the speed at which minimum power required occurs:

2
v AKWE

= speed for minimum Pg (4.26)
3(pvol?3)* Cp,

which is the same as Eq. (4.22a).

Given that the speed for minimum drag is the same regardless of whether
Cy or Vis constant, it’s no surprise that Eq. (4.26) is also the same as the one
for constant C;, {Eq. (4.22)]. When the best constant speed for a mission is
needed for a given amount of fuel burned (heavinessy — heaviness;) substi-
tute the average Wy, W, for the W} term in both Eqgs. (4.24) and (4.26).

The last speed of importance is for maximum L 4¢,/D, which also happens
to be the speed for maximum range. Taking the Breguet range equation
derived for constant speed, Eq. (4.18), and expressing it in terms of V results
in Eq. (4.27). Results of simplifying the equation in general terms and using
the derivative in Eq. (4.28) gives the final form of the equation as Eq. (4.29).

Starting with Eq. (4.18),

Range:n—p—l—— tan~1 Wy —tan~! .7 —
BSFC \[K Cp, gVol¥/3 ;CI?Q qVol?/3 /C[%

(4.18)

which is equivalent to this general form for ease of integration

Range = Alitan‘1 (%j — tan~! (%H (4.27)

Differentiating range with respect to speed, V, setting it equal to zero,
and recognizing that

itan“1 x= ! (4.28)
1+ x2
yields the speed for maximum range for a constant speed mission,
S2Sp—SES
pa o 202070001 o o (4.29)
S1—-Sp
so, at a given heaviness, Wy, Eq. (4.29) becomes
4KW 3
Vi=g2= —————]21— (at a given heaviness) (4.30)
(pVOlZ/B) Cp,
where
2W,
S= H

C
pVol23 [
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However, the best constant cruise speed for a given amount of fuel
burned is a slight modification of Eq. (4.30).

Vi = AKWH Wi, best constant speed for given fuel burned (4.31)

<pvol2/3 )2 Cpy

Recall that the total L/D for the airship configuration is expressed as

Laero + Lbuoy
Drag

ClLonqVol*3 + (BR)W
(Cp,+KC, ) qvor

L/D= (4.32)

L/D= (4.33)

A sample problem will help illustrate the relationships of various speeds to
their specific performance related parameter.

Sample Problem 4.2: Calculate the Speeds for Minimum
Drag, Minimum Pp, and Maximum L/D for the HA-1 Hybrid
Airship Configuration

Volume = 1,000,000 ft3; Cp, = 0.033; K = 0.28; gross weight = 100,000 Ib.
For BR = 0.75, fuel = 10,000 Ib; W}, = 25,000 Ib; W, = 15,000 Ib; altitude =

4000 ft
A 4KV
V(min drag) Ve = /—2 Eq (424)
(pVol?3)”Cp,
4KW 3
Vimin pe) V4= — . Eq. (4.26)
3 (pVol?3) Cp,
4KWy, Wi
Vit/p),,, % :—————'L""2 ! Eq. (4.29)
(pVol?3)" Cp,

v(mm drag) =[(4 028 25 0002)/(0 00211 x 10,000)2/0.033)] = 83.1 fps
CLyus@ Dinin = (0.033/0.28)2 = 0.343
Vimin pR)=[(4x 0.28 X 25 0002)/(0 00211 x 10,000)2/0.033/3)] *=63.1 fps
Cr,..@ Pr,, = (3%0.033/0.28)"2 = 0.595
ViL/D)ymax = (S0 S 1)/ +[So=6903, S1=4142] =73.1 fps (best average speed)
At WhH,»
Min drag = (0.033 + 0.28 x 0.3432) (0.5 x 0.00211 x 83.12) x 10,000 = 4804 Ib
Max Liotat/D = (Laero + Lbuoy)/drag = (25,000 + 75,000)/4804 = 20.8
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Endurance/Loiter

The expression for vehicle endurance or loiter is shown in Eq. (4.33a)

1
d W/"'dt

Endurance = Jdt = dw (4.33a)

where dW/dt is the weight change due to fuel burned. Following the
approach used in the range analysis (Sec. 4.5) where dW/dt = (BSFC)
(power) = (BSFC)DV/5501,, Eq. (4.33a) becomes

5501,

LY — (4.33b)
BSFCxV XD

Endurance = j

where 550 converts from hp to ft-1b/s.

m Endurance/lLoiter Strategy #1—Constant C;

5507719 Laero dw
BSFC VxD W
Expressing (4.33b) in terms of C; and Cp requires a substitution for V.

Endurance (hr)= j

ny €% [pvor?3 dw
BSEC Cp 2 W32

Endurance = I (4.33¢)

which is the same as Eq. (3.21) in [3].
If we recognize that L., = Wiy in Eq. (4.33¢) and assume constant alti-
tude and constant C; we get

Np
BSFCxV x D

32 Py 1,
26.8n, C 2 2311w, =
Endurance (hr) = Ip o Vol Mo 1 (4.34b)
BSFC Cp \ Wi, |\ W,

where o= p/pst, and BSFC = brake specific fuel consumption in 1b of fuel per
brake horsepower-hour. Because 17, and BSFC are relatively constant with speed,
it should be clear from Fig. 4.2 that maximum endurance for an airship will occur
at minimum power required [Eq. (4.22)]. As fuel is burned and Wy, decreases the
speed must decrease in order to maintain constant altitude and C;. The decreas-
ing speed is generally not an issue for long duration missions.

Endurance = Jdt = _[ dWy (4.34a)

AXEY tndurance/Loiter Strategy #2—Constant Speed

If we assume constant speed, 17, and BSFC we can integrate Eq. (4.33b)
getting
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Endurance

__ 1 |an-t Wiy Ctan-l| Y
V BSFC /K Cp, qVol?/3 /C% qVol¥3 /C%o

Since the speed is constant the C; will decrease as fuel is burned for
flight at a constant altitude. The two flight strategies are compared in
Sample Problem 4.3.

The endurance equation is determined in the same fashion as was done
for the range equation. Without discussion Eq. (4.34) presents the relation-
ship for endurance assuming a constant Cy and altitude, which means that
speed varies. However, should an airship choose to fly at a constant speed
then it would use Eq. (4.35). Just as for range calculations, the propulsive
efficiency, 17,, and brake specific fuel consumption, BSFC, are assumed to
be constants.

(4.35)

Sample Problem 4.3: Compare the Range and Endurance
for Both Constant Speed and Constant C; for Both CA-1
and HA-1
Data

The data for CA-1 and HA-1 is shown in Table 4.1 and the vehicle con-
figuration is in Appendix D.

Constant speed of V=50 fps and fuel load = 5000 lb.

Using Eqs. (4.18) and (4.35) respectively the range and endurance are,

Range = A[arctan(Xp) — arctan(X1)]
A =326 x 0.65/0.47/(0.9 X 0.026)/2 = 2947
Xo=6000/(0.5 x 0.00211 x 502)/10,000/(0.026/0‘9)% =1.338
X1=1000/(0.5 x 0.00211 x 502)/10,000/(0.026/0.9)"2 = 0.223
Range = 2947 [arctan(1.338) — arctan(0.223)] = 2092 nm
Endurance = Blarctan(Xy) — arctan(X1)]
B =550x%0.65/0.47/50/(0.9 x 0.026)y2 =99.6
Endurance = 99.6[arctan(1.338) — arctan(0.223)] = 70.7 hr

If the best constant speed for maximum range is used instead of V'= 50
fps this new speed is found from Eq. (4.29):
4 KW, W,
(pV012/3 )2 Cp
Viest = [4(0.9)(6000)(1000)/((.00211 x 10,000)2)/(0.0 /]4 =37.0 fps
Xo 6000/(0.5 x 0.00211 x 372)/10,000/(0.026/0.9)/2 = 2.444

= 1000/(0.5 x 0.00211 x 372)/10,000/(0.026/0.9) %= 0.407
Range = 2947 [arctan(2.444) — arctan(0.407)] = 2345 nm

V4~_
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If the previous problem is performed at a constant C; instead of at a
constant speed, the range using Eq. (4.15) becomes

Range = 326(0.65)/(0.47) L/Dax tn [6000/1000] ,
Cp=2Cp, at Cp,,, 50 L/Dpax.=C1,,/Cp=(0.026/0.9)2/2(0.026) = 3.27
Range = 326(0.65)/(0.47) (3.27) fa [6000/1000] = 2640 nm

This represents the best range when cruise is at a constant C;. This is the
greatest range that can be achieved with the given fuel load. The only concern is
that the angle of attack could be too high to achieve this optimum C;. Although
airships typically fly at constant speed operations a best constant speed may not
be feasible because the angle of attack is just too high. A greater range results
from flying at a constant 37 fps but the Cy, at the start of cruise is 0.415, which
requires an o= 36 deg. This is clearly not practical. Actual operations must take
into account what angles of attack are needed to achieve optimum performance.
Angles of attack near minimum drag and minimum power required should be
check using Cy,, calculated with Egs. (3.5) or Eq. (3.6).

Constant C;—Range and Endurance

32677[9 Laem b WHO
BSFC D Wi,

3/2 b

26.8n, C 2/3

Endurance (hr)= Mp 1 |20Vl Wiy 17 _ 1| (4.34b)
BSFC Cp WHh, Wh,

Constant Speed—Range and Endurance

(4.15)

Range (nm) =

3261 1 W
Range = .i)____ tan— _‘@___ —tan~ ‘H_]__
(4.18)
Endurance = " ! tan~! —WH"— —tan~! L
V BSFC K Cp, qVol?/3 /CII%(L gVol?/3 (QI?O
(4.35)

Cruise Strategy
Constant Cy cruise strategy would begin its cruise at the speed for
optimum Cj, at the initial heaviness

4KW}

—— speed for minimum drag (4.24)
(pVOlZ/3 ) Cpy

Vi =
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where

Cpy
K

Constant speed cruise strategy would begin and maintain its cruise at
the best speed determined by

4KWr, Wi,
. 2
(pVOlZ/3 ) Cp,

where this speed is constant throughout the entire flight.
Similarly the best constant speed for maximum endurance would be
based on a slight modification to Eq. (4.26).

4KWr, W,
= Ho M, best constant speed endurance

3(pvol?? )2 Cp,

CLop = minimum drag and L/Dy,,x  (4.19)

V4= best constant speed range  (4.29)

%

However, maintaining constant speed for loiter missions is unusual and
speeds for maximum duration would be used based on flying at optimum
Cy using

c, = 3Cp,

(4.22b)
g K

The instantaneous optimum speed throughout the mission is then
easily calculated for the current heaviness, Wp.

A summary of the range and endurance capabilities for CA-1 and HA-1
are shown in Tables 4.2a and 4.2b and include performance restricted to a
maximum angle of attack of 16 deg.

Conclusion

The CA-1 airship was not able to fly at the “Best Constant Speed” shown
in Tables 4.2a and 4.2b because its low C;, = 0.0115 per degree resulted in
angles of attack of much greater than 16 deg. Airships and hybrids are usually

Table 4.2a CA-1 and HA-T Optimum Speed and Range
Comparison (aiimit = 16 deg)

f | @timit

Const |Best | Const | ajimit | const

Ct const | speed | const |speed

speed | range

(fps) |(nm)

6000 1000 0.170 57.8 236 2640 37.0 2345 556 1905
25,000 15000 0343 831 644 1198 731 1185 574 1063
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Table 4.2b CA-1 and HA-1 Optimum Speed and Range
Comparison (ojimit = 16 deQ)

CA1 6000 1000 0294 440 179 142 256 130 556 578
HAT 25000 15000 0595 631 489 316 545 313 574 312

given a free air ojmic < 16 deg because their C; , is starting to become non-
linear past this ¢, handling qualities are sluggish, and operations are unac-
ceptable by crew and onboard personnel. For this reason the constant speed
range and endurance shown for CA-1 in the tables also include an “Alpha
Limited Constant Speed” using ¢jimit = 16 deg. This was not a problem for
HA-1 because its Cr,, = 0.045 per degree kept the required o< 16 deg.

Mission Performance

Because range and endurance are generally the most important design param-
eters for the airship designer, most design efforts try to maximize one or the
other. However, there are other measures of performance that are as important
or more important to the operator or owner of airships. For example, the payload
vs range data shown in Fig. 4.6 is a standard Measure of Merit (MOM) for trans-
port aircraft. This MOM is also important to an airship delivering cargo from
one point to another. Although transport aircraft have significant performance
advantages over an airship, when cost to deliver a pound of cargo over a given
distance is compared the cost for an airship is somewhat lower than it is for an
aircraft. This leads to a discussion of another parameter, namely, fuel burned/
payload/range, which measures the efficiency of an air vehicle to transport
goods. And finally, one last parameter similar to the previous one where operat-
ing cost substitutes for fuel burned and typically is expressed as ($$/ton-nmile).
This parameter is often referred to as productivity. Because the operating costs
are often not very well known in the early design stages this parameter is gener-
ally hard to accurately compute until the design has matured significantly.

ARV range-Payload

One of the most important performance curves used to design any air-
craft or airship that transports cargo is the payload—range curve. An example
of a hybrid airship performance presented in this manner is shown as Fig. 4.6.
Three main points are better understood by examining this figure more
closely. First, there is a maximum payload value that is the upper limit of all
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Figure 4.6 Range-payload comparison between a hybrid
airship and a 747-400F

range—payload curves and is 40,000 Ib for the example hybrid airship shown
in Fig. 4.6. This capability is contrasted with the 250,000-Ib payload version
of the B747-400F. Secondly, for a constant takeoff weight, as payload is
reduced it is replaced with fuel that allows the airship to travel further until it
hits the limit for maximum fuel. Finally, as payload is reduced even more the
improvement in range continues but at a reduced rate as payload is reduced
and not replaced by fuel. Range improvements are due to flying at reduced
weight (heaviness for an airship) for the same maximum amount of fuel.
Most payload range data for aircraft is presented at its nominal cruise
speed because time is an important aspect of its productivity. However, when
speed is much less important the airship designer has a wider range of speeds
that are acceptable. The dramatic impact of speed on airship performance is
shown in Fig. 4.7. Although the differences between the curves are only 10 or
20 kt the percentage change is enormous. This is understandable because
much of the power is used to overcome the zero lift drag that changes with
the square of the velocity. This range improvement with lower speeds will
continue until the speed for maximum L/D is reached (see Fig. 4.2).
Historically, helicopters have been used on short-range missions where
speed is not important. Even though there are some slight speed advantages
for a helicopter compared to an airship, the airship has a significantly better
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Figure 4.7 Effect of cruise speed on range-payload (hybrid airship).

$$/ton-mile value. Figure 4.8 compares the range—payload of a helicopter
and a hybrid airship that shows how much more range-payload perfor-
mance a hybrid airship has compared to a helicopter. Cost comparisons
using $$/ton-mile as the measure would show helicopters to have signifi-
cantly higher operating costs than that of an airship.

MEEY Mission Efficiency

The efficiency of an airship is measured in a number of ways but four of the
most important MoMs are

1. Specific range/cruise efficiency (nmile/lb of fuel burned)
2. Endurance efficiency (Ib of fuel/hr, i.e., fuel flow)

3. Mission efficiency (b of fuel burned/ton of payload/nmile)
4. Mission productivity ($$/ton of payload/distance traveled)

The cruise and endurance efficiency parameters are important to most
aircraft but the mission efficiency parameter is unique to cargo delivering
systems. Just like aircraft, an airship’s mission will determine the relative
importance of each of these parameters and then they are prioritized or
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Figure 4.8 Range-payload comparison between a hybrid
airship and a helicopfter.

wieghted for trade studies. It is not possible to design an airship that is
optimized for all four MOMs. Someone, usually the customer, will give the
designer the relative importance of these parameters (weighting factors) so
that an accurate trade study can be performed. Results of these trade
studies will define the airship’s volume, fineness ratio (FR), buoyancy ratio
(BR), propulsion system type, engine size, tail sizes, body shape, etc.

Sometimes the efficiency of an air vehicle is more important than its actual
performance. However, overall performance cannot be decoupled from flight
efficiency. Figure 4.9 shows the specific range (nmile/Ib of fuel burned) of a
typical airship (ZP4K) for various speeds and values of heaviness. Obviously,
flying at speeds where the specific range is maximum will result in maximum
range. Also, note that the one engine operating specific range is somewhat
better than for two engines. This increase in specific range is the result of one
engine performing better (lower BSFC) at high power settings vs two engines
operating at very low and inefficient power settings. It is common on airships
to shut down one or more engines so that better BSFC values can be obtained
from the remaining engines. This is routine for aircraft as well when endur-
ance is the most important mission parameter. For example, during long
endurance missions the P-3 aircraft shuts down two of its four engines to
obtain the best BSFC from its two operating turboprop engines.
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Figure 4.9 Specific range for an airship similar to the ZP4K.

Two more figures have been included as Figs. 4.10a and 4.10b, which
summarize the efficiencies of both the CA-1 and HA-1 configurations.
Referring to the vehicle characteristics in Appendix D should allow the
reader to duplicate these calculations. Notice how the specific range
becomes very large for low speeds and small values of heaviness. This is the
direct result of the total L/D at these conditions and shown previously in
Fig. 4.4. Figure 4.10 also has curves labeled “equilibrium” that show the
extreme case of zero heaviness (no drag-due-to-lift) where all of the drag
comes from zero lift drag, Cp,.

As a basis for a final discussion of range and endurance efficiencies
Figs. 4.11 and 4.12 show how a conventional airship (CA-1) compares to a
hybrid airship (HA-1). It is clear that a conventional airship out performs
its hybrid cousin casting doubt on the utility of a hybrid. Chapter 12 will
discuss this issue in detail. At this point it is obvious that a hybrid airship’s
value is not based on its performance efficiency.

Mission efficiency is different from performance efficiency because it
includes both cost and productivity. Although operators are interested in
basic vehicle efficiencies, what is also important is how fast cargo can be
moved from one point to another and the costs associated with moving it.
Data presented in Fig. 4.13 shows how fuel burned/payload/range varies
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Figure 4.10b Specific range for HA-1 configuration.
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Figure 4.13 Effect of BR and payload size on productivity of a
hybrid airship design.

with speed and buoyancy ratio for a nominal hybrid airship. Notice how sen-
sitive this fuel burned/payload/range value is for a 5 kt speed difference from
the optimum speed and how much better the value is when the buoyancy
ratio increases closer to 1.0. In Fig. 4.14 the parameter fuel burned/payload/
range is shown for CA-1 and HA-1 and is often used for engineering trade
studies as operational costs, other than fuel burned, are poorly known.

All considered, it is worth stating that when speed is not important
there is no system of air travel that is more efficient than a buoyant vehicle!

AEEY Ballast Requirements

One of the more difficult issues facing airship operators is the matter of
requiring ballast in some instances to prevent operations at buoyancy
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Highlight
As altitude has a big impact on the performance of an aircraft, how does

altitude influence airship performance and mission efficiency? Generally, airships operate at low altitudes (below 5000 ft) for two reasons. First, and most

important, airships are mostly powered by engines that drive propellers. All

propeller-driven systems operate most efficiently at sea level and become

worse with increasing altitude (less air density). Second, the larger the range

ofaltitudes the bigger and heavier the ballonet system which also means there

is less buoyancy at sea level.
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Figure 4.14 Comparison of productivity for CA-1 and HA-1 configurations.

ratios greater than 1 (heaviness < 0). For missions where fuel is burned off
but no cargo is unloaded it is the role of the designer to make sure the
airship can safely and efficiently operate at all BR associated with condi-
tions from maximum fuel load to empty. However, this is not the most
strenuous condition for the airship designer. Missions where significant
cargo is unloaded at the destination and very little or no cargo is available
for the return trip it is likely to require added weight in the form of ballast
to keep the airship from a BR > 1 condition. What this ballast weight mate-
rial is can be the topic of some interesting discussions but water is a popular
choice. Further discussions are deferred to Chapter 12.

The criteria for adding ballast is simple . . . the airship has to have positive
heaviness (BR < 1) at all flight conditions. After unloading payload at the desti-
nation the amount of ballast weight necessary depends on what heaviness can
be supported by aerodynamic lift and vectored thrust during landing. An
example that illustrates how the amount of ballast weight is determined appears
as Fig. 4.15. In this example start with the value of the heaviness when the
airship lands and move straight up to the amount of payload that is unloaded.
From this point continue horizontally to the curves on the right and stop at the
value of heaviness that is needed for the return flight. Continue down and read
the amount of ballast that will be needed to meet the three requirements of
heaviness at landing, unloaded payload, and heaviness at takeoft.
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Figure 4.15 Ballast required for return flight
(hybrid vs conventional airship).

Figure 4.15 also compares a conventional airship to a hybrid airship
flying the same mission. In both cases the amount of payload unloaded is
20,000 Ib and the heaviness at takeoff is zero. Notice how the hybrid is sig-
nificantly better because it requires much less ballast. Because hybrids are
much better at generating aerodynamic lift that they can modulate when
the payload is onboard and then adjust the lift according to the heaviness
on the return segment as fuel is burned off. Hybrid airship design specifics
will be discussed in more detail in Chapter 12.

Buoyancy Control

Someday, optimal airship designs will not depend on ballast at all. Hybrid
airships that burn off a lot of fuel for traveling long distances or staying aloft
for long times should use another approach that doesn’t require the use of
ballast weight.

There are four candidate technologies that should be evaluated for their
potential to reduce or eliminate the need for ballast weight.
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1. Compressing helium within the envelope to reduce the buoyant lift to
match the offloading of weight.

2. Compressing outside air that is brought onboard to increase an airship’s
heaviness.

3. Putting gaseous hydrogen in the ballonets and burning it as the ballo-
nets reduce in size as the airship gains altitude. The ballonet volume is
completely filled with much heavier air on landing.

4. Capturing water vapor from the engine’s combustion products. This
approach is very attractive as it offsets some of the fuel burned during
the mission. These systems may get 20%—40% of the water available.
One drawback is that this water is often contaminated with combustion
products, which can make disposal difficult.

All of these techniques should be given some consideration during the
airship design process. As technologies mature one or more of these processes
will become the most popular means of eliminating the need for ballast weight.

Climb and Descent

In aircraft design, particularly for fighters, optimizing flight profiles is very
important. For airships, it is far less interesting and only becomes impor-
tant when clearing obstacles in and around the airport. Descent perfor-
mance is centered around one issue, which is making sure the ballonet
pumps can keep up with the most rapid descent possible. If the ballonet
system is not capable then the airship could lose its rigidity since the lifting
gas contracts as the airship descends to lower altitudes.

AR rate of Climb

The rate of climb for an aircraft is given by ROC = dh/dt = V'sin y where
y is the climb angle and sin y= [T cos (o + iT ) — D]/ W4, which leads to

_h: Vsin y = V(Tcos(a+iT)—D)
dt Wr

where Wy is the airship heaviness, T'= thrust, D = drag, & = aerodynamic
angle of attack, and i7 = inclination angle of thrust.

Equation (4.24) is valid for all airship climb segments. Corrections to the
ROC for accelerations during climb, necessary for many aircraft, are unnec-
essary for airship climb performance as accelerations are usually small.

For descents, thrust is assumed small so the flight angle, ¥ is written as

(4.36)
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For maximum range during the glide descent (i.e., stretching the glide)
the aircraft should be flown at minimum ¥ which means, looking at
Eq. (4.25), flying at the aerodynamic L/D,,ax. Therefore, the velocity for
maximum gliding range is given by Eq. (4.30)

2
Vi 4I(W1; (4.30)
(pvoi?3)” Cp,

The condition for minimum rate of descent is different than the condi-
tion for maximum range. Assuming that y is small such that sin y=tan y the
rate of descent, ROD, can be expressed as

7
4KWA
ROD=V tany =—(DV/Wp )= - b o (4.38)
CLﬂcm (pvol 2/3 ) CD()
so that the velocity for minimum ROD is
!
4KW}
VRODmin = i{2 (439)
3(pvol3)" Cp,

which is about 24% less than the velocity for maximum gliding range.
Notice that the velocity for minimum ROD is the same as for minimum
power required, Eq. (4.26).

llXJY Takeoff

There is a significant difference between the importance of takeoff perfor-
mance for an airplane and an airship. For airplanes, runways are often restrict-
ing because of their length, surrounding terrain, weather, altitude, etc. Many
tests have to be performed and results verified to establish takeoff character-
istics under all possible operational circumstances. The difficulty with taking
off an airplane that depends on wing-generated lift is that the airplane has to
accelerate to takeoff speeds to generate sufficient lift at an angle of attack.
This is not the case for an airship. Much of an airship’s lift comes from its
internal lifting gas that typically is responsible for 70% or more of an airship’s
vertical force. Therefore, much of the takeoff field length needed to produce
the 70% + lift does not apply to an airship. Thus, conventional airship field
lengths tend to be much shorter than for comparably sized aircraft.

When an airship has a small heaviness it has the ability to operate in a
Vertical Takeoff and Landing (VTOL) mode by vectoring its engine thrust.
Because takeoff performance must be proven, vertical takeoff results are
verified by an authorizing agency such as the FAA.
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AERY Ground Effects

For most airborne vehicles there is an increase in lift and a decrease in
drag as the vehicle approaches the ground at heights less than its span.
These aerodynamic changes are very sensitive to body/wing geometry and
lift changes on the order of 10%—~25% are typical. This phenomenon is the
result of the ground interfering with the trailing legs of the horseshoe
vortex system generated by the wing/body at an angle of attack. Ground
effects are often analyzed by putting an image horseshoe vortex system of
equal but opposite strength at the same distance below the ground that the
wing is above the ground. Most modern CFD codes handle this situation
easily. This is not to say that the CFD codes get accurate answers for vehi-
cles flying near the ground. These codes are usually run using inviscid flow
and there is rarely any test data to establish the validity of the theoretical
answer. Occasionally, there is a database from a similar project that mea-
sured or calculated “in-ground” Ci, Cp, or Cu. Luckily for the designer
in-ground effects do not influence air vehicle performance enough to make
a difference in the overall design. The approach is simply one that statisti-
cally measures many near-ground test results and integrates them into an
acceptable form used by operators of the vehicle.

For airships there is virtually no data showing the effect of the ground
on aerodynamic characteristics so this becomes a statistical measurement
as well. The in-ground effect is much less for bodies of revolution or aircraft
with small aspect ratios. Because hybrid airship configurations have small
aspect ratio bodies, they are capable of generating significant lift that will
be affected by the proximity of the ground. However, the effect is still small
and will be disregarded when designing hybrid airships in Chapters 6 and 12.

Chapter 10 in [3] discusses in more detail how ground effects change
the aerodynamics of an aircraft. Some experimental data is also included.
This discussion of in-ground behavior will give the reader some insight
into the effects of the ground on aerodynamic properties. However, this
treatment has little carryover to airships as bodies are very unlike lifting
wings and airships spend little time flying close to the ground.

AEXY takeoff Analysis

Takeoff field length is the maximum distance required for an airship to
accelerate from V = 0 to clearing a 50-ft obstacle. Before developing the
equations for making takeoff calculations a few definitions are helpful. First,
Fig. 4.16 summarizes the fundamental forces associated with takeoff perfor-
mance. Figure 4.17 shows a schematic of the takeoff problem and its various
takeoff distance calculation segments. In general, the takeoff distance is the
sum of the ground distance segments (Sg), rotation distance (Sg), and climb
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Figure 4.16 Force diagram during takeoff ground roll.

distance (Scr). Equations for each of these segments are developed in the
following sections. Special calculations are also made for losing an engine
and either continuing the takeoff maneuver or coming to a complete stop.
The engine failure speed that results in the accelerate-go distance being
equal to the accelerate-stop distance is referred to as V7 and results in a
balanced field length. This is discussed in more detail in Sec. 4.11.

4.9.2.1 Available Takeoff C;

The airship must accelerate down the runway to a takeoff speed Vo,
rotate about the main gear (or aft ACLS pads) and generate L e = 1.2 Wy,
This Vo= 1.1[2 Wg,/ Vol 2 3,DCL]I/2 where Cj is the available lift coefficient.
For aircraft this Cy is the maximum or stall lift coefficient. For airships it is

Vv,
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Figure 4.17 Schematic of an airship takeoff.
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much less than the maximum lift coefficient. Airship C; vs oxrdata (see Figs. 3.21
and 3.27-3.31) show linear C; up to about o= 16 deg. Although airships have
poor lift curve slopes, Cy,,, their o range is large. The available takeoff Cy is
not limited by aerodynamic separation but rather by tail strike during rotation
about the main gear or aft ACLS pad. Typical non-rigid airships (CA-1, Good-
year “K” class, Sentinel 1000, etc.) cannot rotate past &~ 10 deg before striking
their tails. This limits the takeoff C; (at &= 10 deg) to a maximum value of
0.10 for bodies of revolution shapes or 0.45 for lobed hybrid shapes.

4.9.2.2 Ground Distance (Sg)

It is assumed that the airship accelerates to its takeoff velocity, Vo, and
at that speed the aircraft is rotated to an angle of attack whose maximum
value is often determined by its physical scrape angle. The airship then lifts
off and transitions from horizontal to climbing flight during the transition
distance, STg. The airship must maintain its liftoff speed until its tail clears
the 50-ft obstacle.

Equation (4.40) is the basic equation for calculating ground distance. Sub-
stituting the acceleration term from Eq. (4.41) into Eq. (4.40) gives the final
relationship for ground distance and is shown as Eq. (4.42). Notice that the
mass term (W/g) has been split into two parts to make sure that the mass of the
gases in the ballonet and envelope are both included along with the TOGW/g.

S = J‘VTO vdv _l_J‘VTO dv? _ l V%O (4.40)
0 a 240 a 2 a(@0.707 Vo) ‘
a:-\,g;[T—D_Ff:l:%[T_D—u(WH_Laero)] (4.41)
2
SG (W/g+mgas)VTO (4.42)

- 2[T -D-u (WH — Laero )]@0‘707 V1o

Equations (4.41) and (4.42) require the thrust at 0.707 V10o. The takeoff
acceleration varies from V=0 to V= V. The acceleration evaluated at
V' =0.707 V1o approximates the time-wise integration of the acceleration
very well and is used in the takeoff analysis for convenience. The thrust
available depends upon the engine/propeller combination and the speed
for 0.707 V7o and is discussed in Sec. 5.5. Equation (4.42) does not have
any added mass terms and g is the landing gear coefficient of friction for
brakes off (see Table 4.3). If an ACLS is being used for the landing gear (see
Chapter 9), the airship is in a hover mode and y = 0.

4.9.2.3 Rotation Distance (Sp)

Distance traveled during rotation is shown in Eq. (4.43) and is based on
the time that is demonstrated during certification testing for agencies such
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Table 4.3 Coefficients of Friction for Various Takeoff and Landing Surfaces

Coefficient of friction values

f Brakes off, average - | Brakes fully applied,

ground resistance | average wheel braking
Type of surface coefficient | coefficient
Concrete or macadam 0.015100.04 03100.6
Hard turf 0.05 0.4
Firm and dry dirt 0.04 0.30
Soft turf 0.07 0.5
Wet concrete 0.05 - 0.2
Wet grass 0.10 02
Snow or ice-covered field 0.01 0.07t00.10

as the FAA. This segment distance is generally computed by assuming that
rotation takes an average amount of time at the Vp speed. Certifying agen-
cies specify a fixed time increment of about 3 s for this action.

Sk = (rotation time) X (takeoff speed) = tpor X V1o (troT=3s) (4.43)

4.9.2.4 Climbout Distance (Sc)

The final segment where the airship climbs to an obstacle height of
50 ft has its distance calculated using Eq. (4.45) which is based on the climb
angle defined in Eq. (4.44). This climbout is performed at the constant
speed of Vo as the vehicle is not allowed to decelerate from liftoff to the
50-ft obstacle.

Vro(T -D
tanOc; = sinBcy = ——TM (4.44)
Wh
ScL = >0 (4.45)
tanOcy,

The final accelerate-go distance is the sum of the 3 segments shown in
Eq. (4.46).

Stotal = Sc + Sr + Sci, accelerate-go (4.46)

AZEY 1akeoff Noise

Although noise can be a significant issue for jet-powered aircraft it is
rarely a problem for the designers of propeller-powered aircraft. Because
the power required by an airship is much less than a typical medium-sized
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Figure 4.18 Airport noise profiles comparison—takeoff.

transport powered by propellers, its noise is far lower. A comparison of
these three modes of transport is shown in Fig. 4.18. The data for the B-737
and Bombardier Dash 8 are measured and the airship noise profile is an
analytical estimate.

However, it is not that simple. Noise calculations also take into account
the amount of time (duration) for the noise source. Since the airship is typ-
ically flying somewhat slower than an airplane its noise value becomes
worse than suggested by the relative values shown in Fig. 4.18.

Landing

Landing performance for an airship uses the same equations of motion
as for airplanes and must be validated in a similar manner. The differ-
ence being that braking is usually much less important compared to the
vectored or reverse thrust contributions. Typically, there is a constant
speed approach at a constant angle, a flare just prior to touchdown, fol-
lowed by a deceleration along the ground. Figure 4.19 shows a typical
landing profile.
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MY Landing Analysis

The landing distance is the horizontal distance required to clear a 50-ft
obstacle, flare, free roll, and then decelerate to a complete stop. Figure 4.19
shows the schematic for the landing analysis. Similar to takeoff there are
three segments that make up the landing distance. These segments are air
distance, free roll, and deceleration. Similar to takeoff the three equations
for these landing segments are presented without discussion.

The landing distance is the sum of the air distance (S4), the free roll
distance (Srr), and the braking distance (Sp).

The air distance is computed by finding the total change in energy
(KE + PE), which is equal to the retarding force x the air distance (S4).
Assume 6, small such that cos@,,, = 1. Then,

V2 V2
m{—;—0+50g——722}:FRSA

where m is the mass of the airship and its gases (4.474)
Sy = %{‘/520—_‘—/7%2+ 504: FrSa
where
Fr=drag + thrust vector (4.47b)
or
S4 =50/ tanOypp (4.47¢)

where 6, is typically 3 deg so, S4 =50/ 0.0524 = 954 ft.

It is assumed that the velocity over the 50-ft obstacle is V59 =1.3 V7 and
the touchdown velocity is V7p = 1.15 V. The V| is for the airship in its
landing configuration, that is

Vso

NS

50ft

Figure 4.19 Schematic for landing performance analysis.
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Vi =2 Laero /Vol?3p Cp 1112
Laero= Wh,, — %2 fuel = TOGW — ¥ fuel — Lpyoy
Cp, = lift coefficient at @ = 10 deg (tail strike)

The free roll distance during landing is assumed to be 3 s during which
the airship

1. Chops power

2. Changes configuration to make L, =0 to get maximum weight on wheels
3. Applies brakes

4. Applies reverse thrust

Ser=3Vrp (4.48)
Also, substituting Vrp for V7 and Ty, is reverse thrust in Eq. (4.36d)
yields
_ W/ g+ Mgas
P VOIZ/B (CD —HB CLaeru )

SB
(4.49)

Bn |:‘uBWH " TreV +§V012/3 (CD - ‘uB CLaem )VI%D]

which is the total braking distance starting at touchdown speed Vrp. The
Up is the braking coefficient of friction and is determined from Table 4.3 for
a conventional landing gear with brakes. If an ACLS is used the ug = 0
because the ACLS is not used for braking as the ACLS curtain (see
Chapter 9) would have to be replaced after several landings due to the abra-
sion of contacting the ground. Most airships use reverse thrust for braking
where it is assumed that ~60% of the takeoff thrust is available to stop the
airship.

Adding Eqs. (4.37), (4.38), and (4.39) together gives the landing distance
in Eq. (4.40). A conservatism factor is always applied to these calculations.
For the FAA, Landing Field Length = Calculated Landing Distance/0.6.

SIAND =S4+ SR+ SB (4.50)

wfBIP critical Field Length (Balanced Field Length)

Should the airship have an engine failure at a speed less than V (deci-
sion speed) then the pilot is obligated to stop the airship rather than con-
tinue with its takeoff. Conversely, if the engine fails after V; then the pilot
must continue the takeoff to become airborne. There are numerous options
for computing the official takeoff performance and these options from [4]
are summarized in Fig. 4.20. Similar to aircraft, the airship takeoff is the
longest distance from these several options that have different assumptions
and criteria.
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Figure 4.20 Takeoff field length definition from CS-30T. [4]

Basically there are two possibilities for taking off. First, the vehicle
accelerates to its takeoff speed, V10, and continues to climb until it reaches
the 50-ft obstacle. Second, the vehicle accelerates and during this accelera-
tion one engine fails and the airship is braked to a stop. Which of these two
scenarios applies depends on the speed at which the engine fails. There is a
common term used for both aircraft and airships that is called the decision
speed, V1, which uniquely determines whether an air vehicle continues
with its climbout or brakes to a stop. The decision speed is defined as that
speed that makes the continuing distance from V; to the 50-ft obstacle
equal to the distance from V7 to a complete stop. Generally, V] is very
slightly higher than the engine failure speed, Vgf, but it cannot be lower
than Vgr. Figure 4.21 summarizes this calculation and defines all of the
speeds.

There is a free roll segment that is added to the stopping calculation that
accounts for the amount of time taken by the pilot before the brakes are
applied. The generally accepted time for this action is 3 s. So free roll dis-
tance is computed using Eq. (4.47).

Srr=3 V70 (4.47)

Once the retarding force is applied (brakes or reverse engine thrust)
the stopping distance is calculated using Eq. (4.48d). When discussing
braking performance for a hybrid airship with an air cushion landing
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Voes

é‘ V;: Speed at which the pilot decides either to continue or abort.
&\ Vi Engine failure speed
.@f Vy: Rotation speed (cannot be less than V;)
éo Vi Speed at liftoff with one engine inoperative
@ Vogs: Speed over the obstacle (cannot be less than Vro)
v‘!

Speed

*Vy is selected such that “continue” and “stop” distances are
identical which is the definition of a balanced field length.
However, V; is not allowed to be lower than Ve or greater than V.

Distance — s
Balanced Field Length =

A

Figure 4.21 Schematic of balanced field length. [4]

systems, ACLS, this calculation becomes more complex and is discussed
further in Chapter 12.

0VdV 10 dV?
SB—J.dx—Jvl =l (4.51a)

g _ & 2/3
—ag==(Fp+D)="=- Wy +T+C Vol 4.51b
a ( R ) (IJB H DqgVvo ) ( )

where Fp = braking force + retarding thrust = upWpy + T where T = 0.6
(takeoff thrust)

0 —d(V?
Sp= K ( ) (4.51c)
2g Vl 'UBWH + T + gVolz/svz (CD - ‘UB CLaw'n )
gy Wigtm
Vi 2/3 —
p Vol*3(Cp - upCy,,, ) (4.51d)

(n [uBWH +T + ngﬂ/i% (Cp-usCr,,, )vﬁ}

Equations (4.49) and (4.51) require thrust to be calculated and do not
account for any added mass terms. As was done for Eq. (4.42), find the thrust
at 0.707 Vrp or 0.707 V1. The thrust available depends upon the engine/
propeller combination and the speed, which is discussed in Sec. 5.5.
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A FY Turning

An aircraft turns by banking and using a component of the wing lift
force to turn the aircraft.

For some aircraft, turning performance is a requirement that can affect
the design wing loading. For these aircraft turn rates are limited by the
maximum load factor (g’s) the airplane is designed for and the available
engine power or thrust. For fighters, both the instantaneous turn rate and
sustained turn rate are of interest. For commercial aircraft only the sus-
tained turn rate is important. The same is true for airships.

For an airship the turning capability MOM is how long it takes to turn
360 deg. Turning an airship through a full circle is dependent on two basic
parameters. The most important parameter is the speed during the turn
and together with the turning coefficient, R/L establishes an airship’s
turning capabilities. This turning coefficient represents how tight the turn
is relative to the size of the airship. Figures 4.22 and 4.23 show the relation
of these parameters to the 360-deg turn time.

ZPK Airships

Turning Coefficient (R/L)

0 8 16 24 32
Rudder Deflection (deg)

Figure 4.22 Effect of rudder deflection angle on turning coefficient. [2]
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Figure 4.23 Turning performance for axisymmetric airships. [2]

A more generalized method of calculating the time to turn through
360 deg uses the empirical data from numerous airships. This technique
determines the turning coefficient based on the available rudder deflection
from Fig. 4.22. Using Fig. 4.23 the parameter Vj,,/ V. is found next. Given
the turning radius and the initial speed V., yields Vj,, that is then divided
into the perimeter to get the time.

Sample Problem 4.4: Calculate the Time to Make
a 360 Deg Turn

Assume a rudder deflection of 28 deg, V.. =60kt (101.3 f/s), and R = 1000 ft.
From Fig. 4.22 at g = 28 deg read R/L = 2.7. Using Fig. 4.23, at R/L = 2.7
read V! Veo = 0.69. Vi = 101.3 X 0.69 = 69.9 {/s, which results in f369 =
2R/ Vi = 89.9 s. This turn would be considered to be a little slow as
airship designers generally want a full circle turn to be performed in under
a minute. Another way to look at this problem is to use the R/L = 2.7 and
for an airship that is 200 ft long recognize that this example airship is
capable of turning about a circle of 200 x 2.7 = 540 ft.
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Intfroduction

he primary purpose of all aircraft propulsion devices is to supply a

force (thrust) by imparting a change in momentum to a mass of

fluid. The fluid may be air, air plus combustion products, or com-
bustion products only. Isaac Newton’s Second Law states that the force
or thrust produced on a system is equal to the change in momentum of
the system in unit time (dmV/dt). This fundamental principle is shown in
Fig. 5.1 for a streamtube of air. The entrance conditions are denoted by the
free stream symbol a and the exit conditions denoted by e. The mass flow
rate of air through the stream tube is pAV and has units of slugs/s. The
streamtube boundaries are the fluid streamlines. The force or net thrust
acting on the stream tube system is given by

Thet = (Vhair + mfuel)ve - Vhair Vat+tPeAe— P, A, (5-1)

Notice that there may be a difference in the pressure and area at the
entrance and exit such that a small pressure force would act on the system.
Because the mass flow rate of the fuel added to the system is very small
compared to the mass flow rate of the air, Eq. (5.1) is usually written

Tnet=mair(‘/¢a—‘/cz)+PeAe_PaAa (5‘2)

Because of the low speed of airships (less than 100 KEAS) their princi-
pal propulsion device is the propeller.

Propellers are driven by reciprocating piston engines, gas turbines (tur-
boshaft), or electric motors. A propeller operates by producing a relatively
small change in velocity of a relatively large mass of air. Equations of motion
will be developed later in this chapter that prove it is more efficient to move
a large mass of fluid by a small increment in speed than a small mass by a
large speed increase. Propellers are limited by the fact that their tip speeds

mfuel mair+ mfuel

Mgjr = paAa V;

a

Figure 5.1 Momentum change on a fluid system.
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must be much less than sonic due to the formation of shocks and therefore
have a practical tip speed limit less than 500 kt (Mach = 0.75).

#EEJF why Propeliers?

The open propeller, or airscrew, offers an efficient means of propulsion
for airships that cannot be matched by the high exhaust velocity of a turbo-
jet. Just as the turbofan engine is more efficient than a turbojet of the same
thrust, a propeller is more efficient than either of them. The reason can be
found from a brief look at Newton’s Second Law in the form that a propul-
sion engineer would use.

Thet= mair (Ve - Va) (5-3)

where, for this analysis, the pressure term is ignored and the resultant force
in Eq. (5.3) is the thrust of the powerplant. A propeller achieves a specified
level of thrust by giving a relatively small acceleration to a relatively large
mass of air, while the turbofan and the turbojet each give a higher accelera-
tion to a correspondingly smaller mass of air. From energy considerations,
the powerplant producing the smallest change in kinetic energy will require
the smallest expenditure of fuel, and thus the propeller provides the highest
efficiency of the methods considered.

Another advantage of the propeller for an airship has to do with its
ability to provide reverse thrust very quickly by simply changing its pitch
angle. Because many airships have poor or no brakes they depend on the
reverse thrust capability of their propeller propulsion system. Propeller
reversing systems provide high deceleration for little weight or cost penalty.

XY Propeller Theory

The analysis of propeller performance can be accomplished using one
or more of the following theories: momentum theory, blade element theory,
and vortex theory. Each method has its own distinct advantages as well as
shortcomings, yet all play an important role in providing an understanding
of airscrew performance. The following discussion is intended to convey a
general working knowledge of propeller theory, but for more details the
reader is directed to [1]-[6]. References [1] and [3] cover the theory from a
more practical point of view than the other references. References [2] and
[4] are excellent from a theoretical perspective. References [5] and [6]
present the theory from a helicopter point of view.

MEERY Vomentum Theory

Any aerodynamic propulsive device produces a thrust by imparting a
change in momentum flux to a specified mass of air (Newton’s Second
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Law). The basic momentum theory analyzes the effects of this change in
momentum, the work done on the air, and the energy imparted to the air.
Certain simplifying assumptions are made about the propeller and its sur-
roundings in the development of this theory that divorce them from the
real world, and yet the method remains a useful tool in calculating the
maximum theoretical efficiency which a propeller can obtain.

The first assumption made by the momentum theory is that the propel-
ler is replaced by an infinitesimally thin actuator disk which consists of an
infinite number of blades. The disk is held to be uniformly loaded and is
thus experiencing uniform flow and imparting a uniform acceleration to all
of the air passing through it.

The actuator disk is further assumed to be surrounded by a sharply
defined streamtube that divides the flow passing through the propeller and
the surrounding air. Far upstream and downstream from the disk the
walls of the streamtube are parallel, and the static pressure inside the stream-
tube at these points is equal to the freestream static pressure. Momentum
theory deals with a working fluid (air in this case) that is inviscid and incom-
pressible. As a consequence, the propeller does not impart any rotation to
the air, and any profile losses from the blades of the propeller are ignored.

To an observer moving with the actuator, the air far upstream will be
moving with the freestream velocity, V.. (Fig. 5.2). This air will be gradually

EVo=V,, {V=Y+v §V2=V0+2u
....... ek s e s A e e e R
iq= sV q=Ysp(yt ] L g=hp U+ 2]
/—' Control Volume st
@ @ Actuator disk of Area A
P pressure ;
, 4P \
R \ .
V V+20

velocity
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accelerated until at station 1 (the propeller disk) V| = Vo + vwhere vis the
induced velocity imparted to the air by the propeller. It can be shown at
station 2, far downstream from the propeller that V5 = Vy + 2v. The net
change in velocity through the control volume defined by the streamtube
and planes perpendicular to the flow far upstream and far downstream is

(Vo+2v) -Vp=2v (5.4)
and from continuity considerations for an incompressible fluid,
A1=A=2A (5.5)

For steady flow the mass flux will be constant across every plane of the
streamtube, which is perpendicular to the flow. Using the propeller as a
reference plane,

m = pA(Vo+ v) (5.6)
The thrust, T, produced by the propeller will be

T=A Momentum flux
T=pA(Vp+v)2v (5.7)

To produce this level of thrust, the propeller must supply energy to the
slipstream. Because the theory ignores profile and rotational losses, this
energy goes only to increasing the kinetic energy of the flow. The power
required for this purpose, the induced power P;, will equal the change in
kinetic energy flux through the control volume and may be shown to be
simply the product of the resultant thrust and the velocity at which the
thrust is applied, or

Pi=T(V+v) (5.8)

Equation (5.8) indicates that in order to minimize induced power
requirements at a given thrust level and freestream velocity, the induced
velocity must be kept as small as possible. Solving Eq. (5.7) for v (and
remembering that v >0 for a propeller) yields

v vz 1 17
TS | S (59)
2[4 2pA

Two important conclusions are apparent from this expression. In order
to minimize v (hence, P;) at given values of V and 7, the quantity 7/A, the
disk loading, must be minimized. Thus, within the limits of the assump-
tions made, it may be stated that the larger the propeller used to produce a
given thrust, the smaller will be the power and energy requirements. The
second result is that for a given thrust as the freestream velocity increases,
the induced velocity will decrease. This is not to imply however, that the
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induced power requirement will decrease. For a given level of thrust, V will
increase faster than v will decrease, and thus the required P; will increase
as free stream velocity increases. In practice, however, the thrust of a pro-
peller will not remain constant with changing velocity, but the power of the
engine turning it will, over moderate speed ranges, remain fixed. Because
profile and rotational losses are being neglected, P,y,;; will remain constant
and thrust will decrease with increasing velocity. This condition may be
illustrated by combining Egs. (5.8) and (5.9) to form an expression for P; as
a function of T'and V. Solving for the static condition (V = 0 as designated
by the o subscript) and for the condition of V # 0, and assuming that P; is
constant for all V, this finally gives the thrust ratio referenced to V=0 as

T _ 2 (5.10)

Gl
— || — | +4| —
Vo Vo T

While a general solution for the thrust ratio 7/7T;, = f(V/1,) is not pos-
sible, the approximation

T
—z1—0.32—v— (5.11)
T, Vo

will hold for V/v, « 1.

The theoretical power required by the propeller has been defined as the
product T(V + v). By defining the useful power output of the propeller
as TV, it is possible to form an ideal efficiency. The following equations
refer to Fig. 5.2.

~_Output _ Thrust X Velocity TxXV
Input  Total Work Done  Kinetic Energy Increase

T= Vh(Vz -Vo)=2nv
AKE = Y3 (V3 - V)

n = 2muVy
U (v -vg)
- 40V Ay
i (Va=Vo)(Va+Vo)  202(Vo+v)
Vo
= 5.12
m; (Vo +0) (5.12)

There are two results that are important. From Eq. (5.12) it is clear that
for speeds near zero the efficiency factor, 7;, is close to zero. Another
observation from Eq. (5.12) is that v should be low to obtain high efficien-
cies. For propellers, this means that it is more efficient to change a large
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area of air by a small v rather than changing a small area of air by a large v.
Also note that n; will increase with V. This concept of ideal efficiency is
misleading for cases where V/v < 1. The use of the word “ideal” must again
be emphasized as no real world losses are included in its calculation. It is
also worth noting that high propeller efficiency and low power required
both want small velocity changes over a large propeller area.

The momentum theory does not provide a means to predict propeller
losses due to blade skin friction, rotational motion, or mutual blade inter-
ference, nor does it account for any geometry parameters other than pro-
peller area. Although it is simple to apply, this theory must be combined
with some other analytical tool in order to be of use to the designer.

MEXXY Biade Element Theory

An airship propeller is nothing more than an airfoil rotating about a
translating axis dividing a propeller blade into a number of chord-wise
strips. It is possible to analyze the performance of the entire propeller by
summing the contributions of all segments on all blades of the airscrew.
This is essentially what is done by the blade element theory (or sometimes
called strip theory).

In Fig. 5.3 a small element of the propeller blade is marked for consider-
ation. This infinitesimal element is dr wide, has a chord ¢, and is located
a distance r from the axis of rotation. The entire blade has a radius of R.
A cross section of the blade element is shown in Fig. 5.4. The airfoil shape

R N

Figure 5.3 Propeller blade element.
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Plane of _"
Rotation

1}‘; - Do | Axis of

-7 | Rotation
Qr Rotational velocity
4 Translational velocity (true airspeed)
Vi Resultant velocity
A Effective resultant velocity
v, Elemental induced velocity
o Effective pitch angle
B Geometric pitch angle
a; Elemental induced angle of attack
a, Elemental angle of attack

Figure 5.4 Forces, velocities, and angles for a blade element.

can be clearly seen, and many of the angular and velocity notations are
analogous to those used in wing theory.

To simplify the development of the blade element theory, it is assumed
that each element is subjected to two-dimensional flow only and that each
element is independent of its neighbors.

The aerodynamic lift force produced by the d, will be perpendicular to
the effective velocity, V., and will be inclined from the axis of rotation by
the angle ¢+ ;= tan~! [(V + v,)/Qr]. For freestream velocities experienced
by airships it may be assumed that this angle is small, and

sin (¢ + ;) = ¢+ ¢ in radians
tan (¢ + o) = ¢+ o in radians
cos (p+ o) =1
Thus, the elemental thrust is
|[dT| =|dL| cos (¢+ o) = |dL| (5.13)

Similarly, the drag force opposing the rotation of the propeller element
will consist of a drag component, dDy, and a component due to the inclina-
tion of the lift force, the induced drag, dD;:

|dD| = |dDg| cos(¢+ o) + |dL]| sin(¢+ )
|dD| = |dDo]| + |dL] (¢ + ct) (5.14)
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It is now possible to express the thrust produced by a single element as

dT = dL = dynamic pressure X area X lift coefficient
dL=(Y%pVZ)(cdr) ce (5.15)

where ¢¢ is the two-dimensional lift coefficient of the element. To deter-
mine the thrust of the propeller one must integrate this expression across
the span of the blade and multiply by the number of blades (b):

T = bJORO'S pV2ccedr (5.16)

Practical propeller blades do not run to the axis of rotation because
some allowance must be made for a mounting hub and, possibly, a pitch
changing mechanism. For this reason the inner limit of integration, r;, is
usually taken as 0.1R. Similarly, some accounting must be made for losses
caused by a decrease in effectiveness of outboard blade elements that
results from the formation of a blade tip vortex. The outer integration
limit is usually taken to BR where the empirically determined tip-loss-
factor B = 0.96.

By ignoring compressibility effects, Eq. (5.13) becomes

T=05pb[" Vccrdr (5.17)
7y

where V, will vary with , and ¢ and ¢, may or may not be functions of radial
position. Generally, c = c(r) is specified, but in order to calculate the propul-
sive thrust, one must know V,= V,(r) and c¢ = c¢(r).

From 5.4 it is obvious that

1/2
Ve =[ (v, +v) ()] (5.18)
and the two-dimensional lift coefficient may be expressed as
V+v
Cg:aarza[ﬁ—(dwrai)]:c{ﬁ— er} (5.19)

where a = dcg/de. Due to variations in local Mach number across the blade
span, a will vary with r. However, with little loss of accuracy, it may be assumed
that 4 is a constant with a value appropriate for the conditions at » = 0.75R.

Equations (5.18) and (5.19) still cannot produce the key to solving for
the thrust of the propeller until the local induced velocity, vy, is known at
every blade location. An expression for v, can be obtained by employing
simple momentum theory in an elemental approach. Figure 5.5 shows an
actuator disk upon which an annulus dr wide and located a distance r from
the center has been using the same logic as was used to develop Eq. (5.7),
the differential thrust produced by this annulus will be

dT = p(27rdr)(V +v,)2v, (5.20)
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Figure 5.5 Annulus of an actuator disk.

From blade element considerations, the thrust generated by this same
annulus will be the product of the thrust produced by a single element
located a distance r from the axis of rotation [Eq. (5.15)] and the number of
blades (b). With Egs. (5.18) and (5.19) this becomes

_ b 2 2 V+vr 1

dT = 2p[(vr +V)° +(Qr) ] ¢ a[[)’— o | (5.21)
Using Egs. (5.20) and (5.21) and solving for vy:
Q12
v
ZQr(ﬂ—fj
v, = (K+—bmg)—1+ 1+ L (5.22)
2 lér 4arv? bcall
+V+
bcal) 167 |

which, within the limitations of the theory, will predict the induced velocity
at a radial distance r of a propeller of known physical characteristics that is
axially translating at a velocity, V.

Theoretically, it would be possible to introduce Eq. (5.21) into Eq. (5.22)
and integrate the latter expression between appropriate limits to calculate the
thrust of a propeller of arbitrary twist distribution. In practice, however, the
resulting expression would prove extremely difficult to handle. Satisfactory
results can be obtained by dividing the blade into a finite number of stations,
calculating v, and d7 at each station, and finally computing r total thrust via
graphical integration or some numerical technique such as Simpson’s Rule.
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The calculation of propeller thrust can be greatly simplified by the rec-
ognition that, as expressed by Eq. (5.22), the local induced velocity will be
constant across the blade if the quantity 2Qr[ — (V/Qr)] is also a constant.
(It can be shown [5] that constant v, across the blade will require the
minimum induced power for a given thrust and is thus desirable for reasons
other than convenience of computation.) This may be accomplished by
providing the blade with ideal twist such that for any element located at r,
the geometric pitch angle is defined by

BiR .

B= (5.23)
r

where f3 is the pitch of the tip section. This expression becomes unman-

ageable for r — 0 as a result of the small angle assumption

V+w)
Qr

(p+0;)= tan‘l(

Practically, as r — 0, B — 71/2. It must be noted that a unique twist dis-
tribution will be ideal only for a limited number of thrust and airspeed com-
binations. Because T = f(f3) for a given V, varying thrust levels will require
variable ff;. However, because = 71/2 at r = 0 for all cases, the ideal twist
distribution must be optimized for a single thrust/airspeed combination.

The blade element theory furnishes a method for approximating the
total power requirements of the propeller by providing insight into the
profile losses of the blade. From Fig. 5.5 it can be seen that the power
required to rotate the propeller (and thus generate thrust) will be the power
needed to overcome the forces in the plane of rotation. For a single infini-
tesimal element this is

dP =QrdDg cos(¢+ ;) +QrdLcos(p+a;) (5.24)

The term dDy = ¥, pVi# ¢ cq, dr is the profile drag acting on the element,
and thus the first series of terms in Eq. (5.24) may be thought of as the ele-
mental profile power while the second group is the elemental induced
power. Then,

dP=dPy+dP; (5.25)

It must be noted that the induced power requirements are directly asso-
ciated with the production of propeller thrust, and when the expression for
dP; is integrated across the blade radius provisions must be made for the
loss of thrust at the tips. Profile losses, however, are present across the
entire exposed radius of the blade. Thus, each of the terms in Eq. (5.25)
must be integrated between separate limits:

R
P= O.Spb[jr (Qr)ZVe ccdydr+ IfR Vec(BQr =V —v, )(V +v, )dr] (5.26)

i
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This general equation is for modern propellers that employ ideal twist.
Also, because most propellers are designed so that each section is operat-
ing at a low angle of attack, each element will also be functioning in the
angle of attack region where the two-dimensional, incompressible profile
drag coefficient, ¢y, is approximately constant, and for low speed applica-
tion ¢4, may be removed from the integral. This last statement is certainly
not true for high speed propellers, however. As shown in Fig. 5.6, the resul-
tant tip speed of a rotating blade is a function of rotational velocity and the
true airspeed. At high flight speed and high propeller rpm (necessary for
high thrust) the tip Mach number may approach or surpass the critical
Mach number (~0.9) of the tip sections, and ¢4, will experience a drastic
increase as r— R. (For simplicity, skin friction, pressure, and wave drag
effects are lumped together in cg,).

Equation (5.26) provides a key to understanding the rationale behind the
selection of a certain propeller geometry to fulfill given design requirements.
For low-to-moderate airspeeds where cg4, will be constant, power require-
ments may be reduced by minimizing the blade chord toward the tip where
dynamic pressure is greatest. However, this high dynamic pressure in the
blade tip region is also responsible for the lion’s share of the resulting thrust,
and larger tip chords would be desirable from this standpoint. Some compro-
mise must be reached, and the results are planforms of the type shown in
Fig. 5.7b. Blade A is a type used on low speed general aviation craft. It features
a circular or elliptical root section developing into an 8—12% thick section at
the outer radii. Operating at rotational tip Mach numbers approaching 0.8,
a propeller utilizing this blade can fly at airspeeds up to approximately

Direction ‘/B’| B=blade pitch (deg)

4___ . a=blade angle of attack relative
of Flight . | = Vi

to resultant flow VR
a=f-y=B-arctan(V/QR)
V=forward speed (f/s)
R=propeller radius (ft)
QR=2nnR=flow over propeller tip

due to propeller rotation (f/s)

n=propeller speed (rev/s)
Q=propeller speed (rad/s)
Vtip=propeller tip speed

= 4/ v2+2nnR)?

Axis of

Rotation

Plane of
Rotation

Figure 5.6 Resultant velocity at a propeller tip.
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Clark-Y

RAF-6

Figure 5.7a Typical propeller airfoil sections.

Mach = 0.4 before compressibility effects begin to be felt. Blade B exhibits a
planform designed for use at high subsonic Mach numbers and features thin
sections and reduced chord at the tip. In this way the drag effects of transonic
tip conditions can be minimized. This class of propeller blade has not found
widespread application because the speed range for which it is designed
(Mach = 0.6-0.8) can be more efficiently handled by turbofan engines.

A practical blade planform for the middle subsonic range is the paddle
blade design, blade C, which was used on the original C-130 and Electra
aircraft. The wide tip chord of this blade would seem to produce higher
compressibility losses, but, as demonstrated in [7], the opposite is true. The
blade with a large chord at the tip will be more efficient than a tapered blade
producing the same thrust at the same operating conditions because the tip

]

A C
General High Moderate Good Aero Airships
Aviation Subsonic Subsonic Bad Structure

Figure 5.7b Typical propeller blade planforms.
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sections of the wider, untapered blade will be operating at a lower ¢, and will
have a higher critical Mach number. This argument would indicate that an
even more efficient design would employ inverse taper as shown by blade D.
While promising from an aerodynamic viewpoint, this approach has not
been accorded wide acceptance because of structural difficulties.

Comparing blade E to aircraft propellers shows its unique geometry
because airships have much smaller forward speeds, V, and lower rpm
which means V7 is lower until getting near the blade tip. Generally speak-
ing airship propellers have much lower disk loading and the blades have
higher fineness ratios.

MEEEY vortex Theory

While providing a rapid method for the preliminary calculation of pro-
peller performance, blade element theory does not provide the accuracy
needed for detailed design work. Such factors as tip losses, three-dimensional
effects, and mutual blade interference (which is significant) cannot be pre-
dicted by this method. For example, blade element theory indicates that a
linear increase in thrust with no change in efficiency will result from adding
blades to a propeller while, in fact, the most efficient propeller consists of a
single blade with efficiency decreasing as the number of blades increase.

The third major branch of propeller theory, vortex theory, overcomes
many of the limitations of the previous two methods and offers the capabil-
ity for great accuracy. The equations required to implement this theory
satisfactorily requires the use of high speed computers and sophisticated
CED codes. The details of the vortex theory are beyond the scope of this
text and are more the tool of the propeller designer rather than the aircraft
designer. The interested reader is referred to [1, 3, 4] and [8].

Propeller Design Parameters

While the previously discussed theoretical methods for propeller analy-
sis provide convenient and relatively accurate schemes for predicting the
performance of airscrews of known design, they would prove to be too
cumbersome for application to preliminary design purposes. To establish
the propeller design parameters required by the preliminary design process,
various semi-empirical methods are employed. Reference 9, for example,
provides rapid performance calculations for light aircraft propellers driven
by engines of up to 300 hp and at flight speeds ranging up to 200 kt. Air-
ships use scaled up versions of these general aviation propellers.

The task of identifying the characteristics of a propeller to meet a given
set of performance specifications is essentially a two-part problem since it
attempts to relate the horsepower available to the thrust provided by the
propeller in the takeoff mode and in the cruise mode. Each of these
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segments requires independent methodology, and the results must be
blended to provide continuous thrust output for a selected propeller from
brake release through the speed limits of the airship.

At this stage of the design loop the drag characteristics of the airframe
should be well established and should include a rough approximation of
nacelle/shroud drag for the selected number of engines. The major design
parameters to be determined at a given flight condition are the propeller
diameter and the engine shaft horsepower required for that condition. All
other parameters are defined by technology within rather narrow limits. If
the propeller diameter is fixed by some structural consideration such as
distance from the envelope then the resulting efficiency will be less than
optimum, but the design process will be simplified as the required shaft
horsepower can be calculated without iteration.

Certain definitions must be made at this point. As with most aerodynamic
quantities, the thrust developed and power required by a propeller are conve-
niently expressed as non-dimensional coefficients in the following forms:

Power coefficient

P
Cp= pn3D5 (5.27)
Thrust coefficient
T
Speed-power coefficient
NT
Cs= [%) (5.29)

where 7 is the propeller rotational velocity in revolutions per second (rps), D
is the diameter of the airscrew in feet, P is the engine/motor power in ft-1b/s,
Vis the flight speed in {/s, p is the density at altitude in slug/ft3, and T'is the
thrust generated by the propeller in Ib. Notice that Cgs is independent of the
propeller diameter D. The importance of this will be discussed in Sec. 5.5.2.

The ideal efficiency, n; has been defined by Eq. (5.12) and should not be
confused with another measure of effectiveness, the propulsive (or propel-
ler) efficiency,

n, = Thrust Power Output _ TV
P Shaft Power Input pr

(5.30)

This expression accounts for profile losses as well as induced losses and
may be written as the product of an induced (or ideal) efficiency, 7;, and a
profile efficiency, 1,. Thus,

n="nimo (5.31)
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As with the ideal efficiency, the propeller efficiency will be zero under
static condition.

Another useful parameter is the rotational tip speed of the propeller,
Viip, defined as

Viip=QR=nD (5.32)

The rotational tip speed has been given close consideration as a design
point in recent years because of its importance in determining the operat-
ing noise level of the aircraft. Producing an aircraft with acceptable sideline
noise levels is a major challenge to the designers of both civil and military
STOL aircraft, and the reader is encouraged to consult [10] and [11] for
further background on this problem. As a starting point 700-800 f/s is an
upper limit for Vi

The ratio of the true airspeed, V, to the tip speed has proven to be a
powerful propeller design variable in that it is related both to its efficiency
and to its aerodynamic characteristics. This ratio is most often expressed
as the proportional advance ratio

J=VIinD (5.33)

Two more parameters are needed to completely define the propeller
and its operating conditions. One is to establish the blade planform and the
other to set the sectional lift characteristics. The latter condition was
defined in the section on blade element theory as a two-dimensional lift
coefficient, cg, which could vary across the blade span. In practical propel-
ler designs the blade sectional camber is defined by the design lift coeffi-
cient, c¢,, and the camber for the entire blade is designated by specifying
ce, at r=0.7R. Generally cg, at r = 0.7R will vary from 0.4 to 0.6 and minor
excursions from the specified value at sections on either side of r=0.7R will
have a negligible effect on the propeller performance.

The blade planform is expressed by the activity factor (AF), which rep-
resents the rated power absorption capability of all blade elements. Equa-
tion (5.26) indicates that the power absorbed by a blade element will be
proportional to the area of the element times the cube of the velocity. By
assuming V, ~ Qr, the power may be expressed as

dPoc(Qr)3dr (5.34)

since at flight velocities dP,» dP;. This expression has been non-
dimensionalized with Vj;,. and D to form a function of purely geometric
properties and yet which reflects the relative ability of the blade to absorb
power. The activity factor is conventionally defined as

: 3
AF:lOO’OOOJI'O (ij(ij d(i) (5.35)
16 Joisi p J\R) "\ R
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for a single blade. The propeller AF is simply the blade AF times the number
of blades (b). Values for blade activity factor are usually constrained by
structural considerations to values between 80 and 180.

LX) shaft Engine Characteristics

In designing a propeller-driven airship, the designer must consider the
propeller and its engine together as well as the location of the engine.
Engine location is important as it affects weight, maintenance, vectoring,
and many other issues (see Secs. 9.4 and 11.4.8).

Figure 5.8 shows the shaft horsepower-to-weight relationships for a
spectrum of reciprocating piston and turboshaft engines. In most cases,
the turbine engines include the weight of the reduction gearing required
for their application as turboprop engines. The output of these engines is
listed in terms of the shaft horsepower being produced to turn the propel-
ler. This is not a complete picture in the case of the turboprop powerplant
because a certain amount of residual jet thrust, 77 is also being generated.

The propeller tip speed is a function of both propeller diameter and
shaft speed, #, thus the designer is concerned with the gear ratio between
the power turbine or piston engine and the output shaft. Powerplant thrust
changes are accomplished via simultaneous changes in fuel flow and pro-
peller blade pitch. The engines could be designed to operate at a different
output rpm with the attachment of a gearbox. Each turboprop or piston
engine is evolved with a specific propeller in mind, thus the performance is
based on the use of a standard reduction gear.

MEEAY rropelier Suppliers

The design engineer will normally have available propeller operating curves
supplied by propeller vendors. Propeller vendors in the United States are

Hartzell Propellers One Propelier Place
Piquo, OH 45356

McCauley Propellers 5800 East Pawnee
Wichita, KS 67218

Sensenich Propellers 2008 Wood Court
Plant City, FL. 33563

Dowty Propellers 114 Powers Court
Sterling, VA 20166-9321

MEEEY use of Vendor Propeller Charts

Propeller vendors will test their propeller designs in wind tunnels mea-
suring T (thrust in Ib), 17p (propulsive efficiency) for a given P (horsepower),
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n (propeller speed in rps), D (prop diameter in feet), 3 (blade pitch angle in
degrees), number of blades, and V (forward speed in ft/sec). This data will
then be made available in coefficient form as Cpvs Jand Ctvs J. This power
coefficient and thrust coefficient are usually plotted together as shown on
Fig. 5.9a for a three-bladed prop using a Clark Y airfoil section (shown in
Fig. 5.7a). Figure 5.9a is called a propeller map or performance chart. Notice
that at each value of /= V/uD and blade pitch angle there is a unique com-
bination of Cp Eq. (5.27) and C1 Eq. (5.28).

Because most propeller problems involve the determination of the pro-
peller diameter D and blade angle 3 to give an acceptable propulsive effi-
ciency 7np for a given flight condition (density and speed), a coefficient
independent of D would be most useful. For such design purposes the speed-
power coefficient Cs Eq. (5.29) was developed by modifying the Cp and pre-
sented as Fig. 5.9b for a three-bladed propeller with a Clark Y airfoil section.
Figure 5.9b is a typical propeller design chart for determining D, 3, and np
for a required engine power, propeller speed, aircraft speed, and altitude.

The Clark Y and RAF-6 airfoil sections (see Fig. 5.7a) are the most
popular airfoil sections used in modern day propellers. This is because
there is an enormous amount of propeller data (i.e., performance charts
like Fig. 5.9a and propeller design charts like Fig. 5.9b) available in the
public domain as a result of the prolific propeller testing by NACA (National
Advisory Committee for Aeronautics) in the 1930s through 1950s (see [1]
and [12]). The modern day propellers that use high technology, laminar
flow airfoils are only about 5% more efficient than the props of the 1940s.

Sample Problem 5.1: Engine and Propeller Selection for CA-1

We return to Sample Problem 4.1 and select the engine and propeller for
the CA-1. If we assume the maximum speed to be approximately 90 f/s at
4000 ft (53 kt) there are several engine candidates available from Fig. 5.8. This
figure gives the maximum bhp at SL and maximum rated rpm (2700-2800).
Using Eq. (5.37a) to adjust for altitude = 4000 ft gives the following trade matrix:

| Max speed | Total

| | @start of | engine

| bhp | #0of  Total bhp mission | weight

| (SLS) | eng | (4000fr) | (f/s) L))
Wright R-3350-30 780 ] 682 90 1050
PW R-985 Wasp 440 2 769 95 1340
Lycoming 10-540 305 3 800 96 1545
Lycoming 0-360 185 4 647 88 1128

The single Wright R-3350 is not a good choice because of the possibility
of losing one engine. The two, three, and four engine combinations are all
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Figure 5.9a Performance chart for a 3 bladed propeller with a Clark Y airfoil section [1,12].
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Figure 5.9b Design chart for a three-bladed propeller using a Clark-Y airfoil section. [1,12]
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equally good with BSFC and total installed engine weight being major
factors for selection.

As fuel is burned the engines would be throttled back to reduce the rpm
and power available to keep L = W for constant altitude. The CA-1 would
be flown at constant speed, constant C; or some combination for best
range and endurance. From Fig. 4.2a the speed and power vary greatly from
start of mission to the end. A propeller will need to be selected to give good
performance (high 7p) over a broad range of hp and speed.

The Lycoming 0-360 engine (shown on Table 5.1) will be selected for
several reasons, such as

1. It is a very mature and reliable modern engine.

2. There will be four engines so the OEI condition will not be a problem.

3. As the drag decreases, two engines could be shut down in flight to keep
the two remaining engines operating at a lower BSFC.

4. Its total engine weight of 1128 Ib is lower than the other multi-engine
combinations.

Table 5.1 Lycoming 0-360-A Aircraft Engine Specifications [13]

Type—four cylinder, direct drive, horizontally opposed, wet

sump, air cooled engine

Weight, Ib 282
Bore, in. 5.125
Stroke, in. 4375
Displacement, in.3 - 361
Compression ratio 8.5:1

- Cylinder head temperature, max °F - 500

Cylinder base temperature, max °F 325

. Fuel: aviation grade, octane 100-130
Performance point hp
Takeoff rating @ SLS, hp | 185@2900
Max rated @ 700 ft (28 in. of Hg), hp . 180 @ 2700
Max rafed @ 7000 ft, hp - 143@2700
Max rated @ 21,000 ff, hp - 76@2700
Cruise rpm @ 7000 ft, hp - 135 @ 2450
Cruise rpm @ 21,000 ft, hp 74 @ 2450

* Cruise rpm @7000 ft, hp 126 @ 2200
Cruise rpm @ 21,000 ft, hp - 70@2200
Cruise rpm @ 7000 ff, hp . 106 @ 1800
Cruise rpm @ 21000 ft, hp - 55@1800

Cuuise BSFC, loohphr 047
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Using Eq. (5.37a) the maximum rated power at 4000 ft and 2700 rpm is
162 hp for the Lycoming 0-360.

We will assume the cruise strategy for the CA-1 will be to fly a constant
Cy cruise for {L/D)max down to 36 f/s and then a constant speed cruise to
the end of the mission. This cruise strategy is shown on Fig. 4.2a. The pro-
peller will be designed for (L/D)max (minimum drag) at the start of mission
(W = 6000 1b) and 77p = 0.65 (to agree with Table 4.1). Then the np and
propeller diameter will be checked for end of mission and maximum speed.
The propeller will be a variable-pitch propeller.

From Fig. 4.2a the Pg for minimum drag at maximum W}y is 300 hp or
75 hp per engine at V =58 f/s. From Eq. (5.37b) the engine rpm is 1250,
however we will show that the propeller wants to operate at a slower speed
for the low speed airships. Thus the engine will have a gear box that reduces
the propeller speed to 600 rpm.

The data inputs for the baseline propeller are

V=>58f/s

Power required Pp= 75 hp = (75)(550) = 41,250 ft-Ib/s
n=:600rpm =10 rps

B =20 deg (assumed)

Cs=[p/Prn?]92 v=[0.00211/(41,250)(100)]%-2 (58) = 0.803

From Fig. 5.9b

Advance Rafio = J = V/nD=0.54
Blade airfoil: Clark Y

Number of blades = 3

Propeller efficiency n7p=0.65
Diameter D=10.7 ft

At the end of mission (W};= 1000 Ib) the speed is 36 {/s and the Pr =40 hp.
We will shut down two engines so that Pr = 20 hp for one engine at an
rpm = 333. The data inputs into Fig. 5.9b are

V=2361/s

Power required Pp =20 hp = (20)(550) = 11,000 ft-Ib/s

n=333 rpm=5.55rps

B =30 deg (assumed)

Cs=[p/Prn?)02 V=10.00211/(11,000)(30.8)10-2 (36) = 0.822
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From Fig. 5.9b

. Advance Ratio=J=V/nD=0.6
- Blade airfoil: Clark Y
- Number of blades = 3
Propelier efficiency np=0.55
' Diameer D=108ft

The baseline propeller design checks out okay for the EOM design
point except for a lower than desired 7p.
The data inputs for the maximum speed design point are

V=288 f/s at 4000 ft
Power =162 hp = 89,100 ft-lb/s at 2700 rpm

After some iteration the best propeller speed for this design point is
propeller speed =700 rpm = 11.67 rps.

- 0s=0.983
Blade angle = 30 deg
- J=073
- np=0.63
Diameter D=10.3 ft

The baseline 10.7-ft propeller checks out correctly at the three design
points with the blade angle varying between 20 and 30 deg and the 7p
dropping to about 0.55 at the end of the mission. The designer would prob-
ably elect to examine different airfoil shapes for the propeller and iterate on
propeller speed # and blade angle 8 to improve the propeller efficiency.
The propeller efficiency depends primarily on the blade airfoil, blade angle,
airspeed, power, and propeller.

MEXEY Use of Vendor Propeller Charts for Estimating
Takeoff Thrust

At zero forward speed, the efficiency of a propeller is zero by definition,
even though its thrust is not zero. In fact, for the same shaft power a pro-
peller will produce more static thrust (V = 0) than it will with a forward
speed. This can be explained using Fig. 5.6. The propeller develops the
most thrust for a unique blade angle of attack « relative to the resultant
flow V. This o is about 16 deg (depending on the blade airfoil section and
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the section lift characteristics). As the fixed pitch () propeller begins to
move forward the blade angle of attack at the tip decreasesas = f— y=
P—arctan(V/m n D) as shown on Fig. 5.6. At some forward speed V, the
fixed pitch propeller blade &= 0, and the prop would be slicing through the
air over-speeding the engine and producing no thrust. This is the problem
with fixed-pitch propellers. The variable-pitch propeller would increase its
pitch angle automatically with forward speed (keeping its = 16 deg) pro-
ducing thrust all the way out to its maximum speed.

Fortunately airships have low cruise speeds and a fixed-pitch propeller
works quite well for takeoff and cruise. The following example will con-
sider a three-blade, fixed-pitch propeller (Clark Y airfoil section and blade
aspect ratio of 6) on an airship with a 100 ft/s cruise speed. An AR = blade
length/blade chord = 6 propeller with a Clark Y airfoil section will stall at
approximately 16 deg and Re = 3 x 10°. If we assume a blade angle 3 =
20 deg, prop speed n = 20 rps, and diameter = 14 ft, the prop tip speed
and angle-of-attack at SL are

Tip speed = [1002 + (71 D)2 ]2 = [1002 + (879)2 | % = 885 ft/s (Mach = 0.8
so compressibility is not a concern)

Tip orat V=100 ft/s cruise speed is &r=20 — arctan [100/tip speed] = 13.5 deg

which is a good angle-of-attack for developing cruise thrust (tip is operat-
ing at approximately 84% of maximum C;). At takeoff (V' = 0) the propeller
tip region would be stalled at & = 20 deg but would still produce a static
thrust at approximately 75% of maximum Cj. At a forward speed of 65 ft/s
the propeller tip would be unstalled and operating at a = 15.8 deg (« for
maximum Cp) and producing maximum takeoff thrust.

For the same shaft power a variable-pitch propeller will produce the
most thrust in zero forward velocity (i.e., its static thrust is greater than the
thrust produced in forward flight). Figures 5.10 and 5.11 can be used to
estimate the thrust available from a variable-pitch propeller at low forward
speeds. The static thrust is first obtained from Fig. 5.11 and then reduced
by a factor from Fig. 5.10 to get the thrust at 0.7 V1o for a takeoff analysis.
These charts only apply to a variable-pitch propeller that allows the engine
to develop its rated power regardless of the forward speed.

The static thrust for a fixed-pitch propeller is obtained from Fig. 5.9a.
The fixed-pitch angle Sis selected (usually 15 to 20 deg). Then a Cpand Cr
combination is located on the V=0 axis of Fig. 5.9a.

Then using the value of Cp, power (ft-1b/s), prop diameter D (ft), and
density the propeller speed 7 is determined from Eq. (5.27). Then solve for
the static thrust Tp = C7 p n2 D* This static thrust should be less than the T}
for the variable-pitch propeller case. The thrust at 0.7 Vo can be determined
the same way except locate the Cp and C7 combination on the /= V/uD axis.
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Figure 5.10 Decrease of thrust with velocity for different power loadings. [13]
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Sample Problem 5.2: Estimating the Takeoff Thrust
for a Fixed- and Variable-Pitch Propeller

This example will estimate the takeoff thrust at V=0 and 60 ft/s for a
variable-pitch and fixed-pitch propeller for an airship with a three-bladed
Clark Y propeller of D = 14 ft with power = 524 hp (each engine) at SL.

Variable pitch propeller: The blade angle Son a variable-pitch propeller
is automatically changed in flight to operate at a resultant &= 16 deg pro-
viding maximum thrust at all flight speeds V. From Fig. 5.11 the hp/prop
disc area = 524/153.86 = 3.38, which gives To/hp = 6.0. The static thrust is
To = (To/hp) hp = 3144 lb. At a forward speed of 60 ft/s, the curve fit equa-
tion for Fig. 5.10 gives a T/Tp = 0.70152 or a T = 2206 Ib.

Fixed pitch propeller: A fixed-blade angle =20 deg will be selected so
that it produces good thrust at V' =60 ft/s. The Cp=0.09 and C1 = 0.1555
lines merge at f=20 deg on the /= V/nD = 0 axis. The Cp value is used to
solve for the prop speed n:

n=[P/p D> Cp|}/3 = [(524)(550)/(0.002377)(14)> (0.09)]1/3 = 13.6 rps

The static thrust is To = C7 p n2 D*=(0.1555)(0.002377)(184.43)(38416) =
2618 1b. The thrust at a forward speed of 60 ft/s is determined using Fig. 5.9a
for a J = 60/(13.6)(14) = 0.315. For / = 0.315 and = 20 deg, C7 = 0.14 and
Cp=0.088. Solving Cp for n gives n = 13.68 rps. At 60 ft/s the prop is oper-
ating at o = 20 — arctan[60/7 (13.68)(14) = 143 deg and T = Cy p n?2 D* =
(0.14)(0.002377)(187.21)(14)% = 2393 Ib. It should be noted that the propel-
ler blades are stalled at V=0 but the prop is producing relatively good static
thrust.

If we change the fixed pitch B to 15 deg we should improve the static
thrust but will degrade the thrust at V=60 ft/s because the resultant o will
be decreased relative to the =20 deg case. For /=0, f=15 deg, Cr=0.14
and Cp = 0.06. Solving Cp for prop speed gives n = 15.55 rps giving a static
thrust Ty = C7 p n? D* = (0.14)(0.002377)(241.67)(38416) = 3090 1b (18%
higher than the = 20 deg case but close to the T for the variable pitch
prop). The thrust at V=60 is determined along the =15 deg curve inter-
section with the / = 60/(15.55)(14) = 0.275 line giving C7 = 0.103 and
Cp = 0.056. Solving Cp for n gives n = 15.9 rps and T = (0.103)(0.002377)
(252.81)(38416) = 2378 Ib. (within 1% of the =20 deg case). Clearly =15
deg is the better choice for the fixed-pitch blade angle.

Operation of Propeller Systems

The previous section discussed the analysis and design of propellers.
This section will discuss the engines that drive the propeller. The engine
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provides a thrust power available equal to TV, which may be taken as the
propeller output. The power input to the propeller from the engine shaft is
the engine brake horsepower; thus the propeller efficiency is

1 = propeller thrust power/engine shaft brake horsepower (5.30)

In flight, the propeller accelerates a large mass of air rearward to a
velocity only slightly greater than the flight speed, exhibiting efficiencies at
normal flight speeds of between 85 and 90%. The lost horsepower appears
mainly as unrecoverable kinetic energy of air in the slip stream.

The horsepower required for an aircraft to fly at a speed V'is

where the 1/550 converts ft-1b/s to horsepower.

¥ ¥ Reciprocating Piston Engines

The aircraft reciprocating piston engine uses the well-known four-cycle
Otto cycle. An aircraft piston engine is similar to an automobile engine
with a few differences. First, engine weight (hp/lb) is a major performance
parameter. Most aircraft engines are air cooled for this very reason. Second,
reliability is very important as a malfunction at any altitude is a serious
situation. The current piston engines are well developed to give high per-
formance (hp/lb), low brake specific fuel consumption BSFC = (Ib of fuel/
hr)/brake horsepower, and high reliability.

Current piston and turboprop engine weights as a function of shaft
horsepower are shown on Fig. 5.8. The hp/Ib for the current spark-ignition
piston engines varies from about 0.6 for the small engines (less than 600 hp)
to almost 1.0 for the larger engines. The BSFC for all the piston engines on
Fig. 5.8 at SLS conditions varies from approximately 0.5 for the smaller
engines (less than 400 bhp) to 0.42 for the larger engines. Most engines have
a major overhaul recommended at 2000 hr. The engines have two spark
plugs on each cylinder fired independently from engine driven magnetos.

The power output from a piston engine depends primarily on two
parameters . .. the engine rpm and the absolute pressure in the intake man-
ifold. Maximum power is typically at 2800 rpm and SLS conditions of 59°F
and 5.7 psia (30 in. of Hg).

Table 5.1 presents the specifications for the Lycoming 0-360-A aircraft
engine. The 0-360-A is in the Piper Cherokee 180 and represents a very
typical general aviation piston engine that could be used in the design of
airships. Notice that it is designed to cruise at 66% of maximum power,
which is an rpm range of 2200-2450. The maximum throttle performance
degradation with altitude is linear from 700 ft (180 hp @ 2700 and 28 in.
of Hg) to 21,000 ft (76 hp @ 2700 rpm). Cruise power is linear with alti-
tude also.
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A useful expression (from [15]) for the power loss (reduction in brake
horsepower, bhp) with density altitude p is

P

p PSL
bhp =bh _ e 5.37
p = bhpsy, b 775 (5.37a)

At a constant altitude the partial power performance is approximated by

bhp = bhpmax rated (rpm/rpmimax rated) (5.37b)

Piston engines are sometimes supercharged to increase SL power for air
racing or to increase the operating altitude. Supercharging involves com-
pressing the air entering the intake manifold by means of a compressor. In
earlier piston engines, this compressor was driven by a gear train from the
engine crankshaft. The more modern supercharged engines employ a
turbine-driven compressor powered by the engine’s exhaust and are called
turbochargers. The advantage of the turbocharger over the gear-driven
supercharger is two fold. First, the compressor does not extract power from
the engine, but uses exhaust energy that would normally be wasted. Second,
the turbocharger is able to provide sea-level-rated power up to much higher
altitudes than the gear-driven type. Because the speed of airships is less
important than for aircraft, adding heavy and expensive components to
piston engines to increase power is not advisable. It is better to size the
engine and number of engines to that for an existing off-the-shelf engine
than to supercharge a smaller engine.

fiEXY turboprop Engines

Historically airships have been powered by reciprocating engines but
another engine type can be used as well. Turboprop engines are used to
power some aircraft where less speed and more range/endurance is part of
the mission requirement. Compared to piston engines the benefits of a tur-
boprop are lighter weight and less maintenance per flight hour but at the
expense of fuel consumption.

A turboprop engine (sometimes called a turboshaft) is essentially a turbo-
jet engine designed to drive a propeller. The turboprop is shown schematically
in Fig. 5.12 and uses the basic gas generator section of a turbine engine. The
propeller operates from the same shaft as the low spool compressor through
reduction gearing. The hot gases are nearly fully expanded in the turbine first
stage, which develops considerably more shaft power than required to drive
the low spool compressor and accessories. The excess power is used to drive a
conventional propeller equipped with a speed-regulated pitch control. The
remainder of the hot gases are expanded through a nozzle thus providing jet
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Turboprop

< Gas Generator >

Figure 5.12 Schematic of typical engine showing basic gas generator core.

thrust. This engine retains the advantage of having a light weight and a low
frontal area. In addition, it has a high efficiency at relatively low speeds.

The performance (hp/lb) of current turboprop engines is shown on
Fig. 5.8. Turboprops are much lighter than an equivalent piston engine with
hp/lb of approximately 2.2—2.4 for all engines. The shaft on a turbine engine
typically rotates at 10,000 rpm, a speed much too high for propelier opera-
tion. In most cases, the weights shown on Fig. 5.8 for the turboprop includes
the weight of the reduction gearing required for a propeller speed of
approximately 2000 to 2700 rpm. The BSFC for turboprops is about 25%
higher relative to a piston engine.

In a turboprop engine most of the power is extracted as shaft power to
drive the propeller. However there is a residual energy that is expanded
through the nozzle as jet thrust (7)) that is not included in the listed shaft
horsepower. To account for the power produced by this jet thrust an equiv-
alent shaft horsepower (eshp) has been devised to account for the total
power output of the engine. Using Eq. (5.36) the jet thrust is converted to a
thrust horsepower (thp) by

thp = T; V/(0.8)(550) (5.38)

where the 0.8 accounts for a conventionally assumed 80% propeller effi-
ciency. With this expression eshp may be written

eshp = shp + Ty V/(0.8)(550) (5.39)

Notice that this relationship does not account for thrust horsepower
under static conditions where V = 0. For such cases (and for V < 100 kt)
another convention has been adopted to equate a given thrust level per
horsepower. Some European turboprop companies use 2.6 b of thrust per
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horsepower, but the usual equivalence is 2.5 Ib of thrust equals one horse-
power. Thus for V < 100 kt

eshp =shp + Ty/2.5 (5.40)

X Electric Motors

Electric motors are simple and reliable (design life of 30,000 hr when
operated at ~60% rated power). They have a specific power of approxi-
mately 0.27 hp/Ib (0.2 kW/Ib). The electric motors get their power from
onboard APU (auxiliary power units, either piston or turboshaft engines
driving electric generators), batteries, fuel cells, or solar cells (photovoltaic
cells that convert incident solar energy into electricity).

For missions having several day/night (diurnal) cycles, the electric
aircraft would have to seriously consider incorporating solar cells (photo-
voltaic). It would collect solar energy from the sun during the day and
convert it to electricity through the photovoltaic action of solar cells. It
would need to store energy in batteries or fuel cells to power the vehicle
during the night. The solar cells would then recharge the batteries or fuel
cells for the next nighttime operation by collecting excess power during the
day. Theoretically this cycle could go on forever . . . however the batteries
and fuel cells have finite recharging limits and performance degradation
over time [14]. Table 5.2 contains data on electric motors, solar cells, bat-
teries and fuel cells.

Table 5.2 Electric Airship System Data (2010)

Characteristic Electric motor Solar cell m Batteries

Specific energy (\W-hr/lb) 0.2 NA 0.89t 1t 02741
Design life 30,000 hrs § NA 3001
Efficiency (%) 97 28 55 90
Insfalled weight (Ib/sq 1)~ NA 0.1 NA NA

" Weight includes motor, controller, and propeller. Increase weight by 25% for instaliation.
Specific energy is kW/Ib.

T H20 regenerative fuel cell using proton exchange membrane technology. Increase weight by
25% for installation.

¥ Li-S batteries are projected 1o increase to 0.336 kW-hr/Ib by 2015.

§ Solar cells degrade about 1.5% of power output per year.

1300 full depth discharges in 2010, Decreasing the discharge o 50% would increase number
of recharges 1o approximately 1000.

™ Efficiency is energy out/energy in. Solar cell efficiency projected fo increase to 32% and fuel
cell o 65% by 2015.

1 Specific power based on discharge time.
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LRIy Solar Power

The sun is a source of unlimited energy during the day. Every day it
bathes the outer edge of the earth’s atmosphere with 127 W/ft2 of solar
energy on average. The 127 W/ft2 is termed the solar constant. The amount
of solar energy received anywhere on the Earth at a point in time depends
on the latitude @ of the surface, the tilt (inclination) of the earth’s spin
axis as it orbits around the sun, and its position relative to the sun (time
of day).

This dependence is shown in Fig. 5.13. The inclination of the earth to the
orbital plane varies between +23.5° on 21 June and -23.5° on 21 December
and is the reason the Earth has its four seasons. On 21 June the northern
hemisphere is getting more solar energy and is enjoying summer while the
southern hemisphere is getting less and is having winter. On 21 December
the situation reverses. On 21 June the northern hemisphere has its longest
day of the year and on 21 December the shortest.

The solar energy received on Earth is converted to useful electrical
energy by the photovoltaic action of solar cells. The electrical energy per
unit area available from a horizontal solar cell of efficiency 7nsc at an alti-
tude / and solar elevation angle 8is

Power Available = Pgjecs = Psoiar sc sin 0 (5.41)

where 6 is the solar elevation angle of the sun above the horizon and sin 8
accounts for the presented area of the horizontal solar cell. The solar
elevation angle is a complicated function of the latitude, inclination angle
(time of year), and orientation to the sun (time of day). The best way to
determine 6 is to go to the NOAA (National Oceanic and Atmospheric
Administration) Web site and use their solar position indicator.

Psolar is the average solar radiation at altitude, /4, and solar elevation angle
6. The Earth’s atmospheric mass (AM) has a significant effect on the value of
Psplar- The water and ozone in the atmosphere absorbs and scatters the solar
radiation. Ps,j, = 127 W/ft? in space (outside the Earth’s atmosphere at an
altitude of approximately 320,000 ft or 53 nmiles) whereas Psyjqr=96.5 W/ ft2
on the Earth’s surface and 8 = 90 deg having suffered a 24% energy loss due
to atmospheric attenuation. The space condition is termed AM 0 and the
condition on the Earth’s surface and 8= 90 deg is AM 1.0. Values for Pg,j4 at
altitude /4 and solar elevation angle @are given on Fig. 5.14 (essentially /7 and
0 define the slant range through the atmosphere).

Even though the solar energy is limitless and free, it is small when com-
pared to the energy available from burning hydrocarbon fuels (i.e., gasoline
or JP-4). Because the power required increases by the cube of the speed and
the available solar power is small, the speed of a solar airship is low—it will
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: 4 july 82.74 M nm
4 Jan 80.13 M nm
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|
The solar energy incident on the earth changes due to its tilt {indination) and arientation as it revolves around the sun.
The latitude (location), earth’s tilt (time of year), and position (time of day) relative to the sun results in different amounts
of rhe sun'’s energy mttrng the earth

Figure 5.13 Solar energy radiated to Earth during the year.

always be less than 35 KEAS. This can be shown by setting power required =
power available.

Power required = (Drag)(Veloc1ty)/ (Propulsive efficiency)
= (% pCp Vol * VAV lprop (5.42)
Power available = Pg4 Nsc Ssc sin@ (5.43)
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Figure 5.14 Direct clearsky Psojgr (W/ft2).

Then assume typical values for the parameters and solve for Vas follows:

Altitude = 60,000 ft p=0.000224 slugs/t3
theta = 90 deg (optimistic) Psoar= 120 W/ft2 (Fig. 5.14)
- nsc=31% (optimistic) 35% in lab, 31% installed on wing
Tprop = 0.81 (optimistic) Motor, propelier, and line losses
Vol2/3 = Sge Reasonable and it makes the math simpler
Cp=0.024 HALE (Fig. 3.19)
Payload & vehicle power =0 not realistic but makes the point

V=192f/s=114kt at 60,000 ft ~ 35 KEAS  and this is the best it can do

The electrical energy available from a solar cell of an assumed installed
efficiency of 28.7% at Miami, FL (latitude ® = +25°46') and Moscow
(@ =+ 55°45") is shown on Fig. 5.15 for 4 July and 5 January over a 24-hr
period [15, 16]. The area under the curves is the total electrical energy per
unit area [watt-hours per square foot (W-h/ft?) captured by horizontal solar
cells during the daylight hours. Notice that Moscow and Miami have about
the same total energy on 4 July even though Moscow is at a much higher
latitude. The reason for this is that Moscow has more daylight hours than
Miami (17 and 14 hr, respectively). This is not the case on 4 January.
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Figure 5.15 Comparison of electrical energy available for Miami and Moscow at 60,000 ff.
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B ATV solar-Powered Airship Subsystems

The sun is an unlimited source of energy . . . in the daytime. Solar-
powered air vehicles must collect excess energy during the daytime and
store it so that it can be use to power the vehicle during the night. This
section will discuss the major power system components. .. the solar cells,
rechargeable batteries, and regenerative fuel cells.

AERIN) solar Cells

Photovoltaics is the direct conversion of light energy into electricity.
When photons (packets of light energy) strike certain specially prepared
semiconductors (called solar cells), the electrons in the atomic outer rings
loosen to flow out of the cell due to the electric field creating electricity.
Thin wafers of certain elements/compounds (such as silicon, germanium,
copper, indium, gallium arsenide, cadmium telluride) form semiconductors
that capture photons in specific wavelength bands of the solar spectrum
(UV,visible, IR). By stacking different semiconductors (called multijunction
devices) more of the solar spectrum can be captured.

A single silicon semiconductor has a solar cell efficiency of about 20%.
In 2008 the triple junction Galn/GaAs/Ge thin film semiconductor
captured most of the solar spectrum with a laboratory efficiency of 28%.
Multijunction solar cells are projected to produce a laboratory efficiency of
32% in 2015 (see Table 5.2).

m Regenerative Fuel Cells (RFCs)

A fuel cell is an electrochemical energy conversion device. A Hy/O fuel
cell converts external hydrogen and oxygen gas into water, heat, and elec-
tricity (about 0.75 volts DC). The water is stored, the heat is used to keep
the equipment warm and the electricity is used to run equipment. The fuel
cell will continue to produce electricity, as long as there is Hy and Oy. The
Hy/O» fuel cell can be recharged by electrolysis and therefore used as an
energy storage device. A DC current is passed through the stored water. Hydro-
gen bubbles form at the anode (—) and oxygen bubbles at the cathode (+). The
two gases are stored in separate tanks until needed to generate electricity.
Currently the Hy/O fuel cell has a specific energy of 0.89 kW-hr/Ib and is
projected to have a round-trip efficiency (energy out/energy in) of 65%
in 2015 (see Table 5.2). The fuel cell power system is shown schematically
in Fig. 5.16.
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electrolyzer

Figure 5.16 Day-night energy storage, solar, and fuel cells.

MERIEF) Rechargeable Batteries

A battery is an electrochemical energy conversion device with all the
chemicals internal to the device. The battery can be made to be rechargeable
and thereby used as an energy storage device similar to RFCs. The charac-
teristics of a battery are given in Table 5.2.

The advantages of a battery relative to an RFC are

1. Simplicity — it is like a flashlight
2. Higher basic round-trip efficiency (i.e., 90% compared to 55%)

The disadvantages of a battery relative to an RFC are

1. Lower specific energy (i.e., 0.27 kW-hr/Ib compared to 0.89). Not all of
the reactants embodied in battery electrodes are accessible. Some cannot
be reached and remain as useless weight after discharge.

2. Full depth charge/discharge cycle limits. The electrodes are consumed
during the recharging process and the current cycle limit is about 300
cycles. Reducing the depth of discharge (i.e., partial discharge) increases
the number of cycles.
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MRy Propulsion and Energy Storage System Sizing

This section will size the propulsion and energy storage system (solar
cell area, batteries, RFCs, motors, and propellers) for a solar-powered
airship conducting ISR over Miami, FL 24/7 for a duration of one year.

Sample Problem 5.3: Solar-Powered Airship Sizing
We will assume the HALE airship to have the following features:

Max altitude © 65,000 ft
Station 60,000 ft

From Fig. 5.17 the winds aloft are the lowest around 65,000 ft with
a maximum wind speed of 44 f/s (26 kt) and an average wind speed of
17 f/s (10 kt) over Miami on 4 Jan. The HALE propulsion system will be
sized to counter the maximum winds on the critical winter day (4 Jan with
its short daytime hours) to ensure the vehicle is not blown out of its ISR
pattern box.

80

60

40

Altitude (1000 ft)

20

0 20 40 60 80 100 120 140
Wind Speed (kt)

Figure 5.17 Variation of wind speed with alfitude for Miami on
4 January. (NCAR data).
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Assume the following weight and power for the HALE airship:

_ Weight (Ib) | Power (kW)

Payload 500 1
Vehicle 3400 4
Propulsion + power storage 800 TBD
Other/margin 300 1
Total 5000 TBD

The lifting capability of the Solar HALE airship using 98% pure helium
is given by Eq. (2.6) as

Weight = Buoyant Lift = (Volume)(0.065)c (5.44)

where ¢'is the ratio of densities (o= 0.0754 at 65,000 ft). Thus, the airship vol-
ume to lift 5000 Ib to 65,000 ft with the ballonets empty (maximum altitude) is

Volgme = Lpuoy /0.065 0= 5000/(0.065)(0.074) = 1,040,000 ft3
Vol ™3 = 10,264 ft?

Fineness Ratio = length/diameter = 3.2

Dynamic pressure, ¢, at 65,000 ft and 44 f/s = 0.17 Ib/ft?
Assume Cp =0.024 (Table 3.1) and 77, =0.80

The drag=(0.024)(0.17)(10,264) =42 Ib and the propulsion power required
Pp = (drag)(max speed)/5507), = (42)(44)/(550)(0.80) = 4.2 hp = 3.1 kW and
the total power required during the day is 9 kW.

We will refer to the all-electric aircraft database shown in Table 5.2 and
assume a solar cell efficiency of 32% (note, these cells will be multijunction
cells and will be expensive). Each solar cell generates 0.5 volt. The cells are con-
nected together to form a blanket (typically 36 individual cells are connected
together, generating 18 volts DC with a blanket-packing efficiency of ~96%).
The blankets are connected together to form a solar array with an array elec-
tronics efficiency of 96%. The solar arrays are glued to the top of the HALE
envelope. If the cells are going to be in service for long periods, the environ-
ment will degrade the cell efficiency by about 1.5% per year an effect called
end-of-life efficiency. We will assume that 4 January occurs in the middle of
the one year mission; then the cell degradation will be minimal during the
period of short daylight hours. Thus, we will assume an installed solar cell
efficiency (32)(0.985)(0.985)(0.96)(0.96) = 28.7% at the end of the second year.

At this point a decision needs to be made as to where the electrical
energy comes from to power the HALE through the night when Pgy,;, is
zero. The answer is that all daytime solar energy > 9 kW will be stored and
used to power the HALE at night. The two candidate storage schemes are
rechargeable batteries and regenerative fuel cells (RFCs . .. usually Hp/O»).
Table 5.2 has design data on batteries and RFCs.

189



190

Fundamentals of Aircraft and Airship Design: Volume 2

We will initially assume that the energy for nighttime operation will be
stored in rechargeable batteries. While batteries have a much simpler
installation than the RFCs, they have a limited life of approximately 300 full
depth discharges (see Table 5.2), which would not work for a one year
mission. However, if the discharges are less than full depth (which is the
case for most of the year when the nighttime hours are much shorter than
those for 4 January) the battery life is doubled.

The baseline round-trip efficiency (RTE) is 0.9. However there are
line losses that need to be considered. First there is a transmission effi-
ciency 71rans = 0.98 going in and coming out of the battery. Then there is a
power switch/step efficiency nswitch = 0.90 going in and coming out of
the battery. The line losses amount to (0.98)(0.98)(0.9)(0.9) = 0.78. Thus,
the total RTE for the battery storage system is nrTg = (0.78)(0.9) = 0.7.
The continuous power that needs to be provided to the batteries is
9/0.7 =13 kW.

The solar cell sizing problem is one of collecting an excess amount of
energy during the daylight hours, storing it in rechargeable batteries (or
RFCs) and using it during the night to power the HALE vehicle. Figure 5.18
helps to understand the diurnal power balance.

We iterate on the Fig. 5.18 (a or b) Miami 4 January curve to find the
CPL (daytime continuous power loading) that gives

A =142 —(CPL)(daytime hours) = (CPL/0.7)(nighttime hours) = Ry p2+margin
Using CPL = 4.5 W/fty gives A = 142 ~ (4.5)(9.3) =49.5 + 43.8 + 6.9

Thus A = Ry + Ry assuming a 7.4% margin. During the conceptual design
stage it is always a good idea to carry a 6-10% margin. Notice that for all
other days A > R + Ry and the airship will have the problem of rejecting the
excess energy.

The daytime continuous power requirement is 9000 watts and the solar
cells are providing 4.5 W/ft2. Thus the solar cell area needs to be 9000/4.5 =
2000 ft2 of horizontal surface. Because the HALE FR = 3.2, the solar cell
should be 80 x 25 ft. The solar cells are mounted on an insulated blanket to
keep the rejected heat from conducting into the airship envelope. The
blanket is glued to the top of the airship. The cell area would be adjusted
upward on subsequent design iterations to account for the curvature of the
surface. The airship would be pointed towards the sun as much as possible
to minimize the cells deviation from a horizontal surface. The HALE con-
figuration is shown on Fig. 5.19.

The weight of the batteries is based upon the discharge W-h. For the
batteries the discharge power is 12.86 kW and the discharge time is 14.7 h or
189 kW-hr. From Table 5.2 the specific energy for batteries is 0.336 kW-hr/Ib
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Figure 5.18a Diurnal energy balance example basics for stationkeeping over Miami.
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15 | | Solar Cell Efficiency = 28.7%
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Figure 5.18b Diurnal energy balance example for stationkeeping over Miami
on 4 January. Data from Fig. 5.15 (cross-hatch is battery storage).

Solar Cells

Solar Cells

Length = 286 ft

Solar Cell Area
Diameter = 89.5 ft A=25x80
FR=3.20 L A=2000ft*
N {for battery storage}

Figure 5.19 Solar High-Aliitude-Long-Endurance (HALE) configuration.
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(in 2015) giving a battery weight of 563 Ib. There is a 15% installation factor
for batteries. The weight of the installed solar cells is (0.1)(2000) = 200 Ib.

The RFCs are sized in the same manner as the batteries. Using the 2015
value for the uninstalled RTE for the RFCs (Table 5.2) gives an installed
RTE of (0.65)(0.78) = 0.507. Iterating on Fig. 5.18 indicates a daytime power
loading of 3.6 W/ft? (nighttime of 3.6/0.507 = 7.1), which gives a power
balance of 107.8 W/ft? available and of 101 W/ft? required for a 6.7%
margin. The RFC discharge power is (29/0.507)(14.6) = 259 kW-hr, which
gives an installed RFC weight of (259/0.89)(1.25) = 365 Ib. The required
solar cell area is 9000/3.6 = 2500 ft> with an installed weight of (2500)
(0.1) = 250 1Ib. Table 5.3 shows a comparison of batteries and RFCs. At
this point in the design of the Solar HALE the RFCs would appear to be
a better storage selection because they are approximately 200 Ib lighter
than the batteries.

We will assume that the maximum power of 4.2 hp is provided by four
electric motors of 1.0 hp each. The propeller will be designed using the fol-
lowing inputs:

Power = 1.0 hp = (1.0)(550) = 550 ft-Ib/s
Maximum speed = 44 ft/s at 65,000 ft (p = 0.000176 slugs/ft3)
Propeller speed = 600 rpm = 10 rps

Using the speed-power coefficient Eq. (5.29) gives
Cs = [(0.000176)/(550)(100)]°-2 (44) = 0.88

Table 5.3 Sizing Comparison for Battery and RFC Storage

| Battery :
Critical Day 4 Jan 4 Jan
Round trip efficiency, nrre (%) 90 65
Installed nrre (%) 70 50.7
Daytime power loading on Fig. 5.18 (W/ft2) 45 3.6
Nighttime power loading (W/fi2) 6.43 7.1
Storage discharge time (hr) 14.7 14.6
Excess energy during daytime, A (W/ft2) 1002 107.8
Energy needed during nighttime, Ry + Rp (W/ft2) 92.6 101
Continuous daytime power (kW) 28 28
Solar cell area (ft2) 2000 2500
Discharge power (kW-h) 189 259
Battery weight (includes 15% install factor) (Ib) 647 -
RFC weight (includes a 25% installation factor) (Ib) - 364
Installed solar cells (0.1 1b/ft2) (Ib) 200 250
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From Fig. 5.9 (three blade, Clark Y airfoil propeller chart) we obtain

Blade angle = 15 deg
J=V/uD=0.5

where the 17p = 0.78 matches our assumed propeller efficiency and the
advance ratio gives a propeller diameter of D =9.8 ft.

All that remains in order to close the Solar HALE design is the sizing of
the tail and check the assumed TOGW = 5000 lb. This will be done in
Chapters 6 and 9 respectively.

EAEY Energy Balance Method

The energy balance method just discussed in the sizing of the Solar
HALE airship is a very robust approach. The energy balance solution
shown in Fig. 5.18 is independent of the airship size (volume) or the daytime
power requirement. The solution is dependant only on the available solar
energy shown in Fig. 5.15 (function of latitude and date) and the RTE of the
storage device. Once the daytime power loading (W/ft?) is determined, the
airship size (volume) and required power can be changed very easily. The
reason for this is the fact that the airship has so much surface area that an
increase in the solar cell area [solar cell area = (daytime power requirement)/
(daytime power loading from Fig. 5.18)] does not usually require a volume
change. Notice that this is not the case for a solar-powered aircraft where
the solar cells are installed on the wing upper surface as the solar cell area
increases the wing area has to increase, which is a major design change (see
the Solar Snooper example in [16]). The size of the airship would be changed
using Eq. (5.44) only if the component weight build-up did not meet the
assumed weight. If the airship volume changes the energy balance solution
is still the same.
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Sl XY introduction

he design process begins with an estimate of the gross weight, Wg.
The designer will know very little about the airship except its

requirements—usually payload, range/endurance, and altitude.
The designer must then decide on the

. Airship configuration (body of revolution or a multi-lobe hybrid)

. Propulsion system (reciprocating, turbine or solar)—need BSFC and hp

. Structural arrangement (rigid, semi-rigid, or non-rigid)

. Structural material

. Maximum altitude (sizing the ballonets)

. Buoyancy ratio (BR)

. Fineness ratio—length/(equivalent diameter)

. Manned/unmanned

. Tail configuration

. Mission flight strategy (constant C;, constant speed, or some combi-
nation)
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Getting started at this point is challenging because most designers
must make assumptions based upon very little information. Perhaps the
best rule here is to “assume something even if it’s wrong” so that an esti-
mate of W can be made.

It is important to remember that the conceptual design phase is a
looping or iterative process, in which the assumptions are refined on sub-
sequent passes as the design converges to a feasible baseline point (see
Fig. 1.21).

Bl-¥J Weights

The takeoff gross weight is defined as
TOGW = W = payload + crew/equip + W, + empty weight  (6.1a)

The designer needs to pay particular attention to how payload is com-
monly defined as it may or may not include elements such as armament,
accommodations, cargo, passengers, fuel (in the case of an aerial tanker).
Sometimes the payload is expendable (i.e., bombs, missiles, bullets, tanker
fuel, torpedos, sonobuoys, etc.) and other times it is not (i.e., ISR sensors,
cargo, passengers, laser module, and gun). It is the designer’s call as to
whether the gun that shoots the bullets is bookkept as payload or part of
the basic empty weight. But generally, payload is everything that is required
to accomplish the mission. The payload and crew weight is usually defined
by the customer.
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Aircraft design text books [1, 2, 3] use the equation
Fixed weight = payload + crew/equip (6.2)

for preliminary sizing and defines W¢ = Fixed weight + We; + WE

The empty weight (W) and fuel weight, W/, are discussed in the next
two sections.

Operating empty weight (Wopg) is another useful weight used by the
mass properties and performance engineers in weight summaries

Wor = Wg + trapped fuel + crew (6.3)

where trapped fuel is the fuel trapped in the fuel system lines and not avail-
able for the mission. Typically trapped fuel is less than 1% of the total fuel
required for the mission and is often ignored in preliminary sizing.

The zero fuel weight Wzr is defined as

Wzr = Wor + payload (6.4)
Using the definitions for Wog and Wzr Eq. (6.1a) is rewritten as
TOGW = W = payload + Wyer + Woe = Wzr+ Wi (6.1b)

Military [4] and commercial [5] performance analyses use the following
weight definitions:

Commercial: Landing weight = Wor + Whelres (6.5a)
Useful Load = payload + W (6.5b)
Military: Landing weight = Wi — % W (6.5¢)
Combat weight = Wi — % W (6.5d)
XY Empty Weight

The empty weight W of the airship includes envelope fabric and structure,
ballonets, propulsion system, gondola, tails, subsystems, avionics, and so on.

The designer will soon discover that this preliminary estimation of the
aircraft empty weight is the weakest part of the conceptual design analysis
and it has tremendous leverage on the airship gross weight. It is almost
impossible to estimate with any degree of accuracy the empty weight of
something that has not been built (usually with new subsystems and struc-
tural materials). However it is important not to get delayed by challenges
such as this or the airship will never be designed.

Sometimes the empty weight is expressed as

W= Wy + WeEQ (6.6)

where = Wy is the manufacturers empty weight (sometimes called the
AMPR weight or green weight) and is used in costing the manufacture of
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Figure 6.1 Operating empty weights of historical airships, rigid and non-rigid.

the airframe (Chapter 24 [1]). The Wrg( is the weight of the procured items
(such as engines, wheels, landing gear, avionics, instruments, environmen-
tal control system, and auxiliary power unit).

The operating empty weight is determined by using historical data and
trends as shown on Fig. 6.1. Notice that the non-rigid data has a tight
grouping around its trend line whereas the rigid data exhibits more scatter.
There is a cluster of rigid airship data at W = 1-2 x 10° Ib, which is well
under the trend line. These were very lightweight and fragile German air-
ships in the 1930s designed for reconnaissance at 20,000 ft. These designs
were not included in the equation on Fig. 6.1. The Wg will be refined by
doing a weight build-up (discussed in Chapter 9). It is always a good idea to
compare the Wor estimate with real airship data in Appendix D.

ST Fuel Weight

The Wfyel, is determined by assuming a gross weight, W and estimat-
ing the Wog from Fig. 6.1. The fuel available is then

Available fuel, W1, = W — Payload — Wog (6.7)
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The range or endurance that can be achieved with the available fuel is
determined and compared with the required range or endurance. If the
comparison is close (within 5%) the assumed W is a good preliminary
estimate of the W and the design is ready for refinement as shown on
Fig. 1.21. If the comparison is not close the W needs to be increased—or
decreased—and the analysis repeated.

The helium volume required is estimated knowing the amount of the
W that needs to be lifted by the helium to the maximum altitude (where
the ballonets are empty).

Volume = (BR)(W)/[(0.065) o] (6.8)

where 0= p/psy. at the maximum altitude for the airship.

The helium volume is needed as it equals the volume of the hull (or
envelope) and is used to calculate the airship dimensions and surface area
for estimating the aerodynamics. This approach would not work for sizing
a rigid airship since the hull volume is larger than the helium volume. The
rigid airship hull is essentially a cage holding the helium balloons. Histori-
cal data for rigid airships indicates a hull volume approximately 10% larger
than the helium/hydrogen volume and accounts for the rigid airship Wg
being above the trend line for non-rigid airships on Fig. 6.1.

For a body of revolution (one-lobe conventional airship) configuration
the designer must calculate the length /g and diameter using the required
volume and assumed fineness ratio FR.

For a hybrid configuration finding the length, width, and height is more
involved. The length and width of the hybrid configuration are determined
assuming a prolate spheroid having the same volume as the hybrid (see
Fig. 3.4). Using volume = 7 [ (diameter)?/6 and the assumed FR, it is pos-
sible to calculate the length and diameter of the prolate spheroid. The
cross-section of the prolate spheroid is then flattened to an elliptical shape
with the major (width/2) and minor (height/2) axis the same as the hybrid.
Then calculate Sy, = 7 (width/2)(length/2) = 7 (FR) (width/2)? and aspect
ratio AR = (width)Z/Spla,,. The envelope surface wetted area is estimated
using Eqs. (D.3) and (D.4).

The tail area is estimated using the tail volume coefficient method of
Chapter 7. Assume the tail moment arms /g1 = ly7 both equal to 36-43%
of the airship length /p. The c.g. is typically at the same x-location as the
c¢.b., which is located at ~0.45 Ip .

The Cp, is estimated using the method discussed in Chapter 3, Sec. 3.5.3.
Be sure to include all the miscellaneous drag items discussed in Egs. (3.23) to
(3.37). The drag-due-to-lift factor K is determined using Fig. 3.26. Be sure to
reference the Cp, and K to the same reference area . . . either Vo/2/3 or Splan-

Finally calculate the range or endurance with the available fuel using the
assumed flight strategy:
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Constant C;

Cr= (Coy/K)"2 (4.19)
Range using Eq. (4.15) with maximum Lgero/D = 1/(4 Cp, K)"% (4.20)
Endurance or cruise flight time using Eq. (4.34b) )
Constant speed: Range using Eq. (4.18)
Endurance using Eq. (4.35)

Compare the available range or endurance with the requirement. If the
range or endurance is less than the requirement, the W will need to be
increased and the fuel weight analysis repeated. Continue the iteration
until the available range or endurance is within 5% of the requirement.

The analysis proceeds until it is clearly evident that the assumed W( is
not going to work. At that point the W is adjusted up or down and the
analysis is started over. This iteration on W continues until the Wog
build-up (discussed in Chapter 9) plus the Wy, and payload weight equals
the assumed W [Eq. (6.1)] within 1%.

Notice that this sizing process could also start by assuming an initial
volume and iterating on volume until there is design closure. The sample
airship problems in Chapters 11 and 12 will be an example of preliminary
sizing by initially assuming a volume.

Sample Problem 6.1: Estimate the Gross Weight of the
CargoStar Vehicle

This problem will demonstrate the methodology for estimating the
gross weight (W) of a hybrid airship designed for transporting cargo.
The requirements for the CargoStar (Fig. 6.2) are a payload of 34,000 Ib and
range of 5000 nm. The assumptions are as follows:

Configuration:

3-lobe hybrid airship similar to HA-1 (see Fig. D.2)

Buoyancy Ratio (BR) = 0.75 @ takeoff

Propulsion — (4) IC engine/props at BSFC =0.47 (see Table 5.1) and 1p = 0.65
Cruise speed = not specified (cruise can be constant V or Cy)

Cruise altitude = 4000 ft

Maximum speed = 65 kt @ SL

Maximum altitude = 12,000 ft (maximum altitude for manned airships
without pressurization)

Helium @ 98% purity: Force = 0.0646 lb¢/ft3 (see Sec. 2.3)

Ballonet fraction = 0.45 (see Fig. 9.3, used “conservative” line)

Crew=5

Fineness ratio, FR = length/(equivalent diameter) = 2.86
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Buoyancy Ratio 0.75

Buoyant Lift 69,7501b

Weight 93,0001b

Payload 34,0001b

Range 5000 nm

Fuel 22,0001b

OEW 37,0001b

Lagero (heaviness) 23,250 1b

BSFC 0.47 Ib/hp-hr

Np 0.65

Cpo 0.0314 Length 290 ft

K 0.28 Width 135.2ft

Cla 0.045 Height 67.61t Tail strike angle 12°
Aspect Ratio(AR) ~ 0.594 Splan 30,778 ft
Volume 1,560,000 f® Diameter (equiv)  101.4ft
Ballonet volume 702,000t FR 2,86
vol*? 13,463 ft Reserve Fuel 5%

Figure 6.2 CargoStar—hybrid transport example (ref area = Voi2/3),

Tail moment arm = 0.38 €
Takeoff/landing distances = not specified
Reserve and trapped fuel = 5% and 1% respectively

The preliminary sizing starts by assuminga W = 93,000 Ib. From Fig. 6.1
the Wog = 37,000 Ib, which gives an available fuel weight W, = 93,000 —
37,000 — 34,000 = 22,000 Ib. The L ¢y, will compensate for the fuel burned
from 22,000 Ib down to 1320 Ib (5% reserve and 1% trapped fuel).

The sizing continues with determining the volume of CargoStar.

Volume = (BR) (W5)/(0.0646 o)
= (0.75)(93,000)/(0.0646)(0.6932) = 1.56 x 106 3
Vor23 = 13,463 fi2

Next we find the length and diameter of an equivalent body of revolu-
tion of the same volume and FR = length/diameter = 2.86. The volume = 7
(length)(diameter)?/6 so that length = £ =290 ft and diameter, d, = 101.4 ft.
Using the geometric condition given on Fig. D.2 that each lobe intersects
the adjacent lobe by an amount equal to its radius, we use the relationship
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on Fig. D.3 that d./lobe diameter = d./d. = 1.5. Thus the lobe diameter is
dc=67.6 ft and the hybrid width = (1 + #lobes)d./2 = 135.2 ft from Fig. D.2.
From Fig. D.2

Splan = 7 €p (width)/4 = 30,778 ft2
AR =4 (width)/(7 €g) = 0.594

Using Eq. (D.3) and correcting for a three-lobe perimeter (Fig. D.4) gives
CargoStar a surface area of (Syer),,,, = (77,367)(1.081) = 83,634 ft2.

The required tail area is determined from the tail volume coefficients
shown on Fig. 7.1. For a Cyr=0.0684, Cy1=0.061 and a tail moment arm
of (0.38)¢p = 110.2 ft, the Sy = 2423 ft? and Sy = 2161 ft% giving a total
tail area of 3427 ft2.

The method for estimating the Cp, and K follows the discussion in
Chapter 3. The cruise speed is assumed to be 59 f/s (35 kt which is a realistic
speed) at 4000 ft, resulting in a Re of 9.6 x 107, which gives a body turbulent
Cr=0.0021 from Eq. (3.20). The body form factor FF =1.61 for the FR =2.86.
Using Eq. (3.23) and a body surface area of (Syet)e,,, = 83,634 ft> and assum-
ing 90% turbulent flow gives an envelope drag area, Cp Seny = 252.6 ft2. The
remainder of the drag area components are determined using Egs. (3.24)
through (3.37). The drag build-up is as follows:

Envelope Cp Senv=1252.6
Envelope accessories Cp Seqg=10.2

Tail surfoces - CpSis=32.47

Bracing cables Cp Spc=25.37

Tail control lines Cp Sci= 0 (fly by wire)
Tail surface accessories - CpSisa=1.72
Car/gondola (fairing incl) . CpSer=35.18
Outriggers Cp Sour=12.11

Engine nacelle Cp Snac=17.0

Engine cooling Cp Scooi=27.9

Handling lines Cp Sni=0 (has an ACLS)
Interference CpSmi=6.5

Air cushion landing system Cp Sacis = 2.0 (retracted)

Total drag area = 423.0 {2
Coy (referenced to Vo//%) = 423.0/13,463=0.0314

The drag-due-to-lift factor K is determined from Fig. 3.26. For an
AR = 0.594 we obtain K = 0.67 (referenced to Syjzy). Using the N = 2.4
determined in Sec. 3.3.1 gives a K (referenced to Vol2/3) = 0.67/N, = 0.28.

The range will be determined using two different cruise strategies.
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Cruise Strategy #1-Constant C, at
maximum aero L/D (V decreases)

This cruise strategy is at minimum drag (maximum aero L/D). As fuel
is burned the CargoStar will slow down. The range equation for this
strategy is

(4.15)

32677[7 Laem In |:WH() :|

Range(nm) = BSEC D W
1

which assumes the aero L/D = 1/[4Cp, I(]l/2 = 5.33 for a constant Cj =
(CDO/K)l/2 =0.335 and speed decreasing as fuel is burned. At the start of the
mission Lgero = (1 — BR)(Wg)=Wiy,=23,2501b, and at the end of the mission
after burning 20,680 Ib of fuel (leaving 5% reserve and 1% trapped fuel)
Laero = WhH, =23,250-20,680 = 2570 Ib giving W}y, /Wy, = 9.047. The range
for this first set of assumptions (first iteration) is

Range (nm) = 326 (0.65)(5.33) In (9.047)/ (0.47) = 5292 nm

and the speed varies from 41.4 kt (70 f/s) to 13.8 kt (23 f/s), which is close
to the average speed of 35 kt used in the Cp, calculation. Obviously, one of
the disadvantages of flying at the optimum C; is that end-of-cruise speeds
can become unacceptably low.

At landing the CargoStar would weigh 72,320 lb and would be 2570 1b
heavy. The hybrid airship would have to be ballasted or tied down as the
payload is removed. In order to prevent this operational inconvenience the
CargoStar would have to be designed with a BR = Wp, /W = 0.4. However
a BR=0.75 is about the lower limit as it starts making takeoff a problem for
the airship to generate > 0.25 W in aerodynamic lift.

At a W =93,000 Ib the Wy is 22,000 Ib giving a range of 5292 nm
(~6% greater than the required range of 5000 nm). Thus, we will keep the
22,000 Ib fuel weight for future calculations for cruises at conditions other
than constant C;. A W= 93,000 Ib is a good preliminary estimate for the
start of the design. Further iterations will refine the assumptions, which
might cause the W to change up or down. The preliminary CargoStar
design is shown on Fig. 6.2.

m Cruise Strategy #2-Constant Speed
(C. Decreases)

With cruise strategy #2, flying the best constant speed for maximum
range results in a flight speed of 39 f/s (23.1 kt) and a range of 4460 nm
using Eq. (4.18). Since speed is held constant throughout the mission, C;,
decreases as fuel is burned to keep L = W at a constant altitude. While this
cruise strategy avoids the low end of cruise speeds from maintaining a
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constant Cy it gives up 16% in range. If the mission requires flight at a con-
stant speed then the Wg would have to be increased and the analysis
repeated until the range is acceptably close to 5000 nm.

MR} Cruise strategy #3-Combined Constant C;
and Constant Speed

Cruise strategy #1 gives a larger range than strategy #2 for a given
WH, /WH,- However, the endpoint speed of 14 kt might be unacceptable as
the mission duration is 9.7 days.

A better cruise strategy might be to start the cruise at constant C; and
then shift to a constant speed cruise to reduce the cruise duration. For
example assume that the CargoStar cruises at constant C; = 0.335 for
18,000 Ib of fuel (W, = 23,250 — 18,000 = 5250 Ib) or Wy, /Wy, = 4.43. The
distance covered is 3576 nm, the endpoint speed is 20 kt, and [using the
endurance Eq. (4.34b)] the cruise time is 5.34 days. Then the cruise strategy
shifts to constant speed at 20 knt giving 1588 nm range [using Eq. (4.18)]
over 1588/(20)(24) = 3.3 days. The total range is 5164 nm over 8.55 days.
This combined cruise strategy meets the 5000 nm range requirement at
one less day cruise time than strategy #1. Table 6.1 gives the cruise range
and time for various combinations of constant C; and constant speed. The
constant Cy, cruise burning 16,000 Ib of fuel followed by a constant speed
cruise at 39 /s is selected as the cruise profile since it meets the 5000 nm
requirement (within 1%) and reduces the cruise duration by two days.

MXXEY Propuision Sizing

The propulsion for the airship is sized by either maximum speed or
takeoff distance. For the CargoStar the takeoff distance is not specified but

Table 6.1 Trade Study of Combined Constant C; and Speed Cruise Strategies
for the CargoStar Example

1

Fuel | 'Const | Const | Fuel | Const Const

burn @ Const C; C ‘bun@ Vv v ' Const iTotuI

const | Ci/AV range ‘time | const ' speed | range l Vtime ' range
CL(Ib) | (f/s)  (nm)  (days) V(Ib) | (f/s)  (nm)  (days) (nm) |
20680 7023 5292 97 O NA NA NA 5292 97
NA NA NA NA 20680 39 4460 805 4460 805
18000 70/33 3576 534 | 2680 33 1588 33 5164 855
16,000 70/39 2800 3.8 4680 39 2142 1 3.86 4942 7.66
14000 70744 2215 28 | 6680 44 2472 396 4687 676




CHAPTER 6 Preliminary Weight Estimate

the maximum speed is 65 kt at SL (g = 14.32 Ib/ft2 ) which sizes the
maximum power required. We obtain maximum Pg = (drag)(velocity)/5507p.
At the start-of-mission the CargoStar is generating about 23,250 Ib of aero-
dynamic lift fora C; =0.12 and a Cp =0.0314 + (0.28)(0.12)2=0.0354. The
total drag is 6825 Ib giving a maximum Pg = 2096 hp for np=0.65 or 524 hp
per engine at SL. From Fig. 5.8 the TCM GTSIOL-550 at 520 hp and 640 Ib
is available off-the-shelf (OTS) with a BSFC = 0.47. There is no OTS turbo-
prop available for this horsepower. However the trend line indicates that a
520 hp turboprop could be developed (called a “rubber engine,” one that
changes its shape and component design for conceptual design sizing require-
ments) for a weight of approximately 250 Ib and an estimated BSFC=0.67. It
remains as an exercise for the reader to show that the GTSIOL-550 spark
ignition reciprocating engine is a better choice than a new turboprop engine
(neglecting the development cost of several $B) even though its engine weight
is 2.6 times greater. [Hint: Reduce the empty weight by the difference in
engine weight. Put the weight difference into more fuel. Solve Eq. (4.15) for
the larger BSFC and Wy, /Wh,.]

The maximum speed requirement is a major design factor as it drives
the size of the propulsion unit which impacts the empty weight. It also
impacts the hull weight as the envelop fabric density is sized by the internal
hull pressure which is a function of 1.2 g;4x (Chapter 8). These effects will
become clear when the airship weight is determined in Chapter 9.

MY rropelier Design

The propellers for the CargoStar need to deliver an acceptable propul-
sive efficiency 7p across the following wide set of conditions:

1 Start of mission at constant C; cruise at 70 f/s at 4000 ft

2 Start of constant speed cruise at 39 /s at 4000 ft after burning 16,000 Ib of fuel
3 End of mission at 39 /s and 4000 ft after burning 20,680 Ib of fuel

4 Maximum speed at SL of 65 ki

The propellers will be designed using the method discussed in Chapter 5,
Sec.5.7.1. The propellers will have three blades and a Clark Y airfoil section
with performance given by Fig. 5.9. The performance “sweet spot” (min-
imum BSFC) for spark ignition reciprocating engines is an engine rpm in
the range of 2000-2400. This rpm is much too fast for good propeller effi-
ciency on a slow speed airship so the props will be geared down to propel-
ler speeds of 1200 rpm or less.
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Figure 6.3 Typical power vs rpom for spark ignition reciprocating
aircraft engines at SL.

The propellers will be designed (selection of blade angle f3, propeller
speed #, and diameter D) for case #1 and then checked for the other three
cases for acceptable propulsive efficiency. At start of mission CargoStar is
cruising at minimum drag (maximum L/D for cruise strategy #1) at 70 ft/s,
4000 ft. The drag = Lyero/(maximum L/D) = 4362 lb giving a total required
power of 854 hp or 214 hp/engine. Using Eq. (5.37b) the maximum avail-
able power at 4000 ft for the GTSIOL-550 at 2800 rpm is 454 hp/engine or
about twice the required. Thus, the engines will have to be throttled back
to a lower rpm (this is the compromise that is always made when the
engines are sized for conditions other than cruise). As shown in Fig. 6.3,
the engine would need to be throttled back to about 1250 rpm to reduce
the hp/engine to 214.

The data inputs into Fig. 5.9 are:

n =600 rpm = 10 rps (assuming a gearbox ratio of 1:2.08)
P = (214)(550) = 117,727 ft-Ib/s at 4000 ft

B =20deg

Cs=[p/Pg %92 V=1[0.00211/(117,727)(10)2]°2 (70) = 0.787
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Table 6.2 Propeller Design Must Cover a Wide Set of Flight Conditions

Wy, | Speed/Alt | Pr/eng | Engine | Prop

Case (Ib) |(f/s&ft) (hp) | | | ,
1 23,250 - 70/4000 214 1250 600 0787 066 05 140

2 7250 39/4000 74 825 400  0.64 060 04 1446
3 2570 39/4000 45 725 350 0.744 065 045 149
4 23,250 110/SL 520 2800 1346 0770 0.66 048 13.9

From Fig. 5.9

np = 0.66 which agrees with the assumed 77p = 0.65
J=V/nD=0.5

giving a propeller diameter D = 14 ft

The other three cases were examined and their results are shown in
Table 6.2. The 14-ft diameter propeller with a blade angle of 20 deg and a
gearbox ratio of 1:2.08 will give acceptable propulsive efficiencies through-
out the CargoStar flight regime.

MEXTY 1okeoff Distance

The takeoff distance is defined in Chapter 4, Sec. 4.9 as the distance
needed for the airship to accelerate down the runway to a takeoff speed
Vro, rotate about the main gear (or aft ACLS pads), and generate Lgero=1.2
W, This Vro = 1.1[12 Wg,/ Vol/ :p CL] 2 where C; is the available max-
imum lift coefficient usually limited by the « for tail strike. For CargoStar
this o is 12 deg. Using « = 10 deg the takeoff C; = (10)(0.045) = 0.45 and
Vro =62.5 f/s (37 kt). After liftoff the CargoStar would climb to 4000 ft and
start its constant Cy or constant speed mission.

The ground roll distance is given by Eq. (4.42). For the CargoStar
the retarding friction force is zero because the ACLS in hover mode gives a
=0 (see Sec. 9.7). The ground roll is

Sg = %[vehicle mass + helium mass + ballonet air mass] Vyg2/(T - D)  (6.4)

where the accelerating force (T — D) is evaluated at 0.707 V7o (43.8 f/s or
q =227 b/ft?).

The static thrust of each engine/prop is determined from Fig. 5.11. The
engine hp/A = 3.4 is giving a Tp/hp = 6.0 and a static thrust of 3120 Ib. This
static thrust degrades with forward speed and using Fig. 5.10 we obtain
2523 Ib at 43.8 f/s. The accelerating force at 43.8 f/s is

T - D=4(2523) — (0.0314)(2.27)(13,463) = 10,092 — 951 =9141 Ib
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The mass of the helium and air inside the CargoStar is determined using
the densities in Table 2.2 (which are Ib¢/ft3). The volume of the ballonet
(which is full of air at SL) is 702,000 ft3. The mass of the helium is (0.01114)
(858,000)/32.2 = 297 slugs. The mass of the air in the ballonet is (0.08072)
(702,000)/32.2 = 1760 slugs. The total mass accelerated at takeoff is
93,000/32.2 + 297 + 1760 = 4945 slugs.

The takeoff ground roll distance using Eq. (6.4) is 1057 ft. A takeoff
ground roll of ~2000 ft is considered the limit for remote area operation.

AEXY Cargostar Design Closure

The CargoStar example will be continued towards design closure by
generating an empty weight build-up in Chapter 9 and comparing the
build-up weight with the assumed Wog of 37,000 Ib.
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More can be learned from
failures than from successes.
One should not fear failure
but try to keep its cost low.
Tolerate failure and, to learn
from it, keep a list of lessons
learned. Beware of the
engineer who claims to never
have had a failure . . . he is
either not telling the truth or
never takes any risk.

Good judgment comes from experience . .. and

experience comes from bad judgment.

Anonymous
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Introduction
a t this point the airship has been sized (an envelope volume has

been estimated) based upon an assumed takeoff gross weight

(TOGW = payload, empty weight, and fuel). A general configuration
in terms of number of lobes, fineness ratio, and gondola/car size to house the
payload has also been assumed. Before the design can further evolve, we
need to do an aerodynamic and weight build-up in order to estimate the drag
and fuel required to accomplish the mission, the empty weight and c.g. loca-
tion. In order to do this it is required to assume an initial tail configuration
and size. This initial tail sizing must be done wisely because the tail group will
typically account for 10-14% of the empty weight and 20% of the airship Cp,.
Thus, it will have a large influence on the c.g. because of its location at the aft
end of the vehicle. Once we have the fuel weight, empty weight, and c.g. loca-
tion we can do a refined tail sizing using the discussion in Chapter 10.

What the tails look like and where they are located is a design decision.
The designer needs to decide on the tail configuration (see Fig. 3.24), their
location (the tail moment arm from the c.g.) and their size. The sizing of the
tail surfaces is a lot of work. It requires a precise knowledge of the c.g. location
and vehicle weight and is the subject of Chapter 10. Unfortunately we do not
know the c.g. location at this point or its movement as fuel is burned but we
do know that it is close to the c.b. At this point the tail surfaces are sized using
a shortcut technique called the tail volume coefficient approach. It is based
upon the observation that values of these volume coefficients are similar for
like classes of aircraft (see Chapter 11 in [1]) and airships.

Initial Sizing of the Vertical Tail

The vertical tail area (fin plus rudder) provides static stability about
the Z axis called weather cock stability (like a weather vane) and direc-
tional control through the deflection of the rudder. The static directional
stability and control (S&C) criteria is very loose. The directional stability
criteria is very simply stated as “the airship should exhibit good weather-
cock stability” but no level of damping is offered. The static directional con-
trol criteria is equally loose and is a legacy criteria from the World War II
post war years when the U.S. Navy used airships for ASW and SAR (search
and rescue). The Navy criteria was a 360-deg turn in one minute.

A convenient parameter to compare across classes of airships is the ver-
tical tail volume coefficient:

Cyvr = (Cvr)(Svr)/[(£p) Vol *3] (7.1)

where the £y 7 is the distance between the c.g. and the quarter chord of the
vertical tail mean aerodynamic chord (mac) and €z is the airship body length.
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As we don’t know the location of the c.g. at this point we will assume it is
located at the same fuselage station as the c.b.

Table 7.1 shows historical data of airship tail sizes. This data is plotted
on Fig. 7.1 as vertical tail volume coefficient Cy 7 vs airship volume. The
vertical tail area Sy is determined using Eq. (7.1) and an appropriate value
of Cyt. Notice that the c.b. is typically located at 45% of the airship length
from the nose. The moment arm varies between 36%—43% of the body
length for all of the airships in Table 7.1.

There are only two hybrid configurations in the data set, P-791 (Fig. 1.17)
and Aerocraft (a Lockheed Martin three-lobe design with substantial anal-
ysis and wind tunnel testing). Notice that the vertical tail area is always less
than or equal to the horizontal tail area.

Initial Sizing of the Horizontal Tail

The horizontal tail area (stabilizer plus elevator) provides static stability
about the longitudinal axis called pitch stability and longitudinal control
through the deflection of an elevator. As with the static directional case dis-
cussed earlier, the longitudinal S&C criteria is also very loose. The longitu-
dinal stability criteria is very simply stated as “the airship should exhibit
positive static pitch stability” but no level of damping is offered due to the
fact that the time to double from upset is very large. It should be noted that
the longitudinal situation is different from the directional case in that there
are other mechanisms that can provide pitch stability and control. Most of
the airships pitch stability comes from the fact that the c.g. is well below the
c.b. giving a restoring moment as the nose or tail is pitched up (called pen-
dulum stability). Also the pitch control from deflecting the elevator can be
augmented by moving the c.g. fore and aft by transferring air from the fore
and aft ballonets.

The horizontal tail volume coefficient is defined below as

Crr=€HT SHT![(€8) Vol23) (7.2)

where €p is the airship length and €47 is the distance between the c.g. and
the quarter chord of the horizontal tail mac. Most of the time 47 and €y 7
will have very similar values.

Figure 7.1 shows historical values for Cy7 as a function of airship
volume. The two mechanisms discussed previously (pendulum stability
and moving air between the fore and aft ballonets) explain the flat charac-
ter of the horizontal tail volume coefficient curve shown in Fig. 7.1. There
is no explanation for the small tail shown for point 13 in Fig. 7.1. Data is
shown but was not included in the curve fits.

The horizontal tail area Sy is determined using Eq. (7.2) and an appro-
priate value of Cyyr.



Table 7.1 Airship Data for Tail Volume Coefficients (from Appendix E)

vic

! | Horizontal | Vertical | Vert Tail
s | Volume | Length, ¢g | Width or | Moment | tail area | tail area | HorTail Vol | Vol Coeff
| Airship L) () | dia (ff) | arm (%¢8) | (112) (1) | CoeffCyr | Cur
1 ZPAK 527,000 267 685 38 1108 888 0.063 00517
2 ZNP M-x 725,000 311 73.3 36 1280 1101 0.061 0.055
3 ZP2N-1 975,000 343 75.4 38 1511 1511 0.058 0.058
4 ZR-1 2,290,000 680 785 38 2870 2335 0.064 0.056
5 K-X 456,000 250 60 38 992 815 0.0632 0.0522
6 GZ-20 202,700 192 50 44 NA 280 - 0.036
7 M-2 648,000 302 69.5 36 1270 1130 0.0614 0.054
8 Skyship 600 235,400 194 50 37 NA 437 - 0.0424
9 Sentinel 1000 353,146 222 54.7 40 NA 732 - 0.0586
10 AeroCraft 40,500,000 894 476 34 28103 21252 0.08 0.061
11 ZRS-4 8,542,981 785 133 36 - 7170 6980 0.062 0.060
12 ZPN-1 875,000 321 73.5 38 1518 1518 0.063 0.063
13 P-791 120,000 120 58 40 177 143 0.029 0.0235
14 ISIS 5,858,597 510.5 159.4 40 5600 5600 0.069 0.069
15 R-31 1,610,000 615 65.5 40 2191 2060 0.0638 0.06
16 ZPK2 425,000 249 57.8 38 992 815 ; 0.0664 0.055

Center of buoyancy (c.b.) assumed ot 0.45¢ from nose.

7 SWNOA (UuBiseq diysing puo Joaoiy JO Sipjuswinpun
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Figure 7.1 Initial fail sizing (see Table 7.1).

Sample Problem 7.1: Initial Tail Sizing for the Solar HALE

We return to the example of the Solar HALE in Chapter 5 and size the
horizontal and vertical tails. Based on the data in Fig. 3.24, a cruciform tail
was selected that gives an improved Cy,, (lower drag-due-to-lift) and lower
Cp, Using the Solar HALE geometry shown in Fig. 7.2 we assume the %
chord of the tails mac to be located 100.1 ft behind the ¢.b. (v =€y =
0.35 Ip).

From Fig. 7.1 the value for Cy7 will be estimated at 0.071 and Cyr at
0.063. Using Egs. (7.1) and (7.2), the projected planform area for the hori-
zontal and vertical tails is determined to be

SuT = [Chr€aVol3) /ey = (0.071)(286)(10,264)/(100.1) = 2082 ft2

Syr=[Cyr€sVol?3]/€y7=(0.063)(286)(10,264)/(100.1) = 1848 ft2

The total tail exposed planform area (for all four tails) is 2784 ft2 or
696 ft? for each tail. Because we are using a cruciform tail arrangement we

need to bias the tail cant angle to give more projected area in the horizon-
tal direction than the vertical direction, as shown on Fig. 7.3, which also
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Solar Cells

128.7 ft 100.1ft
Solar Cells
Length =286 ft Solar Cell Area
Diameter = 89.5 ft A=31.3x80
FR=3.20 A=2500ft’
Volume = 1.04 x 10° ft {for RFC storage}

Voi”? = 10,264 ft*

{aft view}

Figure 7.2 Solar High-Altitude-Long-Endurance (HALE) configuration.

displays the geometry selected for the tails. This tail area will be used to
estimate the vehicle empty weight and c.g. location in Chapter 9. Finally
the tail area and arrangement will be refined using the static S&C discus-
sion of Chapter 10.

504, =175

504°

Exposed
1+A +A feeeee@ennannns n:' .a.c;“l". ...... Span

= LT L . 26.51t
mac=(2/3) c ) 6

A =taper ratio = 05

& Tail Planform Area = 696 ft°

(exposed)
Cr= 35.0

mac=27.2ft

R

Figure 7.3 Tail geometry for Solar HALE.
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Weather Sensitivity ,

Shortly after 1:30 p.m. on August 25, 1927, the USS Los Angeles (ZR-3) was
moored on the high mast at Naval Air Station, Lakehurst, NJ. Suddenly a cold
air front moved in and lifted the tail of the giant airship, causing it to rise
before she could swing around the mast parallel to the new wind direction.
There was a small riding-out crew onboard the ship. The change in attitude
took seven to eight minutes so the crew had time to adjust their stance. The
Los Angeles held the unflattering position shown on the first page of this
chapter for almost thirty minutes before the tail started slowly to descend.
None of the crew was hurt and the Los Angeles suffered only minor damage,
but the incident underscored the vulnerability of airships to weather.

Reference

[1] Nicolai, Leland M. and Carichner, Grant E., Fundamentals of Aircraft and Airship
Design, Volume I-Aircraft Design, AIAA, Reston, VA, 2010.
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el XY introduction

irships are divided into three structural categories: rigid, non-

rigid, and semi-rigid. Rigid airships transmit vehicle loads through

a system of girders and wires that form an internal framework. For
environmental and aerodynamic reasons, the rigid airship typically employs
a tensioned fabric skin on the outside of the structure. Internally, the lifting
gas is contained in separate gas cells, made from thin film or fabric. Non-
rigid airships transmit vehicle loads through the pressure stabilized skin
that form the ship’s outer surface. This membrane fabric outer skin serves
simultaneously as gas barrier, structural load path, and aerodynamic outer
surface. In addition to the outer skin of the hull, non-rigid airships typically
employ internal cables for suspending concentrated loads, such as a
gondola. Semi-rigid designs combine the two concepts, using a sparse
internal framework to address concentrated forces and moments, in addi-
tion to a pressurized hull forming the outer surface. Cutaway views of these
three airship types are shown in Fig. 8.1.

All three structural types have been proposed for a wide range of
Lighter-Than-Air (LTA) concepts. However most small airships are non-
rigid, and all of the early 20th century giants were rigid. The fact that the
large airships from history were rigid resulted from the lack of strong and
reliable gas-tight fabric in that era. Rigid construction was the only option
for high loads due to aerodynamic forces and moments in addition to con-
centrated internal loads. Unfortunately many of these designs proved to be
brittle and unforgiving, in some cases resulting in structural failures in
flight. With the introduction of high-strength fabrics (many times stronger
than titanium per pound) a new wave of airship designs has emerged that
promises to be lighter, simpler to build, and, most important, more reliable
and safe. This chapter primarily focuses on materials and design techniques
associated with non-rigid pressure stabilized hull design. Refer to Funda-
mentals of Aircraft and Airship Design—Volume I for a complete treatment
of metallic and composite aerospace structures.

Airship Materials

This section details the structural fibers, films, and fabrics used in
airship design and construction. In recent decades, significant prog-
ress has been made in synthetic materials resulting in dramatically
improved strength to weight levels and durability. Modern gas tight
fabrics are up to three times stronger than aerospace aluminum, as shown
in Fig. 8.2.
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3.0
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Airship Fabric
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0.5 /
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Figure 8.2 Material improvements for fabrics compared
with aerospace aluminum.

ARV Fivers

The choice of structural fiber is the first step in the development of
high-strength fabrics. Early airship hulls were constructed with rubberized
cotton cloth that had a breaking strength of 80 Ib/in. This cotton based mate-
rial load limit constrained non-rigid airships to approximately 200,000 ft3
or less in hull volume. With the advent of synthetic fibers such as Nylon
(Polyamide) and Dacron (Polyester), engineers began to tailor the fiber
properties to suit more demanding performance requirements. A variety of
potential airship fibers are shown in Table 8.1; fiberglass and titanium are
included for comparison.

Fiber strength is the breaking force recorded during a series of rapid
pull tests. This value is often converted to units like “pounds per square
inch” to match the way strength is documented for bulk materials. However,
structural fibers are manufactured and used in bundles called yarns, which
are available in a limited number of sizes. The smallest available yarn will
affect how light a fabric can be designed. The unit of measure for yarn size
is the denier, defined as the mass in grams per 9000 meters of yarn or
filament. This unusual measurement has its origins in silk: a single strand
of silk equals one denier. Typically available yarns range from 100 to
1000 deniers. Cost per pound for a given fiber increases as the denier
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Table 8.1 Fiber Properties

‘ Strength | Break

$Density fStrenglh iModqus 10 wt | strain
| Source | (Ib/in.3) [ (103 psi) | (106 psi) ;(10‘ in.) | (%)

Dacron  Polyester  DuPont  0.050 168 2 3.4 14
Nylon Polyamide  DuPont 0042 143 1 3.4 18
Keviar Aramid DuPont 0.052 435 16 8.4 2
Vectran  Liquid Kuraray 0.051 450 10 8.9 3
Crystal
Polymer
Spectra UHMWPE  Honeywell 0.035 484 18 13.8 3
(5-2000)
Carbon  PAN Toray 0.065 924 43 142 2
(T1000)
Zylon PBO Toyobo 0.056 840 26 15.1 3
Dyneema UHMWPE  DSM 0.035 536 26 15.3 3-4
S-Glass  Fiberglass  Owens 0.090 665 13 7.4 5
(5-2) Corning
Titanium ~ (Ref) 0.160 155 17 1.0 6

decreases, due to the increased difficulty in manufacturing and process-
ing small yarns.

MEXY Fims

Polymer films provide protection for the structural fibers from environ-
mental factors such as sunlight exposure (including UV radiation), chemi-
cal interaction with the atmosphere, and severe weather. Films may also
serve as a shear load path, increasing the overall stiffness and handling
characteristics of the finished fabric. Table 8.2 lists several films used in the
airship industry.

For low altitude airships and aerostats, a common choice for the outer
surface is Tedlar due to its weatherability, chemical inertness, and hydropho-
bic properties. A Tedlar film thickness of 1 to 2 mils (1 to 2 0z/yd? areal density)
is sufficient to protect the underlying structural fabric for a decade or longer.
For the design of large non-rigid airships, a layer of Mylar (usually around
1 mil) is typically included to add shear stiffness and strength to the fabric. The
two films combine to form a good gas barrier that is resilient to damage during
the hull manufacturing process as well as during the service life of the airship.
Stratospheric airships, being much more weight sensitive, cannot tolerate the

223
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Table 8.2 Film Properties

?Density %srrengm Modulus isrrengm | Break

[(ab/  [(103 (106 towt | strain

'Source |in.3) |psi)  psi) | (106in.)| (%)

Dowlex Linear Low Dow 0.033 7 0.25 0.21 700
Density
Polyethylene
Nylon  Polyamide DuPont  0.042 1 0.50 026 18
Tedlar  PVF - DuPont  0.050 13 0.31 0.26 95
Floropolymer
Mylar  Polyethylene DuPont  0.050 29 0.71 0.58 116
terephthalate Teijin
(PET)
Kapton  Polyimide DuPont  0.051 33 -0.37 0.64 72
Teonex  Polyethylene DuPont  0.049 39 0.83 0.79 88
naphthalate Teijin
(PEN)

2 to 3 oz/yd? required for a Tedlar/Mylar design. High altitude designs will
typically use a thinner, lighter film (such as Teonex) that is less robust.

MAXXE) rFabrics

The most common process used in the construction of hull fabric con-
sists of weaving the structural fibers, infusing the weave with resin adhe-
sive, and then laminating on one or more films, illustrated in Fig. 8.3. The
width of the resulting material (called the “fill” direction) is limited by the
size of the equipment used at the weaver—typically 4 to 8 ft. The length of
the material (called the “warp” or “roll” direction) can be very large, often
exceeding 1000 ft. During the development of the fabric design, careful
attention is paid to the arrangement of yarns in the warp and fill directions,
to achieve strength levels and tear properties that meet minimum require-
ments. Due to the bi-axial nature of the weave in addition to yarn crimping
and twisting during production, multiple iterations of the fabric design are
usually needed during development.

Although traditional woven fabric is the standard material used in most
LTA applications, it has some shortcomings: limited roll width, high initial
stretch from yarn crimp, and overall low conversion of basic fiber strength
to finished fabric strength. Recent industry efforts have focused on alter-
nate weaving technologies (such as warp knit and multi-axial knit fabrics)
and multi-layer uni-tape laminates. These approaches avoid the use of a
traditional loom and allow for fabrics that are much wider and possibly less
costly to produce. They also avoid crimping and bending of the main
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structural fibers resulting in higher conversion of strength to the final
product.

A selection of non-rigid airship fabrics used over the years is presented
in Table 8.3 for reference. The Vectran and Dyneema fabrics listed are
generic values for new applications, based on various approaches currently

Table 8.3 Hull Fabric Structural Properties

; | Specific
f Strength | Weight | strength
Fabric ' Application (Ibfiny | (ozfyd?) | (106 in.)
Coftton/Rubber Circa 1920 80 14.0 0.1
Polyester/Neoprene G220 165 10.9 0.3
Polyester/Neoprene PG 3W 320 16.5 04
Polyester/ Skyship 600 210 11.5 04
Polyurethane
Vectran/ Low Altitude 650 11.0 1.2
Polyurethane
Vectran (Laminated)  Low Alfitude 740 7.6 20
Dyneema Stratospheric 680 52 2.7

(Laminated)
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Figure 8.4 Hull fabric strength fo weight.

in development. A graph of these materials is provided in Fig. 8.4 to illus-
trate general strength to weight characteristics over a range of capabilities.
The higher strength materials, such as Vectran and Dyneema, are clearly
the most attractive choices from a weight standpoint but consideration
should be given to the fact that they are much more costly and are less for-
giving due to the higher modulus. Dyneema also suffers from significant
creep over a wide range of operating temperatures.

Structural Design Criteria

Airship structural design begins with definition of the structural design
criteria and the certification basis—if applicable. The structural design cri-
teria are the key parameters, such as design load factors, vehicle weights,
speeds and altitudes, design life, factors of safety, and other operational
considerations, that drive the design of the airship. The certification basis
is the set of standards to be followed to obtain government approval for a
type certificate. In the case of an experimental airship, while a type certifi-
cate is not necessary, the information contained in a standard certification
basis is still valuable as guidance in the design process.
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Prior to 1980, the only U.S. government agency that approved airship
design and airworthiness was the Navy. In the preceding decades, they
owned and operated nearly all airships in use, so consequently the FAA was
not involved. That changed in the 1980s with the development of multiple
commercial airships. With no military involvement with these new designs,
the FAA established P-8110-2, Airship Design Criteria (ADC). Based pri-
marily on Part 23 of the FAR, U.S. Navy detail design specifications of air-
ships, and additional criteria developed by FAA/NASA, the ADC became
the standard for type certification projects.

As interest grew in the development of larger more capable airships,
European and U.S. officials embarked on the creation of CS 30T (Transport
Airship Requirements [3]) in 2003. The transport category is defined as
multi-engine propeller driven airships that have a capacity of 20 or more
passengers (excluding crew), or a maximum take-off mass of 15,000 kg
(33,000 Ib) or more, or a design lifting gas volume of 20,000 m3 (700,000 ft3)
or more, whichever is greatest. This section will primary present CS 30T
requirements, although note that other methods may also be acceptable to
the Aviation Authority, provided rational justification.

AEERY Limit and Ultimate Loads

Strength requirements are specified in terms of limit loads, the highest
loads expected during the service life of the airship, and ultimate loads,
which are limit loads multiplied by a factor of safety. Limit loads are
determined by placing the airship in equilibrium, taking into account the
lifting gas, air, and ground loads; inertia forces and moments; and, where
applicable, virtual inertia as the effect of momentum changes in the
surrounding air mass. By this definition, limit loads are both physically
possible and expected to be observed at least once. Structural deformation
must not be permanent or interfere with safe operation at limit. Ultimate
loads, in contrast, may yield airship structure but must not initiate failure
for at least 3 sec. The typical factor of safety is 1.5 for most structural
components with some important exceptions. Most notably, non-rigid and
semi-rigid airship envelopes must be designed with a minimum factor of
safety of 4.0.

This historical factor-of-safety value of 4.0 has been part of airship
design criteria for many decades, and since airship safety has been excellent
during that time the FAA is not motivated to make a change. As a result,
the envelope material will be loaded in service to a maximum of 25% of the
original breaking strength. This large residual strength is considered neces-
sary to account for end of life degradation, creep characteristics, material
variability, and structural criticality. In the drive to minimize the empty
weight of an airship design, designers often propose lowering the hull
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factor of safety—arguing that modern materials are more reliable. Although
testing and operational experience may someday prove this assertion, until
then all manned airships should use 4.0 factor of safety for ultimate hull
strength.

MEXRY Design Maneuvering Loads

Loads resulting from airship maneuvers listed in CS 30T (Table 8.4)
must be evaluated, including control surfaces. Both steady state and tran-
sient effects should be calculated during checked (rapid sequence of posi-
tive and negative inputs) and unchecked (single direction movement of
control surface) maneuvers. If thrust vectoring and/or mass-shifting is
employed in the airship design, they must be included in the analysis.

Table 8.4 Design Maneuvering Loads*

Control surface

‘I position
| | Thrust
| Condition | Speed |Weight | Attitude | direction |Rudder |Elevator
1 Level flight VH Wi T Forward Neutral t
2 Level flight VH Wt T Forward Neutral ¢
3 Nose down VH Wi +30° Forward Neutral 't
4 Nose up VH Wi -30° Forward Neutral 1
5 Descent & pull-up  VH Wi 1 Forward Neutral  t
6 Turn entry VH Wt Horizontal  Forward Fult over : Neutral
7 Tumn & reverse . VH FWi Horizontal  Forward t Neutral
8 Dive entry VH Wi Horizontal ~ Forward Neutral  Full down
9 Climb entry VH Wit Horizontal  Forward Neutral  Full up
10 Turn & climb VH Wi Horizontat . Forward Full over  Full up
11 Turn & dive VH Wi Horizontal - Forward Fult over  Full down
12 Tumn VH Wit Horizontat - Forward Fuli over  Neutral
13 Turn recovery VH Wt Horizontal  Forward b Neutral
14 Turn recovery & VH Wt Horizontal  Forward t Full up
climb
15 Tumn recovery &  VH Wit Horizontal  Forward i Full down
dive i
16  Light flight VH Wi t Forward Neutral 1
* Velocity values must be determined affer speed is stabilized, but not before a steady state
condition.

t That necessary to produce maximum loading conditions.
1 Full rudder must be applied followed by full reverse rudder ofter 75° of tun.
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MEXEXJ Gust and Turbulence Loads

A method for determining airship loads due to atmospheric gusts in level
flight is presented below. CS 30T [3] requires the airship to withstand a 25 ft/s
discrete gust, Uy, at flight speed Vi (maximum horizontal speed) and a 35 ft/s
discrete gust at flight speed Vg (maximum gust operating or encounter speed).
The definition of gust shapes and intensities may be calculated using Eq. (8.1)

u=(Uyu/2)1-cos (rX/H)] (ft/s) (8.1)

where

U,  gustvelocity specified above (ft/s)

X penetration distance (ft), 0 < X < 2H

H gust gradient length (ft), £/4 < H < 800 ft (244 m), (a sufficient
number of gust gradient length must be investigated to find the
critical response of the airship)

14 length of the airship (ft)

Steady state loads and dynamic response must be taken into account for
the airship, with control surfaces in their most critical position. The gusts
must be evaluated in all directions relative to the vehicle: vertical, lateral,
and axial. The maximum aerodynamic bending moment, M (ft-1b), applied
to the envelope, is determined by Eq. (8.2) for airships with a minimum
fineness ratio of 4. For a non-rigid design with a slightly lower fineness
ratio, use the value of 4 for rough sizing.

M =0.058 Vol (£/2)025 [1 + (FR-4) (0.5624 £992 — 0.5)] (qU,,/v) (ft-1b) (8.2)

where

FR envelope fineness ratio, FR>4
U,,  discrete gust velocity (25 ft/s @VH, 35 ft/s @ VB)
q dynamic pressure (Ib/ft?) at the velocity V (ft/s) under
consideration, g = p V2/2
length of the airship (ft)
maximum envelope diameter (ft)
density of air (slugs/ft3)
airship equivalent speed (ft/s) (VH or VB)
[ total envelope volume (ft3)

S<® U

Initial Stress Analysis and Fabric
Weight Estimates

Initial envelope stress analysis is performed using overall hull dimensions,
maximum cross-section radius, and internal pressure. For a non-rigid
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airship, the internal pressure value, called super pressure Pgp, is driven by
the top design speed. Typically for designs that have minimal nose stiffen-
ing, the super pressure must be greater than the maximum stagnation pres-
sure in flight, 1.2 X g4y usually used in early design. The envelope is
treated as a membrane because the skin has essentially zero bending stiff-
ness with the lifting gas super pressure providing enough pre-load in the
skin to maintain tension in all directions to avoid wrinkles. In that regard,
the lifting gas is viewed as part of the structure thereby carrying compres-
sive loads throughout the airship. To calculate the envelope circumferential
or “hoop stress” due to super pressure one can start with the cylindrical
pressure vessel Eq. (8.3)

Ohoop = (Psp X R)/t (8.3)

However for membrane fabrics, the shell thickness ¢ is unimportant so
itis removed and the results in Eq. (8.4) are reported in load per unit length:

Super Pressure Skin Load = Psp X R (8.4)

In this equation, the maximum radius R is used with the maximum
anticipated super pressure (as measured at the low point of the hull).
Example values for this calculation are: 23 ft radius (276 in.), 2.0 iwg pres-
sure (0.072 psi), skin load equals 20 Ib/in.

Next we look at the net buoyant force applied to the envelope skin.
A column of lifting gas inside the airship weighs less than a column of air of the
same height outside the vehicle—resulting in a pressure delta on the upper skin
otherwise known as net buoyant lift. This pressure is calculated in Eq. (8.5)

Ap = (Patm — Plifting gas)gh (8.5)

The vertical distance from the hull’s low point to its high point is used for
h and the result Ap is the increment of additional pressure from buoyancy.
Example values for this calculation are: 0.0635 Ib/ft3 for Ap g, 46 ft (552 in.)
for 4 resulting in 0.020 Ib/in.2 for Ap. Using the hoop stress equation above,
we find that buoyancy contributes 5.5 Ib/in. of additional tension in the skin
at the top of the envelope. Notice for these example values the super pres-
sure load is nearly four times greater than the buoyant pressure load.

The skin limit load acting of the envelope is expressed in Eq. (8.6a) as

Envelope Skin Limit Load = (Psp + Ap)R (8.6a)

where the pressures are in Ib/in2 and R is the envelope maximum radius in
inches. The maximum envelope skin load is Eq. (8.6b)

Maximum Skin Load = (Psp + Ap)R X FS (8.6b)

where FS = 4.0. This skin load is referred to as the minimum acceptable
breaking strength for the fabric.
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Most of the envelope skin load is the result of super pressure and
lifting gas static pressure. Consequently a quick calculation of these two
values will provide rough sizing for the required fabric strength. Aerody-
namic and vehicle bending loads in conjunction with load alleviation and
concentration due to hull shape deformations are usually smaller effects
and are best evaluated using non-linear finite element modeling. Often the
highly detailed stress analysis will fall within 10% to 20% of the initial
rough estimate.

The fabric breaking strength from Eq. (8.6b) is used to determine the
fabric density from Fig. 8.4 (note: 1 oz/yd?=0.007 Ib/ft?). The weight of the
envelope fabric is then calculated using Eq. (8.7).

Weny = (fabric density) (Swet),,., FMA FAF (8.7)

where (Swer),,, is the envelope surface area [see Eq. (3.19)], Fuma is a
manufacturing/assembly factor that accounts for joints, doublers, and
load patches (use Fypra=1.2). For accounts for envelope attach fittings
and is equal to 1.26.

The ballonet fabric weight is determined assuming the ballonet as a
sphere. The volume of two ballonets is determined as discussed in Chapter 2
or Sec. 9.3. The required radius of the sphere is determined from Volp,; =
(4/3) 7R3 and its surface area is Sy, = 4 7R2. Ballonet fabric strength is not
based on the super pressure as it generally carries much lower loads than
the hull. In practice ballonet fabrics range from 2-9 oz/yd? with 5 oz/yd?
(0.035 1b/ft?) used in early design. The ballonet fabric weight can be calcu-
lated using Eq. (8.8).

Wi = 0.0358p41 (for Spg in ft2) (8.8)

Finite Element Modeling

Computer simulation is an essential feature of modern airship envelope
design, with active roles at the shape definition, structural design, and fab-
rication stages.

Finite element modeling (FEM) provides verification of the equilibrium
shape and stress distribution of the chosen design at reference operating
conditions. Analysis of the structural performance of the envelope is
undertaken for the full range of operating conditions including landing,
with interest on both fabric stresses and deformed geometry. Computer-
generated cutting patterns provide the fabrication geometry for the practi-
cal realization of the chosen envelope design.

With fabrics and cables as the principal structural materials, any analy-
sis tools used must be readily able to cope with the non-linearities of on/
off fabric wrinkling, cable slackening, large deformations, rigid body
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movement, and the potential for the development of local mechanisms.
Together with the need for shape verification and patterning, these capa-
bilities are not typically found in the general purpose FEM analysis pack-
ages used for more conventional aerospace design.

A finite element program suite developed by UK consulting engineer-
ing firm TENSYS has been used in recent years on several major projects
including non-rigid hybrid airships and stratospheric super-pressure scien-
tific balloons, see Fig. 8.5. Called “inTENS’, the software relies on Dynamic
Relaxation (DR) for the solution of these highly non-linear problems. This
is an explicit dynamic analysis method, in which the central difference time
stepping implementation of Newton’s law of motion is automatically
bought to a static solution through the application of kinetic damping.

The element displacements are the minimum number of geometric
variables necessary to completely define the deformed configuration of
that element, independent of rigid body motion, which is treated automat-
ically by the DR process. A set of associated natural elements forces are
determined from these basic displacements by means of the element
natural stiffness relations.

14.3 m 200 gore test balloon
Pressure: 0.26 psi (1793 MPa)

SNWhUION®WO

Figure 8.5 Highly non-linear model result.
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The iterative equations for the motion in direction x of any node i in
space at time ¢ are obtained directly from Newton (F = ma) and is expressed
in matrix notation in Eq. (8.9)

R, = M; AL (8.9)

which may be expressed in central difference form as Eq. (8.10)

R, :M,v(Vi(xt"LAt/z) —Vg—At/z))/At (8.10)

giving the recurrence relation for nodal velocities in Eq. (8.11)

- AtR!
Vi;t+At/2):Vi(; At/2)+_:x (8.11)

Where

Ritx is the x direction residual force matrix for node i at time ¢
VE  is the associated node velocity matrix
M; is the node mass matrix and At the time interval

The residual forces Rf, are computed for the then current node coordi-
nates x. An updated set may now be calculated from the incremented
node coordinates and is presented as Eq. (8.12):

xt(t+At) _

(t+At/2)
=xl + ALV,

(8.12)

Similar recurrence relations apply to all unconstrained degrees of
freedom of the structure. The stability of a time stepping dynamic analysis
will depend upon the selection of a suitably small time increment, which
can be shown to be a function of the local node relative stiffness. When
only the final static solution is sought, one may use fictitious nodal masses
that optimize convergence for a chosen time interval, which is typically
taken as unity for computational efficiency.

The load extension response of the woven and coated fabrics used for
airship construction can be represented within their working stress range
by a linear elastic material model, with crimp interchange effects modeled
by Poisson-type terms. The necessary material parameters are determined
from biaxial tests cycled through varying warp to fill stress ratios within
the anticipated working stress range.

The modeling of construction details such as tie-tabs and reinforcing
patches requires multiple layers of elements with appropriate fiber orienta-
tions in order to represent the actual construction. Webbing belts are
modeled with line elements within this assembly as necessary. Both stresses
within the local assembly and those imposed on the main hull fabric are of
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Figure 8.6 High resolution full vehicle model.

interest. Although useful results can be found from local models with single
assemblies within a specified stress field, the complexity of boundary con-
ditions associated with varying flight conditions are such that this level of
detail should ideally be integrated into high resolution full vehicle models,
as shown in Fig. 8.6.

BEXY Hull Joints and Assembly

An airship hull is usually constructed from strips of fabric cut from flat
patterns, called gores, which are tapered on both ends. As the edge of one

I » L i ]
: 1

Lap-Joint

Environmental Cover Seal

Outer Surface Hull Material

Butt-Joint

Load Bearing Seam

Figure 8.7a Hull joint geometry.



CHAPTER 8 Structures and Materials 235

Figure 8.7b ILC Dover step sealing machine.

gore is joined to another, a surface with compound curvature is formed—
much like the sections of a football. The gore-to-gore joint should be
designed to be as strong as or stronger than the surrounding hull material
while maintaining an appropriate stiffness to avoid banding or stress con-
centrations. For lightly loaded, simple hulls, an overlap joint is common.
However, most LTA designs require a butt-joint seam construction, illus-
trated in Fig. 8.7a. The more complex butt-joint has several advantages
over the simpler lap-joint: better environmental sealing to protect bonded
surface, works with fabrics that have low bonding strength on outer surface
(an issue with Tedlar), and lower joint eccentricity.

Tolerance buildup during gore seaming can have an impact on overall
hull performance; stress concentrations and local defects will lower the
theoretical strength. For low stiffness fabrics like those made from polyes-
ter, the material is able to stretch and redistribute loads thereby lessening
the impact of stress concentrations. This allows for the joining of polyester
gores to be done by visually aligning match marks as the joint is formed
(typically with a heat press) as shown in Fig. 8.7b. However, higher stiffness
material such as Vectran and Dyneema are much less forgiving and require
tighter tolerances and greater care during assembly in order to retain the
overall strength of the hull.

Structural Attachments and Load Paths

Because membrane surfaces cannot take compressive loads, introduc-
ing concentrated loads into a pressure stabilized hull skin can be challeng-
ing. First, the magnitudes of the loads at an interface are estimated and a
determination is made as to whether or not the loads are reversible. If the
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load is always in tension (like the suspension cables for a gondola), then
load patches for external locations and catenary curtains for internal loca-
tions are used to spread the load into the fabric. In cases where loads
reverse or change direction dramatically, such as fins or engine pods, a
direct attachment to the skin is necessary, often in combination with
tension attachments. One type of direct attachment is a batten or lash tube
(pictured in Fig. 8.8)—a rigid member positioned onto the surface of the
envelope and held in place with a sleeve or rope. The batten provides a
compressive load path normal to the hull surface (working against the
internal gas pressure) and a load path tangential to the hull surface (working
against the skin preload). Battens are significantly heavier per unit load
carried than pure tension joints however, so the desire is to lay out primary
load paths in a way to maximize the use of tension interfaces.

Internal load curtains, also known as septums, may be used to form
multi-lobe shapes, such as the hull form of a hybrid airship or the airfoil
contours of an inflated fin. For example, Fig. 8.9 shows a section cut from a
hybrid design that aligns two internal septums with the load path required
for carrying the payload weight. A good initial estimate of septum load can
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Figure 8.9 Section of typical hybrid airship hull showing cargo,
ballonet, and septum layout.

be calculated using the internal hull pressure along with intersecting circu-
lar arcs (representing the outer surfaces) and straight lines connecting
those intersection points. A joint where three load bearing fabrics come
together is assumed to be in equilibrium; if two have known loads (the
outer hull segments) and one is unknown (the septum), summing the
known load components in the direction of the septum will reveal what
the unknown load must be.

The septum/curtain fabric weight is determined based upon the loads
in the envelope skin and the local angles and joints of the septum/curtain
arrangement. A typical septum arrangement for a cargo carrying hybrid
(such as CargoStar) is shown in Fig. 8.9. The typical curtain arrangement
for a non-rigid airship is shown in Fig. 8.1. It is assumed for the initial
design that the septum loads are 1.5 times that of the envelope maximum
skin load [Eq. (8.7)] with FS = 4.0. The septum/curtain fabric density is
determined from Fig. 8.4 using this minimum acceptable breaking strength.
The septum/curtain fabric weight is estimated using Eq. (8.13).

Ws,c = (surface area)(fabric density) x F; (8.13)

where F; =1.06 and accounts for the assembly joints. The hybrid septum
fabric surface area is assumed to be a function of the envelope side projected
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area. Although septum surface area is highly dependent on the internal hull

configuration, an initial estimate may be calculated for hybrids using
Sseptum = 0.75 (envelope side projected area) x 2 (8.14a)

Likewise, a curtain fabric estimate for standard non-rigid airships may be
calculated using

Scurtain = 0.20 (envelope side projected area) (8.14b)

sl XY structural Testing

Qualification of the airship material system is accomplished through a
series of standardized tests. The exact make up of the Qualification Test
Plan is dictated by the certification basis for civil projects or customer air-
worthiness requirements in the case of military projects. A sample test
matrix is shown in Table 8.5 to illustrate the scope of testing required for
each new material included in an airship design.

For material breaking strength, “allowable” values are derived from
mean test data (coupon tests) reduced by a knock-down factor to account
for batch to batch variability. The following formula is used to calculate the
design allowable:

Allowable=m - Kp s

Where
m =data mean
s =standard deviation

Kp =aB-basis statistical factor representing 95% confidence that 90% of
the samples will exceed the allowable (A-basis is rarely used)

Tear testing is also conducted at the coupon level. The cut slit tear test
measures the ability of a material to resist further tearing after damage has
occurred. A test coupon (4 in. wide by 6 in. long) is cut with a razor to
produce a 1.25 in. long slit, as seen in Fig. 8.10. The material sample is
loaded into a test apparatus then pulled at constant speed (12 in. per
minute) while the tension load is recorded. This testing method is valuable
for assessing relative tear performance among several materials but is
limited to its applicability in predicting actual full-scale performance.
A more realistic test involves large diameter inflated test articles in which
cuts of varying lengths are used to determine the critical tear dimension
(the length at which propagation starts for a given pressure and radius).
These tests however are costly and time-consuming so the coupon level
method remains the industry standard.



crHapTER 8 Structures and Materials

Table 8.5 Sample Test Matrix for Airship Hull Material (Courtesy ILC/Dover)

Weight

Bow and skewness

Surface finish - interior

Surface finish — exterior

Water release - exterior

Blocking at elevated temperature
Surface polymer characterization
Tensile modulus

Breaking strength/elongation - strip method ultimate
tensile

Breaking strength/elongation - strip method, ultimate
tensile after Wx exposure (QUY chamber)

Seam tensile strength - heat seal
Seam fensile strength at elevated temperature
Heat seal

Base cloth breaking strength — ravel strip method
ultimate tensile

Creep/hysteresis evaluation
Tear strength — cut slit

Tear strength - fongue

Coating adhesion - heat seal seam,
back/structural tape

Coating adhesion — heat seal seam, cover tape
Coating adhesion - cement

Film ply bond adhesion (dry)

Film ply bond adhesion (elevated humidity)

Seam deadload - elevated temp (underwater) heat seal
Seam deadload - elevated temp (hot air) heat seal
Seam deadload - elevated tfemp (underwater) cement
Seam deadload - elevated temp (hot air) cement
Cylinder deadload - elevated temp (underwater)
Inflated cylinder flex testing

Low temp flex

Helium permeability

Helium permeability after Wx exposure (QUV chamber)

Seam helium permeability

f Test method

FED-STD-191 TM5041
ASTM D 3882

Visual inspection

Visual inspection
FED-STD-191 TM5504
FED-STD-191 TM5872
Infrared spectrophotometry
ASTM D 751

FED-STD-191 TM5102

FED-STD-191 TM5102

FED-STD-191 TM5102

FED-STD-191TM5102
FED-STD-191TM5104

Vendor test method

MIL-C-21189 Para 10.2.4
FAA P-8110-2, Appendix A

FED-STD-191 TM5134
FED-STD-191 TM5970

FED-STD-191 TM5970
FED-STD-191 TM5970
FED-STD-191 TM5970
FED-STD-191 TM5970
Vendor fest method
Vendor test method
Vendor test method
Vendor test method
Vendor test method
Vendor test method
ASTM D 2136

ASTM D 1434 or vendor test
method

ASTM D 1434 or vendor test
method

ASTM D 1434 or vendor test
method

239
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Figure 8.10 Tear fest method.

Weight Estimation—CargoStar Example

Using the CargoStar hybrid transport shown in Fig. 6.2, this section will
walk through an example problem to determine the initial weight estimate
for the envelope, ballonets, and septums. First, the maximum expected
(limit) hoop direction skin load is calculated based on the largest lobe
radius and hull super pressure. For an assumed V0, maximum operating
speed of 65 kt, the airship will experience a sea level g equal to 14.4 1b/ft2.
With a factor of 1.2 to preclude nose wrinkling the resulting super pressure
is 14.4 Ib/ft? x 1.2 = 17.3 Ib/ft? or 0.12 Ib/in.2 Next, the pressure on the
upper surface due to buoyancy is calculated by multiplying the vehicle
height by the net gas lift, 70.8 ft x 0.0635 Ib/ft3 = 4.5 Ib/ft or 0.031 1b/in.2
Superimposing the two pressures results in 0.12 Ib/in.2 + 0.031 Ib/in.? =
0.151 Ib/in.2 Finally, the hoop skin load is determined by multiplying com-
bined pressure and radius together, 0.151 Ib/ in2x 35 ft x 12 in./ft =63.4 Ib/in.
Now that the limit load is known, use FS = 4.0 to find the minimum accept-
able breaking strength for the fabric, 63.4 Ib/in. x 4.0 = 253.4 lIb/in. Using
Fig. 8.4 to determine the material weight for a typical Vectran weave yields
avalue of 5.4 0z/yd? or 0.0378 Ib/ft? for the hull fabric. The envelope weight
equals the total surface area multiplied by the material weight, a seam
factor to capture joint, doubler, and load patch weight and an attach
fitting factor to capture integral load bearing attachments and gas tight
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ring sets for hull penetrations, Wy, = 74,100 ft2 x 0.0378 1b/ft2 x 1.20 x
1.26 =4235 1b.

Next, the septum material weight is determined based on the loads in
the outer skin and the local angles at the septum “Y” joint. The particular
geometry used for the CargoStar hull generates septum loads that are
1.5 times that of the hull so the minimum acceptable breaking strength
is calculated by 253.4 Ib/in. x 1.5 = 380 Ib/in. Using Fig. 8.4 to determine
the septum material weight for the same Vectran weave yields a value of
7.3 oz/yd? or 0.0511 Ib/ft2. The septum weight equals the total surface
area, determined from airship CAD model, multiplied by the material
weight and a joint factor, Wseptum = 24,400 ft2 x 0.0511 Ib/ft2 x 1.06 =
1322 1b.

Lastly, the ballonet fabric weight is calculated from the surface area of a
sphere sized to contain the required volume, in this case 45% of the total
hull volume, 0.45 x 1,560,000 ft3 = 702,000 ft3. The radius of such a sphere
is determined using Vol = (4/3) 773, resulting in r = 55.1 ft. The sphere
surface area is Apq/ = 4 7 r2= 38,189 ft2. A spherical shape would not actu-
ally be used for the ballonet because it is too large to even fit. However, the
surface area corresponds closely with the more complicated geometry
that will eventually be developed later in the design process. The ballonet
fabric strength is not sized based on super pressure; it generally carries
much lower loads as compared to the hull. In practice, fabrics ranging from
2 oz/yd? to 9 oz/yd? have been used, and for this example 5.0 oz/yd? or
0.035 Ib/ft? is assumed. The total ballonet weight is therefore

WRatlonet = 38,189 ft2 x 0.035 Ib/ft? = 1337 Ib

These fabric weights will be used in Sec. 9.13 to build a weight summary
for the CargoStar.

summary

The structural design of an airship requires the engineer to balance not
only the usual factors such as weight, risk, cost, and schedule but also to
consider other factors such as lifting gas retention and purity, in-service
inspection and maintenance access, hangar size limits and construction
methods, and environmental effects from sunlight, among others. Refer-
ring back to the CargoStar example, “the design team may be asked to
extend” the service life of the envelope by guarding against ultraviolet light
degradation of the hull material is one approach. This approach may involve
a marked increase in overall material weight. On the other hand, a mid-life
hull replacement may prove to be a more cost effective and safer plan; ulti-
mately a clear understanding of the total product life cycle is needed to
make these fundamental choices.
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Introduction

his chapter will discuss the subsystems in an airship/hybrid and

offer some WERSs (weight estimating relationships) to estimate the

weights. The WERs were developed from historical aircraft and
airship data. The weight in all cases is in pounds.

Estimating the empty weight, WE, of an airship/hybrid is the most chal-
lenging part of the conceptual design process. It is especially difficult to
estimate the empty weight for airships since the historical database is very
sparse compared to aircrafts. Most design groups carry a weight margin
through conceptual and preliminary design to account for the uncertainty
in the weight estimates and the inevitable and dreaded “weights growth”” At
the Lockheed Martin Skunk Works the margin on WE is 6%.

ey 9. 2 H u I I

The hull group is shown in Fig. 9.1 and consists of the following:

Envelope: fabric, seams, adhesives, structure (in the case of a rigid or
semi rigid), nose reinforcement (for mooring mast loads), load bearing
patches, joints, doublers, and attach fittings

Septums/catenary curtains: fabric, seams, adhesive, joints, and attach
fittings

Ballonet: fabric, seams, adhesives, fans, and ducting (discussed in
Sec. 9.3)

Tails: structure, fabric/covering, control surfaces, actuators, mounting
and bracing wires

Gondola: structure (less payload, subsystem and equipment items)

. . Tail
Suspension Septum/Curtain a G’rgup
ines / <

Envelope

Figure 9.1 The hull group.
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The airship/hybrid is assumed to be a non-rigid vehicle, so there would
not be any structure in the envelope to hold the hull shape. The non-rigid
airship/hybrid maintains its hull shape by its internal gas pressure. The hull
structure and material was discussed in Chapter 8.

MEXAY Envelope Weight Estimating

The fabric weight for the envelope, ballonet, and septum/curtain is
determined using the methodology discussed in Sec. 8.4 for the envelope
and ballonets and in Sec. 8.7 for the payload/gondola septum or curtain
suspension system). This methodology is demonstrated in Sec. 8.9 for the
CargoStar sample problem and in Sec. 9.5 for the Solar HALE.

MEXEEY 1ail Weight Estimating

The empennage consists of the horizontal tail (the fixed stabilizer and
moveable elevator) and the vertical tail (the fixed fin and the moveable
rudder). The empennage can have many arrangements as shown on
Fig. 3.24. The fixed horizontal stabilizer and vertical fin could be fabric
with pressurization (like the envelope except using air) or a light weight
structure with a thin film covering. The moveable elevator and rudder
control surfaces are usually a light weight structure because of the air loads,
gust loads, and weather. The control surfaces are typically 20-25% of the
total tail planform area.

The fabric stabilizer and fin looks like a flat, many-lobe air mattress. It
would need a pressurization system to maintain an air pressure of approxi-
mately 0.2 psi. The analysis for a fabric tail would proceed similar to that of
the envelope by determining a maximum skin load (minimum accept-
able breaking strength for the fabric), determining a fabric density from
Fig. 8.4, and estimating the fabric weight of the fixed stabilizer and fin as
follows

Wrsr = (fabric density)(tail surface area — control surfaces) Far Fy  (9.1)

where F,4r accounts for the tail external attach fittings and is equal to 1.26
and F7 = 2.36 and accounts for the internal structure of the tail (shown in
Fig. 9.6a) and includes the cover tape, internal structural tape, spar fabric
curtains and spar internal attachments.

The weight of a stabilizer and fin made of light weight structural materi-
als is expressed as

Wssk= Fps (tail total planform area — control surfaces) F4r (9.2)

where Fpg is the Ib/ft? to fabricate the tail surface out of lightweight struc-
tural materials. The values for Fpgq are (from Fig. 20.1 in [2]).
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Fpsg = 1.0 for max g > 10 Ib/ft?
(flight at 80 kt and 4000 ft like CargoStar)

Fpsg = 0.3 for max g < 1 Ib/ft2

(flight at 26 kt and 65,000 ft like Solar HALE).

The tails are lashed to the envelope (see Fig. 8.6) and braced with cables
(see Fig. 1.10). Assume four cables per side and estimate the cable distance
from the top of the tail to the hull (60 deg attach angle to hull). Cable
bracing weights are discussed in Sec. 9.10.

The weight of the control surfaces is

Wcs = Fpsq (control surface planform area) (9.3)

The control surface actuator weights are dependent on the size of the
control surface and the air loads (dynamic pressure). The actuator weights
are estimated as follows

Wiet = Facr (control surface planform area) Fiyspqr (9.4)

where

Faee=0.79 for max g > 10 Ib/ft2

Fc¢=0.08 for max g < 1 Ib/ft2
Fiystar = 1.15 (installation factor)

MEZEY Gondola Weight Estimating

The gondola is a piece of structure suspended below the airship that houses
the crew, payload, and most of the systems. Since most of the airship weight
is located in the gondola, the gondola should be located such that the c.g. of
the airship is directly beneath the c.b. (typically at 45% of the airship length).
The gondola should be as streamlined as possible to reduce the pressure
drag and flow separation on the aft end. Figure 9.2 shows the 13-passenger
gondola for the Skyship 600 shown on the first page of this chapter.

This gondola is a light weight structure. Since manned airships and
hybrids fly at altitudes less than 12,500 ft (FL 12.5), the gondola does not
need to withstand an internal pressure. It would be designed for one of
three payload categories:

Category | Typical payload

1 Light - ISR and comm equipment (unmanned, less than 1000 Ib)
2 Medium  Crew station + systems + passengers or light cargo (less than 4000 Ib)
3 Heavy Payload compartment (vehicles, troops, pallets, TEUs . .. more than

5000 Ib) + crew station + systems
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Figure 9.2 The Skyship 600 gondola seats 13 and includes radar and flight
deck. It has two swiveling ducted propellers for lift and propulsion.

The gondola weight is estimated knowing the gondola dimensions and
a payload category.
Gondola Weight Estimating Relationship:

Category 1: Wgoug = 0.15 (Payload weight) (9.5)
Category 2: Wgond = 353 [(€/10)0857 (w + h)/10 (Vipay/10)0338] 11 (9.6)
Category 3: Wgond = 1.875 SGond + crew station + systems 9.7)

where ¢, w, and & are the gondola dimensions in feet, Vj;,x = maximum
speed (kt), and SGonq = gondola surface area (4 sides + top/bottom, ft2).
System and crew station weight is determined using Eq. (9.6).

If the landing gear is a wheel/strut arrangement it would typically be
attached to the gondola. If the airship uses an ACLS, the two or more ACLS
pads would be located away from the gondola on the hull lower surface to
give a three or four point contact with the ground. Operational consider-
ations and weight estimates for the ACLS system are discussed in Sec. 9.7.
Engines are attached to the gondola on an outrigger or to the hull on tripods.

@l XY Pressure Control System

The pressure inside the airship is low, on the order of 0.2 psig, just high
enough to hold the shape of the airship envelope but not to require a heavy
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envelope fabric. A time tested rule of thumb for the internal pressure is
1.2 g, where ¢q is the maximum dynamic pressure that the airship will
encounter in its flight envelope. This rule ensures that the nose of the
airship will not cave in during maximum g operation.

If the airship volume were completely filled with helium at sea level (SL)
the AP across the envelope would increase as the airship ascended to the
point that either the fabric would burst or the helium would vent to keep the
AP constant with altitude. The former is not an option and the latter is not
affordable since helium is expensive and the envelope would lose its shape
as the airship descended. The resolution to this dilemma is the ballonet.

The ballonet is one or more flexible airbags inside the envelope attached to
the lower surface. The ballonets are filled or emptied with air to keep the AP
constant and hold the envelope shape as the airship changes altitude. The AP
across a ballonet is very small, typically the same as for the envelop. A design
issue for the ballonet material is the constant flexing of the fabric as they inflate
and deflate. A typical ballonet arrangement is shown in Figs. 1.8 and 9.1.

The size of the ballonets, as a fraction of the envelope volume, depends
upon the maximum pressure altitude of the airship (see Fig. 9.3). The bal-
lonet would be completely filled at SL and completely empty at the pressure
altitude. Figure 9.3 shows airships with pressure altitudes up to 9000 ft with
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Figure 9.3 Ballonet fraction vs pressure altitude for existing airships.
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a few up to 12,000 ft, but none above that except for the stratospheric ISR
airships such as ISIS that station keeps at 65,000 ft. The reason is that air-
ships very seldom fly above 9000 ft. Most of the time airships fly at 4000 ft
to be above the ATC (air traffic control areas) and out of the general avia-
tion traffic. Airships do a lot of route planning such as flying around high
terrain rather than over it.

Taking a closer look at Fig. 9.3 shows that ballonet volume can be calcu-
lated several ways compared to the actual data from airship designs. Bal-
lonets would never be sized using the minimum line. However, many
designers use the “nominal” line as this is the minimum increased by 13%.
The 1.13 factor accounts for the effects of superheating the internal gases,
allowance for flying on non-standard pressure days, unusable volume, and
the ability to transfer air fore and aft for c.g. control. The third equation is
labelled “conservative” but is still a good fit to the data. These data show
that the designer has some latitude in choosing ballonet size based on how
robust the design needs to be.

The HALE ISR airships (such as the Solar HALE example of Chapter 5)
fly at 65,000 ft but do not have ballonets since they stay aloft for months or
even years with infrequent ascents and descents. If shape is important at
launch then the airship is filled with helium to its normal pressure and
launched. During ascent the helium is vented to maintain pressure until it
reaches its operational altitude. Since the airship is completely filled with
helium at the launch altitude, its buoyant lift has to be modulated by ballast
to keep ascent rates within reason. This ballast (usually a water/alcohol mix)
is dropped during ascent to keep the rate of climb at a manageable level
(usually 1500 f/m). For airships or balloons whose initial shape is not impor-
tant a measured amount of helium is injected into the envelope that expands
as the airship ascends. At operational altitude the measured amount of
helium has exactly expanded to provide the targeted envelope volume and
pressure (Chapter 13). At the end of the mission the helium would be vented
and the limp airship would float to its landing in a remote area.

The flow rate in/out of the ballonet ft3/m is usually sized by the descent
rate. Airship regulation CS30T specifies a maximum rate of descent of
1200 f/m [1]. A notional pressurization system that would service a fore
and aft ballonet and an ACLS is shown in Fig. 9.4. It consists of the ballo-
nets, ducting, blower fans, and valves. The scoops (especially the forward
facing) should retract when not needed to reduce the airship drag. The
system operates as follows:

1. During descent: Inflate forward and aft ballonets B; and By; open valves
V3, V3 and V7; close valves V4, V5 and Vg; operate fan F.

2. During ascent: Deflate Bj and By, open valves V1, V4 and Vs, close valves
V2, V3, Vg, and V7; operate fan F; to exhaust air from By and B,.

249
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Figure 9.4 Notional ballonet and ACLS pressurization system.

3. c.g. control: Shift air from B; and Bs, close valves Vi, Vi, V3, and
V7; open valves V4 and Vs, operate fan F3 to move air between B
and B».

4. Operate ACLS (airship is at low speed with ballonets full): Close

valves Vy, V3, and V7; open Vg and operate fan F; to either blow or suck
ACLS.

The weight of the ballonets is estimated by assuming a fore and aft bal-
lonet of equal volume each and spherical in shape. Using the area density
for ballonets from Chapter 8 the ballonet weight is

Wial = (area density)(total surface area of ballonets)(1.13)  (9.8)

The ballonet ducting is made of the same fabric as the ballonets. The
ducting weight is estimated as

Wpuct = (area density)(duct circumference)(length)(number) (9.9)
The weight of the blower fans in Ib is given by the parametric equation
Wir = 0.308 1y (9.10)

where W, is the required flow rate in ft3/s for either the ballonet system or
the ACLS.
The weight of the valves in Ib is estimated as follows:

Whatve = (.07) (duct cross-section area in in.2) (number) (9.11)

Sample Problem 9.1: Ballonet and Blower Fan Sizing

Assume an airship has a maximum pressure altitude of 10,000 ft (o =
0.7385) and weighs 50,000 Ib. Using

Weight = Buoyant Lift = (Volume)(0.065)c (5.44)
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gives an envelope volume = 1,041,612 ft3 and ballonet volume = 0 ft3
at 10,000 ft. At SL (o = 1) the required envelope volume = 769,231 ft3
and the ballonet volume is 272,381 ft3 or 26% of the envelope volume.

With helium filling 74% of the volume the buoyant lift at SL is 50,000 Ib.
As air is emptied from the ballonet, the helium will expand but the
buoyancy remains constant. If the cruising altitude for the airship is
4000 ft (o= 0.8881) the helium volume needs to be 866,153 ft> to develop
50,000 Ib of buoyant lift. Thus, the ballonet would have to empty to
175,459 ft3.

If the airship descends to SL from 4000 ft at 1200 f/m (descent
time = 200 sec), the blower would have to fill the ballonets with air at the
rate of Wgir = (272,381 — 175,459)/200 = 484.6 ft3/s. Assume that the pres-
surization system consists of three blowers of 200 ft3/s capacity each (each
blower fan operating at 80% capacity). The weight of the blowers for the
ballonets would be (0.308)(484.6)/(0.8) = 186.5 Ib.

#EXY Hydro Carbon Fuel Propulsion System

The hydro carbon propulsion system is comprised of

« Engine (piston or turbine)
» DPropeller

+ Fuel tank

» Starter

« Engine controls

» Engine mount/installation

The engine weight (W) is estimated by determining the horsepower
required as discussed in Sec. 4.3. A decision is made as to the number of
engines and an off-the-shelf engine selected from Fig. 5.8 or a vendor
catalog.

The engine is either mounted to the gondola (on an outrigger, see
Fig. 9.2) or attached to the envelope (on a tripod) as shown in Figs. 9.5a and
9.5b. For conventional or hybrid airships weight isn’t as important as it is
for a high altitude ISR airship. Hence, there are significant differences
between the propulsion systems and the structure that attaches the engine/
propeller to the side of the envelope. Remember to consider the propeller
diameter to make sure the tripod has enough standoff distance from the
envelope. The weight of the engine mount and installation would be esti-
mated as follows:

WEngM[ = FEnth NEg WEng (9.12)
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Figure 9.5a Possible engine mount scheme for hul-mounted internal
combustion/turboprop engines on conventional or hybrid airship designs.

where

FEgngme = 0.57 for a piston or turbine engine on a gondola-mounted out-
rigger (see Fig. 9.2)

FEngme = 0.64 for a piston or turbine engine on a hull-mounted tripod
(see Fig. 9.5a)

FEengme = 1.2 for an electric motor on a hull-mounted tripod (see Fig. 9.5b)

Figure 9.5b Possible engine mount scheme for hul-mounted electric motors
on a high altitude design.
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Nr is the number of engines.

The fuel tank(s) is usually located in the gondola and feeds the outrigger-
mounted engines and the tripod-mounted engines. The tripod-mounted
engines located on the hull would have long fuel lines. The weight of the
fuel tanks, pumps, and lines is estimated as

Wer =249 (Fuel)%® (N7)92 (Np)O-13 [1/(1 + Int)]03 (9.13)

where Fuel is the total fuel in gallons (a gallon of aviation gas weighs 6.0 1b),
N is the number of separate fuel tanks, and Int is the percentage of fuel
tanks that are integral.

The weight of the engine controls is estimated as

Wee=60.27 (€pc Np/100)0-724 (9.14)

where £rc is the distance (in feet) from the controller to the engine.
The weight in 1b of an electric starting system is estimated as

Wstare = 50.38 (NE Wi,,g/1000)0-459 (9.15)
The propeller weight in Ib is estimated as follows:
Wprop = Kp Np (Ng1)0-391 (dp //1[9/1()()())()‘782 (9.16)

where Kp = 31.92, Np = number of propellers, Np; = number of blades
per propeller, dp = propeller diameter in feet and /, = engine shaft horse-
power.

MK XF solar Energy Propulsion System

The solar energy propulsion system is comprised of

DC electric motor

Propeller

Solar cells

Energy storage device (rechargeable batteries or regenerative fuel
cells)

These elements of the solar propulsion system are discussed in
Chapter 5 and the component WERs are listed in Table 5.2. The weight
build-up for a solar powered airship will be detailed in the following
example.

Sample Problem 9.2: Solar HALE

We return to the Solar HALE introduced in Sec. 5.12, discussed in
Sec. 7.4, and shown on Fig. 7.2. An initial TOGW = 5000 Ib and “24/7”
loiter at 65,000 ft was assumed giving a lifting gas volume of 1.04 x 10° ft3.
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The solar power system was sized using solar cells of 32% efficiency
and regenerative Oy/H> fuel cells (RFC) for the nighttime energy storage
device. All that remains is to estimate the component weights using the
WERs discussed in Chapters 5, 8, and 9 in order to check the assumed
5000 Ib weight.

The hull/envelope weight was discussed in Chapter 8. For the volume =
1.04 x 106 ft3 and FR = 3.2 the surface area of the envelope is estimated
[using Eq. (3.19)] to be 58,685 ft2. The envelope weight is estimated as
follows.

The 1.2 gmax = Psp rule of thumb is not appropriate for a HALE
vehicle since g,qx = 0.17 Ib/ft2 is very low. Thus, we assume Psp = 0.2 psi.
The buoyancy pressure delta on the upper skin is determined from
Eq. (8.5) as

AP = (0.065)(89.5) = 5.82 Ib/ft2 = 0.04 psi
The skin limit load acting on the envelope is [from Eq. (8.6)]
Envelope limit skin load = (0.2 + 0.04) (45)(12) = 129.6 Ib/in.

The minimum fabric breaking strength = (hoop skin load)(FS) = (129.6)
(4) = 518.4 Ib/in. [using Eq. (8.6b)]. From Fig. 8.4 the fabric density for
Dyneema is 3 0z/yd? = 0.021 Ib/ft2 giving an envelope fabric weight [using
Eq. (8.7)] of

Weny = (fabric density)(Swet),,,, FMa Far=(0.021)(58,685)(1.2)(1.26) = 1863 Ib.

Since there is no ballonet, we have Wy, =0.

The load suspension curtain fabric area is assumed to be 20% of the
solar HALE side area or 3014 ft2. The curtain load is 1.5 times the envelope
maximum skin load = (1.5)(518.4) = 777.6 Ib/in. From Fig. 8.4 the curtain
fabric density using Dyneema is 4 oz/yd? = 0.028 Ib/ft?> giving a curtain
weight based on Eq. (8.13).

Weurtain = (fabric density)(curtain fabric area) Fy = (0.028)(3014)(1.06) = 90 Ib

The curtain suspends the following items (Ib):

Insfalled poyloody k 575
Water ballast and tank 425
Avionics 67
RFC stacks and tanks - 364
Radiators (reject extra heat) = 65
Equipment bay 140

Total 1636
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We will use five 0.125-in. diameter, 7-strand galvanized cables that
weigh 0.029 Ib/ft for suspension lines, as shown in Fig. 9.1. From Table 9.3
this cable has a breaking strength of 2000 Ib. The five cables will give a
FS > 4. The weight of the suspension cables is 5(100 ft)(0.029) = 15 Ib.

As the Solar HALE ascends to 65,000 ft it will vent helium and carry
ballast to keep the ascent rate at a manageable level (i.e. ~1500 f/m). The
water ballast will be carried in a cylindrical tank similar to a fuel tank.
Assuming the water ballast at 400 Ib (62 1b/ft3) the tank would be 6.5 ft3
(1 ft diameter x 8 ft long) or approximately 48 gallons. Using Eq. (9.6) gives
25 Ib for the water ballast tank.

The fabric stabilizer and fin will be a pressurized fabric resembling a
flat, many-lobe air mattress. The tail is shown in Fig. 7.3 with a root chord
of 35.3 ft. Assuming a tail ¢/c = 15% gives a maximum lobe diameter of
3.5 ft. The total exposed planform area for the four tails is 2805 ft2, which
gives a total surface area of approximately 2(1.2)(2805) = 6732 ft2. The
control surface area of the elevators and rudders will be assumed to be
20% of the total planform area.

The fabric structure of the stabilizer/fin is shown in Fig. 9.6a. The tail
super pressure will be assumed to be 0.2 psi. Since the tail is pressurized
with air the buoyancy force is zero. The hoop skin load (envelope limit
skin load) = (0.2) (3.5/2)(12) = 4.2 Ib/in. The minimum fabric breaking
strength = (hoop skin load)(FS) = (4.2)(4) = 16.8 Ib/in. From Fig. 8.4 the
fabric density for Dyneema is 1.5 0z/yd? = 0.0105 Ib/ft2 giving a tail fabric
weight [using Eq. (9.1)] of

Wrsr = (0.0105)(6732 — 1346)(1.26)(2.36) = 168 Ib

We need to include a pressurization system of 148 Ib (assumed) to keep
the stabilizer and fin inflated to 0.2 psi.

At this point it is a good idea to check our assumption of a pressur-
ized fabric tail versus a light weight structure tail. Using Eq. (9.2) the light
weight structure tail weight would have been (0.3)(0.8)(2805)(1.26) =
848 Ib. Thus the fabric pressurized tail at 168 + 148 = 3161b was a
good choice.

The rudders and elevators are light weight structure at 0.3 1b/ft2 or (0.3)
(0.2)(2805) = 168 Ib. This light weight structure is shown in Fig. 9.6b and is
typical of the structure on the Aerovironment Helios. The actuator weights
are estimated from Eq. (9.4) as

Wact = Faer (control surface planform area) = (0.08)(0.2)(2805) = 45 b

The stabilizer and fin are lashed to the hull of the airship and braced
with cables. We will assume that each tail has four bracing cables on each
side, each cable is 40 ft long and made from % in. Vectran. From Table 9.4
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Planform Area = 701 f£ each
Weight =42 b each
Max operating internal air pressure = 0.2 psi
t/c=15% Fin Skin - Dyneema
. 0.0105 Ib/ft’
Fin Ti

Cable Bracing Patches
4 patches per side

External Cover Tape
(Tedlar)

8X Spars
(Polyester) y
T-Tape (spar attachment)
(Polyester) Internal Structure Tape
(Vectran)

Figure 9.6a Solar HALE stabilizer/fin pressurized fabric structure.

Planform area = 140 ft* each
Weight = 42 Ib each

D-Rib Leading Edge-Rib
(Gr/Ep Rohacell Sandwich) (Gr/Ep Rohacell Sandwich)
Intermediate-Rib End-Rib
kae (Gr/Ep Rohacell Sandwich) (Gr/Ep Rohacell Sandwich)
(Al Tubing)

~

Hinge
Pin

Spar
(Gr/Ep Tube)

Fairing Cable Bracing Skin
(Gr/Ep Laminate) Trailing Edge (Tedlar)
(Gr/Ep Tube)

Figure 9.6b Solar HALE elevator/rudder lightweight structure.
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the breaking strength is 9400 lb and the weight is 0.022 Ib/ft. The weight of
the cable bracing is (4)(8)(40)(0.022) = 28 Ib.

The weight of the control cables from the vehicle management systems
(VMS) to the tails is given by Eq. (9.14) where £ is the control cable length
and N is the number of engines.

WEe =24.27[(2)(134)/100 + (2)(170)/100]%724 = 90 1b
The solar power system weights from Chapter 5 are

RFC weight (includes fuel cell stacks and O3, Hy and water tanks) = 365 Ib.
Installed solar cells (2500 ft2) = 250 Ib

The propulsion system is four electric motors at 1 kW each on hull-
mounted tripods (see Fig. 9.5b). From Table 5.2 the specific energy of an
electric motor is 0.2 kW/Ib (includes motor, controller and propeller).
Thus, the weight of the electric motor unit is 1/0.2 =5 1b each. The weight
of the four tripod engine mounts is [from Eq. (9.12)]

WE;ngt = FEnth NE WEng =(1.2)(4)(5)=241b

The weight of the four power cables from the solar cells to the motors
and the four control cables from the VMS to the motors is given by
Eq. (9.14) (using Ne=4+ 4 = 8).

Wec=24.27 [(€gc NE)/100]0-724 = 24.27[(90 x 8)/100]%724 = 101 1b

The fuel system weight (tanks, pumps, lines, etc.) is zero since the motor
is electric and the power is solar.

Solar HALE weight summary

Weight group Weight (1b)
Hull (envelope, tails, bracing cables, and suspension curtains) 2332
Solar power system (solar cells, RFCs, and tanks) 615
Propulsion system (motors, mounts, power cables) 145
Pressurization system (fail, assumed) 148
Water ballast and tank 425
FCS (flight computer, sensors, actuators, control cables) 185
Avionics/communications/DL 67
Installed payload (EO/IR sensor, control unit, 1.15 install) 575
Miscellaneous (assumed equipment bay, radiators, etc.) 205
Margin (6.1%) 303

TOGW 5000
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The remaining subsystem weights are

Landing gear =0
Avionics/communications/DL = 67 Ib
Flight control system (flight computer, sensors, etc.) = 50 Ib

The Solar HALE meets the assumed TOGW of 5000 Ib with a 6.1%
margin. The conceptual design stage should carry at least a 6% weight
margin because aircraft and airship weights always increase from initial

design to production.

X -¥.¥ Electrical

The electrical system would include the power generation system (such
as batteries, fuel cells, APU, or engine-driven generators), the distribution
system, and the power conditioning system. Batteries, APU or fuel cells
would be vendor items with unique weights. The WER for an electrical
system consisting of engine-driven generators and conventional power
conditioning and distribution is expressed in terms of the total weight of
the fuel system and electronics equipment (the primary users of electrical
power on the airship). The weight is estimated as follows:

Weteet = Kelect (Wrs + Wrron) -1 (9.17)

where Wrs = weight of the fuel system (Ib) and Wyron = weight of the
installed avionics/electronics (Ib). The Keecr accounts for the type of mission
as follows:

Kelecr = 12.57 for commuter/passenger airships
Kelect = 33.73 for long range transport airships

ik »J Landing Gear and ACLS (Air Cushion
Landing System)

Airship and hybrid landing gears are designed for a 4 f/s sink rate
whereas USAF and commercial transports are sized for 10 f/s sink rate and
Navy carrier suitable aircraft have a 24 f/s sink rate requirement. All landing
gearsare sized for alanding weight heaviness Wy, = (1 - BR)(TOGW) — 50%
fuel. During landing the airship/hybrid main landing gear or rear edge of
the aft ACLS pads will strike the ground first, and then the nose gear or
nose ACLS pad will contact the runway for a three-point run-out. The
landing event is the critical condition for tail strike. The geometry should
be checked to determine the angle between the fully compressed main gear
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or rear edge of aft ACLS and the tail or aft body. This angle should be at
least 10 deg to prevent damage to the delicate tail structure.

MEEAY Air Cushion Landing System

Figure 9.7 shows a cross-section of an ACLS pad. It consists of a plenum
surrounded by a flexible pressurized fabric called a curtain. The curtain is
pressurized to 0.1 psi by a dedicated pressure system which is independent
of the main pressurization system as shown in Fig. 9.7. The reason for the
separate system is that the curtain needs a positive pressure during suck-
down when the main pressure system is supplying a negative pressure to
the plenum. The curtain is a very durable, abrasion resistant fabric as there
will be some rubbing along the runway during ground operations. During
cruise the curtain is evacuated (slight negative pressure) to retract and
cover the plenum to reduce the drag of an open cavity.

Figure 9.8 shows a view of the LM P-791 Hybrid Demonstrator looking
up into the ACLS plenums. The figure shows the curtains extended. The
P-791 was a demonstrator and did not have the capability to retract the
curtains and cover the plenum during cruise. The result was a large cruise
drag increment due to the open cavities.

Hybrids will land heavy (W} > 0) on a tricycle landing gear or an ACLS.
The ACLS is similar to a hovercraft and permits the hybrid airship
to operate with unmatched maneuverability on the ground or any other
reasonably flat surface including water. The ACLS can reverse the blower
fans for a negative 0.1 psi pressurization and suck the vehicle down when it
is parked. This grip mode allows the hybrid to remain parked in ~25 kt
winds.

The ACLS consists of several ACLS pads on the bottom of the hybrid.
The sizing condition for the ACLS plenum is either

1. Thelanding sink rate at Wy, = (1 - BR)(TOGW) — 50% fuel compressing
the rear edge of the aft pads. This sizing analysis results in a plenum area
Ap (ft?) of one ACLS pad aft of the c.g. to be

Ap=023 Wy, Vsr/(Npad Pp) (9.18)

Where Vsp = landing sink rate, f/s (typically 4 {/s), Np,;y = number of
ACLS pads aft of the c.g. (typically two) and Pp = plenum pressure, Ib/ft?
(same as hull pressure). If there is a single nose ACLS pad its plenum
area would be 20% of Ap Npy,.

2. The total lift of the ACLS system (plenum pressure X the total plenum
area) during ground operations should equal the maximum heaviness =
(1 = BRY(TOGW).
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Figure 9.8 Lockheed Martin P-791 hybrid demonstrator showing ACLS pads.

Sample Problem 9.3: ACLS Sizing for the CargoStar

At this point the ACLS plenums for the CargoStar discussed in Sec. 6.5
can be sized. First the two aft pads are sized for a landing sink rate of 4 t/s
and a plenum pressure of 0.1 psi. The landing weight heaviness Wy, =
(1 —0.75)(93,000) — (23,000)/2 = 11,750 Ib. From the sizing analysis above
[Eq. (9.18)] the plenum area of one pad is Ap = (0.23)(11,750)(4)/[(2)(0.1)
(144)] = 375 ft? for a plenum pressure of 0.1 psi. Assuming a single nose
pad (carrying 20% of the heaviness) gives a total ACLS lift of [(2)(375) + 172]
(14.4) = 13,287 lb which is less than the maximum heaviness of 25,000 lb at
takeoff. Thus, we need to size the ACLS for taxi takeoff.

If we size the ACLS plenum area to generate 25,000 Ib at taxi takeoff,
the total plenum area is 25,000/14.4 = 1736 ft2 or 694 ft2 for each of the
main pads and 347 ft? for the nose pad.

MEXEY Landing Gear and ACLS Weight Estimating

Airships typically have a single landing gear (such as the Skyship 600
and ZP4K) and attach to a docking mast for ground operations. However
others such as the Sentinel 1000 have tricycle gears. Airship landing gear
weight can be estimated using the following Wgp:

Single landing gear weight = 24.2 [2(W},)/1000]08%  (9.19)
Tricycle landing gear weight = 31.2 [2(W4,)/1000]0-84 (9.20)
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where 20% of the gear weight is for the nose gear and 80% for the main
gear.
The ACLS weight in Ib is given by

ACLS weight = 1.6 (total plenum area) (9.21)

KXY Crew and Passenger Accommodations
All weights that follow are in Ib.
Wseat = Kseqr (number of seats) (9.22)
where
Kseq: =55 for flight deck seats
Kseqar =32 for reclining passenger seats
Kseqt =17 for troop seats
Waunk = 28 (number of bunks) (9.23)
Lavatories: W4, = K14y (number of crew + passengers)1-33  (9.24)

where Kj,4, = 5.6 for long range flights and K4, = 2.3 for short range
flights.

Food/water: Wryoq4 = 5.06 (number of crew + passengers)(days)  (9.25)

where Eq. (9.25) includes galley provisions.

Avionics and Electronic Equipment

The avionics equipment consists of the communications and navigation
gear, VMS, radar, autopilot, instrumentation, and sensors. The weight for
the avionics and electronic equipment is best obtained from a careful study
of the requirements and vendor catalogs. Table 9.1 contains weights and
volume information on common avionics equipment. These weights
should be increased by 15% to account for installation.

Avionics equipment must be maintained frequently, so the equipment
must be located for easy access by the ground crew. This equipment is
usually located in the gondola. It must not be stacked such that a piece of
good equipment would have to be removed to get to the faulty item.

Miscellaneous

Weights and volumes for common avionics equipment can be found in
Table 9.1. Fuel weights are given in the following table:
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Aviation gas
#2 diesel

6.5
6.0
7.1
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| Gallon weighs (Ib) | Cubic foot weighs (Ib)

48.6
44.9
5 53.5
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Table 9.1 Weights and Volumes for Common Avionics Equipment

infercom system

UHF communications
VHF/UHF

HF comm

Ka comm

UHF DF homing
Air-to-ground IFF

TACAN
~ILS-VOR

Gyro compass
Inertial navigation system

HF radio
Autopilot system
Air data computer
Radar altimeter
Range only radar
Flight dafa recorder

EO/IR target system
(raytheon)

- EO/IR target system

(L3-wescam)

| Model designation

| Volume (ft3)

| Weight (Ib)

AIC-25 - 192
ARC-109 - 51.0
Link 16/SATCOM 44
Link 22 130
CDL/SATCOM 18
ARC-150 0.21 1.0
705 CA - 50
APX-64 - 53.0
APX-92 0.11 13.0
ARN-52 - 61.0
ARN-100 1.1 46.0
ARN-584 - 27.0
RCS-AVN- 220 0.05 3.5
ASN-89 0.2 8.4
AJQ- 20 [ 207.0
IN-30 1.08 44.0
ARC-123 - 78.4
- - 168.5
AXC-710 0.5 14.0
APN-167 - 38.2
SSR-1 (GE) 0.55 250
- 0.3 15.6
AN/AAS-52 18 diam 0.31 130

target system elect units 25
MX-10 1024 in. 371b

diameter by
14 in. height

* Abbreviations: UHF, ultrahigh frequency; DF, direction finder; IFF, identification friend or foe;
TACAN, tactical air navigation; ILS-VOR, instrument landing system, very-high-frequency omni-
directional radio; ECM, electronic countermeasures; EO/IR, electro-optical/infra-red.
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Table 9.2 Conftrol and Fuel Line Tubing Weights

Stainless . Aluminum
tubing (Ib/f) | tubing (Ib/f)

0.25 0.067 0.024

0.375 0.105 0.037

0.5 - 0142 0.05

0.75 0218 0.077

1.0 - 0.293 0.104

1.25 0.369 0.13

1.5 0.444 0.157

Control lines, instrumentation wires, and fuel lines oft times will have
to run from the gondola to the tail group or hull-mounted engines. The tail
group and hull-mounted engines are usually braced using bracing cables as
shown in Fig. 1.10 and Fig. 9.5 and discussed in Chapter 8. Vectran rope is
sometimes used for the bracing because it has tremendous strength to
weight (see Table 9.4). Tubing, fuel lines, and bracing cables are presented
in Tables 9.2 and 9.3. '

S ETY Ballast

The airship/hybrid must always have the buoyancy ratio BR < 1 (other-
wise it is an untethered balloon). If the heaviness cannot be controlled with
aerodynamic lift or some other feature (see Sec. 4.7.4) then ballast is a last

Table 9.3 7-Strand Galvanized Cable Strength and Weights

Diameter | Breaking | Weight

(in.) | strength (Ib) | (Ib/f)
3/32 1000 0.0174
1/8 2000 0.029
5/32 2800 0.045
316 4200 0.065
7/32 5600 0.086
1/4 7000 0.11

516 9800 0.173

3/8 14400 0.243
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Table 9.4 12-Strand Vectran Rope Strength and Weights

Diameter = Breaking  Weight
(in.) . strength (Ib) | (Ib/ft)
1/8 2700 © 0.006
3/16 5500 0.013
1/4 9400 0.022
5/16 14000 0.036
3/8 19500 0.046
1/2 35000 0.088
5/8 - 55000 0.14

resort. The important thing to remember about ballast is that at some point
it may be dropped from altitude (see the Solar HALE example in Sec. 9.5).
Consequently, water is a better ballast than lead shot. The water would be
mixed with alcohol to prevent it from freezing.

Sample Problem 9.4: CargoStar Weight Build-Up

We return to the CargoStar example that was introduced in Chapter 6.
The initial W was estimated at 93,000 Ib that gave a Wog of 37,000 Ib
using Fig. 6.1. The CargoStar specifications are given on Fig. 6.2. This section
will use the weight methodologies presented in Chapter 5 (IC/turboprop
engine weights and propeller sizing), Chapter 8 (envelope, septum/curtain
and ballonet) and Chapter 9 to develop the CargoStar WE.

In Chapter 8 the CargoStar was used as an example of the methodol-
ogy for estimating the weights of the envelope, ballonets, and septum.
Assuming a maximum speed of 65 kt (q = 14.32 Ib/ft?) these estimated
weights are

Wen =47801b
Wsept = 1322 1b
Wpa =13371b

The weight of the pressurization system is assumed to be 800 Ib using
historical data shown on Fig. 9.10.

From Fig. 7.1 the CargoStar tail volume coefficients were estimated to
be Cyvr=(Ev1)(Syr)/[(€s) Vol2’3] = 0.061 and Crr= (Lr7)(SHT)/[(€B) VOI2/3] =
0.0684. Using &y = €y = 0.38 €5 = 108.3 ft and Vol2/3 = 13,463 ft2 the
total horizontal tail area is 2423 ft2 and vertical tail area is 2161 ft2 which
gives a total planform tail area of 3247 ft2 that is canted 42 deg from the
horizontal.
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Assuming the tails to be constructed from light weight structural mate-
rial with 20% control surfaces gives a fixed tail weight [using Eq. (9.2) for
maximum q > 10 Ib/ft?] of 3273 Ib. The weight of the control surfaces [from
Eq. (9.3)] is 649 Ib and the actuators [from Eq. (9.4) plus 15% installation]
is 590 1b.

The crew station and system section will be separate from the cargo
bay. The cargo bay will contain the fuel tanks and be located directly
beneath the c.b. with attention paid to easy roll on/off for payload handling.
There will be a tunnel between the crew station and the cargo bay for
in-flight access.

The crew station plus system section of the gondola is assumed to have
dimensions of length = 25 ft, width = 7 ft and height = 7 ft. Using Eq. (9.6)
(category 2) gives a crew station plus system section weight of 2429 1b.

Assuming a cargo bay for the 34,0001b payload with dimensions
length =55 ft, width = 10 ft and height = 10 ft gives a wetted area of 2400 ft2.
Using Eq. (9.7) (category 3) gives a cargo bay weight of 4500 Ib.

The four GTSIOL-550 reciprocating engines weigh 640 Ib/engine and
are mounted on the hull as shown in Fig. 6.2. The engines would be
mounted on a tripod as shown in Fig. 9.5a. The weight of the tripod engine
mounts is estimated using Eq. (9.12).

WEngme = (0.64)(4)(640) = 1638

The fuel tank will be two tanks mounted outside of the cargo bay. The
weight of the fuel tanks, pumps and fuel lines is estimated using Eq. (9.13).
For 3667 gallons of fuel, four separate fuel tanks and no integral tanks the
weight of the fuel system is 542 Ib.

The total weight of the engine controls is 272 Ib for an assumed line
length from the crew station to each engine of 200 ft [from Eq. (9.14)].

The weight of the electric starter on each engine is 20 Ib [from Eq. (9.15)].

The weight of each 14 ft, 3-bladed propeller and controls for the
GTSIOL-550 engine is 232 Ib [from Eq. (9.16)].

The CargoStar uses an ACLS instead of a conventional tricycle land-
ing gear. Sample Problem 9.3 solved for the plenum area of the 3 point
ACLS. .. 347 ft? for the nose pad and 694 ft? for each of the two main pads.
The critical case for the sizing is taxi-takeoff. Using Eq. (9.21) the ACLS
weight is determined to be 2778 Ib.

Assuming a crew of 5 the crew accommodations for a 5000 nm mission
(assume 10 days) are:

Flight deck seats 275 1b
Bunks (3) 84
Lavatories 73

Food, water, and provisions 253
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The avionics set (from Table 9.1) is as follows (includes 15 % for instal-
lation):

Intercom 191b
UHF communications 51 1b
INS 207 1b
Auto pilot 168 Ib
Air data system 14 1b
Radar altimeter 381b
Flight computer 14 1b

The CargoStar weight summary is as follows:

Envelope - 4780 13.9
Septum 1322 4.0
Ballonet 1337 40
Tails (light weight structure) 3922 12.0
Gondola/crew station + system section 2429 7.5
Payload bay 4500 13.8
Propulsion 5478 17.0

Engines 2560

Mounting/tripod 1638

Engine controls 272

Electric starters 80

Propellers 928
Fuel system 542 1.7
Pressurization system 650 2.0 (Fig. 9.10)
ACLS 2778 8.5
VMS/actuators/avionics (installed) 1178 3.5
Electrical 1170 3.6
Accommodations 685 20
Miscellaneous 1700 5.0 (Fig.9.10)
Empty weight, W (no margin) 32,471
Margin 1940 6.0
Empty weight, W 34,411
Crew + equipment + trapped fuel 1490
Operating empty weight, Woe 35,901

The W build-up for the CargoStar with a 6% margin is 34,411 Ib.
Assuming 1250 1b for the 5-man crew plus equipment and a 1% trapped
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fuel weight gives an Wog = 34,411 + 1490 = 35,901 lb. The W = payload +
Whuel + WoE = 34,000 + 22,000 + 35,901 = 91,901 Ib which is within 1% of
the original assumed W of 93,000 (see Sec.6.5). At this point the Cargo-
Star conceptual design is considered closed based upon the requirements
and assumptions put forth in Sec. 6.5.

Before running off to make a wind tunnel model of the configuration
shown on Fig. 6.2, however, the design should be examined to see if it can
be made better. For example, one of the reported major attributes of hybrid
configurations is the mission flexibility and reduced infrastructure. The
CargoStar of Fig. 6.2 will land slightly heavy (about 2600 Ib) after burning
off its mission fuel. Thus, before the 34,000-1b payload can be removed the
vehicle will 1) have to be tied down, 2) fuel tanks filled and ballast added,
3) engine thrust vectored up, or 4) ACLS operated in full suck-down
mode . . . all of which are counter to mission flexibility and reduced infra-
structure. For the return trip (without payload) approximately 32,000 Ib of
ballast would have to be loaded onboard the CargoStar. In order to remove
these operational inconveniences the take-off BR would have to be about
40%. This is a major design change but one that should be examined before
design closure. The redesign for BR = 0.4 would be about the same size and
volume as Fig. 6.2 but W = 158,000 Ib and Sg = 3624 ft. For Sg < 2000 ft,
BR=0.55and Wg= 118,000 Ib. The decision on BR will be a designer judg-
ment call and call into play enlightened performance compromise. The
selection of hybrid airship BR will be discussed further in Chapter 12.

Impact of Maximum Speed

It is useful at this point to examine the impact of maximum speed on
the airship Wg. The airship is a very efficient transport vehicle when the
mission time is not critical. The power required (and resulting engine
weight) increases as the cube of the maximum speed (see Sec. 4.3). The
density of the envelope and septum fabric increases as the square of the
maximum speed since the fabric breaking strength depends on the internal
pressure, which is a function of maximum dynamic pressure (see Sec. 8.9).

The discussion will quantify the impact on CargoStar by increasing the
maximum speed for the vehicle from 65 kt to 100 kt. The metric will be the
W increase. The impact is shown in the table as follows:

" Envelope | Septum

at SL | w | Zwt

| (b/2) | | | (Ib) | any
65 143 2096 2560 4235 1322 8117
80 21.7 3663 4406 5490 1690 11,586

100 - 33.9 6927 7314 - 7058 2209 16,581
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The weight increase in increasing the maximum speed from 65 kt to
80 kt is 3469 Ib or 10.1% of the W, which uses up the margin. Requiring
an airship to go 80 kt or more is not very efficient and results in a small
payload or small fuel fraction. There needs to be a critical and compelling
reason for the requirement.

An engine sized for 80 kt has some good news and some bad news. The
bad news is that the engines are oversized for cruise (see the propeller
design discussion in Chapter 6) and would have to be throttled back outside
of the RPM for best BSFC.

The good news is that the engines sized for 80 kt result in very large
engines with a static thrust of approximately 7300 Ib (each engine). With
these large engines the take-off ground roll distance is approximately 356 ft
compared to 1108 ft for CargoStar with engines sized for 65 kt.

Summary

Figures 9.9 through 9.11 show the distribution of weight items as a per-
centage of the empty weight for airships, hybrids, and a long endurance

0.25

Envelope Payload Bay  Propulsion
0.20 :

0.15

0.10

Weight Fraction, W/W¢
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0.05 Systems

0

Figure 9.9 Typicail weight fraction (referenced to Wg) for a
conventional airship.
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airship respectively. This statistical data is useful as a sanity check for esti-
mated weights. For example Fig. 9.10 suggests that the CargoStar envelope
and propulsion weights are low and the gondola/cargo bay and ACLS
weights are high. However, the reader is reminded of the second paragraph
in this chapter that mentions the challenge of determining good weight and
is encouraged to continue. Weight data (like aero data) is very proprietary
among manufacturers and is difficult to obtain resulting in a small statisti-
cal data base available to the airship community. However, the data in
Figs. 9.9 through 9.11 should give useful information for making reason-
able estimates of weights for the various subsystems.
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his chapter covers the basics of stability

and control of airships, including static

stability and dynamic stability mode
approximations. The analysis of stability and
control for airships has many significant differ-
ences from that of conventional airplanes.
Table 10.1 lists some differences between air-
planes and airships from a stability and control
point of view. Most of these differences are
either related to the effects of buoyant lift used
by airships or to the relatively low numbers of
airships produced compared to airplanes.

One of the differences between airships and
airplanes listed above is the lack of well-defined
military or commercial specifications for air-
ships. Table 10.2 provides a short list of the
airship design and certification specifications
that are available. The FAA design criteria docu-
ment for airships, FAA-P-8110-2, is not a Federal
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T XY introduction

On May 11, 1932, the USS
Akron attempted to moor at
Camp Kearny in San Diego,
CA. The combination of
lifting gas heated by the sun
and low fuel weight made the
airship lighter than neutrally
buoyant and almost
impossible to control during
mooring. Three ground
crewmembers were carried
into the air clinging to the
mooring lines. Two of them,
Aviation Carpenter’s Mate
3rd Class Robert H. Edsall
and Apprentice Seaman
Nigel M. Henton fell to their
deaths. The third, Apprentice
Seaman C. M. “Bud” Cowart
was eventually pulled aboard
the airship. The Akron was
able to successfully moor at
Camp Kearny later that day.

Table 10.1 Airplane and Airship Stability and Control Comparison

" Airships

Airplanes
Vehicle mass is greater than displaced air

Vehicle mass is approximately equal o

mass.
Vehicle speed is greater than winds.

Important forces are lift, drag, thrust, and
weight.

Directionally stable.

Center of gravity position is critical.

Control power increases with airspeed.

Linear aerodynamics over a small range of
angles.

Well-defined inceptors: stick or yoke, pedals,

and throttle.
Well-defined design criteria.

Large body of historical dafa and
requirements.

displaced air mass.

Vehicle speed is approximately equal fo
winds.

Buoyancy, thrust vector, and added mass

also important.
Directionally unstable.

- Centers of gravity and buoyancy are critical.

Propulsive control power decreases with
speed.

~ Non-linear aerodynamics over a large range

of angles.

" No commonly accepted inceptor layout.

No well-defined military or commercic!

specs.
Little historical data and requirements.
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Table 10.2 Airship Certification Documents

Document ‘ Description

FAA-P-8110-2 FAA Airship Design Criteria
Airworthiness Requirements for the Type Certification of
Conventional, Near-Equilibrium, Non-rigid Airships
(Not Federal Aviation Regulations)

AC21.17-1A FAA Advisory Circular, Type Certification-Airships
FAR Part 21 FAA Federal Aviation Regulations
Certification Procedures for Products and Parts
CS-30N European Aviation Safety Agency
Certification Specifications for Normal and/or Commuter Category
Airship
CS-301 European Aviation Safety Agency

Certification Specifications for Transport Category Airships

Aviation Regulation (CFAR) like the design criteria for airplanes and heli-
copters. Instead, FAA-P-8110-2 is a set of requirements intended to provide
an equivalent level of safety to that prescribed in FAR 21.17 (b) for special
classes of aircraft. The FAA Adyvisory Circular AC 21.17-1A calls out FAA-
P-8110-2 or “Other Airworthiness Criteria” as acceptable criteria for certi-
fication of airships under FAR Part 21. More commonly used certification
standards for airships are the European Aviation Safety Agency (EASA)
standards CS-30N and CS-30T. CS-30T is unique in that it is the only cer-
tification specification for a transport category airship. Most existing air-
ships are of the normal commuter category, but recently, a number of new
airship and hybrid airships designs have been proposed in the transport
category.

Most of the aerodynamic characteristics of the airship used for stability
and control analysis are in the form of force and moment coefficients and
static and control derivatives as described in Chapter 3. Some additional
aerodynamic derivatives used for stability and control analysis are defined
in Table 10.3.

Rate derivatives are important for the stability and control of airships,
because they have significantly more effect on the overall stability of air-
ships than they do in conventional aircraft. The rates have dimensions of
angle per unit time, which means that as the time scale changes, the rate
derivatives would change as a function of time dependent parameters such
as airspeed. To make the rate derivatives independent of airspeed, they are
defined in terms of non-dimensional rate coefficients, p, g, and r.

The acceleration derivatives describe the effect of the force required
to accelerate the added mass of air surrounding the airship. Added mass
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Table 10.3 Additional Aerodynamic Coefficients and Derivatives
for Stability and Control

Non-dimesional | Rate |
| derivatives | Acceleration derivatives

p=p Vo5 Ve % Cly =ACL/AG Ci,, = AL/Aw p Vol Gy =AY/AVp Vol

G=qVol's)..  Cmy=ACm/AG  Cp. =AM/AwpVol's  Cp =AN/AVp VoI's
F=rvol'sNVe — Cn =AC)/AF ¢ =Al/AGpVol's Oy =AY/Aip Vol's
Gy =ACY/AT " Cp = AM/AGp VoI’ Co = AN/AG p Vol

G, =aC1/Ap Cy, = Alfapp Vol's

primarily affects the dynamic characteristics of an airship. If added mass is
not taken into account the dynamic mode approximations could be off by
over 100%. The acceleration derivatives are discussed in more detail in
Appendix C on added mass.

Typically aerodynamic data for stability and control analysis comes
from wind tunnel tests or non-linear computational fluid dynamics (CFD).
Some of the aerodynamic parameters can be estimated based on the geom-
etry of the airship hull and tails. Many of the main aerodynamic parameters
are highly non-linear over the range of angles that the airship will see in
flight. Thus, linear approximations often will be insufficient to analyze the
stability of an airship. Linear CFD codes like potential flow panel code are
useful in estimating the dynamic rate and acceleration derivatives.

The Goodyear ZP4K airship is an example of a typical airship that will
be used in this chapter for stability and control analysis. The general layout
of the ZP4K is shown in Fig. 10.1 along with the some of the major param-
eters of the airship in Table 10.4 [1].

The initial sizing of the ZP4K tails based on the methods in Chapter 7
result in a horizontal tail volume coefficient of 0.063 and a vertical tail

Figure 10.1 Goodyear ZP4K.
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Table 10.4 Goodyear ZP4AK Airship Parameters
Reference volume Vol 527,000 f3
Length of body 14: 266.5 ft
Maximum diameter d 621 ft
Mass m 2317 slug
Roll moment of inertia Cly 1,127,364 slug fi2
Pitch moment of inertia ly 3,131,566 slug ft2
Yaw moment of inertia I7 3,131,566 slug ft2
Vertical offset c.g. to c.b. NZeg 101
Tail moment arm ¢.b. to ¢/4 lr 107 ft
Tail moment arm c¢.b. fo hinge line Ors 117.8 ft
Horizontal tail area Sur 1108 ff2
Vertical tail area Syr 888 fi2
Horizontal tail volume coefficient Cur 0.063
Vertical tail volume coefficient Cyr 0.0517
volume coefficient of 0.0517. These tail volume coefficients indicate that

the ZP4K is well within the typical range tail sizing based on Fig. 7.1, where
the ZP4K is shown as point 1.

Lateral-Directional Stability and Control

The lateral-directional stability of an airship is determined by the inter-
action between the lateral and directional motion of the airship. Lateral
motion is a sideways translation of the airship, and directional motion is
rotation around the vertical or yaw axis of the airship.

The lateral motion of an airship is caused by the side force resulting
from the sideslip angle of the airship. When an airship translates sideways,
the resulting sideslip angle creates a side force in the opposite direction of
the translation. This side force creates a stable system where small distur-
bances in sideslip angle will decrease over time and not cause significant
motion of the airship.

The directional motion of an airship is caused by the yaw moment
resulting from rotation around the yaw axis. Typically, airships are direc-
tionally unstable, because the aerodynamic center is forward of the center
of gravity. The yaw moment resulting from a small disturbance in sideslip
angle will tend to increase that sideslip angle.

Lateral and directional motions are both influenced by the sideslip
angle and the yaw rate of the airship. To determine the overall stability of
the lateral-directional system, the contributions of these the two character-
istics must be considered together.
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The conditions for a steady state turn of an airship are when the yaw rate,
r, and sideslip angle, §, are both constant, or when the yaw acceleration, #,
and rate of change of sideslip, 3, are both zero as shown in Egs. (10.1) and
(10.2). For a simple yaw condition, the yaw acceleration is simplified as the
yaw moment divided by the yaw moment of inertia. The aerodynamic yaw
moment is written in terms of the static yaw moment coefficient, which is a
function of sideslip angle and the dynamic yaw moment yaw rate derivative.

;e —

. 2
N _ (Con+CF) qayVol sl _ 0 (10.1)

The sideslip angle rate is simplified as the body axis sideways acceleration
divided by the true airspeed. The sideways acceleration is equal to the side
force divided by mass plus a Coriollis term due to the rotation of the body
axis relative to an inertial axis. The side force is written in terms of the
static side force coefficient and the dynamic side force yaw rate derivative.

Y

. v Vel (Cy +Cy, ) qaymVol’s

pr—=2t G D ganVoln (102
Veo Veo mVeo

By solving the equations above for the static yaw moment and side force
coefficients, we can see in Eqs. (10.3) and (10.4) that for a steady state turn,
both coefficients are proportional to yaw rate.

Cn=—Cy; ¥ (10.3)
Voo .
Cy == r2 —Cy,r (10.4)
QdynVOZé

By taking the ratio of C, to Cy, the yaw rates cancel out producing a
constant critical ratio of C,,/Cy for a steady state turn as shown in Eq. (10.5).

Co_ —Cw (10.5)

Cy 2m _
p Vol

Cy;

Note that for a neutrally buoyant airship, the mass is equal to the mass
of displaced air, which is equal to the air density times the displaced volume,
so the C,/Cy ratio is simplified further in Eq. (10.6).

Cn _ =Cn (10.6)

Cy 2-Cy.

’
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If we plot this C,,/Cy ratio on a graph along with the actual static C,; and Cy
coefficients over a range of sideslip angles, the yaw stability characteristics of
the airship can be determined. The critical C,,/Cy line represents a steady state
turn at increasing yaw rates. Where the static C,, and Cy coefficients intersect
the critical line the airship will be in a steady state turn. Above the critical line,
the airship is unstable, so the sideslip angle and yaw rate will increase until it
gets to the critical line. Below the critical line, the airship is stable, so the side-
slip angle and yaw rate will decrease until it gets to the critical line.

Figure 10.2 shows the static C, and Cy coefficients for the Goodyear
ZP4K airship. The sideslip angle points on this graph actually represent
negative sideslip angles because the side force is positive.

For sideslip angles from 0 deg to 5 deg, the static yaw moment coeffi-
cient is above the critical line, which means that the turn rate and sideslip
angle will increase. Past 5-deg sideslip, the static yaw moment is below the
critical line, so the turn rate will slow and the airship will go to a lower side-
slip angle. The airship will naturally reach equilibrium at the 5-deg point
and stay in a steady state turn in those conditions.

Lines have been added to the graph representing the static C,, and Cy
coefficients with the rudder deflected. With a positive 30-deg rudder deflection,
the equilibrium point moves out past 10-deg sideslip and crosses the critical
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Figure 10.2 Lateral-directional stability graph (ZP4K).
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line at a higher yaw rate. This point represents the maximum achievable
turn rate with that rudder deflection. With a negative 30-deg rudder deflec-
tion, the static C, vs Cyline is below the critical line in all cases. This means
that the airship has enough control power to return to zero sideslip from all
conditions. If the critical line crossed the negative 30-deg rudder line, then
there would be some conditions under which the airship would be unable to
stop a turn even with 30 deg of rudder deflection in the opposite direction.

The vertical tails and rudder area can be sized based on criteria from
this graph: achievable turn rate, ability to stop a turn under all conditions,
and sideslip angle for steady state turn. Increasing the size of the tails will
have the effect of decreasing the static slope of C,, vs Cy by moving the
aerodynamic center aft. It will also increase the slope of the critical line by
increasing the magnitude of the dynamic yaw rate coefficients.

M I'%¥ Longitudinal Stability and Control

The longitudinal stability of an airship is determined by the interaction
between the vertical heave and pitch rotation motion of the airship. The
longitudinal stability is analyzed using methods similar to those used in
yaw but with two additional factors: weight and pendulum stability. Since
an airship is not necessarily neutrally buoyant, the static lift is not always
zero for an equilibrium condition. Also, the vertical distance between the
center of gravity and the center of buoyancy creates a pendulum stability
moment dependent on pitch attitude.

The conditions for an instantaneous steady state pitch up are when the
pitch rate, g, and angle-of-attack, ¢, are constant, or when the pitch
acceleration, ¢, and rate of change of angle-of-attack, ¢, are zero as shown
in Egs. (10.7) and (10.8). This represents an instantaneous steady state con-
dition, because with a non-zero pitch rate, the pitch attitude, and thus pen-
dulum stability will change over time.

The pitch acceleration is simplified as the pitch moment divided by the
pitch moment of inertia. The aerodynamic pitch moment is written in
terms of the static pitch moment coefficient, which is a function of angle-
of-attack, and the dynamic pitch moment pitch rate derivative. The pendu-
lum stability is included as a function of the vertical distance between the
c.b. and c.g., the buoyancy force, and the airship pitch attitude.

A 2 .
q'z_Ai: (C +Cm,q) qdy,,\/olAlB —~Azeep g Vol sinf _o0 (10.7)
Iy 1y

The angle-of-attack rate is simplified as the body axis vertical accelera-
tion divided by the true airspeed. The vertical acceleration is equal to the
vertical force divided by mass plus a Coriollis term due to the rotation of
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the body axis relative to an inertial axis. The vertical force is written in
terms of the static lift coefficient, the dynamic lift pitch rate derivative,
gravitational force, and buoyancy force.

. “Laero ¥ g~ Lbuoy \,
4=~—= m

VDO VDO

- (Cr +CL4é)qdynV01% +(m—p Vol)g .

=0 10.8
Ve 1 (108)
In the pitch case, when we solve the equations above for the static pitch
moment and lift coefficients shown in Egs. (10.9) and (10.10), they are not
directly proportional to pitch rate, but both lift and pitch moment have an
offset at zero pitch rate due to the weight and pendulum stability.

Az p g Vol sin 6 .
Cp=—2% ~Cm,q (10.9)
QdynlB
w +(m—p Vol .
Cp = gmVe +(m—p Vol)g —cy, (10.10)

qdyn Vol %

If we plot the critical Cy, vs Cf line on a graph along with the actual
static Cy, and Cp, coefficients over a range of angles-of-attack, we can deter-
mine the pitch stability and static trim conditions for the airship. Again the
intersection between the static C,; vs Cr, line and the critical line is an
instantaneous steady state pitch rate. For this point to be a trim condition
for the airship, it must occur at a weight condition and pitch attitude so that
it is at the zero pitch rate point.

Figure 10.3 shows the static C,; and C coefficients for the Goodyear
ZP4K airship. The weight and pendulum stability effects were calculated
assuming the airship is at 30 knots true airspeed, 15-deg pitch attitude, with a
10 ft vertical distance between the c.g. and c.b., and at a buoyancy ratio of 95%.

We can see from this graph that the critical line has been shifted so that
the zero rate point is at about 0.1 C;. This is a result of the static lift neces-
sary to overcome the additional net weight of the airship. The zero rate
point has also been shifted to about 0.02 C,;, by the pendulum moment
resulting from the 15-deg pitch attitude.

The critical line intersects the static Cy, vs Cy, line at the zero pitch rate
point and about 7-deg angle-of-attack. Since it is at zero pitch rate, this is
the static trim position for the airship with no elevator deflection. The slope
of the static C; vs Cy line is less than the slope of the critical line, so the
airship will be statically stable at this point. Note that changing the control
surface deflection would change the trim pitch attitude and angle-of-attack.
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Figure 10.3 Longitudinal stability graph—2ZP4K airship.

The horizontal tails and elevator area can be sized based on criteria
from this graph: achievable pitch rate, ability to trim pitch over a range of
buoyancy ratios, and achievable pitch attitude and climb angle. Increasing
the size of the tails will have the effect of decreasing the slope of C,, vs Cy,
by moving the aerodynamic center aft, and it will increase the slope of
the critical line by increasing the magnitude of the dynamic pitch rate
coefficients.

RI'X-J Parametric Tail Sizing

The tail sizing of an airship can be refined by parametrically estimating
the effects of the geometry of the tail surface on aerodynamics. The estima-
tions of the tail surface effectiveness are based on approximations from
finite wing theory. The parameters used for these approximations are listed
in Table 10.5. These parameters are defined for a pair of opposite tail sur-
faces including the area between the tails to create a full span surface
equivalent to the wing of a conventional aircraft.

The lift curve slope of the tail surface is estimated using a simple formula
from finite wing theory based on tail aspect ratio and sweep angle [2].
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Table 10.5 Parametric Tail Sizing Parameters

Number of taif pairs N
Exposed tail area St
Total tail area SThotar
Tail moment arm ¢.b. to tail lr
Tail moment arm c.b. o hinge line 015
Tail span br
Tail aspect ratio ARr
Tail sweep angle at maximum thickness A
Tail lift curve slope (Clo)tail
Tail dihedral angle r
Reference volume Vol
Length of body e
2 ART
(Cr )tail - 10.11
2+\/4+AR% (1+tan? A) (10.11)
2
ARy = br
SThotat

The tail surface effectiveness is then estimated using the equations
below for the contribution of the tails to the aerodynamic derivatives [1].

(CrLtail STp ! TNIM

(CL()()U”[ ST}otal nr

(Cug)r =N = sin?I"  (C =_N : sin2 I
ng Vol (5 (Cyp)r v
; 2 C i1 S 4
(CnA)T — —N (CLa)tllll STtotal /T 51n2 r (CYr)T =N ( L(X)tﬂll Tiotal ¥ T Sin2 r
! Vol (g Vol

(Cr)tait TST TSNMS

Cos )7 = N °
(o )T Vol (5

sinl”

(CLy)tail STyp (T M

C =-N 4

cos? T (Cr)r =

. 02
(Cmq)T - —N (CLa)ijll[‘inottll T COSZ r (CLq)T = N
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(CLotait TST (1 M6
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(Cm(se)T =N
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Table 10.6 Parametric Correction Factors and Approximate Values

Toil moment inferference factor 77M' . 04
Tail force interference factor Mg - 05
Control surface moment interference factor My 0.9
Control surface force interference factor Mes ! 1.0
Control surface effectiveness factor T 05

Typically, airships have four tail surfaces, or two pairs of tails. The tail
dihedral angle, I is used to distinguish between vertical and horizontal
tails. With horizontal tails at 0 deg dihedral, the sine terms make the
lateral-directional derivatives zero, and with vertical tails at 90-deg dihe-
dral, the cosine terms make the longitudinal derivatives zero. For x-tails
with dihedral angles near 45 deg, each tail surface contributes to both
lateral-directional and longitudinal stability.

For the angle-of-attack, sideslip, and rate derivatives, the sine and cosine
terms are squared, because the dihedral angle effects both the force com-
ponent from the tail and the component of airflow hitting the tail. The
control surface terms sine and cosine terms are to the first power, because
only the force component is effected. This may seem to increase the effec-
tiveness of x-tails, because two tails at 45 deg would produce a multiplier of
1.41. This apparent advantage of x-tails is lost when the control surface
deflections are allocated between pitch and yaw control power.

The tail surface effectiveness contains a set of factors, 7, to correct for tail
body interference, and a factor, 7, to estimate the effectiveness of the control
surfaces. These factors are determined experimentally in wind tunnel tests.
Approximate values for these correction factors are shown in Table 10.6 for
typical airship tails. The control surface effectiveness factor assumes tails
with a ratio of control surface area to total tail area of approximately 25%.

The tail surface effectiveness estimates can be used to analyze the effects of
a changing the size, location, or planform of tails on the stability of an airship.
The tail surface contribution must be combined with the aerodynamics hull of
the hull based on wind tunnel tests like the data shown in Chapter 3.

/Ay Solar HALE

We return to the example of Solar HALE from Chapters 5 and 7 to
revisit the tail sizing based on stability and control requirements.

Sample Problem 10.1: Parametric Tail Sizing

Table 10.7 lists the requirements that will be used to refine the tail
sizing. These requirements are typical of what might be required for high
altitude maneuvering of a Solar HALE type airship. The Solar HALE
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Table 10.7 Solar HALE Stability and Control Requirements

Turn 360 deg in 1 min at 65,000 ft, 20 kt frue airspeed using 50% control

surface deflections or less.

Return to zero sideslip angle and zero yaw rate from the stable zero control surfuce
deflection point using 50% control surface deflections or less at all speeds

Achieve 8 deg/s instantaneous pitch rate at zero pitch attifude, 30 ki frue
airspeed, neutral buoyancy, using 50% control surface deflections or less.

Climb and descend at 100 fi/min at 65,000 ft, 30 ki true airspeed, from -5% to
5% heaviness, using 50% control surface deflections or less.

example has x-tails, so it is assumed that half of the deflection is allocated
to pitch control and half to yaw control.
First, we will analyze the initial tail sizing from historical tail volume coef-
ficients to determine where we stand relative to the requirements. The Solar
HALE tail parameters from the initial tail sizing are shown in Table 10.8.
The aerodynamic derivatives for the tail contribution to the airship,
shown in Table 10.9, are determined using the parametric tail sizing equa-
tions. These derivatives are all per radian.
A set of bare hull aerodynamics obtained from a wind tunnel test are
shown in Table 10.10 along with approximate rate derivatives for the bare
hull. Because the bare hull is axially symmetric, the lateral-directional and
longitudinal coefficients are the same with the sign of sideslip angle changed

compared to angle-of-attack.

The combined aerodynamics of the airship are determined by adding
the bare hull and tail contributions together. The tail angle-of-attack and

Table 10.8 Solar HALE Initial Tail Sizing

Number of tail pairs

Exposed tail area

Total tail area

Tail moment arm ¢.b. to fail ¢/4

Tail moment arm ¢.b. 1o hinge line

Tail span
Tail aspect ratio

Tail sweep angle af maximum thickness

Tail lift curve slope (per radian)
Tail dihedral angle

Reference volume

Length of body

Vertical offsef ¢.g.to c.b.

Air density at 65,000 ft

N

St
STiotat
or

14 Ts
br
ART
A

(@ ol
I
Vol
ls
AzZeg
P

2

1392 ft2
2529 ft?
1001

120.7 ft

85.5 ft

2.87

26.5 deg
3.13

50.4 deg
1,040,000 ft3
286 fi

28.7 ft
0.000176 slug/ft3
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Table 10.9 Solar HALE Initial Tail Aerodynamics

(Copr | 0128
Crpr -0.458
Cn)r -0317
@) - 0906
(Coy)r 0124
(Cysr -0.327

Fundamentals of Aircraft and Airship Design: Volume 2

(Cmo) 1 -0.088
(Cr)y 0.314
Cmp)r -0.217
Cia)r 0.620
(Crms)r 0.103
(Crs)r -0.271

sideslip derivatives are multiplied by the angle-of-attack and sideslip angle,
respectively, and the elevator and rudder control derivatives are multiplied
by the elevator and rudder angles to create an offset to the bare hull aero-
dynamics. The combined rate derivatives are used to calculate the slope of
the critical line for the stability graphs.

Cn =(Cn)H +(Cpp)TB+(Cy5 )1 61
Crn; =(Cu)1 +(Cy)1

Cy =(Cy)H +(Cyp)r B+(Cys )T 61
Cy, =(Cy;)u +(Cy)T

Con = (Con)t +(Cong )70t +(Com )1 Be
Cm;, = (Cmé JH + (Cmq T

Cr=(Cr)n +(Cr)ro+(Cry )1 de
Cry =(Cr)n +(Cryr

Table 10.10 Solar HALE Bare Hull Aerodynamics

o ~f
0 deg
2 deg
5 deg
~ 10deg
15 deg
20 deg
25 deg
30 deg
35 deg
(Cmd)H' (Cmf)H
(Cupn (Cyu

(G (Com

0.000
0.014
0.035

1 0.070

0.109
0.134
0.142
0.144
0.139

(CoH (Con
0.000
0.003
0.012
0.032
0.044
0.118
0.245
0.384
0.554

- -0.073
0.024
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The resulting lateral-directional and longitudinal stability graphs are
shown in Figs. 10.4 and 10.5. The control surfaces are assumed to have a
maximum deflection of 30 deg. Since the requirements indicate 50%
control surface deflection, lines for 15 deg of deflection are also shown.

The turn rate requirement of 360deg in 1 min, or 6 deg/s, is displayed
on the lateral-directional stability graph as the point on the critical line
where the yaw rate is 6 deg/s. The C,; and Cy values at this point are calcu-
lated using Eqs. (10.3) and (10.4).

The turn rate requirement point on Fig. 10.4 is outside of the range of
control surface deflections between —15 deg and +15 deg. This means that
the airship with the initial tail sizing does not meet the turn rate require-
ment. The airship has excess control power for meeting the second require-
ment to return to zero sideslip and yaw rate from the stable zero control
surface deflection point. This stable point with zero control surface deflec-
tion occurs at about —18 deg of sideslip. Only a few degrees of negative
control surface defection are required to return the airship to zero sideslip
and zero yaw rate. This means that the vertical tail area could be decreased
to take advantage of the natural instability of the airship and meet the turn
rate requirement while still meeting the requirement to return to straight
forward flight.

(e
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Figure 10.4 Solar HALE initial lateral-directional stability graph.
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Figure 10.5 Solar HALE initial longitudinal stability graph.

For the longitudinal stability graph, the pitch rate requirement point is
calculated using Eqs. (10.9) and (10.10). To represent the climb and descent
requirement in terms of a pitch attitude, the climb or descent rates must
first be converted into a flight path angle, ; based on the airspeed and ver-
tical speed using Eq. (10.12). For the required 100 ft/min climb or descent
rate at 30 kt true airspeed, the resulting flight path angle is 1.9 deg. The
required pitch attitude can be calculated from the relationship between
flight path, pitch attitude, and angle-of-attack in Eq. (10.13).

y=sin"! (h/V..) (10.12)
O=a+y (10.13)

Because the angle-of-attack is changing throughout the longitudinal
stability graph, the pitch attitude of the airship must be adjusted iteratively
so that the zero pitch rate point occurs at an angle-of-attack resulting in the
required flight path angle. The zero pitch rate points for a 100 ft/min climb
and descent are listed in Table 10.11, and plotted on Fig. 10.5. Because of
the symmetry of the airship around neutral buoyancy, the heavy cases with
a climb rate are equivalent to light cases with a descent rate, so only the
heavy cases are plotted on the graph.
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Table 10.11 Solar HALE Initial Climb and Descent Zero
Pitch Rate Points

Vertical |

speed i | (Fg— Lbuoy)/Lbuoy | | |

100 ffmin - 5% 1.9 1260 145 -41°
100 f/min 5% 19 92 7.3 BIAR
100 f/min - ~5% 190 920 73 10.1°
2100 f/min 5% 190 1260 <145 41

The zero pitch rate points show that the initial tail sizing meets the
climb and descent rate requirement, because at most 10.1 deg of control
surface deflection are required to maintain the climb or descent. This
means that, like the lateral-directional sizing, the longitudinal tail size
could be reduced.

To find a refined tail size that meets the requirements, the exposed tail
area is scaled, while maintaining the same span between the tail surfaces.
A scale factor of 80% relative to the initial sizing was found to meet all of
the requirements. The tail dihedral angle was kept constant at 50.4 deg,
however, this parameter could also be adjusted to balance the lateral-
directional and longitudinal stability.

A comparison between the geometry of the initial tail size and the new
tail size is shown in Fig. 10.6. The updated tail sized parameters are listed
in Table 10.12. Since the span between the two tail surfaces has been kept
constant, the aspect ratio and lift curve slope of the new tails are greater.

The new lateral-directional stability graph in Fig. 10.7 shows that the
turn rate requirement is now met using less than 15 deg of control surface
deflection. The critical line is now closer to the —15-deg deflection line at

10171t

855ft
799ft

Initial Sizing New Sizing

Figure 10.6  Solar HALE reyned tail size.
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Table 10.12 Solar HALE New Tail Sizing Parameters

Exposed fail area S 1113112
Total tail area Shoter 2130 2
Tail span br 799 ft
Tail aspect ratio ARr 3.00
Tail lift curve slope (Clo)ur 3.19

around —15 deg of sideslip, but it still remains above the line, so the airship
can still return to forward flight from the stable zero control surface deflec-
tion point.

The new longitudinal stability graph in Fig. 10.8 and climb and descent
zero rate points in Table 10.13 show that the climb and descent require-
ment can be met using 13.9 deg of control surface deflection. The pitch rate
requirement is also met using less than 15 deg of control surface deflection.

Then new tail sizing with 80% exposed area relative to the initial tail
sizing now meets all of the requirements listed in Table 10.7. Typically,
these results obtained from parametric tail sizing would be tested with a
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Figure 10.7 Solar HALE new laferal-directional stability graph.
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Figure 10.8 Solar HALE new longitudinal stability graph.

| wind tunnel model to verify the aerodynamic coefficients before determin-
| ing a final tail size.

LYY Roli stability and Control

The roll stability of an airship is dominated by the roll pendulum effect
due to the vertical distance between the center of gravity and the center of
buoyancy. Unlike airplanes, the lateral-directional motion is not coupled
with the roll axis, so rolling an airship will not make it turn. As illustrated
in Fig. 10.9, when an airplane is rolled, a component of the lift generated by
the wing is directed to the side and causes the aircraft to turn. For an

Table 10.13 Solar HALE New Climb and Descent Zero Pitch Rate Points

Vertical

speed h i (Fg — Lbuoy) /Lbuoy y .
100 fi/min 5% 1.9° 128 1470 7.3
~100 ft/min 5% Z19° 9.4° 757 -13.9°
100 ft/min - -5% 1.90 940 _75° 13.9°

~100 ft/min -5% -1.9° -12.8° -14.7° 7.3°
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Figure 10.9 Aircraft and airship roll comparison.

airship, most of the lift is due to buoyancy, which will remain pointing
upward even when the airship is rolled. Since no side force is created by a
roll, the airship does not turn.

To turn an airship, a side force must be generated by applying a yaw
moment to the airship to create a sideslip angle as shown in Fig. 10.10. This
side force also changes the direction of the net force on the airship. The
rolling moment produced by pendulum stability will align the center of
gravity in the direction opposite the net force. So, although applying a roll
moment to an airship will not cause it to turn, applying a yaw moment to
an airship will cause it to roll.

The ratio of the horizontal side force to the gravitational force is the
radial load factor, #,. This ratio determines the turn rate, i of the airship,

Buoyancy /ggrtce
1g
Q
’ Side
Side —> rorce
Force
ny
> Pendulum
Moment

Figure 10.10 Airship turning.
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depending on airspeed shown in Eq. (10.14). The radial load factor is equal
to the tangent of the bank angle that the airship will achieve due to pendu-
lum stability.

Ve tang (10.14)
g
Most airships have little or no control power in the roll axis, because it
can not be used to turn the airship, and because the pendulum stability
keeps the roll axis upright. Typically, no tail or control surface sizing is
required for roll axis stability or control power.

ny =

Dynamic Characteristics of Airships

The dynamics of airships can be estimated using simple approximations
of the pitch, roll, and yaw modes in the form of state-space equations
similar to the dynamic mode approximations for airplanes [3]. State-space
equations are differential equations in the linear algebra form show, where
x is the vector of states, % is the rate of change of the states, u is the input
vector, y is the output vector, and A, B, C, and D are matrices. For this
analysis, the input and output vectors are not needed since we are prima-
rily interested in the open-loop modes of the system. The input and output
equations can be used to define inputs and outputs of the system for ana-
lyzing closed-loop control below.

x=Ax+ Bu
y=Cx+ Du

The A and B matrices are determined by solving for the translational
and rotational accelerations of the airship in terms of the states using equa-
tions of motion that include added mass shown in Eq. (10.15). Vand ware
the translational and rotational rate vectors, Vand @are the translational
and rotational acceleration vectors, M is the vehicle mass matrix, M, is the
air mass matrix, F and M are the forces and moments on the airship, m is
the mass, and J is the moment of inertia matrix. For each mode approxima-
tion, a subset of the states is expanded in terms of the aerodynamic stability

derivatives.
1% _ _ F—-wxmV
=M+ Mg)! (10.15)
M—-wx]Jow

The modes of the state-space system are found using the eigenvalues of
the A matrix. The eigenvalues are defined as the values of 4 such that the
determinant of A-Alis equal to zero. For a simple 2 x 2 A matrix the eigen-
values can be found by solving the quadratic formula using the individual
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elements of the A matrix as shown in Eq. (10.16). For larger A matrices, the
eigenvalues can best be found using computer algorithms.

i

2{=(6l+d)i_\’(d_Ci)Z'f'él‘bC (10.16)

2 2

The resulting eigenvalues will be either real numbers or pairs of complex
conjugates. The natural frequency, @,, and damping ratio, ¢, of the mode
represented by the eigenvalues are determined from the real and imaginary
components using the formulas below. Eigenvalues with positive real com-
ponents represent unstable modes, and those with negative real compo-
nents represent stable modes. An important measure for unstable modes is
the time to double, T3, which is the time it will take for a small disturbance
to double in amplitude due to the instability of the airship.

A=ntowi
5 5 n T_II’IZ
Wy =\N*+@ Cz—w— Z—T
1/

m Lateral-Directional Mode Approximation

The lateral-directional mode approximation defines the state vector as
the body axis side velocity, v, and the body axis yaw rate r. The input to the
system is the rudder deflection angle, J,. The A and B matrices for the lat-
eral-directional modes are determined using Eqgs. (10.17 a—d).

[:::|=A[:}+B[5r] (10.17a)

_ y -
Cyﬁ qdynVVOZ Cy, des Vol Ve

A=(M+ M,)! °°2/ “ (10.17b)

qdyn Vol & (g qdyn Vol(lg

Cnﬂ - - Cn’; - .

L VOC VOO 1
Cys. qdyn Vol %

B=(M+ Myt " (10.17¢)

%
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4
m+Cy,pVol Cy, pVol/3

(M+My) ' = (10.17d)

£ %4 5/
Cy, pVol? I, +Cy, pVol™®

vy Roll Mode Approximation

The roll mode approximation defines the state vector as the body axis
roll rate, p, and the bank angle, ¢. The A matrix for the roll modes are deter-
mined using Eqgs. (10.18 a—b).

; P
[?]zf{ } (10.18a)
¢ ¢
5 ddynVoll
I+C7»Vl/31 C___y__B_— VZAZ
_| e+ CyypVol ™) { b pg VolaZeg (10.18b)
1 0

MEEJ Longitudinal Mode Approximation

The longitudinal mode approximation defines the state vector as the body
axis vertical velocity, w, the body axis pitch rate, ¢, and the pitch attitude, 6.
The input to the system is the elevator deflection angle, &. The A and B
matrices for the longitudinal modes are determined using Eqgs. (10.19 a—d).

w w
q|=A|q|+B[d] (10.19a)
0 6
[ Vol% Vol |
—Cy, qdy”v— —C1, q—dy‘}—+mvm 0
A= (+ 1) vjz/f i Volt
= ol73 0
Crn Qdynv B Cmé Qdynv B —pg Vol Azgy
I 0 1 0 |
(10.19b)
C Vi 1%
— — —CrLs gawnVol’
B=(M+ M,)! a ayn (10.19¢)
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Table 10.14 Example Goodyear ZP4K Flight Conditions

Airspeed V. ' 30knots (50.6 /5)
Air density p 0.0023769 slug/ft3
Dynamic pressure Topn - 3.047 Ib/tt2

_ _ m+Cp, pVol CLquol%
M+ M, = y y (10.19d)
Cpm,, pVol”? Ly+Cyy, pVol 3

Table 10.14 shows the flight conditions for the Goodyear ZP4K airship
used in the dynamic stability analysis. Table 10.15 shows approximate
values for the stability derivatives of the Goodyear ZP4K around zero
angle-of-attack and zero sideslip angle.

The resulting modes from the dynamic approximations using the
Goodyear ZP4K example values are listed in Table 10.16 and plotted in
Fig. 10.11.

The lateral-directional modes show the coupling between the unstable
yaw motion and the stable sideslip motion resulting in two first-order
modes, one stable and one unstable. This agrees with the static analysis,
which shows that the airship should be slightly unstable directionally
around zero sideslip angle. The time to double for this unstable mode is
approximately 32 sec. As a rule of thumb, the time to double of an unstable

Table 10.15 Example Goodyear ZP4K Stability Derivatives

o, 0347 Oy 0114 Cn, 0.254
Cy, 0559 Cry 0.017 | C, 0.690
Cny 0394 ~ ' Cm, -0.394
Cy, 117 a, 117
Crg 0125 - Crm, 0.125
Cny 0.936 Ci, 0.936

Gy 0027 Cm, 0027
Cny 0090 Gy -0.090

e - 0.00076 Cms, 0.00085
Cny -0.002 Cl, -0.003
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Table 10.16 Goodyear ZP4K Dynamic Modes

0.0217
0.664 ]

Roll modes

A

0.504
0.504

-0.304 + 0.403i
-0.304 - 0.403i

Longitudinal modes

A

-0.0549 + 0.0832i
-0.0549 - 0.0832i
-0.452

0.0996
0.0996
0.452 1
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Figure 10.11 Example Goodyear ZP4K dynamic modes.
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mode in an aircraft controlled by a pilot should not be less than 12 sec. The
roll modes show the effect of the roll pendulum producing a pair of second-
order modes. The longitudinal modes show a pair of second-order modes
due to the pitch pendulum effect as well as a first-order mode resulting
from the stable vertical plunge motion. These modes are typical of the
dynamics seen in most airships. These mode approximations can be used
as a basis for analyzing the handling qualities of the airship and the stability
of closed-loop flight control systems.

I ['X:J Airship Control Methods

Simple airships like the Goodyear airships are controlled primarily by
elevator and rudder control surfaces on the tails and by the engine throt-
tles. The elevator and rudder are controlled manually by the pilot through
a system of cables and pulleys with no boost system. The elevator is usually
controlled by a large wheel mounted to side of the pilot seat to give the pilot
enough mechanical advantage to overcome the aerodynamic hinge moment
of the elevator. The rudder is controlled by pedals similar to those on air-
planes, because the pilots legs are strong enough to overcome the rudder
hinge moments. The throttles are controlled by levers or knobs similar to
those in airplanes. Figure 10.12 shows a typical airship cockpit. The eleva-
tor control wheel can be seen on the right side of the pilot seat.

To fly a simple airship, the pilot is required to manually stabilize the yaw
axis by making many corrections with the rudder pedals to keep the airship

N

Figure 10.12 Typical airship pilot controls.
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pointed at the desired heading. Turns are achieved by applying a rudder
input to allow the natural instability of the airship build up a steady sideslip
angle and yaw rate. Once the desired heading is achieved, a rudder input is
made in the opposite direction to arrest the yaw rate. The pitch axis is con-
trolled by adjusting the elevator wheel to achieve the pitch attitude neces-
sary to control the airships altitude and vertical speed. Due to the buoyant
lift, airships can climb and descend at considerably steeper angles than air-
planes. Because the buoyant lift is independent of the attitude and airspeed,
the airship can point up or down at large pitch angles, provided that it has
enough pitch control power to overcome the pendulum stability.

The buoyancy ratio of an airship will change throughout a flight as fuel
quantity and other conditions change. The relative temperature between
the lifting gas and the outside air, or superheat, determines the pressure of
the lifting gas. Airships use ballonets, or air chambers within the envelope,
to control the hull pressure. The pressure of the lifting gas determines the
weight of air in the ballonets and thus the weight of the airship. If the airship
is heavier than air, then a positive angle-of-attack and forward speed are
needed to generate lift to overcome the excess weight. If the airship is
lighter than air, then a negative angle-of-attack and forward speed are
needed to hold the airship down.

The requirement of forward speed makes the process of takeoff and
landing more complicated when the airship is heavy or light. Ground oper-
ations for most airships require the use of a well-trained ground crew line
that is shown in Fig. 10.13. A takeoff under heavy conditions requires a
short ground roll to generate enough speed to lift the airship off the ground.
A short ground roll is also necessary on landing, because the airship must
land with forward velocity. Typically airship do not takeoff lighter than air,
because they are ballasted to be neutrally buoyant before takeoff. However,
due to fuel burned during a flight and changes in air temperature, airships
will often need to land light. This is a complicated process that requires

Figure 10.13 Airship ground operations with ground crew.
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coordination between the pilot and ground crew. The ground crew’s job is
to catch and hold ropes that hang off of the nose of the airship and to hold the
airship in place while the pilot uses the engines to force the airship to
the ground. Other members of the ground crew will then load ballast onto
the airship until it is heavier than air and able to stay on the ground by itself.

Airships are typically kept in hangars or moored by the nose to a mast
allowing the airship to swing around and point into the winds while it is on
the ground. Because of the buoyancy of airships and because they are
greatly affected by winds and atmospheric conditions, an airship cannot be
parked like an airplane.

Newer airships such as the Zeppelin N'T, shown in Fig. 10.14, take
advantage of engine thrust vectoring and fly-by-wire flight control systems
to overcome many of the limitations of earlier airships. The main thrusters
on the Zeppelin NT are capable of vectoring in the pitch axis to produce a
vertical thrust component to overcome the weight of the airship during
takeoff and landing. Note that the thrusters and gondola on the Zeppelin
NT are placed toward the front of the envelope near the aerodynamic
center so that the weight and vertical thrust balance the aerodynamic lift
when the airship takes off or lands. A system of tail thrusters, shown in
Fig. 10.15, is used to control pitch and yaw at low speeds when the aerody-
namic control surfaces are not effective. The Zeppelin NT uses a side stick
controller along with throttles and vector levers to command the control
surfaces and thrusters through a fly-by-wire flight control system.

Even newer airships, like the experimental Lockheed Martin P-791
Hybrid Airship Demonstrator, are controlled completely through thrust
vectoring shown in Fig. 10.16. The P-791 airship has four thrusters that are

Figure 10.14 Zeppelin NT.
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Figure 10.15 Zeppelin NT tail thrusters.

capable of vectoring £90 deg in both pitch and yaw, giving each thruster a
full hemisphere of vector angles. The engines are mounted inside a gimbal
| ring that allows for two axis vectoring, and the vector control is provided by
| electric actuators. The two forward thrusters are mounted on the side of

Figure 10.16 Lockheed Martin P-791 hybrid airship demonstrator.
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the airship, allowing them to thrust forward, backward, up, or down. The
aft thrusters are attached to a composite wishbone structure, allowing
them to thrust forward, left, right, up, or down. P-791 is controlled by a
fly-by-wire flight control system. An open-loop flight control mode allows
the pilots to control the thrusters through a mixer by commanding forward,
vertical, pitch, roll, and yaw forces and moments. A closed-loop flight
control mode actively stabilizes the airship by feeding back sensor signals
based on command inputs from the pilot. The P-791 cockpit has a side
stick controller, yaw pedals, and forward and vertical thrust levers. The
P-791 tail surfaces have no control surfaces that can be moved in flight, so
the vectoring thrusters provide both thrust for forward flight and control
power.

Another method of controlling an airship is the use of the pressuriza-
tion system as a means of producing control forces and moments as illus-
trated in Fig. 10.17. By shifting air between two or more ballonets, the
center of gravity of the airship can be moved relative to the center of buoy-
ancy to create a moment on the airship. This can be especially useful for
trimming an airship in flight by shifting the c. g. forward to overcome the
pitch up moment generated by aerodynamic lift.

Like in airplanes, the stability and handling qualities of airships can be
improved using closed-loop flight control systems. Typically these systems
use fly-by-wire flight controls so that the computers used to send com-
mands to the controls can also be used to run flight control algorithms. For
airships that use a combination of aerodynamic control and thrust vector-
ing, flight control mixer algorithms are usually needed to allocate the forces
to achieve the desired forces and moments. The desired forces and moments
are calculated from feedback signals from sensors and pilot control inputs.
The simplest feedback loops are rate feedback from rate gyros. A pitch rate
command system can be used to improve the handling qualities of the
airship in the longitudinal axis. In the yaw axis it is often useful to take
advantage of the natural roll characteristics by commanding radial load
factor, n,. Since u, is proportional to turn rate, this can be done with rate

Buoyancy Buoyancy

Pitch Down
Moment

Pitch Up
Moment

Lifting Gas Lifting Gas

Forward Ballonet Aft Ballonet

-

Forward Ballonet ¢

,,,,,

Figure 10.17 Ballonet air shifting to produce pitching moment.
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feedback. Since n, is also related to bank angle, this effectively creates a
bank angle control system. If roll moment is available, a roll rate feedback
system can be used to add damping to the roll pendulum mode and improve
ride quality.

Closed loop flight control systems for airships and conventional aircraft
are usually developed using flight simulators to evaluate the handling qual-
ities of the system. Since the main goal of closed-loop flight controls is to
improve handling qualities and reduce pilot workload, a real-time pilot-in-
the-loop simulation is necessary to get pilot feedback. Typically simulators
start out as a simple experimental setups and progress along with the
design of the airship cockpit layout and inceptors as a tool for analyzing the
effects of design changes on handling qualities. Once a design has reached
the flight test phase, the simulation will become an important training tool
for pilots and flight test personnel. For an operation vehicle, certified simu-
lations may be created to train pilot and reduce the number of hours a pilot
is required to fly the actual vehicle in order to become qualified and main-
tain proficiency.
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m Introduction

Ithough there are other books on airships that might assist a

designer, none provide the step-by-step guidance contained in

this book. This chapter will discuss how material from previous
chapters can be used to design a conventional body-of-revolution airship.
We will first discuss general design aspects from each discipline, including
aerodynamics, propulsion, structures, and materials. This is followed by a
detailed sample problem with a comprehensive summary of the necessary
calculations to design an axi-symmetric airship. This example airship
design will incorporate traditional aft tails, cabin, crew/passenger car, a
nominal gear attached to the gondola, and engines driving propellers. The
requirements for the sample problem are based on the known characteris-
tics of the A-170 airship from the American Blimp Company.

Since the mid-1990s there has been a renewed interest in airships due
to a new appreciation of their capabilities and the stunning improvements
in materials technology as illustrated previously in Fig. 8.2. These new
fibers and matrix materials have resulted in new woven and laminated
materials that are significantly lighter, more damage tolerant for given
loads, and therefore offer a significantly reduced envelope weight.

At the beginning of any new program, requirements and assump-
tions need to be established. When possible a final design will meet all
requirements and be the lightest, or lowest cost, or carry the most payload,
among other objectives. However, all requirements cannot be met simulta-
neously, which makes design compromise necessary. Sometimes the cus-
tomer prioritizes the requirements, which may also vary over time. Other
times the best design is the one that does well on all requirements but is
not optimized for any single one. Remember that one of the tasks of the
designer is to challenge requirements when they don’t make sense or
when the best answer becomes highly sensitive to small changes in
any requirement.

Most of the tasks associated with a final airship design will be included
in the following design process. However, some processes and special
systems or components will not be addressed. Specific design issues associ-
ated with unique payloads, special materials needs or coatings, actual
sensors, etc. will not be individually evaluated either. The resulting airship
design at the end of this chapter is an illustration of a typical airship that is
in the conceptual phase of its development.

The approach here is to review all design tasks in general terms and
then apply them to the actual airship design problem in Sec. 11.12. Design
tasks that will be included are definition of speed, cruise and maximum
altitudes, envelope sizing, ballonet sizing, envelope pressure, engine cycle,
number of engines, propeller size, engine placement, tail sizing, drag esti-
mates, and locations of the a.c., ¢.b., and c.g. Performance calculations are
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made using aerodynamic characteristics, propulsion characteristics, and
mass properties estimates whose calculations will be explicitly shown.

Requirements

Initial design efforts should attempt to satisfy all given requirements
simultaneously. However, once it becomes obvious that optimizing for one
or more requirements is incompatible with optimizing for the others it is
incumbent on the engineer to perform sensitivity studies. These will show
which of the requirements are most easily relaxed and which are the most
sensitive to change. These sensitivity studies compare the variation of one
requirement parameter (keeping all other parameters constant) with
changes in a fundamental parameter such as range.

Figure 11.1 illustrates a standard way of presenting sensitivity data
resulting from trade study results. Usually, one parameter is varied while
the others remain constant and the change in the Measure of Merit (MOM),
in this case range, is calculated. In this example, the change in range due to
varying maximum altitude is slight but changes to propeller efficiency, FR,
BSFC, and drag have modest impacts. However, range is highly sensitive to
cruise speed and increased empty weight. Surprisingly, decreases in empty
weight do not help since the BR is already close to 1.0 and cannot be
increased since airships cannot operate when BR > 1.0.

increase w3y

o

% Change in Range

e decrease

e~ decrease 0 increase sm—Jpm

% Change in a parameter

Figure 11.1 Notional sensitivity study results.
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Assumptions and Ground Rules

Assumptions and ground rules should be made with care as they are
often the reason for designs having restrictive performance characteristics.
Oftentimes large sensitivities can be traced back to unreasonable assump-
tions or expectations.

Design Tasks

MEIERY Body Volume

Envelope or body volume is the single most important design parame-
ter for an airship. It is equivalent to sizing a wing for aircraft. Volume must
be closely matched to the basic buoyancy needs but is also affected by how
big the ballonets are and the buoyancy ratio, BR. For designs with a high
altitude requirement the ballonets must be very large, which results in dis-
placing a large amount of lifting gas at sea level where the ballonets are full.
Envelope volume would have to be sufficient to create the necessary buoy-
ancy at altitude while also accommodating the lifting gas and fully inflated
ballonets at sea level.

Buoyancy ratio is also an important design parameter. The designer
selects landing BR, which for conventional airships is generally about
95%—-98% but generally does not result in a BR @ takeoff being less than
85%. This means that the airship is capable of generating at least 2%—5% of
its landing lift with aerodynamics (historically referred to as dynamic lift)
plus any vectored thrust forces. When aerodynamic lift exceeds 10%, then
a new design is usually preferred that is called a hybrid airship. Chapter 12
will discuss hybrid designs in detail.

MEIE®J Body Shape

Another important design parameter is body fineness ratio, FR. Finding
the optimum volume becomes a multi-dimensional trade study since FR is
established by estimating the drag that is dominated by body skin friction
and pressure drags. Of course, the highest buoyant force for a given surface
area (envelope weight) is for a sphere. To say it another way, buoyancy
wants a body that is spherical, and aerodynamics wants a body of revolu-
tion that has a high FR. Results of current non-rigid airship designs using
modern materials, and low drag (some laminar flow) body shapes generally
have a FR between 3 and 5. Figure 11.2 shows two groups of body shapes
that are made up from ellipsoids and paraboloids, and shows the difference
in the aft end shape. How pointed the aft end can be is determined by how
much weight from tails or engines is attached there. If the aft end is pointed
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Shape: Ellipsoid

Constant Volume
Constant Length — ‘
Constant FR=4 Shape: Ellipsoid front / Paraboloid aft
Vary Xmax dia Constant Length

Constant X,,ax dia= 50%

Vary Volume

Vary FR

Figure 11.2 Comparison of body geometries—bodies of revolution.

then hard structure must be used to create that shape and/or provide an
area for attaching tails and/or engines. Only generously rounded aft ends
can be stiffened by pressure alone.

Bodies can also be optimized to create large areas of laminar flow.
Figure 11.3 shows five different shapes, all of which have been designed for
optimum shapes to maintain laminar flow within different Re regimes. If a
body has significant laminar flow then its skin friction drag is significantly
lower than if the boundary layer were turbulent everywhere. The first body
shape in Fig. 11.3 is designed to have laminar flow up to Re = 3 x 10°. The
second body is designed to have laminar flow for Re up to 10 x 10°, and so
on. See Chapter 3 and Sec. 11.9 for further discussions.

Body size, shape, and fineness ratio for an airship are determined by
buoyancy requirements and not by passenger compartment volume,
payload volume, or fuel volume. However, there are optimum contours
and fineness ratios that can be defined to minimize zero lift drag (Cp,).
The relatively slow speed and reasonable FR of airships results in skin fric-
tion creating most of the total drag. This turns into an exercise that
attempts to find the largest L/D including buoyancy for a given shape.
Remember that the sphere is the minimum skin friction drag shape for a
given volume (smallest surface area for a given volume). However, the
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Figure 11.3 Comparison of body contours that are optimized for
various Re zones.

sphere has significant pressure drag that only increased fineness ratio can
reduce. Figure 11.4 shows how the buoyant L/D varies with fineness ratio
and that there is an optimum near FR = 3 over a wide range of airship
speeds. It is interesting that the more modern pressure stabilized (non-
rigid) airships are close to this optimum fineness ratio and yet the
Zeppelins (Hindenburg et al.) in the 1920s—1930s had fineness ratios
almost twice as large. Obviously, other design considerations (constant
cylindrical sections) resulted in a shape that was not aerodynamically
optimal. Early Zeppelins were different because of their rigid structure,
which favored structurally efficient cylindrical shapes that also made anal-
yses easier and manufacturing less expensive. This was done at the expense
of higher drags.
Instead of repeating equations and figures

over again we have created Appendix D, which
contains many of the most important equations
and figures. Equations for ellipsoid shapes and
characteristics are included along with numer-
ous figures with general application throughout
the book.

The Bodensee (LZ-120) was
the first airship that
intentionally designed its
body to have lower
aerodynamic drag than the
previous cylindrical shapes.
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Figure 11.4 Buoyant lift of an ellipsoid body for various FR (no fails).

MEIRX) Buoyancy Ratio

Buoyancy ratio is important both at takeoff and landing. At takeoff the
BR cannot be too low (heaviness too large) or it will be impossible to gener-
ate enough aerodynamic lift plus vectored thrust lift for takeoff. There are
only two forces that can be generated to overcome heaviness and those are
aerodynamic lift, L ey, and vectored thrust. As seen in Chapter 3, bodies of
revolution are relatively poor generators of L ., so takeoff heaviness is bal-
anced by small amounts of L,er, and vectored thrust. This means that
takeoff heaviness, Wy, is also somewhat small. Typically, takeoff heaviness
is no more than 20% of W, which means BR @ takeoff > 80%.

The BR at landing is narrowly restricted as well. When the airship is on the
ground or moored to a mast it should have a small amount of heaviness to
keep it from being blown around by nominal gusts of wind. Historically, the
BR for conventional airships at landing is between 95%—98% or 2%—5% heavy.

MEIEE] speed

Although design effort is always expended to maximize airship speeds,
operating at or near maximum speeds always reduces range and endur-
ance. Remember that drag increases with V2 and power increases with V3.
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This tends to limit an airship’s maximum speed to less than 100 kt. Higher
speeds also increase the internal design pressure and envelope stress,
which requires a heavier envelope fabric (see Sec. 9.13 for a trade study
on speed).

The fact that an airship is being considered to meet customer require-
ments means that low speeds are likely to be acceptable to the user. Lower
speeds mean less drag and thus more efficiency. For endurance missions
the speed for minimum fuel flow (maximum endurance) that occurs at
minimum power required has been discussed in detail in Chapter 4.
Station-keeping mission speeds greater than minimum fuel flow are some-
times required to offset strong intermittent winds. For range missions the
best speed is not that for minimum fuel flow but the speed for maximum
Lgero/D, which is shown in Fig. 11.5. However, mission requirements may
demand that speeds be higher than the maximum range speed to increase
productivity or payload throughput. Higher speeds become desirable when
there is a cost associated with time.

While speed is important its dynamic pressure is not an issue for any
airship that has low thrust/drag ratios. Nose stiffening is added to handle
mooring loads. However, for hybrid airships that have more thrust and
generally higher speeds, the dynamic pressure on the nose could require
added material thickness or stiffening to prevent local depressions or
deformations. The dynamic pressure is mainly responsible for the hull
internal pressure. Other speed issues such as flight path upsets resulting in
a terminal dive speed do not apply to airships. Historically, battens have
been used to stiffen the nose for non-rigid airships with speeds above 50 kt.
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Figure 11.5 Cruise efficiency.
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Another method of stiffening the nose is to simply have a higher internal
pressure. This, of course, increases the envelope material load, which would
require more weight. A recognized design rule is for the internal pressure
to be about 20% greater than the maximum expected dynamic pressure, g.

AEET Attitude

There are two flight altitudes that need to be part of the design process.
Obviously, the cruise/loiter altitude is where an airship spends a vast major-
ity of its flight time. This altitude is generally low because engine driven
propellers are the propulsive units of choice and both propellers and recip-
rocating engines perform more efficiently at lower altitudes. While effi-
ciency is best near sea level most airships cruise or loiter at 3000-5000 ft
density altitude to clear most terrain. Maximum altitude capability is
strictly for terrain clearance so flight paths can be direct regardless of
enroute mountains.

There are two design philosophies regarding sizing the envelope and its
ballonets. Often the maximum altitude determines the size of the ballonet
because flights will be flown at this altitude on occasion. However, the
envelope can also be sized along with its ballonet using the nominal cruise
altitude, which yields a smaller envelope and ballonet. The smaller volume
does not generate sufficient buoyant lift for maximum weight but is enough
to lift the airship’s minimum weight, which is needed to meet FAA regula-
tions. Sometimes maximum altitude is the same as the operational altitude.
This occurs whenever high altitudes are needed for Intelligence/Surveil-
lance/Reconnaissance (ISR) missions. Higher altitudes mean larger Fields
of Regard (FOR) for onboard sensors.

AIEXF Balionet

Earlier, the concept of using a ballonet to maintain constant AP across
the envelope (which maintains shape for a constant hull volume) was intro-
duced. Ballonets are essential for airships that vary their altitude during
flight and do not want to vent their lifting gas (usually helium). For airships
and aerostats designed for one altitude to remain at for their entire lives, a
ballonet is not necessary and can be eliminated to reduce weight. Based on
the data in Table E.1 rigid airships did not have ballonets. Instead of ballo-
nets the hydrogen-filled gas cells were not filled all of the way, allowing for
expansion when operating at higher altitudes. Even if there was an occa-
sional overpressure on a gas cell, the loss of some hydrogen was not viewed
as critical. Early in the 20th century helium was very expensive compared
to hydrogen. In the 21st century helium is 5 to 10 times more expensive
than hydrogen.
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For non-rigid airships it is the ballonet that is continuously adjusting its
volume to the lifting gas density/temperature changes to maintain a con-
stant AP across the hull. Modern airships favor the non-rigid airship design
that uses a ballonet. A full discussion of ballonet materials and characteris-
tics can be found in Chapter 8.

Airships usually have 2—4 ballonets in a body of revolution airship. This
allows ballonets to be spherically (or hemispherically) shaped to minimize
their weight. This also allows fore and aft ballonets to be selectively filled
for modest control of the c.g. location which can help in reducing longitu-
dinal trim demands and trim drag.

Since non-rigid airships maintain a constant pressure differential (AP)
across the envelope at all altitudes the ballonets become extremely large
(60% to 70% of volume) as operational altitudes become greater than
20,000 ft. See Fig. 9.3 for altitude effect on ballonet sizing. If an airship only
ascends once and remains on station for long periods, it is not necessary to
have a ballonet. ISIS and Solar HALE are examples of buoyant vehicles
without ballonets and whose operational altitudes are above 60,000 ft.

For airships without ballonets launch is more difficult and comes with
its own set of problems. During ascent the airship must vent lifting gas so
that it does not overpressure the hull as the ambient pressure decreases.
Once at altitude all of the extra lifting gas will have vented and only that gas
needed for shape and buoyancy remains. However, there is a significant
problem with this launch scenario. If the airship has its volume full of lifting
gas at sea level it will have a tremendous buoyant force that will quickly
accelerate the ascending airship to unsafe or uncontrollable speeds. Some-
thing must be added to this launch to make ascent a relatively benign event.
This “something” is ballast weight to keep ascent speeds safe. The difficult
part is to have the ballast weight deplete as the airship ascends so that
ascent speeds are modest and there is no more ballast weight once the
airship reaches its operational altitude.

Contrast this with a weather balloon whose simple initial shape easily
changes into its final shape as the small amount of lifting gas at launch
expands to its final volume at operational altitude. Balloons are discussed
in detail in Chapter 13.

11.4.6.1 Ballonet Sizing

One of the important sizing efforts for an airship design is to determine
what the maximum volume of the ballonet must be. The fundamental
parameter is the maximum operational altitude. It is at this altitude that the
lifting gas expansion just fills its envelope volume and the ballonet volume
is zero. At sea level conditions the lifting gas has contracted and the ballo-
net has to exactly fill the evacuated space. This establishes a theoretical
minimum ballonet volume (see Fig. 9.3). More precise ballonet sizing
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should also consider other operational considerations. First, it is not pos-
sible to deflate a ballonet completely so there is always some residual air
even when deflated. Next, volumes are based on a standard day atmosphere
but operations must accommodate flight through pressure regions higher
and lower than standard. And lastly, there is the effect of the lifting gas
being heated above ambient by the sun (superheat).

For estimating purposes Eq. (11.1) gives a theoretical envelope volume
based on maximum altitude and the amount of buoyant lift. Equations
(11.2a-11.2¢) that are shown in Fig. 9.3 give the expressions for estimating
the ballonet volume once the envelope volume and maximum altitude are
known. Equation (11.2a) is the theoretical minimum. However, further
adjustments must be made to reflect actual operations. Other issues include
unused ballonet volume (5%), superheating the lifting gas by 30°F from the
sun (AVol% = [(548.7 °R/518.7 °R)—1] = 5.8%), and flying into a high pres-
sure region (AVol=2% —3%). Adding up these three increments gives
AVol% = 5% + 5.8% + 2.5% = 13%. So, for sea level standard days a ballonet
has to have a volume capability that simultaneously is large enough for the
above corrections and is shown as the “nominal” curve on Fig. 9.3 and as
Eq. (11.2b). A more conservative approach based on historical design data
is presented in Eq. (11.2¢). It is recommended that the designer choose a
ballonet size between the “nominal” and “conservative” curves on Fig. 9.3.

Voleny = Lbuoy/0'065/(pmax alt /pSL) (11.1)
Volpait = Voleny (1~ (Pmax alt /PSL)] (minimum) (11.2a)

Volpay =Voleny [1—(Pmax ait /pSL)+O.13] (nominal) (11.2b)
Volpai = Voleny [(psL/ Pmax att) —1] (conservative) (11.2c)

Using these relationships, a specific ballonet material, and a calculated
ballonet surface area, the weight of the ballonets can be estimated.

AEIER) 1qil sizing

Chapters 7 and 10 provide a two-step approach to tail sizing. Results
from initial tail sizing in Chapter 7 are good enough for conceptual design
efforts. After initial designs are completed, tail sizes can be refined using
Chapter 10. Since tails have significant weight (generally in the top 3 with
the envelope and propulsion system) and that weight is located aft it is
important to minimize tail/fin weight. Controlling the c.g. location is also
important for airships just as it is for airplanes.
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IJX.J Propulsion

11.4.8.1 Number of Engines

Determining the number of engines is a very involved trade study and is
usually performed with other trade studies during conceptual design phase.
Airships offer more opportunity for engine placement than typical aircraft
so the engine location trade space tends to be larger. Since engines can be
placed most anywhere any number of engines can be accommodated.

Determining the number of engines starts with calculating the total
maximum power required based on the largest heaviness and likely
maximum flight speeds. Maximum power could also be determined by
takeoff requirements. Once the power is known then the number of engines
can be established by considering which engines are commercially avail-
able off-the-shelf that meet the required performance. Keep in mind that
no new engine will be created just for an airship so it is important that a
good engine is selected from those already available.

11.4.8.2 Engine Placement

There are three general locations where engines can be placed on an
airship. Historically, on rigid airships engines were either placed along the
envelope and/or attached to the gondola/cab. Since rigids had structure
everywhere engines could easily be mounted in an optimal location. Once
rigid designs were replaced by non-rigid designs engines were attached to
the cab or hung from the envelope structure above the cab as shown in the
bottom pictures in Fig. 1.4. As materials have continued to improve in the
last 50 years, it is now possible to efficiently attach engines to the sides of a
non-rigid airship as shown in Figs. 8.8 and 9.5.

There is, however, a group of designers who favor mounting engines at
the end of airships where the bodies close out. Whether or not this is a
good location for an engine requires a very complex engineering analysis
and is outside the scope of this text. However, the issues that must be hon-
estly considered include potential aft end flow improvements which can
delay separation and lower drag, providing aft end structure to mount an
engine (aft engine and structure move the c.g. aft), non-uniform flowfield
at the aft propeller face, etc. If an engine is placed at the aft end it must also
be of sufficient size to entrain enough flow so that the separated flow region
is affected.

Even though the only economically viable airship designs are non-rigid,
engines can be installed in most locations. There are many parameters that
affect engine placement and they include weight of attachment structure,
drag of structure, ease of access for engine service, effect on vehicle drag,
availability of inherent structure, weight of fuel lines and/or electrical
wiring, impact on airship c.g., propeller diameter, ground clearance during
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all flight modes, ability to vector thrust, etc. Clearly, there is no one answer
for all designs and each design must carefully consider which effects are the
most important for meeting requirements.

11.4.8.3 Engine Cycle

Several issues contribute to selecting the proper engine cycle. All engine
options for airships are used to drive propellers. As discussed in Chapter 5
turbine engines make no sense for flying at low altitudes although very
large airships may require so much power that only a turbine cycle can
generate it. Even these large turbines (turboprop) would be integrated with
very large propellers. Most airships use internal combustion engines even
though turboshaft engines are 2—3 times lower in weight (see Fig. 5.8). The
reason for this is that turboshaft engines have poor SFC at low speed and
altitude. Future mega-airships whose volumes are more than 20 million ft3
will likely need lightweight engines with much more power that can only
come from a turbine engine cycle.

11.4.8.4 Propeller

There are several design issues associated with integrating propellers
onto an airship. For early design efforts it is sufficient to establish the pro-
peller diameter, weight, and the efficiency of the propeller for performance
calculations. Other engineering decisions regarding a propeller are whether
or not to have a shroud and the influence of propeller wakes on vehicle
aerodynamics. These aspects are generally decided later in the design
process. If there will be thrust vectoring a decision has to be made on vec-
toring just the propeller and adding a gearbox or vectoring the entire engine
propeller combination. One of the problems is that most off-the-shelf
engines don't operate vertically because their oil systems are gravity based.
This severely reduces the number of candidate engines.

In order to size a propeller the speed-power coefficient, Cs, and advance
ratio, J, must be known. Using Eq. (5.29) Cs is calculated for the flight con-
ditions along with the power required and the propeller rps, n. Using Cs in
Fig. 5.9b yields the advance ratio, ], which enables the propeller diameter,
Dprops to be calculated with Eq. (5.33). These calculations can be made for
specific blade angles or assuming an optimum blade angle from a variable
pitch propeller.

Speed-Power Coefficient
1/5
pv>
Cs=| —= 5.29
s ( Pnzj (5.29)
Proportional advance ratio

J= V/nDprop (5.33)
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m Materials and Structure and Weight
11.4.9.1 Materials

The most significant advances in airship technology have occurred in
envelope material fabrics. There are two fundamental types of materials
used for airship hulls: laminates and weaves. Both of these materials have
several layers with one load bearing layer as shown in Fig. 8.3. The weaves
are not just simple alternate over-under styles but are usually complex flat
weaves that are proprietary to each material manufacturer. Although most
of an airship’s fabric strength is provided by the inherent fibers that make
up the load bearing layer, the fabric’s toughness, resistance to abrasion, and
rip-stop ability are a direct result of the weave or laminate arrangement.
Some simple weave examples are shown in Figs. 8.3 and 11.6.

Based on discussions in Chapter 8 the designer has to select the mate-
rial that meets the design requirements for the body. There are two basic
types of material available. One is multi-layer with the load bearing layer
being a woven material. The other material choice also has a load bearing
layer but is a laminate made from layers with fibers laid out in various ori-
entations. Both the woven and laminate layers are then bonded with a
helium permeability (usually mylar) layer and an external UV resistant
layer (usually Tedlar).

Bi-directional
weave using
flat tape fibers

Bi-directional
weave using double
strands of constant
denier fibers

Bi-directional
weave of constant
denier fibers

Figure 11.6 Examples of weaves used for airship envelopes.
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The advances of fundamental fiber capabilities over the last 70 years
have been impressive compared to metals and composites. Looking at
Fig. 8.2 shows the more than 3 x improvement factor fabrics have experi-
enced in ultimate specific tensile stress over composites and metals.
However, as good as these fabrics are designers are never able to use their
full strength capability. The almost synonymous terms that are most often
used to express a reduced capability are margin, knockdown, and factor of
safety. This book will use factor of safety.

11.4.9.2 Structure

For non-rigid airships, internal pressure must be modulated to main-
tain a constant pressure differential across the envelope for all operational
altitudes. As previously discussed it is the ballonet that is responsible for
maintaining this constant pressure differential. Another approach is to
make the hull strong enough to withstand the pressure differential through-
out the range of operational altitudes. Such a design was constructed in
1929 with the hull of ZMC-2, which was more commonly known as the
MetalClad airship. However, in the end it had a ballonet just like all of its
contemporary non-rigid airships. Although the ZMC-2 successfully oper-
ated for more than 10 years and was lighter than equivalent rigid designs,
strangely, it did not change the way airships were designed.

11.4.9.3 Weight Estimation

The envelope is the largest structure on an airship and one of the heavi-
est along with the gondola/payload bay, propulsion systems, and tails (see
Figs. 9.9 and 9.10). This means that material improvements in specific
tensile stress will result in lower weight but the overall reduction in total
empty weight is modest. Two other envelope material properties that are
also important are creep and damage tolerance.

Tails are also a significant portion of the total weight and are con-
structed in one of two ways. They either use a space frame structure covered
with a lightweight fabric or are made of a lightweight fabric that is pressur-
ized similar to an air mattress. Remaining structure such as the cargo bay,
crew station, or engine support structure are generally made from current
aluminum alloys using efficient truss designs.

Some of the most difficult data to obtain in the aerospace industry are
weight relationships for aircraft systems and subsystems. Even harder to get
are weights for airships since there are so few new airships and all companies
are very protective of their own design data. Nonetheless, some basic data is
available. Historical weight data is presented as Fig. 11.7, which comes from
the historical database in Appendix E. Both rigid and non-rigid designs are
shown even though future designs will be predominantly non-rigid. Funda-
mental weight estimating relationships are provided in Chapter 9.
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Figure 11.7 Weights of historical airships (bodies of revolution).

MEIPRL) Acrodynamics

There are several sources for estimating the aerodynamic characteris-
tics of an airship. Chapter 3 contains numerous figures and equations to
assist in these estimations. If there is some wind tunnel data or CFD calcu-
lations for the specific design then this is better yet. Miscellaneous drag
items such as cables, engine cooling, and interference always have to be
added separately.

As discussed in Chapter 3 most of an airship’s drag is from skin friction
so a significant amount of design time is spent characterizing the actual
skin friction coefficients over the entire surface. However, there are two
other types of drag that are also a part of total drag and they are pressure
drag and drag-due-to-lift. Aft pressure/separation drag on the body should
be minimized with careful contouring of the airship envelope downstream
of the maximum diameter. Keeping pressure gradients downstream of the
maximum diameter as low and smooth as possible will result in an accept-
able drag level. The drag-due-to-lift term is generally small since body of
revolution airships don’t generate large amounts of aerodynamic lift. If
these poor lift generating bodies are flown at even modest angles of attack
the drag-due-to-lift can become large and unacceptable.
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Given that an ellipsoid-like body of revolution has a naturally beneficial
pressure gradient over the first 40% or so of surface area, it is proper to
account for this effect even in the early stages of conceptual design. Using
Fig. D.5 it is easy to estimate the average effective skin friction coefficient,
Cf according to how much laminar flow is thought to be likely. Usually,
20% is easy to attain, 30% requires optimized body contouring, and 40% or
more requires major CFD and/or experimental efforts. Highly detailed
drag reduction efforts that maximize laminar flow regions are usually not
part of conceptual design. Often, an initial amount of laminar flow is stated
as a goal early on for performance estimates and the aerodynamicist then
attempts to create a shape that meets the goal. However, no laminar flow
occurs for bodies whose noses are fitted with external structure such as
battens.

Total lift is also an important design quantity in that it establishes how
much aerodynamic lift is needed. The reason aerodynamic lift is impor-
tant for an airship is that it establishes how much heaviness can be effec-
tively offset by aerodynamic means. This directly affects how much
payload can be off-loaded or how much ballast weight is needed for a
return flight.

Performance: Range, Endurance, Takeoff

Performance includes many parameters that are important to a cus-
tomer. Some performance is given by the customer as a requirement and
other performance measures are derived from requirements and opera-
tional scenarios. Aircraft and airship performance measures are similar
except for their magnitudes. Most air vehicles are interested in range,
payload, speed, endurance, and cost. Transport aircraft are also specifically
interested in takeoff performance, passenger comfort, operational costs,
and safety. Fighter aircraft are also interested in stealth, high speed cruise,
and turning and maneuvering capability. General aviation aircraft are spe-
cifically interested in ease of flight, maintenance cost, efficient cruise, stall
speed, takeoff and landing distances, and purchase price. Airships, depend-
ing on their primary mission, are generally interested in range and endur-
ance, operational cost, controlling or maintaining buoyancy, ballast demands,
and ground support.

The standard range-payload curve is as important for cargo transport-
ing airships as it is for transport aircraft. Because of their poor aerody-
namic lift abilities normal body-of-revolution airships are unable to carry
and/or unload large payloads even though the designer tries to maximize
the amount of operational heaviness for any design. Endurance is equally
important for other missions and along with range is often plotted against
speed to determine what the optimum speed is. Figure 11.8 compares the
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Figure 11.8 Effect of BR on endurance for various optimum flight conditions.

endurance for flight at optimum C; vs flight at the best constant average
speed and for a specific constant speed. Flight at a typical constant speed
shows the loss of performance as BR approaches 1.0. Chapter 4 looks at
several other parameters that are plotted vs speed to identify optimum
flight conditions.

Performance parameters are usually the MOMs to determine the
optimum design for aircraft. These calculations include range, endurance,
takeoff, landing, and rates of climb and descent. Although takeoff distances
are not very demanding for normal airships they can become more impor-
tant for hybrid designs. Large rates of climb and/or descent are not perfor-
mance issues for airships but are safety issues for the ballonet being able to
keep up with rapidly changing ambient pressure. It is a safety issue defined
by the FAA to make sure the lifting gas can expand so the envelope is not
over-pressurized. The FAA requirement is 1200 f/m and is a design require-
ment for the ballonet.

Stability and Control

Aircraft acquire their acceptable stability and control from the addition
of tails even though there are a few flying wing configurations that do not
rely on tails. However, airships also need tails and they need them even
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more than airplanes because their large bodies of revolution are so unsta-
ble in pitch and yaw. Airship pitch instability is reduced by the fact that the
c.g. is always below the c.b. (see Fig. 3.12) which results in a pendulum
restoring moment for all angles of attack. This lower c.g. position also pro-
vides all the roll stability necessary for a body-of-revolution. However, the
yaw axis has no moment resisting pendulum contribution from this low
c.g. position making it the most unstable of the 3 axes.

Two other characteristics make airships differ from aircraft. First, air-
ships have high moments of inertia relative to their weight, which increases
their time-to-double amplitude characteristic. Secondly, because of their
large volumes the damping terms on the pitch and yaw axes are signifi-
cantly higher for an airship when compared to any aircraft. It is the damping
terms that really distinguish airship handling qualities compared to those
of an airplane.

From a stability standpoint, plotting historical vertical tail volume coef-
ficients, Cyr, vs envelope volume shows an increasing value for higher
envelope volumes (Fig. 7.1). This value can be used to size the vertical tail
as described in Chapter 7. However, even though horizontal moments are
reduced by the pendulum effect, the horizontal tails are generally larger
than the verticals. This increased horizontal area is the result of greater
control power demands on the pitch axis. How much control is enough on
each axis is a complex issue and will not be discussed here. See Chapter 7
for initial tail sizing and Chapter 10 for a more detailed discussion on tail
sizing and other flight control issues.

During design it is necessary to calculate a.c., ¢.g., and c.b. locations for
any airship configuration. The c.b. is located at the centroid of the displaced
external gas/fluid, which is easily calculated by any electronic drawing
program such as CATIA, Pro Design, or AutoCad. Body of revolution air-
ships typically have their c.b. located somewhere between 40% and 45% of
the body length. Remember, only the external shape of the airship can
change the c.b. location and redistribution of internal buoyancy, such as
moving a ballonet, has no effect on the position of the c.b.

Calculating the a.c. is a little more involved in that a CFD model must
be run, a wind tunnel test must be performed, or there is some historical
empirical data for a body similar to the proposed design.

There is one other optional term that can be added as well. This term
has been referred to historically as apparent mass, virtual mass, and added
mass. This book will use the term added mass for this effect. Added mass
is a complex issue that is usually not included in conceptual designs because
it only affects airship performance when the airship is accelerating or decel-
erating. However, it is easy to use theoretical values for this effect that can
improve the answer. Added mass is discussed in detail in Appendix C along
with all of its pertinent equations. Plots of theoretical added mass factors
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are also available in this same Appendix. The added mass term is more
important for hybrid designs, which have greater demands for maneuver-
ing and accelerations and decelerations associated with takeoff and landing.
Longitudinal accelerations will have their effective forces reduced by
5%—10% because of added mass effects.

Subsystems

To some it might seem surprising that this is one of the more significant
differences between aircraft and airship design. Packaging all of the systems
and subsystems into as tight an arrangement as possible requires many
thousands of hours by aircraft designers. The internal arrangement must
consider access for repair, service, and replacement when size, fit, or form
factor require a subsystem or major component to be redesigned. This
redesign comes at great cost. This is one of those subtle-on-the-surface and
significant-on-the-inside issues that make design, repair, and replacement
so much easier for airship systems, subsystems, and components. There is
a significant cost difference as well because existing certified components
are often easily incorporated without any impact on internal packaging.
The airship has an advantage because of its inherently large volumes, inter-
nal systems, subsystems, and components. Even if these systems are located
inside the gondola or payload bay it is easy to find volumes with good
access.

§INY W1 Testing and CFD

Depending on the uniqueness of a design or a greater demand for high
fidelity aerodynamic properties, a wind tunnel test may be necessary. There
are various technical reports that summarize aerodynamic behavior appli-
cable to airship design such as [2,3,4,5,6]. Small scale wind tunnel testing is
inexpensive but data at small scales is generally poor for measuring drag.
Larger scale model tests might cost 10 times as much but will give better
drag data. Except for drag all other static aerodynamic properties from a
small scale test should be measurable within 5%. Drag measurement is dif-
ficult for the smaller models as the average model Re is usually close to the
boundary layer transition Re, which means the model has an unknown
mixture of laminar and turbulent flows that may not accurately represent
what is occurring on the full size vehicle.

An alternate to a wind tunnel test is a Navier-Stokes equation solver
with shear stresses and turbulence models options turned on. Results from
these CFD runs are often poor unless they are performed by an experi-
enced modeller and even then may be hard to explain. However, using CFD
to evaluate the effect of “changes” in a configuration are generally good and
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many forensic options are available to better understand local flow pres-
sures and velocity vectors using these high-end codes. The preferred
method is to do both wind tunnel testing and CFD analysis to make
minor to modest changes in the design when schedule and funding are
available.

g RJ Mooring and Mast Loads

Connecting to a mast is the standard approach to mooring an airship.
While it might seem to be a straightforward engineering problem to calcu-
late the mast load, it is not. To calculate this mast reactive load requires
good data for the a.c. location, aerodynamic data Cy,, and Cy,, (in ground
effect!), and a good estimate of the mass distribution from nose to tail
(radius of gyration). It is unusual to have all of this data available during
conceptual design. Because the nose load is the result of the difference
between two large numbers, answers can vary significantly (>2x) for modest
data variations (~+5%). Since these loads do not drive the overall design but
only define the loads for which the nose must be properly stiffened it is
acceptable that this part of the design be part of the next design phase, the
preliminary design.

B EBIJ Turning

It should not be surprising that an airship does not turn like an airplane
nor does it need to. While turning capability can be the difference between
life and death for an airplane fighter pilot, it is usually much less important
for an airship.

From an aerodynamic perspective airplanes and airships turn in totally
different ways. Airplanes combine increased lift, yaw, and roll to perform
what is called a coordinated turn. Designers build in aerodynamic capa-
bilities and adjust both stability and control characteristics to give an air-
plane design its proper handling and turning qualities. An airship must
also have appropriate turning capabilities but its inherent limitations
force turns to be without the use of the roll axis. This type of turn is
referred to as skid-to-turn, which is similar to how a car turns a corner.
The difference is due to the pendulum effect from the c.g. being below the
c.b. When an airship tries to roll it is resisted by a very strong pendulum
restoring moment. Rather than try to overpower this inherent roll resis-
tance, which would require very large roll control devices, rolling motions
are not used.

Historically, airships have been considered to have good turning
capability if they can perform a 360-degree turn in less than one minute.
Using the turning parameter in Chapter 4 (Figs. 4.22 and 4.23) is a good
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way to estimate the turning characteristics of any conceptual airship
design.

Historical Airship Database

A historical database of airship characteristics and performance is pre-
sented in Appendix E. The database includes weight, volume, year of first
flight, maximum speed, horsepower required, maximum operational
altitude, and tail sizes. This data is from current literature and there is
occasional disagreement among the various sources. When there was
inconsistency the value chosen seemed the most likely by this book’s
authors. Use this data with care. Also note that hull volume and buoyant
gas volume are different for rigid designs.

Sample Design Problem

This design problem will illustrate the steps needed to come up with an
acceptable conceptual design of an airship that transports 9 passengers for
725 n mi. Since a full-scale study would require a team of 10-20 engineers,
assumptions are made here for some parameters which are normally opti-
mized as part of a much bigger trade study. The requirements, assumptions,
and resulting solutions are summarized in Secs. 11.12.1 and 11.12.2.

If the Measure of Merit (MOM) is the smallest design then the goal is to
find the smallest volume airship that meets these requirements. If the
MOM is cost then the problem can be evaluated from the standpoint of
finding the design that burns the minimum amount of fuel (a surrogate for
cost) to perform the mission.

AEIRPRY Requirements

The list of requirements for the sample problem is actually a short one.

Range =725 n mi

Maximum fuel load = 1320 b

Passengers =9

Payload =9 Pax @ 2751b=24751b

Cruise altitude = 3000 ft Maximum altitude = 10,000 ft
Lifting gas is helium

Materials are current off-the-shelf polyester fiber based fabrics that are
woven and not laminated

. Cruise speed is 64 f/s

. Maximum speed =76 f/s

10. Reserve fuel =50 1b

11. Crew members =1

N W

O e
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MEIRP¥®Y Assumptions

N UL B W N~

. Non-rigid body of revolution (N = 2.0 from Sec. 3.3.1)
. Buoyancy Ratio (BR) at landing = 0.90

. Body fineness ratio (FR) = 4.0

. Brake Specific Fuel Consumption (BSFC) = 0.45

. (2) Spark ignition engines capable of vectoring 90 deg
. Propeller efficiency, n7p, =0.75

The following is a step-by-step summary of how an airship is sized.

Many of the equations and figures needed here have already been presented

in

earlier chapters. Some new equations and figures specific to this trade

study are presented as needed. In particular, Appendix D will be very helpful.

AMEIREX) 1he Sizing Process

The numbered sections in Sample Problem 11.1 correlate with the step

number in the Excel spreadsheet in Table 11.1. A volume is assumed and

twi

o separate values of takeoff weight W are calculated. The first W is

calculated based on the amount of fuel necessary to fly the given range of

72

5nmi. The other W is calculated by estimating the weight using weight

relationships given in chapters 8 and 9 and the current chapter.

Requirements:

Manned vehicle

Helium lifting gas

Spark ignition engines & fuel
Range=725 nmi

Payload=9 passengers
Cruise altitude=3000 ft
Maximum altitude=10,000 ft
Cruise speed=64 f/s

Maximum speed:76 /s Engine  Tails  Propeller Gondola
Crewsize=1

Assumptions: .
Non-rigid ellipsoidal body Solge fo,r ' I
Woven polyester materials Envelope length, width, & height
Engines attached to hull Prope ”': , diargn e{‘er ' 9
Number of tails = 4 & “+" arrangement 8 P lift
Body laminar flow = 0% uoyant i .
Body FR =4 Heaviness / aero lift

Component & total drags

Buoyancy Ratio (BR) at landing = 0.96

i Engine power
Prop efficiency=0.75 and BSFC=0.45 . )
Prop blade angle=optimum g,%mfo",fg ; Vf’g;’f t bl{l/zltlp
Propeller rps=20 pty and takeoff weights

Figure 11.9 Airship design problem overview.
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Sample Problem 11.1

1.
2.

FR =4.0, number of lobes =1 (body of revolution)

Assume an initial value for the hull volume = 1,000,000 ft3 (does not
have to be very close to the final value). Further iterations will assume
new volumes based on the difference between the calculated mission
takeoff weight and the takeoff weight from the weight build-up calcula-
tions. When these two weights are the same the solution is exact. This is
summarized in Table 11.1.

. Calculate reference value of Vol”®. Given the FR and Volume determines

the equivalent diameter, length, width, height, and body aspect ratio. For
a given #lobes the lobe diameter can also be calculated. For bodies of
revolution Nyoggs =1 and the lobe diameter equals the body diameter.
Calculate the equivalent body diameter
de =body diameter = 78.2 ft
¢p=FRd.=312.6 ft
aspect ratio, AR=4d./(n €g) =0.318

. Using length and diameter calculate the body surface area assuming the

shape of a prolate ellipsoid, Swet,,,,, using Eq. (D.3) where w = ht=d,

Surface Area = (¢} df + 5 df +df dl')/3)YP  where p=1.6075

Swetioy (ellipsoid) = 61,631 ft2

. Using the assumed envelope volume read horizontal and vertical tail

volume coefficients Cy1 and Cyy or calculate Cyt from the equation in
Fig. 7.1. Be careful with these coefficients as there is no consistent way
they are non-dimensionalized. A good approximation for the moment
arm, €4, is 38% £g. This book uses £ for the vertical tail reference
quantity instead of body width (span).

SHr=CHT (Vol?/3 X €p)/Liqi1=0.067 (10,000 x 307.4)/(0.38 x 307.4) = 1753 ft2
Svr=Cvr (Vol% X €8)/sai=0.059 (10,000 x 307.4)/(0.38 x 307.4) = 1558 ft2

6.

The cruise speed for this study is 64 f/s and the cruise altitude is 3000 ft
as stated in the requirements which allows the dynamic pressure, g, to
be calculated as

q =Y pV?=(0.00218) (642)/2 = 4.45 Ib/ft2

. Assume no laminar flow (this is conservative). Find the Re for the body.

If laminar flow exists over a portion of the body use Fig. D.7 to find an
estimate of Cf.

Re=pVeg/u=(.00218)(64)(312.6)/3.66 10~7 = 1.18 108
Chiay = 0.455/(10g10 (Re))>>8 = 0.00208
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The form factor for body drag uses the relationship in Sec. 3.5.3.
FF3D pody =1+1.5/FR15 +7/FR3=1.30.

Zero lift body drag is now calculated as

= FFBDhody Cf Swet[,ody / VOl 2/3

44444

Cp,,, =(1.30)(0.00208)(61,631)/10,000 = 0.01662

8. Drag coefficient for the tails is
FFaits =1+1.2(t/c) +100 (t/c)* =123 for t/c=0.15 (Sec.3.5.3)
CD()W = FFils Cf Swetmils / Vol %
Assume AR;4i1 = 1.0. / /
Crail (avg) = T+ Cy1)/2 = [(z?{?HT SH1/2)  + §;4RVT Svi/2) /2
Crair (avg) = [(1 x 1753/2) % + (1 x 1558/2) 2]/2 =57.5 ft
Re =1.10 x 107 which leads to Cf, = 0.00296
Swet s = 2.2 (1753 + 1558) = 7284 ft?
where 2.2 is the ratio of (wetted area)/(planform area) for the tails
Chy,, = (1.23)(0.00296)(7284)/(10,000) = 0.00266

9. Cp, of cab/gondola combination, engines, cooling, mounting struc-
ture, cables, and landing gear is

2 2/
Cpy,.. =(0108Cp,_ Vol? +7.7)/ Vol Eq. (3.29b)]
= (0.108 x 0.01662 x 10,000 + 7.7)/10,000 = 0.00256
»
Cp,, . = (#engines) (4.25)/ Vol * [Eq. (3.31)]

= (2)(4.25)/10,000 = 0.00085

= (#engines) (2x 1076 Vol +4.1)/ Vol ? [Eq. (3.32)]
(2)(2 x 1076 x 1,000,000 + 4. 1)/10 000 = 0.00122
(0.044 Cp,  Vol% +092)/ Vol * [Eq. (3.30b)]
((0.044)(0.01662)(10,000) + 0. 92)/10 000 = 0.00082
(
= (

CD()

I|

9.7 x107° Vol +10.22)/ Vol ? [Eq. (3.26)]
9.7 X 1076 1,000,000 + 10.22)/10,000 = 0.00199

=(1.76 X 1076 Vol +0.92) / Vol 3 =0.00027

10. Interference drag

,)
Cpy, =(4.78x1076 Vol)/ Vol /5 [Eq. (3.34)]
=(4.78x107° 1,000,000) / 10,000 = 0.00048
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11. Total zero-lift-drag
Cpy =Cpy,, +Cny,, +Ciy,,, +Cmy,, +Cny,, +Cpy,
Cp, =0.01662+0.00266+0.00256+0.00289 +0.00187 +0.00027 +0.00048
Cp, = 0.02747

12. Drag-due-to-lift, is the other part of total drag that is added to Cp, to
obtain a total drag coefficient. The drag-due-to-lift factor, K, is obtained
from Fig. 3.26 using the body aspect ratio. For a hybrid airship body AR =
widthz/Splm, and was calculated as AR = 0.318 from step {3}.

Using the equation in Fig. 3.26 for AR = 0.318 which is referenced to Sy
gives K= 1.74. See [8] for a detailed discussion of Fig. 3 26.
K=1.74/N1, = 0.869 (referenced to Vol 3)

where N; = 2 from Sec. 3.3.1

13. The buoyant lift is calculated using 0.0646 1b/ft3 for helium at sea level
conditions. This number can vary slightly for different purities.
Buoyant lift = 0.0646 x Hull volume x densitymax alt/densitysea level

Lbuoy =0.0646 Vol (Gymax alr)
= (0.0646) (1,000,000) (0.9151) =59,1151b

14. Defining weight terms (see Fig. 12.6 for schematic of weight term defi-
nitions.

WE + fuelynusable + Oilunusable + crew = Wog + payload = Wzr + fuel =
Where
WZF: Lhuoy/BRland _fuelres = 59,115/0.90 —-50= 65,634 ll)

15. Since
Wzp=Wop+ PL
Wor=W_zr - PL

Wor = 65,434 - 4000 = 61,434 1b
16. Calculate the takeoff heaviness (WH,) and landing heaviness (Wy,) nec-

essary to fly the required range of 725 n mi.
Rewrite Eq. (4.18) as

Range = A| tan™! Wiy —tan-1[ Vi
B B

326 /
Where A = 20Ny and B=gVol?/3 %
BSFC\/K Cp, K

Reserve fuel is still on board at landing and is assumed.

WiraND = Wzr + fuelyes = 65,634 + 50 = 65,684 1b
W, = WraND — Lpuoy = 65,684 — 59,115 = 6568 Ib
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Solving the previous equation for the takeoff heaviness, Wy, yields-

W, =B tan {%+tan1 [@ ﬂ
A B

A =326 np/[BSEC (K Cp,)%] =326 x 0.75/ [0.45 (0.869 x 0.02747)%] = 3517
B=gq Vol’* (Cp, K)% = 4.45 x 10,000 (0.02747/0.869)'4] = 7921
Wiy, = (7921) tan ((725/3517) + tan~! (6568/7921)] = 9950 Ib

17. Mission fuel (fuel burned) is simply the difference between takeoff
heaviness and landing heaviness.
Fuel Burned, fuelp,n = Wh, - Wh, = 9950 — 6568 = 3381 Ib (mission fuel)

Total Fuel = fuelpyyy + fuelyes= 3381 + 50 = 3431 Ib

18. Therefore, the gross weight at takeoff to perform the mission is
WG = WLAND + fuelpurn = Wz + fuelyes + fuelpyrm
Wg = 65,684 + 3381 = 69,065 Ib
BRTO = Lpuoy/ WG = 59,115/69,065 = 0.856

Although not used in the sizing routine the buoyancy ratio at takeoff,
BR70, is calculated to make sure it is not too low. Any value of BR7¢o
that is less than ~0.8 is an indication that too much aerodynamic lift is
needed from the body.

At this point the takeoff gross weight (W) to transport 4000 Ib of
payload along a 725-n mi mission is known. The remaining steps will
calculate the W that results from a weight buildup which also uses the
same assumed volume of 1,000,000 ft3.

19. In order to estimate maximum engine power and propeller size it is
necessary to calculate lift, drag, and power required for the airship. The
greatest aerodynamic lift that would be experienced is at start of cruise
but at sea level.

Laero=WH,=9950 Ib
20. Aerodynamic Lift Coefficient (maximum power)
Gmax = density at SL X ViZax /2 = (0.002377)(76)%/2 = 6.86 Ib/ft>

2/
=WH,/qmax/Vol * =9950(6.86)/10,000 = 0.145
21. Total drag at maximum power condition
2/
Drag=(Cp, +K C%aem)q’”“" Vol”?

Drag = (0.02747 + (0.869)(0.145)2)(6.86)(10,000) = 3138 Ib

22. Maximum power per engine @ SL

LHI(JX power

maximum power/engine = V45 drag/n,/NE/550
maximum power/engine = (76)3138(0.75/2/550) = 289 hp
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23.

24.

25.

The propulsion section assumes that any size engine is available along
with any size propeller. Actually, there are only discrete engines avail-
able and one of these engines would have to be chosen that is close to
the required power and has the appropriate BSFC.

Finding the propeller speed. Although reciprocating engines perform
most efficiently (lowest BSFC) for rpm = 2000—2400 they are geared
down for the propeller by as much as a factor of 3, for the best propeller
speed. The process of finding the best propeller speed is complicated
and will not be part of this problem. A value of 20 rps is assumed. This
problem also assumes that the engine is sized for maximum speed. In
fact, for hybrid airships, where takeoff performance is important, it
may be necessary to calculate engine size for a given value of takeoff
distance or takeoff climb gradient. Calculations would have to be
expanded using Figs. 5.10 and 5.11 to include propeller disk loading to
find the engine power for takeoff. It is possible that engines could be
sized for takeoff performance rather than for maximum speed.
However, for this problem it is assumed that maximum speed deter-
mines the maximum power. At this point the characteristics of a spe-
cific engine (e.g. Continental 10-360 in Table 5.1) could be used instead
of generalized propulsion calculations.

Next, the thrust speed coefficient, Cs, is calculated and propeller advance
ratio, J, is found from Fig. 5.9. Assume a variable pitch propeller for this
problem. In a comprehensive study of propeller and engine sizing
engine rpm and propeller blade angle are varied to get the best perfor-
mance over a wide range of flight conditions. Variable pitch propellers
have the ability to vary blade angle to maximize performance at various
flight conditions. However, variable pitch propellers are heavier, more
expensive, and require more maintenance.

1/5
CS:[II)J_‘;] J=V/nDp
Cs =1[(0.002377)(76)°/289/550/20%]02 = 0.624
A curve fit of the J vs Cs data in Fig. 5.9 yields the following equation-
J=0.156 Cs% +0.241 Cs+ 0.138)
For Cg=0.624, ] =0.349

The propeller diameter is now calculated as
Dp=(76)/(20)/(0.349) =9.2 ft
Propeller efficiency
A curve fit of the optimum 77p vs Cg data on Fig. 5.9 is
np=0.139Cs3 - 0.749Cs? + 1.37Cs + 0.0115 = 0.609
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Since 1p was assumed to be 0.75 for earlier calculations this is close
enough. However, should the assumed value of 77p be too far from the
answer it can always be improved by setting the assumed 77p to the actual
and recomputing from step {16} (convergence is rapid for the exact
solution).

Once the internal pressure is calculated the fabric load is easily found
for the body diameter.

For polyester weave fabrics the density is obtained from Fig. 8.4 to cal-
culate the weight of the envelope for the assumed material.

p1=1.2 qax + 0.0635 height
p1=1[1.2(6.86) + 0.0635(78.2)] /144 = 0.092 Ib/in2

The following steps use weight relationships from Chapters 8 and 9.
The weight build-up begins with the body and includes factors for
manufacturing (1.2) and attachment fittings (1.26). Assume envelope
and septum materials have the same areal density and are made from a
polyester weave. Assume the factor of safety (FS) is 4. See Chapter 9.5.1
for hull weight discussion.

hull fabric load (Ib/in.) = internal pressure X hull radius
hull fabric load = FS x 12 x 0.092 x 78.2/2 =173 Ib/in.

It is important to apply the factor of safety (FS) to the fabric load and
not wait and apply it later to the weight calculation.
Using Fig. 8.4 fabric density
(0z/yd?) = 0.0453 x hull load (Ib/in.) + 1.962
hull fabric density = 0.0453(173) + 1.962 = 9.75 oz/yd?
Weny = hull fabric density x (manufacturing) x (attachments) Swet,,,,,
Weny = (9.75)(1.2)(1.26)(61,631)/16/9 =6311 |b
Assume there is one septum down the middle and it has an area equal
to 20% of the sideview area. From Sec. 8.7 septum loads are assumed to

be 1.5 x envelope load.
septum fabric density = 0.0453(1.5)(173) + 1.962 = 13.72 oz/yd?

Wiep = septum fabric density x (0.2) 7 ht €5/4)/16/9
Wiep = (13.72)(.2) 7 (78.2)(312.6)/4/16/9 = 364 1b

Ballonet weight is calculated for 2 hemispherical ballonets. Design
altitude is 3000 ft and hull volume is 1,000,000 ft3.

which is based on the conservative empirical data in Fig. 9.3.
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surface area of 2 hemi-spherical ballonets = (47)1/3 (3 Volg,y)?/3 = 9911 ft2

Whan = (0.035)(surface area of ballonets)
Wiau = (0.035)(9911) = 347 Ib
29. Tail weight assumes a rigid space-frame structural tail concept. Using
Eq. (9.2) where F4r=1.26 and Fpsg=1.0 Ib/ft2. For control surfaces
that are 20% of the total area the tail weight is the sum of the stabilizer
fin weight and the control surface weight. Actuator weights are calcu-
lated here but are added to the VMS weights.
Wssk= 1.0 (Sgr+ Svr) (1.26) (80%) = (1753 + 1558)(1.008) = 3337 Ib
Wes=1.0 (S + Syp) (20%)(1) = (1753 + 1558)(0.2) = 662 Ib
Wiaits = Wes +Wssp= 3337 + 662 = 3999 Ib
Wier = (1.15) (1753 + 1558) (0.79) (0.2) = 602 b (part of VMS)
where (1.15) is the installation factor for installing the actuators
30. Crew station/Gondola: Using Eq. (9.6) with gondola dimensions of

26.5 ft/5 £t/9.5 ft yields (assume crew station and gondola are one
unit).

Weond = 353 [(€/10)°857 (w + 1)/10 (Viax/10)0-338]1-1 = 2329 [b

31. Weight of engines: (reciprocating) (assume any size engine is available)
From Fig. 5.8

Wall-eng = NE 4.848 (power/engine)?7956
Wall-eng = (2) 4.848 (289)079%6 =880 Ib . . . all engines
32. Engine mounts, engine controls, and starting:
WEngmi = 0.57 NE Weng = 0.57 (2) (880/2) = 502 1b
WEc=60.27 (EecNE/100)0724 = (60.27) [(50) (2)/100]9724 = 60 1b
Wstart = 50.38 (NE Weng/1000)0-459 = (50.38) (2 x 880/2/1000)0-4%9 = 48 Ib

33. Propeller weight: Using Eq. (9.16) and using propeller diameter from
{32}

Wprop = Kp Np (Np1)031 (dp SHP/1000)0782
Wprop =31.92 (2) (3)0-391 (9.2 x 289/1000)0-782 = 210 Ib
p

34. Fuel tank weight:

Wer = 2.49 (Fuel)%6 (N7)02 (Np)O13 [1/1 + Int)]03
Wer=2.49 ((3381 + 50)/6.0)00 (2)02 (2)013 [1/(1 + 0)]93 =141 1b

where the fuel is in gallons
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Pressure system weight: Using Fig. 9.9 estimates the weight as 2% of the
empty weight.

Wpress = (0.02)(61,434) = 1229 Ib
Landing gear system-tricycle gear:

WG = (31.2)(W},/1000)0-84 = 215 1b

VMS weight is calculated using Fig. 9.9 as representative of a typical
VMS suite for a hybrid airship. The actuator weight is added in here
from step {29}.

Wyams = 3% Wor+ Wactuators
Wyams = (0.03) (61,434) + 602 = 2445 Ib

Electrical system weight: Using Eq. (9.17) yields
WeEleer = 12,57 (Wer+ Worron)02! = 246 1b
Miscellaneous systems weight: (Fig. 9.9)
Wsys=0.035  Wop=0.035 (61,434) =2150 Ib

Crew and accommodations: Usually Eqs. 9.22-9.25 are used to fill the
gondola with seats etc. The (1) crew member is part of the empty
weight and the passengers are part of the payload weight.

WCrew+Acc = Wseats + WBunks + Wiav+ Wrood + Werew

Werewsace = (55x 14+ 32x 9+ 28 x 0) +2.3 (10133 + 5.06 (10) + (1)(250) = 443 Ib

41.

42.

where crew members + luggage = 250 Ib/person

The two final weight items are unusable fluids (gas & oil) and the empty
weight margin. Typical values for weight margin on new aircraft designs
are usually between 5-10% depending on the complexity of the design.
Given that this is a well known design the weights should be more accu-
rate than usual. Use 5% for the margin in this problem. Defining the
acceptable margin is often a contentious decision as management wants
to make sure the airship is within weight for the customer.

W, = 0.01 fuel
Wmargin =0.05 Wor
Wit margin = 0.01 X (3 + 50) + 0.05 X 61,434 = 3106 Ib
Adding up the weight items between {27} thru {41} yields the operat-

ing empty weight, WoE, based on a system and component weight
build up.

335
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43.

44.

45.

46.

This final weight is the gross weight, W, at takeoff which is based on
estimating the weights.

W = WoE + fuel + PL = 32,905 Ib

This compares the two values of W, one based on performing the
mission, WG, {18} and the other based on estimating the total weights,
Wa,,, {43}. A final solution is obtained when (W, — WG,,,) = 0 which
yields the weight, fuel, and volume that will perform the mission under
the specific assumptions. Table 11.1 shows 4 manual iterations and a
final calculation that is exact (where W, — WG, = 0) using the “Goal
Seek” tool that is available in the Excel Program. The “exact solution”
design may not be realistic if the angle of attack to fly at maximum
heaviness, Wiy, is too large or the ground run distance is too great. It is
necessary to calculate the flight angle and ground distance to make
sure they are acceptable.

Steps {45} through {48} refer to the values from the ‘exact” solution case
(Vol = 175,866 f£3) in Table 11.1 and not for the case where Vol = 1,000,000 fi3.
Using AR =0.318 the data on Fig. 3.8 gives a Cy,=0.0088, which is
based on the planform area. Therefore, it is necessary to convert Cp,,
from one that is referenced to Spyjux to the traditional one for airships
that is referenced to Vol”3. From Eq. (3.1) and its accompanying table
find that N = 2.0.

Ci, (per deg ref to Vol%) =Cy,, (Fig. 3.8 ref to Spjan) NI
Cr, =0.0088 (2.0) = 0.0175

For the exact solution case in Table 11.1 find the angle of attack at Wy,

Cr, (maximum heaviness) = Wx,/(q Vol %) =2098(4.45 x 3139) = 0.15
alpha (maximum heaviness) = C/Cy,, = (0.15)/0.0175 = 8.6 deg

This angle of attack is within 15° which is an angle of attack where lift
behavior of low aspect ratio bodies becomes non-{inear.

It is also necessary to calculate the takeoff ground distance to make
sure the design has engines powerful enough plus sufficient aerody-
namic lift generated at the maximum scrape angle. Assume a takeoff
scrape angle limit of 10°. Calculate the C; at this angle, find the speed
at this angle, calculate the thrust and drag and then compute the takeoff
ground distance.

CLw - CL(X ascrapg = (.0175)(10) = 0.175
Speed at liftoff is V7o = [2Wi1,/(p C1,, Vol %))

Vo = 11[(2)(1200/(0.002377 x 0.175 x 3139)]% = 62.4 f/s
where the 1.1 factor is from FAA regulations on takeoff speeds
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Thrust during takeoff:
Calculate the power loading = hp/A = 93/(rn 3.82) = 2.05 hp/ft2. Where
hp = 93 is the maximum single engine power during takeoff and A is
the propeller disc area. The static thrust T for a variable pitch prop is
determined from Fig. 5.11. For a power loading of 2.05, To/hp = 7.00
giving a static thrust Tp = (7.00)(93) = 651 Ib for each engine.
Variable pitch prop thrust reduction due to forward speed is determined
from Fig. 5.10. Takeoff acceleration is estimated at 0.707 V1o =44.1 ft/s.
From Fig. 5.10 the T/T = 0.759 at 44.1 ft/s gives T' = 494 Ib for each
engine. Total average accelerating thrust is 2(494) = 988 Ib.
Average drag and acceleration during takeoff:
The average drag at V =0.707 V1o is (0.002377/2)(44.1)? (0.0354)(3139)
=258 Ib.
The acceleration is T— D — gear friction =T - D — uWy,,.
Assuming a wheel friction coefficient ¢ = 0.03 from Table 4.3 gives a
gear friction of 63 Ib.
Thus the acceleration force = 988 — 258 — 63 = 666 1b at 44.1 ft/sec.
The mass accelerated during takeoff = W¢/g + (air mass in ballonet) +
(helium mass)
=(12,495/32.17)+(16,316)(0.081)/32.17+ (175,866 - 16,316)(0.0111)/32.17
=388 + 41 + 55 = 484 slugs
The ground roll distance Sg = %(mass) (V70)%/(accel force)o707vT0

= %(484) (62.4)?/(666) = 1417 ft
Figure 11.10 presents a summary of the pertinent design characteristics
that were established during the sizing of this hybrid airship. These
data come from the right most column in Table 11.1.

Area=150 ft’ each Area=176 ft’ each

T
. RO

S 17526 - o .

Volume = 175,866 ft*

Figure 11.10 Final opfimum geometry for sample problem (Table 11.1).
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Table 11.1 Summary of sample problem calculations from Excel spreadsheet

Step | Parameter Manual iterations
1 FR= 400 400 4.00 - 400 4.00
2 Volume (ft3) = 1,000,000 500,000 300,000 100,000 175,866
3 Vol?/3 = 10,000 6300 4481 2154 3139
Diameter-equiv (ft) = 78.2 62.0 52.3 36.3 43.8
“Body length (ft) = 312.6 248.1 2093 - 1451 175.2
Diameter-lobes (ft) = 78.2 62.0 52.3 36.3 43.8
Body width (ft) = 78.2 62.0 52.3 36.3 43.8
Body height (ft) = 78.2 62.0 523 36.3 43.8
Aspect ratio = 0.318 0.318 0318 0318 0.318
4 Body surface area- 61,631 38,825 27,619 13,278 19,346
ellipsoid (ft2) =
5 - Hor tait vol coeff = 0.067 0.062 0.055 0.021 0.043
Vert tail vol coeff = 0.059 0.054 0.048 0.015 0.036
Hor tail area (f2) = 1753 1020 645 ; 117 353
Vertical tail 1558 900 563 86 299
area (ft2) =
6 Velocity-cruise 64 64 64 64 64
(fps) =
Qeruise (Ib/it2) = 4.45 4.45 4.45 4.45 4.45
7 Re-body = 1.18E+08 + 9.39E+07  7.92E+07 = 5.49E+07 = 6.63E+07
Cfe-body = 0.00208 0.00215 0.00220 0.00232  0.00226
FF-body-Hoerner = 1.30 1.30 1.30 1.30 1.30
Cpgbody = 0.01662 0.01716 0.01758 0.01853  0.01803
8 - (4) tails Re-tails = 1.096+07  8.29E+06  6.58E+06 - 2.69E+06  4.83E+06
Cre-tails = 0.00296 0.00310 0.00321 0.00374  0.00338
FF-tails = 1.23 1.23 123 1.23 1.23
CD-tails = 0.00266 0.00255 0.00235 0.00095  0.00190
9 CD-cab/gondola = 0.00256 0.00308 0.00362 0.00557  0.00440
CD-nac+cool+ 0.00289 0.00387 0.00497 0.00918  0.00663
mount =
CD-cables = 0.00199 0.00239 0.00293 . 000519  0.00380
CD-land gear = 0.00027 0.0003 0.0003 0.0005 0.0004
10 CD-interference = 0.00048 0.00038 0.00032 ~ 0.00022  0.00027
11 Cpy = 0.02747 0.02972 0.03209 0.04016  0.03542
12 K= 0.869 0.869 0.869 0.869 0.869
13 L-buoy (Ib) = 59,115 29,558 17,735 5912 10,396
14 WZF (Ib) = 65,634 32,795 19,655 6518 11,502
15 WOE (Ib) = 61,434 28,592 15,455 2318 7302
16 - Landing heaviness, 6568 3284 1971 : 657 1155

Wy, (Ib) =
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Step | Parameter } Manual iterations { Exact
A= 3517 3382 3254 2909 2891
B= 7921 5190 3837 2064 2824
Wi, (Ib) = 9950 5120 3214 1286 2098
17 Fuel burned (Ib) = 3381 1836 1243 629 943
Reserve fuel (Ib) = 50 50 50 50 30
18 WG-performance 69,065 34,677 20,948 7198 12,495
(1b) =
BR-to = 0.856 0.852 0.847 0.821 0.832
19 Aero Lift@start 9950 5120 3214 1286 2098
cr (lb) =
20 Cr@Vmax@St = 0.145 0.118 0.104 0.087 0.097
21 Drag @ Vmax@SL start 3138 1812 1279 691 941
cruise (Ib) =
22 Max Power/eng@Vmax@ 289 167 118 64 93
SL (hp) =
23 Propeller speed 20 20 20 20 20
(1ps) =
24 Cs@SL,max power = 0.624 0.697 0.747 0.845 0.783
J@max power = 0.349 0.381 0.404 0.452 0.422
Propelier diameter 9.2 8.4 7.9 7.1 7.6
(=
25 Prop efficiency-np = 0.609 0.650 0.675 0.718 0.692
26 Internal pressure 0.092 0.085 0.080 0073 0.077
(psi) =
27 Hull fabric density 9.752 7.665 6.529 4.849 5.605
(0z/yd?) =
Wi-env+Ipatch+ 6311 3125 1893 676 1139
seams (Ib) =
Wt-septums (Ib) = 364 177 105 36 62
28 Volume- 92,777 46,388 27,833 9278 16,316
ballonet-ft3 (Ib) =
Wt-ballonet (Ib) = 347 219 155 75 109
29 Wit-tails (Ib) = 3999 2319 1460 245 788
30 Wi-Crew Sto+ 2329 2329 2329 2329 2329
Gondola (Ib) =
31 Wt-engs (Ib) = 880 569 431 264 357
32 Wt-eng mounts+ 610 423 340 238 295
ec+st (Ib) =
33 Wi-props (Ib) = 210 128 93 53 75
34 Wt-fuel tanks (Ib) = 1M 99 79 53 67
35 Wi-Pressure Sys 1229 572 309 46 146
(Ib) =

(continued)
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Step | Parameter Manual iterations
36 Wtlanding gear 215 123 8 3% 58
(Ib) =
37 WEVMS (Ib) = 2445 1207 683 106 338
38 Wi-Elect sys (Ib) = 246 230 222 212217
39 Wt-Misc sys (Ib) = 2150 1001 541 81 256
40 Wi-Crew-+av (Ib) = 693 L 693 693 693 693
4 Wt-margin+ 3106 1448 786 123 375
ufluids (Ib) =
42 Wt-empty, WOE (Ib) = 25,274 14,659 10,202 5269 7302
43 WG-weights (Ib) = 32,905 20,745 15,695 10,148 12,495
44 (WG-perf) - 36,160 13,933 5253 -2950 0
(WG-wts) (Ib) =
45 Cyi-alpha = 0.0175 0.0175 0.0175 0.0175 0.0175
Max Flight Alpha 12.8 10.5 9.2 , 7.7 8.6
(deg) =
46 Ci-to @ Alpha-scrape = 0.175 0.175 0.175 0.175 0.175
T0, Speed@Alpha-sc 76.2 68.9 64.7 59.0 62.45
(fos) =
47 Power loading (ho/A) 4.37 3.01 2.39 1.62 2.05
(Fig.5.9) =
Thrust/thrustSLS 0.744 0.749 0.755 0.767 0.759
(Fig.5.10) = ~'
ThrustSLS/power 5.55 6.22 6.68 7.53 7.00
(Fig.5.11) =
. Total thrust @ 2389 1556 1189 735 987
0.707 V710 (Ib) = : '
48 Drag-ground run 947 527 357 179 258
(avg-.707V) (Ib) =
Ground Distance (ff) = 3984 2487 1855 1245 1417

Since the original requirements for this problem were based on the
capabilities of the A-170 airship built by American Blimp Company it is
instructive to compare the “exact solution” results with the data in
Table 11.2. Overall, there is decent agreement. Some differences are to be
expected, however. In this case most of the weight difference is the result
of using the actual weight of the 360 engine compared to the estimated
propulsion weight. Actual propulsion weights are about 600 lb heavier
than the estimate, which increases the estimated empty weight to about
8000 Ib—close to the actual value of 8366 lb. This also explains the ground
run distance difference between actual (~1000 ft) and calculated (1417 ft).
Estimated volume is within 3%. The A-170 has an 8% ballonet that gives it
a buoyant lift at 3000 ft of 10,080 Ib requiring 2331 lb of aerodynamic lift
for start of mission.
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Table 11.2 Characteristics of A-170 Airship (courtesy of Rudy Bartel, ABC)

Characteristics | Weights I (Ib)
Volume (f3) 170,297 Gondola assy-+pitot sys 3308
Volume 273 (ft2) 3072 Envelope assy 1495
Ballonet volume (ft3) (8%) 13,600 Engine pod/pylon/prop 1312
Envelope tength (f1) 175.8 Ballonet sys 426
Diameter (ff) 430 Ballonet tunnel 26
Hor tail area (2) (ft?) 410 Ballonet window 3
Vert tail area (2) (ff2) 410 Horizontal tails (2) 346
Fineness ratio 4.09 Lower vertical tail assy 180
Body aspect ratio 0.311 Upper vertical tail assy 173
Body surface area (f2) 19,061 Electrical system 216
Envelope material 11.3 (2) main landing gear 161
density (0z/yd?)
Buoyant lift (Ib) @ takeoff 10,123 (1) fwd landing gear 47
Gondola Nose dish assy (-battens) 160
Length (ft) 265 Alr system 148
Width (ff) 50 Fuel system 92
Height (f1) 9.5 Nose battens assy 82
#passengers 9 Helium plate assy (3) 66
Cruise speed (ft/s) 64.2 Misc fittings, straps, wires 38
Max speed (fl/s) 763 Cable assy suspension 31
Cruise alt (ff) 3000 Flight Control Sys 27
Max alt (ff) 10,000 Unusable fuel 17
Range (n mi) 725 Misc cable 12
Payload (9 Pox @ 275 Ib) 2475 Empty Weight 8366
Max fuel (Ib) 1320 Fuel 1320
Max endurance@42fps (hr) 23 Crew 250
Crew 1 Payload 2475
Hp/engine 180 TOGW 12,411
BSFC@mid-cruise (Ib/hp-hr) 1.768
Power @ mid-cruise (hp) 16.2
Engines (2) 10-360 Lycoming
Propeller Constant speed/variable pitch prop

AEIREPY) 1ade Studies

This airship design had an FR =4 and an AR = 0.318. If the goal is to find
the best FR, then this same process can be repeated for many values of FR.
The impact of changing the design payload and/or the mission range can also
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be evaluated. In the end there will be several best solutions that represent the
best designs based on lowest weight, smallest volume, least fuel burned, or
some other measure of merit. Figure 11.11 shows the carpet plot for the vari-
ation of volume for various speeds and FR, all of which perform the basic
mission. While all of these solutions are real designs they are unconstrained
by other limits such as buoyancy ratio, cruise angle of attack, takeoff ground
distance, etc. An example of a constraint line is shown overlaid on Fig. 11.11.
This line represents the limit to all solutions that have a takeoff ground
run < 2000 ft. In this example only those solutions to the left of the con-
straint are acceptable. Constraint lines redefine the allowable design space
that meets unique customer requirements and/or design realism. The carpet
plot in Fig. 11.11 is a standard format for presenting trade study results.

Even though the vehicle from Table 11.1 is a good conceptual starting
point, there is still much work to be done. Numerous assumptions were
made to facilitate getting a good answer without getting bogged down in
complex analyses or costly testing. Therefore, the next step is to start refin-
ing these preliminary answers by including specific test data, CFD analy-
ses, structural modeling, more refined weight buildup, an enlarged
propulsion study, and include the effects of such phenomena as added
mass (see Appendix C).

220
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Figure 11.11  Effect of speed and FR on airship size.
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Introduction

n the 1960s the Aereon Corp designed a 3-hulled rigid airship named
I the Aereon III, which was based on an original design by Solomon

Andrews in 1860. Later designs would use a single oblate ellipsoid
body with tip vertical tails and a tri-cycle landing gear (see Fig. 12.1). This
design became known as the “Deltoid Pumpkin Seed” and was immortal-
ized in a book of the same name [1]. After several modifications the vehicle
flew in 1971 but no program emerged.

This hybrid approach would lay dormant for 25 years until Lockheed
Martin began studying the feasibility and logistical utility of hybrid airships
in 1996. Internally, the program became known as the Aerocraft Program.
Although Aerocraft was cancelled by Lockheed Martin in 2000, three
design features were studied and verified that would become critical to
future hybrid airship designs.

First, the structure must be non-rigid. Since all prior Aereon hybrid
airship efforts used rigid structure it was natural to think that Aerocraft
should be rigid as well. After two years of study only designs that were non-
rigid proved to be feasible.

Second, it was difficult to maintain the shape of pressurized structural
designs having oblate ellipsoid shapes. Maintaining an ellipsoidal shape
required numerous septums and curtains. After many structural design
analyses the idea of lobes was first suggested. Detailed studies showed that
merged round lobes enabled the designer to approximate the frontal shape
using combinations of numerous circular arc segments.

Figure 12.1 Aereon 26 aka the "Deltoid Pumpkin Seed.” 1971.
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The third major development that came from the Aerocraft Program
was the Air Cushion Landing System (ACLS). First proposed by a young
flight controls engineer, this system is a natural fit for any hybrid airship
that requires the ability to land at austere sites without the need for
landing support personnel. Later ACLS discussions can be found in
Sec. 12.7.1.

The concept of a hybrid airship was first introduced in Sec. 1.6. It is
recommended that the reader read this section again before continuing
with the rest of this chapter.

Now that designing a conventional airship has been discussed with a
detailed sample problem at the end of Chapter 11, it is time to take a look
at designing a hybrid airship. But first, remember that the term “hybrid
airship” is defined in this book simply as one that has the ability to generate
aerodynamic lift > 10% (BR < 0.9) of the airship’s weight. However, how
does the hybrid airship designer establish what the best BR is? A discussion
of how to select BR is included at the end of this chapter. This balance of
aerodynamic lift vs buoyant lift is a very involved trade study that must
include operational considerations as well as the value of speed and time.
The greater the amount of aerodynamic lift the less efficient the hybrid
flies. But, landing at lower BR enables larger payloads to be freely loaded
and unloaded on the ground with a reduced need for ballast. This has sig-
nificant value to a logistics operator.

Continuing the discussion of the benefits of a hybrid airship, there is a
common misconception that the recent popularity of hybrid airships is
based on there being more efficient performers than typical axisymmetric
designs. Not true. The main benefits of a hybrid are its payload and
operational flexibility and reduced dependence on ballast weight and its
reduced need for infrastructure (e.g. no mast). This flexibility is the result
of being able to generate balancing amounts of aerodynamic lift that are
able to offset significant heaviness from large payloads. All of this results in
the hybrid having higher productivity (payload x speed) or lower cost of
operations ($/ton-mile). Figure 12.2 illustrates weight as it varies through-
out a typical mission where payload is unloaded at the destination and
there is no return payload (a very stressing operational scenario for an
airship). Having no payload for the return leg is problematic for airships as
it creates the need for ballast weight on the return flight. Figure 12.3
continues the discussion of ballast by showing that flying at negative
angles of attack and using downward vectored thrust can also significantly
reduce the need for ballast. Referring to Fig. 12.3 there are 3 ways of flying
a return flight. Case (1) adds ballast that offsets the remaining unbuoyed
weight. Case (2) uses flight at negative angle of attack to produce a
downward force throughout the flight, thus reducing the amount of
ballast needed in Case (1). Case (3) combines flying at a negative angle of
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attack with an added downward thrust to push the airship toward the
ground (modest fuel differences for the 3 Cases would modify the
ballasts slightly but are ignored for these discussions). Remember that
this is a worst case return flight. In general, there is significant returning
payload which reduces or eliminates the need for ballast on the return
flight.

If a hybrid airship’s mission is to transport cargo then it will certainly
want to have an Air Cushion Landing System (ACLS) integrated into its
design. It is the multi-lobed arrangement of a hybrid airship that so
naturally blends the ACLS and hull (see Sec. 9.7.1 and Sec. 12.7.1 for a dis-
cussion of ACLS). This is important because an ACLS does not integrate
well onto a conventional airship which is a body of revolution. However,
the wide stance of a lobed hybrid design enables realistic layouts for
an ACLS.

Modern airship design is currently focused more on hybrid airships
than on conventional axisymmetric shapes. There has been a renewed
interest in all airships because of the now available materials technology
that significantly improves their performance and damage tolerance. These
new fibers and matrix materials have resulted in new woven and laminated
materials that are significantly lighter and tougher overall, which results in
reduced envelope weight that also resists damage.

As in Chapter 11, specific design issues associated with unique pay-
loads, special materials needs, actual sensors, etc. will not be individually
evaluated. Reductions in envelope weight are available to the hybrid design
with its smaller radius lobes. Similar to Chapter 11 all of the fundamental
hybrid design tasks are discussed in general terms and then applied
to the actual design problem in Sec. 12.11. However, unlike Chapter 11,
discussions will concentrate on those design aspects that are different
for a hybrid airship vs a conventional airship. Similar design tasks requir-
ing little added discussion include definition of speed, cruise altitudes,
envelope sizing, ballonet sizing, envelope pressure, engine cycle, number
of engines, propeller size, engine placement, tail sizing, drag estimates,
and location of the a.c., c.b,, and c.g. In addition to volume and FR exam-
ples of design tasks specifically needed for a hybrid airship are: establish
takeoff BR (buoyant lift/takeoff weight) and landing BR (buoyant lift/
landing weight), find best body aspect ratio (AR) that gives the desired
amount of Cy,, size an ACLS system, and calculate takeoff and landing
performance.

Requirements

For any aircraft or airship design every effort should be made to
satisfy all given requirements simultaneously. However, once it becomes
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obvious that one or more requirements are incompatible with the
others it is incumbent on the engineer/designer to perform sensitivity
studies to show which of the requirements are most easily relaxed. Figure 11.1
illustrates a typical sensitivity plot whose concept is the same for either
conventional airship or hybrid airship design. The addition of the ACLS
does not change any of the sensitivity studies in that it is captured as an
empty weight change. Assumptions and requirements should be made with
care as they are often the reason for designs having strange behavior or
unexpected performance characteristics. Oftentimes large sensitivities can
be traced back to unreasonable assumptions and ground rules. Designers
beware!

pad FXJ¥ Design Tasks

APERY Body Volume

Given that a hybrid airship develops more than 40% of its lift from the
lifting gas, envelope volume is an important design parameter. However,
planform area and body aspect ratio become significant contributors to
generating increased amounts of aerodynamic lift. For a hybrid with a spe-
cific mission there is an optimal balance between buoyant lift (BR, volume)
and body planform area (AR) that is only determined by complex trade
studies.

One standard design feature of all modern hybrid airships is lobes.
Since hybrid airships are relatively new it took time before the concept of
lobes was first suggested, fully understood, and then universally adopted.
Figure 12.4 shows the geometric differences between a circle, ellipse,
and an equivalent area created using lobes. Original hybrid concepts
such as the Deltoid Pumpkin Seed [1] and early designs of Lockheed
Martin’s Aerocraft were rigid designs which used elliptical cross sections
without any lobes. It wasn’t until 1998 that the idea of using lobes as a
surrogate for an ellipse was suggested and quickly incorporated. The
reduction in envelope weight for a non-rigid design and the ability to
maintain shape under a wide range of internal pressures made lobes an
instant design success.

Although the original intent of lobes was to provide a shape that could
analytically establish the best septum angle (see Chapter 8.7, and Fig. 8.9),
there is another benefit to the structural lobe concept. Since envelope stress
is proportional to the envelope radius it stands to reason that the smaller
the lobe radii the lighter the envelope. Figure 12.5 presents the straightfor-
ward derivation of this simple truth. A lobed arrangement can also provide
more width for a given body volume.
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MEFPXFRY Body Shape

There are two shaping design parameters that are balanced to optimize
any hybrid design: the well known fineness ratio, FR, and aspect ratio, AR.
For conventional airships body FR is used to help minimize drag and in
association with volume maximizes buoyant lift. Since aerodynamic lift
supplies a large portion of hybrid airship lift it is important that this lift be
created as efficiently as possible. For aircraft wings it is their AR that is
mainly responsible for determining this efficiency. For wings, AR is defined
as (span%/wing planform area). For bodies, AR is defined as (width2/body
planform area). Body AR is just as important to a hybrid airship as wing AR
is to an aircraft. Figure 3.26 shows how the drag-due-to lift factor, K, varies
with AR regardless of whether it is a bare body of revolution, a hybrid body,
or an aircraft wing. This is an important finding [8] that unifies the effi-
ciency of all vehicles that generate aerodynamic lift. Aspect ratio is the
primary parameter that determines drag-due-to-lift characteristics regard-
less of the type of lifting body.

Current non-rigid hybrid designs using modern materials and low drag
body shapes generally have a FR between 3 and 5, which is similar to the
optimum FR for conventional airships. However, FR is calculated differ-
ently for the hybrid since its geometry is more complex than a simple body
of revolution. It is standard practice to define the equivalent diameter, d,,
for the circle with the same cross-sectional area as that of the actual airship.
This defines FR = length/d, for a hybrid airship as shown in Fig. D.3.

When designing hybrid airship bodies consider them to be low-aspect-
ratio, large ¢/c wings much like the lifting bodies of Fig. 3.6. Airfoil design
codes can be used to optimize drag, L/D, or a.c. location. The airfoil-like
sections can also be optimized to create a substantial laminar boundary
layer run. Figure D.5 provides a quick means of estimating the equivalent
flat-plate skin friction coefficient for a body with a given amount of laminar
flow area. Airships have natural contours that create favorable (proverse)
pressure gradients that can result in large areas of laminar flow. With a lot
of design work it is possible to have laminar flow exist from the nose to sta-
tions just shy of the point of maximum cross section area. A realistic design
goal is 30%—40% laminar run.

Body volume, shape, and fineness ratio for an airship are determined
primarily by buoyancy requirements and not by passenger compartment
volume, payload volume, or fuel volume. However, as discussed earlier,
there are optimum contours and fineness ratios that are used to minimize
zero lift drag (Cp,). Hybrid airships generate somewhat more lift than
bodies of revolution but skin friction is still a large contributor to drag.
Design efforts become an exercise that finds the largest total L/D (includ-
ing buoyancy) for a given shape.
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To Lobe or Not to Lobe ...That is the Question

Prior to 1999 no serious airship design had incorporated the notion of lobes
as opposed to a single body of revolution or flattened ellipsoid. During the
structural design efforts on the Lockheed Martin Aerocraft Program
engineers were trying to establish the optimum intersection angle between
the septum and the envelope. Since septums are necessary to maintain non-
circular cross-sections under pressure and/or to carry the load of a cab or
cargo bay it was important to find the optimum septum angles and
arrangement. Designers were certain that there was a best angle for the
septum/envelope intersection and began evaluating methods to calculate it.
The revelation was supplied by an Aerocraft structural designer. Draw two
circles (radii need not be the same) so that they intersect and the angle of the
septum is simply the line that passes through the two points where the circles
intersect. This unique septum angle results in balanced forces at the septum
attachment point, generating a stable shape that does not distort as the
internal pressure changes. From that point on hybrid airship designs have
used lobes to create the cross-sectional shape, volume, and area equivalent
to an ellipsoid. The combination of envelope lobes and septums results in a
significantly lower envelope weight when compared to a single ellipsoid with
the same volume and fineness ratio. Lobes have been a constant design
feature in all Lockheed Martin hybrid airships since then and now all modern
non-rigid hybrid airships use lobes in their envelope designs.

MPXEXEY Buoyancy Ratio

Although the hybrid airship designer can select BR for either takeoff or
landing, often these values are the result of the mission fuel burned and its
associated payload. In general the takeoff BR cannot be too low (heaviness
too large) or it will be impossible to lift the airship off during takeoff due to
a limited tail strike angle of attack. There are only two forces that can be
generated to over come heaviness: aerodynamic lift and vectored thrust.
Looking at Fig. 3.8 shows that hybrids are about 3x—4x more efficient at
generating lift than that of a body of revolution. This greater ability to gen-
erate aerodynamic lift during takeoff and landing allows takeoff heaviness
to be much higher or conversely the BR can be much lower than for a con-
ventional airship. Theoretically, any BR can be considered (BR = 0 is a
normal airplane). However, generally speaking BR lower than 40% are
costly to the operator and may run into takeoff distance limits.

Configurations below BR = 40% create more drag-due-to-lift without
an offsetting amount of buoyant lift to generate an overall L/D. This was
discussed in Chapter 3. The fact that for BR > 0.4 hybrid airship configura-
tions become viable is another result of the square-cube law coming into
play and working in favor of the buoyant system.
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The BR at landing is restricted as well. Contrary to conventional air-
ships a hybrid may have an ACLS instead of a landing gear. Operationally
speaking BR for hybrids are usually 70% or more, or 30% heavy. Other con-
tributions to vertical force in the form of vectored thrust or grip force from
the ACLS can become an acceptable landing BR for hybrid designs. These
ACLS and vectored thrust contributions are significant and can change BR
at landing by 10%-15%.

MPEYY soced and Dynamic Pressure

Although great effort is always expended to maximize airship speeds,
operating at or near these high speeds always reduces range and endurance
and increases takeoff weight. However, higher speeds will also provide
more productivity (payload X speed) and throughput, which is important
to the owner/user of the airship. Although lower speeds mean less drag and
thus better fuel efficiency it is the cost of delivering a pound of payload over
a given distance that matters most to owners and operators. Compared to
cargo delivery, mission speed is much less important for a stationkeeping
mission that allows the use of low optimum speeds for minimum fuel flow.

From a structural standpoint, hybrid airships have their internal pres-
sure defined by maximum dynamic pressure just as conventional airships
do. Chapter 8 discusses this in more detail.

Internal hull pressure is set by the following relationship:

Envelope pressure = 1.2 X maximum g

AEEEYF Attitude

Cruise and maximum altitudes are established in a similar manner for
all airships. Airships spend most of their time at cruise/loiter altitude which
is selected to be high enough to safely clear normal terrain but low enough
to get the most efficiency from the propellers and engines. Propellers
and internal combustion engines perform best at the highest atmospheric
pressure and density (i.e. low altitudes). Maximum altitude is strictly for
terrain clearance so flight paths can be direct regardless of enroute terrain.
Sometimes maximum altitude is the same as the operational altitude. This
occurs whenever high altitudes are needed for Intelligence/Surveillance/
Reconnaissance (ISR) missions.

AIPEYY Bailonet

Hybrid airships need ballonets for the same reason as any other
non-rigid airships. Their size is calculated using the same approach as in
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Chapter 11. Because of its flattened shape the hybrid airship will likely have
more smaller ballonets than in a conventional airship with the same volume.

AEEXD 1qil sizing

Refer to Chapters 7 and 10 for discussions on initial and final tail sizing.
Results from initial tail sizing in Chapter 7, using the technique of tail
volume coefficients, are often good enough for conceptual design efforts.
Once the size, shape, and volume of the envelope have been established it is
appropriate to refine the tail sizes from Chapter 7 with the techniques in
Chapter 10. Since tails have significant weight and that weight is located aft
it is important to minimize tail/fin weight. Controlling the c.g. location is
also important for airships and puts added pressure on the designer to keep
the tails as small as possible.

Hybrid airships use modifications of the X-tail arrangement and never use
the “+” or “Y” shapes because it reduces the tail strike angle. Because of its
takeoff and landing demands the hybrid airship has some added stability and
control considerations that are used to refine the tail sizing estimates obtained
from Chapter 7.

MEPEXY Fropuision

The layout of a hybrid airship offers added flexibility to the location of
engines, which allows for significant thrust vectoring capabilities. As shown
in Fig. 12.6 engines or just their propellers can be vectored either up or down
depending on flight mode. A certain amount of vectored thrust is necessary
for any airship for ground maneuvering when control surfaces become inef-
fective at low speeds and reverse thrust is necessary for braking. Vectored
thrust is also useful during vertical or heavy weight takeoffs and while pay-
loads are being loaded or unloaded. Figure 12.3 Case (3) shows an example
of the contribution of vectored thrust during the unloading process.

The technique for identifying the number of engines is similar for
hybrid designs with the added burden of providing good takeoff accelera-
tion and landing braking performance. One- and two-engine-out cruise
flight may be the determining factor or it may be maximum speed. Each
design will be different depending on mission requirements. Other propul-
sion design efforts such as engine placement, engine cycle, and propeller
size are philosophically the same as for conventional airship designs.

B B o B gl ey Do

Hybrid airship designers use the same materials technology available to
any modern airship. Their added advantage of reduced envelope stress is
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Figure 12.6 Use of thrust vectoring fo augment or reduce liff forces.

due to their smaller lobe radii that replace the single radius of a body of
revolution. This results in an envelope material that has a lower weight.
All of the factors of safety are the same. See Chapter 8 and Sec. 11.4.8.2 for
detailed discussions.

MEPERIDY Weight Estimation

Weight estimating for hybrid airships has two primary differences com-
pared to conventional airship design. First, the envelope is comprised of
lobes that are stabilized by septums. There is a weight reduction associated
with the smaller radii of lobes vs a body of revolution but there is an added
weight for the stabilizing septums. The overall benefit is still a weight
reduction for hybrids with lobes. The other change is the result of replacing
a conventional airship’s landing gear with an ACLS. The ACLS will be
heavier but it is this system that gives the hybrid airship many unique
capabilities.

Since there is no public data on weight buildups for hybrid airships, the
best guidance is to use Fig. 9.10. Although this data is non-dimensionalized
it should enable the designer to estimate weights with sufficient accuracy
for a conceptual design. This data will be used in the sample problem at the
end of this chapter. A summary of some of the important weight terms is
shown in Fig. 12.7.
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AEPERLY Aerodynamics

Unfortunately, there is little public data for hybrid designs. Most of the
aerodynamic data in Chapter 3 is for axisymmetric bodies with the excep-
tion of hybrid data points in Table 3.1. There is no good pitching moment
data for hybrids, thus eliminating the possibility of historical validation.
This makes the estimation of hybrid performance difficult. However, two
critical aerodynamic parameters (K and Cy,,) can be estimated using Figs. 3.8
and 3.26. This allows the designer to generate a drag polar along with how
much lift is generated for an angle of attack. The precision of these esti-
mates is acceptable for conceptual development.

For programs that progress to the preliminary design stage wind tunnel
test data and/or CFD estimates are necessary for a successful design. Even
having this data is not enough to bring the design risk down to that of a con-
ventional airship. It is hard to be sure that the wind tunnel or CFD is giving
the right answer without calibrating these tools to a known hybrid design.

el YV pPerformance

Performance includes more parameters for a hybrid airship compared to a
conventional one. Both use range, endurance, speed, payload, and cost. Because
hybrids carry more payload and are often designed for logistical purposes
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other design parameters are important. Transportation efficiency such as
pounds of fuel burned to carry a ton of payload one mile, or productivity, which
is often expressed as commercially as ($/ton-mile). The military uses its own
productivity measure—(ton-miles/day), which is simply payload x speed.

Takeoff and landing performance estimates are more necessary for
hybrid airships since their takeoff BR is often much lower than 1.0 and their
behavior can be more like an airplane than an airship. Since conventional
airships operate much closer to neutral buoyancy their takeoff and landing
profiles are quite different. However, the equations of motion for both
takeoff and landing and the FAA requirements that must be met are the
same. In many respects the hybrid behaves similarly to a commercial trans-
port. Developing acceptable takeoff and landing distances and speeds must
be proven as safe to a certifying agency such as the FAA. Currently, the
document for certifying transport airships is titled Certification Specifica-
tion 30T or CS 30T [6,7]. The FAA certification document for a hybrid
airship is expected to release in 2013.

Weather

Whenever weather and airships are mentioned together it is always in
reference to how weather events impact airship operations and perfor-
mance. However, there is one aspect of global weather patterns that can
significantly reduce the flight time and fuel burned for long-range mis-
sions. Recognizing that winds are the result of flow within large vorti-
cal weather patterns (cyclonics) it is possible to change course to pick up a
tail wind regardless of which direction the airship is flying. Figure 12.8
illustrates how this works. Since cyclonics always rotate the same direction
(counter-clockwise in the northern hemisphere and clockwise in the south-
ern hemisphere) it is always possible to catch some tailwind benefits.

Stability and Control

Hybrid airship shapes are unstable on the longitudinal axis just like a
body of revolution. A body of revolution is also very unstable on its yaw
axis whereas the lower sideview profile of the hybrid design makes for a less
unstable body, directionally. Conventional airships have horizontal and
vertical tails, which are nearly identical in area. Hybrid designs have simi-
larly sized tails as well but the verticals should end up being a little smaller
than the horizontal tails. Another difference is that the pendulum stability
contribution for the longitudinal axis is somewhat less for the hybrid simply
because the hybrid has less vertical height than the single body of revolu-
tion with the same volume.
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Figure 12.8 Dynamic route replanning based on weather data.

ul F¥J subsystems

Hybrid designs have all the advantages of a conventional airship in the
ease of laying out an internal arrangement. This subtle but important
benefit is responsible for lowering maintenance costs for most airships by
making all systems easily accessible for service or repair. There is also a
reduced design cost based on the ease of finalizing the internal arrange-
ment by not having to spend much time efficiently arranging and packag-
ing systems, subsystems, and components.

|F¥AY Air Cushion Landing System

Historically, airships have needed only modest landing gear since
their heaviness is generally small. This is not the case for hybrid airship
designs. Since heaviness can be 40% or more of the unbuoyed weight,
landing gear for hybrid airships need to be more substantial. Many hybrids
will operate with takeoff and landing techniques similar to modern
commercial aircraft. Integrating an aircraft style landing gear to a hybrid
is a difficult task and the design will add significant weight as the struc-
tural designer attempts to spread out the point loads associated with
landing gear bogeys. With variable winds side loads can be substantial
and will quickly overload the gears capability unless it has the ability to
caster. However, this doesn’t solve all of the problems since the airship
has to maintain its position during these winds. Ultimately, operational
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Typical commercial Air Cushion Landing System (ACLS) is very
transport landing gear. large but distributes the load over a large area.
Point loads transmitted Since the bottom of a hybrid has a large area

into air vehicle structure. this system integrates well with ACLS designs.

Figure 12.9 An ACLS uniquely replaces a standard landing gear.

needs will demand that the vehicle be tied down for all ground support
activities.

The beauty of an ACLS is that it naturally has a large area, which dis-
tributes the loads, allows taxi and ground maneuvers over austere/uneven
terrain, and can be reversed to provide suckdown during variable wind
conditions. Integrating an ACLS onto a hybrid airship uses existing tech-
nology of hovercraft vehicles. Figure 12.9 illustrates substituting an ACLS
for a standard landing gear.

Estimating the drag of an ACLS is generally not an issue as modern
hybrid designs include retractable ACLS that are faired over in flight. Thus,
for cruise flight ACp, ., is assumed = 0.0002. If the drag of extended ACLS
pads is necessary then see Sec. 3.5.3.

For estimating the weight of an ACLS use the technique from Sec.9.7.1.
The sample problem at the end of this chapter will include an estimate of
ACLS weight as well.

M FXJ WT Testing and CFD

Wind tunnel testing and CFD play a more important role for the hybrid
design than for an axisymmetric body airship. Since there is no data avail-
able to the public each company must create its own data that is unique to
each design.
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XY Turning

Requirements for a stable turn are created and discussed in Chapter 10.

For the longitudinal (pitch) axis it is the term C,,/Cy, that is important and
for the directional (yaw) axis the important term is C,/Cy. The requirement
of turning 360° in 1 min is used as a design goal in Chapter 10 for sizing tails.
See Figs. 4.22 and 4.23 for data that estimates turning performance.

M FAIY sample Design Problem

A sample problem that shows the detailed calculation of a single hybrid

airship design follows.

MEERY Requirements

The list of requirements for the sample problem is actually a short

one.

O 00N ON U R W N e

. Capable of operating out of austere landing sites
. Range = 1000 nm
. Payload = 40,000 1b

Maximum altitude = 8000 ft

. Lifting gas is helium

. Materials are current off-the-shelf Vectran fiber based fabrics
. Cruise speed is 50 kt or 84.5 f/s at an altitude of 4000 ft

. Maximum speed = 1.1 X cruise speed @ sea level

. Reserve fuel = 5% fuel burned

MEPATEY Assumptions

0N U W N

. Non-rigid, 3-lobed body (N1, = 2.4 from Sec. 3.3.1) with an ACLS

. Buoyancy Ratio (BR) at landing = 0.70

Body fineness ratio (FR) =

. Brake Specific Fuel Consumption (BSFC) =0.48

. (4) spark ignition engines capable of vectoring +90 deg

. Crew members =3

. Propeller efficiency, np, = 0.65

. Propeller: 3-bladed variable-pitch propeller with Clark Y airfoil

The following is a step-by-step summary of how an airship is sized.

Many of the equations and figures needed here have already been pre-
sented in earlier chapters. Some new equations and figures specific to this
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trade study are presented as needed. In particular, Appendix D will be
very helpful.

AMEPATEY The sizing Process

The numbered sections in the Sample Problem correlate with the step
number in the Excel spreadsheet in Table 12.1. This problem is solved in
the same manner as for the sample problem in chapter 11. In both cases a
volume is assumed and two separate values of takeoff weight W are calcu-
lated. The first value is calculated based on the amount of fuel necessary to
fly the given range of 1000 nm. The other takeoff weight is calculated by
estimating the weight using weight relationships given in chapter 9 or the
current chapter for the given volume.

Sample Problem 12.1: Solution, Step by Step

1. FR = 3, number of lobes = 3 (N = 2.4)

2. Assume an initial value for the hull volume = 2,000,000 ft3 (does not
have to be very close to the final value). Further iterations will assume
new volumes based on the difference between the calculated mission
takeoff weight and the takeoff weight from the weight build-up calcula-
tions. When these two weights are the same the solution is exact.

3. Calculate reference value of Vol?5. Given the FR and volume deter-
mines the equivalent diameter, length, width, height, and body aspect
ratio. For a given #lobes the lobe diameter can also be calculated. Once
the lobe diameter is calculated then the body height and width are easily
found.

Calculate the equivalent body diameter

dy = (6 x Volume/(FR 1))* = 108.4 ft
g =FRd,=3252

diameter of lobes = equiv diameter/(equiv diameter/diameter of lobes)
dc=d./(de/d;)
de/dc=—-00178 N} ppg +0.361 Nropes +0.575  (Fig. D.3)
d.=108.4/1.5="72.3 ft
w=(1+Nyopes) d/2 = 144.5 ft
ht=d, =723 ft
aspect ratio, FR = 4 w/(rt £g w) = 0.566 ft

4. Using length, width, and height calculate the body surface area assuming
the shape of a scalene ellipsoid, Swet,,,,, using Eq. (D.3).



CHAPTER 12 Hybrid Airship 363

Surface Area = 7 (!Gw? +(5ht? +wPht?)/3) 1P where p = 1.6075

Swetpeqy (ellipsoid) = 92,589 ft?
Swethody (lobed) = (perimeter|gbes/perimeterellipsoid) Swet by (ellipsoid)
Swetpoa, (lobed) = (1.081)(92,589) = 100,101 ft2 (Fig. D.2)

5. Using the assumed envelope volume read horizontal and vertical tail
volume coefficients Cyyr and Cy7 or calculate Cy 1 from the equation in
Fig. 7.1. Be careful with these coefficients as there is no consistent way
they are non-dimensionalized. A good approximation for the moment
arm, €445, of hybrid airships is 38% €. This book uses €p for the vertical
tail reference quantity instead of body width (span).

SHT= C]-[T(Vol?/3 X €8)/L1air = 0.069 (15,874 x 325.2)/(0.38 x 325.2) = 2889 ft2

Sur=Cyr (Vol 7 x £g)/€ymit = 0.062 (15,874 x 325.2)/(0.38 x 325.2) = 2575 ft2

6. The cruise speed for this study is 50 kt (84.5 f/s) and the cruise altitude
is 4000 ft as stated in the requirements which allows the dynamic pres-
sure, g, to be calculated as g = % pV?2 = (0.00211)(84.52)/2 = 7.53 1b/ft2

7. Assume no laminar flow (this is conservative).

Re=pVep/u=(00211)(84.5)(325.2)/3.66 107 = 1.59 108
Cr=10.455/(log1o (Re))>>8 = 0.00200

The form factor for body drag uses the relationship in Sec. 3.5.3.
FF3pD pody = 1 + 1.5/FR> + 7/FR3 = 1.55.

Zero lift body drag is now calculated as
Chy, = FEsDygy Cf Swetye Vol
Cp,,, = (1.55)(0.00200)(100,101)/15,874 = 0.01949
8. Drag coefficient for the tails is
FFiaits=1+1.2 (t/c) + 100 (¢/)* = 1.23 for /c = 0.15 (Sec. 3.5.3)
Cp,, = FFuaits Cf Swety,/Vol
Assume AR;,;;=1.0.

Erail (avg) = ErT+ Ev1)/2 = [(ARHT SHT/2) * + (ARy 1 Sy 1/2) /2
Cait (avg) = [(1 x 2889/2)2 + (1 x 2575/2)'2]/2 = 36.9 ft
Re =1.80 107 which leads to Cg, = 0.00274
Sty = 2.2 (2889 + 2575) = 12,021 fi2

where 2.2 is the ratio of (wetted area)/(planform area) for the tails

Cpy,, = (1.23)(0.00274)(12,021)/(15,874) = 0.00255
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9. Cp, of cab/gondola combination, engines, cooling, mounting structure,
cables, and landing gear is

Cpy, = (0108 Cp,, Vol’+7.7)/ Vol [Eq. (3.29b)]
= (0.108 X 0.01949 x 15,874 + 7.7)/15,874 = 0.00259
Co,, .= (#engines)(4.25)/Vol % [Eq. (3.31)]
= (4)(4.25)/15,874 = 0.00107
Cby,, ., = (#engines)(2x 1076 Vol +4.1)/Vol”> [Eq. (3.32)]
= (4)(2 X 106 % 2,000,000 + 4.1)/15,874 = 0.00204
Cpy, . = (0.044 Cp,_ VoI’ +0.92)/Vol’ [Eq. (3.30b)]
= ((0.044)(0.01949)(15,874) + 0.92)/15,874 = 0.00092
Cpy.. =(9.7 x 1076 Vol +10.22)/Vol > [Eq. (3.26)]

= (9.7 x 107 2,000,000 + 10.22)/15,874 = 0.00187
Cpy,.,. =0.0002

(ACLS system is faired over during cruise so the drag is very low)
10. Interference drag
Cpy, = (4.78 x 1075 Vol)/Vol > [Eq. (3.34)]
= (4.78 x 107 2,000,000)/15,874 = 0.00060

11. Total zero-lift-drag

Cp, =Cp,, +Cpy,, +*Cby,, +Cb,,,, +Cby, +Cbh,,
Cp, =0.01949 + 0.00255 + 0.00259 + 0.00403 + 0.00187 + 0.0002 + 0.00060
Cp, =0.03133
12. Drag-due-to-lift is the other part of total drag that is added to Cp,
to obtain a total drag coefficient. The drag-due-to-lift factor, K, is
obtained from Fig. 3.26 using the body aspect ratio. For a hybrid airship
body AR = widthz/Splm, and was calculated as AR = 0.566 from step {3}.

Using the equation in Fig. 3.26 for AR = 0.566 which is referenced to
Splan gives K= 0.685. See [9] for a detailed discussion of Fig. 3.26.

1 Y 1V 1Y 1
K =-00145| — | +0.182| — | —0.514] — | +0.838) — |-0.053
AR AR AR AR

K =0.685/N. = 0.685/2.4=0.286 (referenced to Vol’?)

13. The buoyant lift is calculated using 0.0646 Ib/ft3 for helium at sea level
conditions. This number can vary slightly for different purities.

Buoyant lift = 0.0646 x Hull volume x densitymax alt/densitysea level
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Lpuoy = 0.0646 Vol (Oumax ait)
= (0.0646) (2,000,000) (0.7860) = 101,551 Ib

14. Defining weight terms (see Fig. 12.7 for schematic of weight term defi-
nitions).

W + fuelynusable + Oilunusable + crew = Wog + payload = Wzr + fuel = Wg
Where Wyp= Lpuoy/BRignd — fuelyes =101,551/0.7 — 1251 = 143,822 |b
15. Since Wzr= Wog + Py,
Woe=Wzr- PL
Wore = 143,822 - 40,000 = 103,822 1b

16. Calculate the takeoff heaviness (Wy,) and landing heaviness (Wp,) nec-
essary to fly the required range of 1000 nm.
Rewrite Eq. (4.18) as

Range = A| tan™! W —tan~! Wy
B B

326 f
Where A = 2Ty and B= qulZ/S %
BSFC /K Cp, K

Reserve fuel is still on board at landing and since it can be calculated in
several different ways it will equal 5% Fuel Burned in this problem.

WianD = Wzr+ fuelyes = 143,822 + 1251 = 145,073 |b
W, = WLAND — Lbuoy = 145,073 — 101,551 = 43,522 1b

Solving the previous equation for the takeoff heaviness, Wy, yields-

WH, =B tan Range | an-1 Wh,
A B

A =326 np/[BSFC (K Cp,)?] = 326 x 0.65 / [0.48 (0.286 x 0.03133)'%] = 4666
2,
B =g Vol (Cp, K)'2 = 7.53 x 15,874 (0.03133/0.295)%] = 39,568

W, = (39,568) tan [(1000/4666) + tan~! (43,522/39,568)] = 68,545 Ib

17. Mission fuel (fuel burned) is simply the difference between takeoff
heaviness and landing heaviness.

Fuel Burned = Wy, — Wy, = 68,545 — 43,522 = 25,023 b (mission fuel)
Total Fuel = Wy, - Wy, + fuelyes = 25,023 + 1251 = 26,274 1b

365
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18. Therefore, the gross weight at takeoff to perform the mission is

19.

20.

WG = Wiranp + fuel burned = Wzr + fuelyes + fuel burned
We=143,822 + 1251 + 25,023 = 170,096 Ib
BRT0O = Lpyoy/WeG =101,551/170,096 = 0.597

Although not used in the sizing routine the buoyancy ratio at takeoff,
BRrt0, is calculated to make sure it is not too low. Any value of BR7( less
than 0.6 is an indicator that there needs to be a change in one of the
other design parameters such as range, BR at landing, etc.

At this point the takeoff gross weight (W) to transport 40,000 Ib of
payload along a 1000 nm mission is known. The remaining steps will
calculate the W that results from a weight buildup, which also uses the
same assumed volume of 2,000,000 ft3.

In order to estimate maximum engine power and propeller size it is
necessary to calculate lift, drag, and power required for the airship. The
greatest aerodynamic lift is at start of cruise at sea level.

Laero = WHO = 68,54‘5 lb

Aerodynamic Lift Coefficient (maximum power)

Gmax = density at SL X V};,452/2 = (0.002377)(1.1 x 84.5)%/2 = 10.26 Ib/ft?

21.

22.

23.

s yower = Wiy [ Gmax /Vol '3 = 68,545/(10.26)/15,874 = 0,421

Total drag at maximum power condition

2/
Drag=(Cp, +KC} ) qmax Vol

ro

Drag = (0.03133 + (0.295)(0.421)%)(10.26)(15,874) = 13,346 Ib
Maximum power per engine

maximum power/engine = V45 drag/1,/NE/550
maximum power/engine = (1.1)(84.5)(13,346)/0.65/4/550 = 867 hp

The propulsion section assumes that any size engine is available along
with any size propeller. Actually, there are only discrete engines avail-
able and one of these engines would have to be chosen that is close to
the required power and has the appropriate BSFC.

Propeller speed and engine sizing. Although reciprocating engines
perform most efficiently (lowest BSFC) for rpm = 2000-2400 they are
geared down for the propeller by as much as a factor of 3 for the best
propeller speed. The process of finding the best propeller speed is com-
plicated but it can be done using Fig. 5.9b. The best speed is usually
between 10 rps and 20 rps. A value of 10 rps is assumed for this problem.
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25.

26.
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For this sample problem it is assumed that the engine is sized for
maximum speed. In fact, for hybrid airships where takeoff perfor-
mance is important it may be necessary to calculate engine size for a
given value of takeoff distance or takeoff climb gradient. Calculations
would have to be expanded using Figs. 5.10 and 5.11 to include propel-
ler disk loading to find the engine power for takeoff. It is possible
that engines could be sized for takeoff performance rather than for
maximum speed.

Next, the thrust speed coefficient, Cs, is calculated and propeller advance
ratio, J, is found from Fig. 5.9b. Assume a variable pitch propeller for
this problem. In a comprehensive study of propeller and engine sizing
engine rpm and propeller blade angle are varied to get the best perfor-
mance over a wide range of flight conditions. Variable pitch propellers
have the ability to vary blade angle to maximize performance at various
flight conditions. However, variable pitch propellers are heavier, more
expensive, and require more maintenance.

1/5
pv>
Cs=|E— =V/nD
S [Pn2 ] J P

Cs = [(0.002377)(84.5)°/867/550/102]%-2 = 0.735
A curve fit of the / vs Cg data in Fig. 5.9 yields the following equation:

J=0.156 Cs2+ 0.241 Cs + 0.138
For Cs=0.73,]=0.399.

The propeller diameter is now calculated as
Dp = (84.5)/(10)/(0.396) = 21.3 ft

Propeller efficiency
A curve fit of the optimum 77p vs Cs data on Fig. 5.9 is

np=0.139 C3 - 0.749 C2 + 1.37 Cs + 0.0115 = 0.667

Since np was assumed to be 0.65 for earlier calculations this is fairly
close. However, if the assumed 77p is not close to the actual 7p the
answer can be improved by setting the assumed 7p to the actual and
recomputing from step {16} (convergence is rapid).

One of the benefits of a hybrid airship is the use of lobes to create the
airship’s cross-sectional shape. Figures D.2 and D.3 provide the back-
ground for determining the lobed geometry. The reduction in lobe
diameter compared to the equivalent diameter {3} will give a lower
envelope weight. All that needs to be calculated is the internal pressure
and then the body weight can be found.

367
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27.

For Vectran laminate fabrics the density is obtained from Fig. 8.4 to
calculate the weight of the envelope for the assumed material.

p1=1.2 gyyax +0.0635 height
pr=1[1.2(10.26) + 0.0635 (72.3)]/144 =0.117 Ib/in.?

The following steps use weight relationships from Chapters 8 and 9.
The weight build-up begins with the body and includes factors for
manufacturing (1.2) and attachment fittings (1.26). Assume envelope
and septum materials have the same areal density and are made from a
Vectran laminate. Assume the factor of safety (FS) is 4. See Sec. 8.9 for
hull weight discussion. For a hybrid hull where

hull fabric load (Ib/in.) = FS X internal pressure X lobe radius
hull fabric load =4 x 12 x 0.117 x 72.3/2 = 203.0 Ib/in.

From Fig. 8.4, fabric density (0z/yd?) = 0.0085 x hull load (Ib/in.) + 1.365

hull fabric density = 0.0085 (203) + 1.365 = 3.095 oz/yd?
Wenv = hull fabric density X (manufacturing) X (attachments) Swety,,,
Weny = (3.095) (1.2)(1.26) (100,101)/16/9 = 3253 Ib
Assume there are (2) septums each that are 0.75 of the body side

area and have a 1.06 factor for seaming. Using the approach in Sec. 8.7
yields:

Septum fabric load = (1.5)(hull fabric load) = (1.5)(203) = 304.5
Septum fabric density = 0.0085 (304.5) + 1.365 = 3.95 oz/yd*
Wiep = (2) (1.06) septum fabric density x (0.75) 7 ht £5/4)/16/9
Wiep = (2) (1.06) (3.95) (0.75) 77 (72.3)(325.2)/4)/16/9 = 807 Ib
Wiody = 3253 + 807 = 4060 Ib

28. Ballonet weight is calculated for 2 spherical ballonets in each lobe for a

total of 6 ballonets. Maximum altitude is 8000 ft and hull volume is
2,000,000 ft3.

is based on empirical data in Fig. 9.3. This ballonet volume differs 27.2%
from the theoretical value based on (1 — Gy ait» 21.4%) because actual
airship designs must also account for unusable ballonet volume, non-
standard days, and superheat. This means that the actual ballonet is
~6% larger in this problem than the theoretical minimum size.
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surface area of 6 spherical ballonets = 6 7 (3 Volg,/7/6)%'3 = 36,900 ft?
Wgai = (0.035) (surface area of ballonets)
Wai = (0.035) (36,900) = 1292 Ib

29. Tail weight
This problem assumes a rigid space-frame structural tail concept. Use
Eq. (9.2) where F4r=1.26 and Fpsg = 1.0 Ib/ft2. For control surfaces that
are 20% of the total area the tail weight is the sum of the stabilizer and
fin weight and the control surface weight. Actuator weights are calcu-
lated here as well but are added to the VMS weights.

Wssr= 1.0 (Syr+ Svr) (1.26) (80%) = (2889 + 2575)(1.008) = 5508 Ib
Wes= 1.0 (Sur+ Svr) (20%)(1) = (2889 + 2575)(0.2) = 1093 b
Wiaits = Wssr+Wes =5508 + 1093 = 6601
Waer = (1.15) (2889 + 2575) (0.79) (0.2) =993 Ib (part of VMS)

where (1.15) is the installation factor for installing the actuators.

30. Crew gondola and payload bay: Using Egs. (9.6-9.7) with gondola dimen-
sions of 55 ft / 10 ft / 10 ft and crew station dimensions of 10 ft/10 ft/10 ft
yields-

Weond = 1.875 surface area of gondola
Wyond = 1.875 (2)(55 10 + 55 x 10 + 10 x 10) = 4500 Ib

31. Weight of engines: (reciprocating) (assume any size engine is available)
From Fig. 5.8 W,,,g = N 4.848 (power/engine)?-79>¢
Weng = (4) 4.848 (867)079°6 = 4218 Ib
32. Engine mounts, engine controls, and starting: 4050
WEngmt = 0.64 NE Wepg = 0.64 (4) (4218/4) = 2700 Ib
Wee=60.27 (€ecNE/100)0-72% = (60.27) [(150) (4)/100]%724 =221 1b
W start = 50.38 (NE Weng/1000)04%9 = (50.38) (4 x 4218/4/1000)%459 = 98 Ib

33. Propeller weight: Using Eq. (9.16) and using propeller diameter from {32}
Wprop = Kp Np (Np1)93%L (dp SHP/1000)0-782
Wprop = 31.92 (4) (3)0-391 (21.2 x 867/1000)0782 = 1911 Ib
34. Fuel tank weight: Fuel is in gallons and aviation gas weighs 6.0 Ib/gal.

Wer=2.49 (Fuel)?6 (N7)9-2 (N)O-13 [1/(1 + Int)]03
Wer=2.49 ((25,023 + 1251)/6.0)0-6 (2)0-2 (4)0-13 [1/(1 + 0)]93 =524 1b

369
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35.

36.

Pressure system weight: Use Fig. 9.9
Wopresssys = (2%)(WoE) = 0.02 (103,786) = 2076 Ib

ACLS landing system: The size of the ACLS pads can be sized by either
a landing at a given sink rate or taxiing at takeoff weight. A quick calcu-
lation compares the two results. See Chapter 9 for discussion.

Where plenum pressure = internal envelope pressure of 0.117 Ib/in.?
At landing condition:

Area of ACLS pads = (0.23) Wk, Vsp/(Npap PpaD)

Area of main ACLS pad = (0.23)(43,522)(4)/(2)/(0.117 x 144) = 1188 ft2

Area of nose ACLS pad = (0.117)(2)(695) = 163 ft2
Total ACLS pad area based on landing = (2)(1188) + 163 = 2539 ft2

At takeoff the total pad area = takeoff heaviness /plenum pressure

Area of ACLS pads based on takeoff = 68,545 /(0.1173 x 144) = 4057 ft2

37.

38.

39.

40.

The weight of the ACLS system is based on takeoff since it has
the greatest pad area, the weight is calculated by 1.6 x ACLS pad area
[Eq. (9.21)] so,

Wacrs = (1.6)(4057) = 6491 Ib

VMS weight can be calculated two ways. Figure 9.10 could be used as
representative of a typical VMS suite for a hybrid airship or the pieces
can be added in separately. Assume Weomputer + Wavionics = 500 b and
add in the tail actuator weight from step {29}

Wvams = ‘Vcomputer + Wavionics + Wace = 500 + 993 = 1493 Ib

Electrical system weight: Using Eq. (9.17) and assuming the electronic/
avionics/VMS equipment weighs 500 Ib results in the following —

Weleet = 33.73 [(WEs + Wrron)]91
WElect = 33.73 [(470 + 500)]0'51 =11251b

Miscellaneous systems weight: (Fig. 9.10)
Watsys = 0.05 Wog =0.05 (103,822) = 5191 Ib

Crew and accommodations: Using Eqs. (9.22-9.25) with 2 crew seats, 5
passenger seats, and 3 bunks plus 2 crew members and 3 passengers
(not part of payload) yields -

Werew+ace = Wseats + WBunks + Wrav + Wrood + Werew+ Pax

Werew+ Ace = (55%2+32x5+28x3)+5.6(3)1-33+5.68(3)1-12+(3)(250)=1148 b

where crew members/passengers + luggage = 250 Ib/person
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43.
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45.

CHAPTER 12 Hybrid Airship

The 2 final weight items are unusable fluids (gas & oil) and the empty
weight margin. Typical values for weight margin on new aircraft designs
are usually between 5-10% depending on the complexity of the design.
Since fabric weights are less predictable than metallic weights 6% is
used in this example.

Wur=0.01 fuel
Wmurgin =0.06 Wor
W+ margin = 0.01 x (25,023 + 1251) + 0.06 x 103,822 = 6492 Ib

Adding up the weight items between {27} thru {41} yields the operat-
ing empty weight, Wog, based on a system and component weight
build up.

This final weight is the gross weight, W, at takeoff which is based on
estimating the weights.

Wa,. = WoE + fuel + PL = 117,870 Ib

This compares the two values of Wg, one based on performing the
mission, WG, {18} and the other based on estimating the total weights,
WG, {43} A final solution is obtained when (W, s — Wa,,) =0 which
yields the weight, fuel, and volume that will perform the mission under
the specific assumptions. Table 12.1 shows 4 manual iterations and a
final calculation that is exact (where Wg v — WG, = 0) using the “Goal
Seek” tool that is available in the Excel Program.

The “exact solution” design may not be realistic if the angle of attack
to fly at maximum heaviness, Wy, is too large or the ground run dis-
tance is too great. It is necessary to calculate the flight angle and ground
distance to make sure they are acceptable.

Steps {45} through {59} refer to the values from the “exact” solution
case (Vol = 934,983 ft3) in Table 12.1 and not for the case where
Vol = 2,000,000 ft3.

Using

wis

AR = 0.566 the data on Fig. 3.8 gives a Cr, = 0.0186

which is based on the planform area. Therefore, it is necessary to
convert Cy, from one that is referenc%d to Spian to the traditional one
for airships which is referenced to Vol/”®. From Eq. (3.1) and its accom-
panying table find that N; = 2.4.
.
Cp, (per deg ref to Vol /3) =Cy, (Fig. 3.8 ref to Spjan) N
Cr,=0.0186 (2.4) = 0.045

For the exact solution case in Table 12.1 find the angle of attack at Wy,
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46.

47.

48.

C;, (max heaviness) =Wg, /(g Vol%) =30,960/(7.53 x 9685) = 0.425
alpha (max heaviness) = C; /Cr,, = (0.425) / 0.045 = 9.4 deg

This angle of attack is within 15 deg which is an angle of attack where
lift behavior of low aspect ratio bodies becomes non-linear.

It is also necessary to calclate the takeoff ground distance to make sure
the design has engines powerful enough plus sufficient aerodynamic
lift generated at the maximum scrape angle.

Assume a takeoff scrape angle limit of 10 deg. Calculate the C;, at this
angle, find the speed at this angle, calculate the thrust and drag and
then compute the takeoff ground distance. Liftoff speed,

Vo= 1.1 x Speed @ Ocrape
Cr, =Ci, Oscrape = (0.045)(10) = 0.45

%
Speed at lftoff is Vi = | 2Wi, /(p Cu,, VoI’ |
Vo= (1.1)[(2)(30,960/(0.002377 x 0.45 x 9685)] % = 85.1 /s

Thrust during ground run: Calculate the
power loading = hp/A = 349/(7 18.02/4) = 1.38

where /p = 349 is maximum single engine power during takeoff and A
is propeller disc area. Static thrust Tj for a variable pitch prop is deter-
mined from Fig. 5.11. For a power loading of 1.38, To/hp =7.91 giving a
static thrust Ty = (7.91)(349) = 2761 Ib for each engine.

Variable pitch prop thrust reduction due to forward speed is deter-
mined from Fig. 5.10. Takeoff acceleration is estimated at 0.707 V7o =
60.2 ft/s. From Fig. 5.10 the T/ T = 0.669 at 60.3 ft/s gives T'= 1844 Ib for
each engine. Total average accelerating thrust is 4(1844) = 7375 b.
Average drag and acceleration during takeoft:

The average drag at V = 0.707 Vo is (0.002377/2)(60.2) (0.03366)
(9562) = 1385 1b.

The acceleration is T — D — gear friction = T — D because gear friction is
zero due to the ACLS.

Thus the acceleration = 7375 — 1385 = 5990 Ib at 60.2 ft/s.

The mass accelerated during takeoff = W/g + (air mass in ballonet) +
(helium mass)

=(77,834/32.17) + (254,563)(0.081)/32.17 + (934,983 — 254,563)(0.0111)/32.17

=2419 + 641 + 235 = 3295 slugs

The ground roll distance Sg = % (mass)(V70)%/(T — D)0.707 vy

=1 (3295)(85.1)2/(5990) = 1991 ft.
This completes the sample problem so some observations are appro-
priate. Even though the initial value for volume was far from exact,
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convergence is rapid and intuitive. It is highly recommended that an Excel
spreadsheet model be created using “Goal Seek” to find the exact solution.
The two checks, one for flight angle of attack and another for takeoff
ground distance are important. For this problem the 9.5 deg of angle at
initial cruise is acceptable but must be monitored throughout the design
cycle. Takeoff ground distances of about 2000 ft are generally acceptable.
49. Ballast needed for neutral weight

This last parameter is not necessarily a design parameter but is impor-
tant to the operations of a hybrid airship. Since outbound payloads rarely
equal inbound payloads some ballasting may need to take place. Although
the hybrid airship is specifically designed to reduce or eliminate ballast
for large payload missions, sometimes there is a large payload mismatch.
This value represents the amount of weight that has to be added back to
the airship either in the form of return payload or ballast weight.

Ballast, payload offset = Outbound payload—Landing Heaviness
Ballast, payload offset = 40,000-20,346 = 19,654 1b
Figure 12.10 presents a summary of the pertinent design characteristics

that have been established during the sizing of this hybrid airship. These
data come from the right most column (exact solution) in Table 12.1.

BR (takeoff) 0.61
BR (landing) 0.70
Buoyant Lift 47,474 1b
TO Weight 77,8341b
Payload 40,000 Ib
Fuel 10,037 Ib
OEW 27.2951b
Max heaviness 30,3831b
BSFC 0.48 Ib/hp-hr
p 0.733
oo 0.0337
K 0.286
Cla 0.045
Length 25241t
Width 11221t
Height 56.1ft
Aspect Ratio(AR) 0.566
Volume 934,983 f°

Horiz Tail Area 1667 ff*
Vert Tail Area 14811

Ballonet volume 254,563 it Tail strike angle 10°

Vol?? 9562 ft’ Diameter (equiv)  84.1ft
FR 3.00
Reserve Fuel 5%

Figure 12.10 Sample problem “exact solution” characteristics for
a hybrid airship.
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Table 12.1 Summary of Sample Problem Calculations
from Excel Spreadsheet

Step l Parameter Manual iterations
1 FR= 300 300 300 300 300
2 Volume (f3) = 2,000,000 1,500,000 1,300,000 1,000,000 934,983
3 Vol(/3) = 15874 = 13,104 11,911 10,000 = 9562
Diamefer-equiv (ft) = 108.4 98.5 93.9 86.0 84.1
Body length (ft) = 3252 2954 281.7 258.1 252.4
Diameter-lobes (ft) = 72.3 65.6 62.6 57.4 56.1
Body width (ft) = 1445 1313 1252 114.7 112.2
Body height (ff) = 72.3 65.6 62.6 57.4 56.1
Aspect ratio = 0566  0.566 0.566 0.566 = 0.566
4 Body surface area- 92,589 76,431 69,476 58,327 55,771
ellipsoid (f2) =
Body surface arega- 100,101 = 82,632 75,113 63,060 = 60,296
lobed (ff2) = :
5 Hor tail vol coeff = 0.069 0.068 0.068 0.067 0.066
Vert tail vol coeff = 0062  0.061 0.060 0059  0.059
Hor tail area (f12) = 2889 2355 2125 1753 1667
Vertical tail 2575 2098 1891 1558 148]
area (ft2) = ‘ :
6 Velocity-cruise (fps) = 84.45 84.45 84.45 84.45 84.45
Qcruise (Ib/f2) = 7583 753 7.53 7.53 7.53
7 Re-body = 1.59E+08 = 1.44E+08 1.37E+08 1.26E+08 1.23E+08
Cfe-body = 0.00200 = 0.00202 0.00204 0.00206 0.00207
FF-body-Hoemer = 1.55 1.55 1.55 1.55 1.55
Cpybody = 0.01949 0.01975  0.01988 0.02012 ~ 0.02018
8 (4 tails) Re-tails = 1.80E+07 = 1.63E+07  1.54E+07  1.40E407 1.37E+07
Cfe-tails = 0.00274 0.00278  0.00280 0.00285 0.00286
FF-tails = 1.23 1.23 1.23 1.23 1.23
CD-fails = 0.00255 = 0.00256 0.00256 0.00255 = 0.00255
9 CD-cab/gondola = 0.00259  0.00272 0.00279 0.00294 0.00299
CD-nac+cool+ 000403 000440 000463  0.00512 0.00526
mount =
CD-cables = 0.00187  0.00189  0.00192 0.00199 0.00202
CD-ACLS = - 00002 . 0.0002 0.0002 0.0002 0.0002
10 CD-inferference = 0.00060  0.00055 0.00052 0.00048 0.00047
1 Cpy = 0.03133  0.03207 0.03250  0.03340 0.03366
12 K= 0286 0286 0.286 0.286 0.286
13 L-buoy (Ib) = 101,651 76,163 66,008 50,776 47,474

14 WZF (Ib) = 143,822 + 107,862 03,485 71,537 67,295



Step Parameter

WOE (Ib) =

Landing heaviness,
Wi, (Ib) =

A:

19
20
21

22

23
24

25
26

27

28

29
30

31
32

33
34

B=

Wi, (Ib) =

Fuel burned (Ib) =
Reserve fuel (Ib) =
WG-performance (Ib) =
BR-to =

Aero Lift@start cr (Ib) =
CL@Vmax@Sl =

Drag @ Vmax@SL
start cruise (Ib) =

Max Power/eng@
Vmax@SL (hp) =

Propeller speed (1ps) =
Cs@SL, max power =
J@max power =

Propeller
diameter (ff) =
Prop efficiency-np =
Internal
pressure (psi) =
Hull fabric density
(ozfyd?) =
Wt-env+ipatch+
seams (Ib) =

Wit-septums (Ib) =

Volume-
batlonet-f3 (Ib) =

Wi-ballonet (Ib) =
Wi-tails (Ib) =
Wt-Crew Sta+
Gondola (Ib) =
Wt-engs (Ib) =
Wi-eng mounis+
ec+st (Ib) =
Wt-props (Ib) =
Wi-fuel tanks (Ib) =

103,822
43,522

4666
39,568
68,545
25,023

1251
170,096

0.597
68,545

0.421
13,346

867

10
0.735
0.399

212

0.669
0.117

3.095

3253

807

544,529

1292
6601
5926

4218
3018

1911
524

CHAPTER 12 Hybrid Airship

Manual iterations

67,862 53,485
32,641 28,289
4612 4581
33,047 30,240
51,025 44,161
18,383 15,872
919 794
127164 110,150
0.599 0.599
51,001 44,141
0.379 0.361
9840 8527
639 554
10 10
0.781 0.804
0.421 0.432
201 19.6
0.691 0.701
0.114 0.113
2.897 2.809
2514 2215
616 240
408,397 353,944
1067 969
5379 4851
5926 5926
3310 2953
2426 2194
1444 1265
436 399

31,837
21,761

5214
25,738
32,015
10,254

1000
82,790

0.613
32,015

0.312

6281

354

10
0.879
0.470

18.0

0.732
0.111

2.661

1762

425

272,265

814
3999
5926

2067
1613

834
315

27,295
20,346

5021
24,705
30,383
10,037

502
77,834

0.610
30,360

0.310

59087

349

10
0.882
0.471

17.9

0.733
0.110

2.626
1662

400
254,563

778
3803
5926

2043
1598

823
303

(continued)
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Manual iterations

35

36
37
38
39
40
41

42

43
44

45

46

47

48

Parameter :
- Wi-Pressure 2076
 Sys(ib)=
WAH-ACLS (Ib) = 6491
- WH-VMS (Ib) = 1493
Wi-Elect sys (Ib) = 11587
- WtMiscsys(b)= 5191
- Wi-Crew+lav (fb) = 1148
Wt-margin+ 6492
- ufluids (Ib) =
Wi-empty, 51,597
WOE (Ib) =
WG-weights (Ib)= 117,870
(WG-perf) - 52,226
(WG-wis) (Ib) =
- Cl-alpha = 0.0447
Max Flight 12.8
Alpha (deg) =
Clto @ 0447
Alpha-scrape =
1O Speed@ 992
Alpha-sc (fps) =
Power loading 246
- (hp/A) (Figb.9)=
Thrust/thrustSLS 0.639
(Fig 5.10) = ;
ThrustSLS/power 662
(Fig 5.11) =
Thrust @ 14,685
.707VT0 (Ib) =
Drag-ground run . 2908
(avg) (Ib) = 5
Ground 2313

distance (ft) =

B FALY Trade Studies

At this point further analyses would include trade studies to find the
smallest/lightest hybrid design to better meet the relevant Measures of
Merit (MoM). The smallest/lightest design will be the least development

and acquisition cost.

1357

4955
1309
1105
3393
1148
4265

40,649

99,951
27,213

0.0447
11.6

0.447

94.2

2.02

0.648

7.04

11,658

2216

2120

1070

4340
1230
1082
2674
1148
3376

36,231

92,896
17,253

0.0447
11.0

0.447

91.9

1.84

0.653

7.24

10,465

1943

2035

i

631

3212
1102
1030
1677
1148
2005

28,457

79.711
3079

0.0447
9.5

0.447

85.4

1.39

0.668

7.89

7449

1448

2075

546

3064
1072
1022
1365
1148
1743

27,295

77,834
0

0.0447
9.4

0.447

85.1

1.38

0.669

79

7375

1385

1991
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Design Trades—Vary volume, FR, number of lobes, tail geometry, etc. to
find the smallest/lightest vehicle.

Mission Trades—Vary cruise speed, cruise strategy, maximum speed, BR,
etc. to find the lightest/smallest vehicle.

The MoM depends on the user and mission. For example:

1. Commercial cargo/passenger transport—Typical MoMs are $/ton-mile,
ton-mile/day, $/passenger-mile, and passenger-mile/day where the $ is
total operating cost (TOC: people, fuel, insurance, facility user fees, etc.).

2. Takeoff ground roll distance Sg—Users would typically like to keep
S¢ < 2000 ft.

3. Minimum capital costs—Minimum Infrastructure such as unimproved
area, no mooring mast, no ballast provisions, minimal tie downs,
minimal vehicle shelter, minimum personnel provisions, and no fuel.
The hybrid design would most likely have an ACLS for landing and
takeoff from an unimproved field. For the commercial or military user
this would be operation to and from a remote area. Typical commercial
missions would be to remote sites where the cost of building a road is
prohibitive (such as logging, resupply, and pocket mining). A typical
military mission would be a clandestine infiltration/exfiltration of
special forces and equipment where there should be no evidence that a
remote site landing had ever occurred.

It is interesting to consider a mission trade on takeoff BR holding
everything else constant. As the takeoff BR varies from 0.8 to lower values,
the volume, TOGW, TO ground roll distance Sg, dimensions and empty
weight varies as shown on Fig. 12.11. From Fig. 12.11 we observe the fol-
lowing percent changes in going from a BR = 0.8 to 0.5 (BR = 0.8 is the
baseline):

' Change (from BR = 0.8) | % Change

Volume -358,968 ft3 -28
Body length =30 ft -11
TOGW +7804 Ib +10
Fuel burned +5354 b +61
Empty weight +2808 Ib +10
Total propulsion wt +2256 b +36
ACLS weight +1985 Ib +170
Total hull weight -3821b -11

Tail weight -1047 b -22

377



378

Fundamentals of Aircraft and Airship Design: Volume 2

The gross features of the hybrid (volume, dimensions, TOGW) do not
change much over a broad BR range. The selection of the TO BR for the
design of the hybrid airship should be based upon the dominant MoM
above. For example if the MoM is #1 (commercial cost) the BR should be
around 0.8 to keep the fuel burned to a minimum. If the MoM is to keep the
86 <2000 ft the BR should be greater than 0.65.

If MoM #3 is dominant, the takeoff BR should reflect the situation that
the flight out would have no payload and the return flight would have full
payload or vice versa. This means that the buoyant lift = payload + % fuel
and the vehicle is heavy at the remote site.

Selecting the TO BR fixes the buoyant lift. It is observed that a hybrid
designed for operation at a TO BR = 0.8 could be used occasionally for
lower BR operation provided the fuel tanks were enlarged (to carry the
extra fuel), the ACLS was sized for the increased heaviness and the engines
oversized. The BR = 0.8 design would have to add extra payload and fuel to
get to BR = 0.5. On the other hand, the hybrid designed fora 7O BR = 0.5
would have oversized fuel tanks, ACLS and engines but an undersized
buoyant lift and would have to reduce payload and/or fuel to operate at
higher BR such as BR=0.8.

1.4 | 110

Volume ‘ Takeoff Weight

Volume (106 ft)
Weight (1000 Ib)

0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8

Wts ‘ ~ Ground Distance

3 30 g
=3 o
: g
: 3
® g
- o
o
0 s 0
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
Buoyancy Ratio @ Takeoff Buoyancy Ratio @ Takeoff

Figure 12.11 Effect of Buoyancy Ratio on various performance parameters.
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Even though the vehicle from Table 12.1 is a good conceptual starting
point, there is still much work to be done. Numerous assumptions were
made to facilitate getting a good answer without getting bogged down in
complex analyses or costly testing. Therefore, the next step is to start refin-
ing these preliminary answers by including specific test data, CFD analyses,
structural modeling, more refined weight buildup, an enlarged propulsion
study, and include the effects of such phenomena as added mass (see
Appendix C).
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Balloon Design, Introduction
Balloons are one of the earliest aeronautical devices and yet, under-

standing their deceptively simple behavior can be a challenge. Fortu-

nately, their mysterious ways can be described by a first principles
approach. The balloon technology addressed in this chapter deals mainly
with large plastic high-altitude scientific gas balloons that fly in the strato-
sphere. These giant balloons have a launch, ascent, float, and termination
phase. The stratospheric scientific balloons commonly used range in size
from 11 to 40 million cubic feet (MCF), with typical altitudes of 120,000 ft
(36.5 km) and gross inflations (buoyant lift) up to 14,500 Ib. Serious research
to develop these types of stratospheric balloons have their origins with the
U.S. Air Force (for cosmic ray effects on pilots), and for cold war high-altitude
spying platforms. Many UFO sightings can be traced back to these large bal-
loons. Today these high-altitude vehicles are used by the science community,
conducted through the Columbia Scientific Balloon Facility supported by NASA.

What makes a lighter-than-air vehicle possible is the principle of buoy-
ancy or Archimedes’ principle where the buoyancy force is equal to the
weight of the displaced fluid, such as a boat displacing water. A balloon is
slightly different in that the buoyancy is equal to the difference between the
weight of the displaced air and the weight of the lift gas. The buoyancy
force for the whole volume is known as gross inflation (balloons) or buoyant
lift (airships), which changes with temperature and pressure. When a
balloon and its payload float in equilibrium, the system density is exactly
equal to the density of the ambient air.

A lifting gas such as helium is used because it
provides reacting pressure such that thin-film
membrane structures can be used in the construc-
tion. If one wanted to reinvent the so-called
“vacuum balloon” then the additional weight of a
lift gas will seem trivial compared to the huge
weight penalty from a structure that has to take the

The balloon is a 7M ft3 super
pressure pumpkin with

200 gores designed by the
author and built by Aerostar.
An engineering test flight
proved that the design/
analysis methodology can
deliver a meridionally

full compressive stress of atmospheric pressure
(and not buckle). See Fig. 2.6 for further discussion.

There are many types of balloons. Latex
weather balloons have a skin that keeps stretching
until they burst (usually at a calibrated diameter)
while having no fixed float altitude. Hot air bal-
loons have constant pressure and volume but vari-
able temperature differentials between inside and
outside the gas envelope. Gas balloons can have
variable or fixed volume with an uncontrolled
temperature differential. They can be pressurized

reinforced membrane
pressurized structure with no
global shape instabilities.
Antarctica is where this
untested design can fly safely,
and the balloon holds the
record of 54 days of flight
over Antarctica for like craft.
The flight provided valuable
performance data that also
help to fine tune the balloon
flight simulation software for
stratospheric flight.
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as a constant volume/variable pressure device or unpressurized as a constant
pressure/variable volume device. Using volume, pressure, and temperature
one can come up with combinations to operate at any fixed altitude.

Balloons can be made to have many different shapes, but the most
common shape is the “natural shape’, whereby the skin stress in the cir-
cumferential (transverse) direction is zero. Meridionally lobed membrane
structures such as circular parachutes and balloons, where cords or tapes
run in a vertical plane, concentrate the loads in the “longitudinal direction’,
or meridional as it is called. The stresses in the transverse direction (cir-
cumferential, hoop) are very small compared to the stresses in the meridi-
onal direction which concentrate in the load tapes. This leads to the natural
shape, and depending on the internal pressurization and skin weight, will
lead to the variation of natural shapes illustrated in Fig. 13.1.

The super pressure shape on the far left is called a pumpkin balloon,
and once this shape has been established more pressure will not change its
basic shape (with bulges it is a pumpkin, without bulges it is an isotensoid).
On the far right is the under-pressure shape, so named because the cone
angle of the skin at the bottom is vertical. Reducing its pressure further will
shrink the balloon but it will still have the same scale shape. There is an
infinite spectrum of intermediate shapes in between these two with one
special case in the middle, the zero-pressure shape. An actual balloon only
has the intended amount of material at its design point. Intermediate
shapes are more complex than the simplified shapes shown in Fig. 13.1.

When we speak of pressure in a balloon, we are more accurately describ-
ing the “differential pressure’, the difference between internal gas pressure
and the external atmosphere. The lift gas will have a measurable gradient of
differential pressure from bottom to top (base to apex, in balloon jargon).
The zero-pressure shape is notable because at the very bottom, the differ-
ential pressure is zero. In other words, at the base point, the lift gas pres-
sure is equal to ambient atmospheric pressure. As one moves upward
through the balloon, the differential pressure increases to a maximum at

LAY

Figure 13.1 Spectrum of axi-symmetric natural balloon shapes with
horizontal tops.
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the apex. This is a manifestation of the lifting force created by a less dense
lift gas. A hot-air balloon is an example of a zero-pressure balloon since its
bottom is open and the differential pressure at the base is zero.

To convey an intuitive sense for high-altitude balloon flight, it helps to
look at the evolution of a typical flight. Filling operations consists of inflat-
ing a bubble with helium. The volume of this bubble typically is less than
1% of the float volume since it will expand as it rises. After launch (Fig. 13.2)
most of the clear plastic polyethylene skin is stretched out vertically encased

Bubble

Balloon
Envelope

Parachute

Figure 13.2 Launch in Australia. (CSBF)
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in a clear plastic sleeve. With all the lift concentrated in the small bubble,
there is a good deal of film stress which is why these balloons have a cap,
which is an extra 1, 2, or 3 layers of film in the top region.

As the balloon rises with more buoyancy than it weighs, the balloon
accelerates to a speed of approximately 4-5 m/s where the aerodynamic
drag force settles into equilibrium with the “excess” buoyancy known as
free lift. As the balloon rises the atmospheric pressure decreases with alti-
tude which expands the helium gas. The un-deployed portion of balloon
skin begins to slowly fill out, which exposes more balloon skin to the radiant
environment and atmosphere. The helium gas cools down in temperature
due to the expansion, but the sun and earth are warming the plastic skin,
which in turn warms up the helium via internal convection. With the
thinner air the sun is stronger and helps the ascent through the coldest
portion of the atmosphere, the tropopause. Contrary winds at the tropo-
pause change the flight path. In addition to the direct solar energy being
absorbed by the skin, from below the balloon skin absorbs the reflected
sunlight known as albedo, and the warm earth bathes the balloon with
radiant infrared energy. Above the tropopause into the stratosphere, the
ascent slows down considerably where the air temperature begins to get
warmer instead of colder due to the concentration of ozone that absorbs
the ultra violet component of sunlight. As a result the warmer air rapidly
decreases in density, slowing the ascent at about 15 km altitude. The air is
so thin at this point that the temperature of the plastic skin is dominated by
radiant energy balance. That is, the temperature is mostly the result from
the balance of direct sun, albedo, and infrared energy absorbed vs infrared
energy emitted from the plastic skin. During ascent the gas temperature
lags behind the balloon film temperature, but for the most part the helium
is at nearly the same temperature as the skin at float conditions.

At the design float altitude, generally with only 1% of the atmosphere
left overhead, the skin is expanded completely to its full volume. The extra
helium gas that was used as free lift is now venting through “pony-tail”
ducts to the atmosphere whose lower openings are at the same level as the
bottom of the balloon. The ducts are attached about 1/3 of the way up from
the bottom (see Fig. 13.3) so as to prevent siphoning of air into the balloon.
The sun and earth warm up the chilled helium until an equilibrium tem-
perature is achieved. Depending whether the flight is in Antarctica or at
mid latitude, the gas may be slightly colder or warmer than the surrounding
air. As a typical high-altitude zero-pressure balloon the bottom pressure is
equal to atmospheric pressure and the top has a slightly higher pressure
than ambient which manifests as buoyant lift. Since the lift gas is less dense
than air, the height of helium gas weighs less than the equivalent height
of air, and so there is more helium pressure remaining at the top that was
not burdened with the job of reacting gas weight. That extra pressure is
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Figure 13.3 40 MCF zero-pressure balloon at float. (Mike Smith, Aerostar)

usefully employed lifting the top of the skin which in turn is able to lift the
payload below. The sun is ~1.5 times as strong at high altitude and the
earth’s infrared is about 2/3 of its maximum strength down at the ground
since now it has to pass through the atmosphere where some is absorbed in
a complex exchange with clouds and sky. The sun gets higher and the
ground gets warmer increasing the up-welling infrared, which in turn heats
up the helium via the skin. The helium gas expands venting some gas out
of the bottom ducts. At solar noon the gas becomes the warmest it will
get, venting the gas to a minimum mass condition which equates to the
maximum gas available for the next day.

The sun starts to set, which cools down the skin and the lift gas. The gas
contracts (displacing less air) and the balloon slowly sinks. At night there is
approximately half the radiant energy available in the form of the up-welling
infrared energy. With a much greater amount of contraction the sinking accel-
erates unless ballast is dropped to equalize the weight with the available lift.

The morning sun warms up the balloon again, but as it is lighter than
before it ascends to an even higher altitude. Which means more gas is
vented at solar noon, repeating the previous day’s cycle of events. Several
more diurnal cycles like the previously described and the balloon will run
out of ballast.

To terminate the flight a destruct command is given; the payload is
pyro-separated and begins to fall. As it falls the destruct line yanks out a
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banana-peel slice out from one of the gores, ripping the gore the entire
length. The balloon bursts and the payload parachutes away. In the
meantime the balloon carcass randomly tangles up and impacts the ground
in a safe area. The payload settles down in a safe area as well, its impact
lessened by the cardboard crush pads on the bottom of the gondola’s legs.

M E®J Modern Zero-Pressure Balloons

There are many kinds of balloons, but one that is frequently spoken of
is the “natural shape” Natural shape refers to designing the balloon such
that the skin has zero or near-zero circumferential (transverse) stress,
leaving all the major stress in the meridional (vertical plane) direction as in
a parachute. Natural shapes with different loading ratios (suspended
weight/gross inflation) and skin density ratios are known as “Sigma shapes”
from Justin Smalley’s reports [1]. Different Sigma numbers will result in dif-
ferent shapes for a given areal weight density of the membrane film. A heavier
film will of course result in a larger required volume for the same payload.
Justin Smalley in the 1960s developed the famous Sigma tables by which
one could design natural-shaped zero-pressure balloons with zero circum-
ferential stress [1]. The tables would give the shape, film tension to payload
ratio 7/L, and balloon weight to payload ratio W/L parameterized accord-
ing to the Smalley Sigma number X. Figure 13.4 shows the pertinent char-
acteristics of a zero-pressure balloon.

If the differential pressure between the ambient air and the lifting gas at
the base position (bottom of the balloon) is zero, then it is a “zero-pressure”
design and has the familiar upside-down onion shape. Hot-air balloons are
zero-pressure designs as the bottom is not sealed, and so must be in equi-
librium with the ambient pressure at the bottom opening. In their practical
construction these balloons are made with vertical “banana-peel slices”
known as gores. The polyethylene gores are heat sealed together along
their long edges and reinforced at the seams with embedded cords known
as load tapes. With internal pressure the gores can bulge out between the
loaded tendons to give the lobed appearance although some designs are
smooth. Hot air balloons are bulged to gain added volume. A zero-pressure
balloon’s skin is in stress equilibrium with the buoyancy pressure using the
meridional radius of curvature resulting in a smooth skin. Zero-pressure
designs have relatively low skin and tendon (or load tape) loads. Being
unsealed a helium zero-pressure balloon will vent overboard helium that
gets heated if the expansion is above the volume capacity of the balloon.
But at night it will drop in altitude due to the cooling of the gas. This is why
zero-pressure balloons only last several diurnal cycles, as ballast quickly
runs out in an attempt to maintain altitude.
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Figure 13.4 Zero-pressure balloon definitions.

These high-altitude balloons are constructed with polyethylene film in
the 0.3 to 0.8 mil range (0.0003 in.—0.0008 in.). This special film is co-
extruded from several layers that melt into one layer. The purpose is to
minimize the chance of ever having pin-holes that line up leading to unde-
sirable porosity above and beyond the normal amount of helium permea-
bility. Although strictly speaking helium permeability is a function of film
temperature, film thickness, and differential pressure, the differential pres-
sures would have to be orders of magnitude higher than what is seen in
large balloons to make differential pressure of any concern (temperature

and film thickness having the greatest effect).
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Balloons can bob at float altitudes due to their inherent mass-on-a-
spring behavior. Adiabatic expansion/compression is complicit in that if
there is a perturbation in altitude, say upwards, there is an expansion and
cooling of the gas which in turn contracts to reduce buoyancy. The balloon
sinks below the equilibrium point and then compresses with an increase
in temperature, increasing buoyancy. The atmosphere as a body behaves
similarly with so-called Vaisala-Brunt gravity waves, and when the wind
blows over mountains the gravity waves can set up the perturbations nec-
essary to disturb the balloon in the stratosphere. When the super tempera-
tures are just right (near zero), vertical bobbing resonances can occur.

Zero-pressure balloons need ducts to prevent over-pressurization of
the envelope which would result in a structural failure. These ducts can
hang down or be pulled up to the shell. This is done for some payloads
which might have a telescope that can be occluded by a hanging duct.

There are numerous ways to launch large balloons, but the one pre-
ferred at CSBF (Columbia Scientific Balloon Facility) is the “dynamic”
launch method shown in Fig. 13.5. Launch dates are set according to the
upper level winds, such as during turn-around at the equinoxes, but launch
times are planned for when surface winds are minimal. Flights are meticu-
lously planned using reliability probabilities leading to a casualty expecta-
tion (CE) analysis. If CEs are above a given threshold then there is no
flying that day.

S R 7577

Figure 13.56 Dynamic launch. (CSBF)
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il k¥ Modern Super Pressure Balloons

If the envelope is sealed and pressurized substantially above a zero-
differential base pressure, then these designs are classified as super-
pressurized to survive diurnal temperature effects without losing altitude.
Super pressure designs generally come in two categories, spherical and
pumpkin shaped. In a spherical design all the stress is carried by the skin,
whereas a pumpkin design, such as that in Fig. 13.6, mostly separates the
roles of structural and gas containment. A super-pressurized balloon in
effect has reserve pressure, such that a drop in temperature should not
drop the pressure below the point where a large change in shape volume
occurs. Since the mass and volume of the gas is a constant, the average
density is also constant, which preserves the float altitude. While zero-
pressure balloons can have substantial altitude variation as the gas enve-
lope expands and contracts over the course of a day, a super pressure
balloon will have a nearly constant altitude profile so long as pressure is
maintained in the envelope. That is where the magic lies, in determining the
expected temperature variation for the flight environment and seeing
that the structure can take the stress for the required super pressure. Using
the ideal gas law and taking the derivative dP/dT, it will equal the gas
density times the gas constant. This implies that the lower the density, the
smaller the AP will be for a given AT, which implies that the higher it flies
then the lower the AP that one has to deal with over a diurnal cycle. Higher
is easier for a super pressure balloon (>33.5 km, 110,000 ft).

Figure 13.6 Julian Noftt's super pressure pumpkin balloon at float.
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Figure 13.7 1960s polyester superpressure sphere. (GHOST)

Super pressure spheres (Fig. 13.7) are optimal for small balloons, but for
large balloons the skin weight becomes too much. As a pressure vessel the
skin stress is proportional to 1/(radius of curvature), so a large sphere will
have huge skin stresses while a pumpkin reduces the hoop stress by having
a small bulge radius on each lobed gore (small compared to the global
radius of the balloon). This is the same principle that reduces skin weight
on lobed airships vs bodies of revolution with the same volume.

The cords that look like parachute lines in Fig. 13.8 are called tendons
and are made with a very stiff fiber material called PBO. PBO however has
degradation issues from ultraviolet and moisture. Without protection mea-
sures one must assume that at least 50% of the strength will diminish over
the course of the flight. In any case the failure mode is a creep-rupture type
which further de-rates the tensile ability. Still, the stiffness and lightness of
this material is phenomenal.

The major problem with super pressure pumpkins is an inherent shape
instability that can occur when there is an excess of circumferential mate-
rial, forming what is known as an s-cleft. Two views of the s-cleft are shown
in Figs. 13.9 and 13.10. Analyzing for such instability in the intended shape
is extremely complex and has occupied years of effort by mathematicians
and other researchers. Fortunately, their efforts as well as empirical scaling

Figure 13.8 Super pressure pumpkin lobed bulges.

391



392

Fundamentals of Aireraft and Adrship Design: Volume 2

Figure 13.9  Flight 555 Sweden, viewing an s-cleft. (NASA, CSBF)

from flight and laboratory observations have resulted in a much greater
understanding of this phenomenon. For instance, we now know that this is
indeed a low potential energy state and not an artifact of friction. In fact,
modeling shows that the volume slightly increases from the design shape to
an s-cleft shape. The majority of the potential energy is in compressing the
gas, so having a slightly larger volume option for the balloon (to lower the
pressure) becomes irresistible when the conditions are ripe for an s-cleft.
Empirical rules of thumb known as cleft factors (CF) are now considered
when designing super pressure pumpkins. A cleft-free design is shown in
Fig. 13.11. A 7-million ft3 pumpkin with 200 gores (Flight 591) now holds
the endurance record for a balloon of that size with a 54-day flight circling
Antarctica 3 times (2008, NASA and CSBF).

With no circumferential stress and no lobing this shape would be an
isotensoid which is consistent with Euler’s Elastica formulation. A sphere is
famous for its maximum [volume/area3/2] ratio, but a fascinating fact is
that the pumpkin shape has a [volume/gorelength3] ratio greater than a
sphere, which is why filament-wound spacecraft propulsion tanks use this
shape.

Figure 13.10 27-m pumpkin designed fo show an s-cleft simulating flight 555.



CHAPTER 13 Balloon Design

e

Figure 13.11 27-m diameter test pumpkin designed to be cleft free.

mRecommended Super Pressure at Design
Float Altitudes

This is the super pressure required for any pressurized balloon to stay
afloat:

Puir
AP, Required = 77— ATp + APreserve

air
APpequired = (475 e 0155 (Altion _1)) ATp + APpeserve (13.1)

APreserve is the minimum differential pressure you wish to have in
reserve, in Pascals.

Altiy, is the altitude in kilometers

ATp = (maximum gas day temperature — min gas night temperature) in °C

Note: the lower the material /¢ ratio, the lower the required differen-
tial pressure.

Desert regions can have up to ATp~70°C, whereas ATp ~30°C to
50°C for most other places when at high altitudes for film a/€~0.2.
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Figure 13.12 Required super pressure as a function of float altitude.

As can be seen in Fig. 13.12, the higher the balloon flies the much easier
it gets as far as the super pressure requirement.

B EXY Balloon Physics Fundamentals

As was stated in the introduction, balloons are easily investigated using
a first principles approach, which are summarized below:

+ Ideal gas law

+ Aerostatics

+ First law of thermodynamics
+ Heat transfer by radiation

» Heat transfer by convection
« Newton’s laws

MEEXA) \deal Gas Law

A given number of gas molecules at a given absolute temperature T'in a
given volume V will produce the same pressure P no matter the molecular
species, that is, for an “ideal gas” Eq. (13.2a).
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P=nRT/V (N/m?="Pa) (13.2a)

Where R is the ideal gas constant of 0.83141 Joules/mole/°K, n is the
number of moles of molecules (6.022 x 1023 molecules per mole). A cus-
tomized version of the ideal gas law using the mass density and a custom-

ized ideal gas constant Ry has the form shown in Eq. (13.2b).

P=pResT (Pa) (13.2b)

where p is the mass density (kg/m?3) of the gas.

To customize the equation for any particular gas:

Ryqs = 8314.1/molecular weight (m2/s2/°K)
The ideal gas constant for helium Rpe =2077.2
The ideal gas constant for diatomic hydrogen Ryo =4148.7

The ideal gas constant for air (20% oxygen and 80% nitrogen) R, = 287.1

These numbers are slightly off from the direct calculation due to the
fact that these gases are not ideal, but close. Non-ideal gases have addi-
tional degrees of freedom (rotation and internal vibration) and sometimes
other sources for creating a potential field such as weak electrical forces.
These elements combine to add inaccuracies to the simple statistical
bouncing-particle based ideal gas law. This non-linear behavior only
becomes noticeable under large pressures as happens when compressing/
decompressing from storage tanks.

m Buoyancy and Aerostatics

A difference in densities between the ambient air and the lifting gas
produce an aerostatic pressure differential within the envelope volume that
produces buoyant lift force. In terms of the Archimedes principle, the dif-
ference in weight of the displaced heavier fluid and the weight of the lighter
fluid is equal to the buoyant force, or gross lift regardless of the shape of the
object.

Looking at these two cases (Fig. 13.13) we can set up two equilibrium
equations for a cylinder of air of short length L, and one which has a lighter
gas substituting the air:

Ppgse X Area = Wair + Papex X Area (13.3a)
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Figure 13.13 Air or helium in a column.

Pyase X Area =Woqs + Pypex X Area + buoyancyreaction (13.3b)

where W, and Wgas are the weights of air and gas respectively in the
cylinders.

The buoyancy reaction force is holding the case for equilibrium. If we
divide by the volume (Area x L), and diminish the length to a differential
dz (z going up), we arrive at the aerostatic principle such that (Pgpex =
Ppase +dP):

% = —g X density 4ir (13.4a)

d
LPeas _ —g x density ggq (13.4b)

If we subtract the two equilibrium Eqs. (13.3a and 13.3b) and substitute
buoyancy = — buoyancy reaction, we arrive at Archimedes principle:

buoyancy = Wair — Wy (13.5a)
If we further divide this by the volume, it leads us to the specific buoy-

ancy parameter b:

b = g (densityy; — densityggss) (13.5b)
The units are Newtons of lift per cubic meter of lift gas.
Figure 13.14 illustrates the pressure distribution in a spherical envelope

with the pressures being equal and opposite only at the bottom. The resul-
tant pressure differential is characteristic of a “zero-pressure” design by
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Absolute Hydrostatic Net Pressure or Differential
Pressure Distribution Pressure Distribution

Spherical

Envelope

Zero Pressure
Differential
at Nadir

Heavier Gas

Figure 13.14 Nature of buoyancy in a zero-pressure condition.

subtracting the absolute gas pressure from the absolute air pressure. The
pressure differential AP distribution from apex to base is simply:

AP = Apapex - bZ (13.6)

where APgpey is the maximum differential pressure at the apex and Z is
the vertical coordinate starting at the apex and pointing in the base direction.
The total buoyant lifting force is used to define the gross inflation.

GI = b x Volume (13.7)

where Volume is the volume of the gas envelope. Under equilibrium
conditions the gross inflation = gross weight (which equals suspended
weight + balloon envelope structure weight).

Combining the aerostatic differential Eq. (13.4a) with the ideal gas law
Eq. (13.2b) as applied to air, integrating vertically upwards in z with a linear
temperature profile (known as the temperature lapse rate) results in
Eq. (13.8), which is useful for modeling atmospheric pressure at altitude.

pren 2] w59

T —T;
where L='——2—1}
Z2 —21
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MEEYEJ Force Balance and Free Lift

Any additional lift above and beyond what it takes to lift the gross
weight is known as the free lift force, F. During equilibrium ascent the
instantaneous free lift will be balanced by aerodynamic drag. Let’s take a
look at some simple relationships whose terms are shown in Fig. 13.15.

Gross Inflation GI = b x Volume
Gross Weight = Balloon material weight + Suspended Load

Material
Weight

Suspended
Load

Figure 13.15 Balloon force balance.
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Gross Inflation = Gross Weight + Freelift

Gross Inflation = Gross Weight + Drag @ equilibrium ascent

Drag = Freelift @ equilibrium ascent

Gross Inflation, N

Gross weight = W+ L

Balloon carcass weight (do not include lift gas)

Suspended load

Free lift (excess buoyancy) Free lift ratio=1 + F/G = GI/G

'ﬁh%@@

For the isothermal and zero-pressure case, the specific buoyancy b with
g = acceleration of gravity = 9.807 m/s? and air density in kg/m3:

b= g x density 4;r {1— gmr }N/m?’ (13.9)

gas

Here we define the bulk super temperature and super pressure:
AT = 7—vga5 - Tair (13.103)
AP = Pyys — Pyir (13.10b)

The next equation combines buoyancy and the ideal gas law to produce
the free lift ratio (FreeLift;atio = 1 + F/G) at any condition where T and P
are the ambient air temperature and pressure, AT and AP are the super
temperature and pressure of the lifting gas.

[ )
M gas Tair R gas

FreeLift o = -1 13.11
e Mgross ( AP)Rair ( )

P, air

Mgqs is the gas mass, and Mgy is the gross mass (G/g). Easily rear-
range the equation to determine the required gas mass if the gross mass is
known and a launch free lift ratio established (it usually is). Equilibrium is
when the free lift ratio = 1.0. Isothermal freelift is when AT = 0. For zero-
pressure balloons AP = 0. Normal day launch free lift ratios are in the 10%
range (=1.1), while launching at night could use free lift ratios in the 25%
range (=1.25).

Montgolfier Hot Air Balloon

With zero-pressure balloons, the super pressure = 0. Assuming perfect
equilibrium (free lift ratio = 1.0), then for a Montgolfier type of balloon it
simplifies as follows.
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Gross mass (suspended mass + envelope mass, kg) for a zero-pressure
Montgolfier hot-air balloon with super temperature AT °C as shown in
Eq. (13.12).

GrossMass = Volume Fair | 1 _ ! (13.12)
air | Tair (Tair +AT)

where

Volume is the gas envelope volume in cubic meters

P,;r is the atmospheric pressure in pascals (pascal = millibars x 100=N/m?)
T,ir is the atmospheric temperature in °K (°K = °C + 273)

Or, in terms of required super temperature (FreeLiftForce in newtons) the
super temperature required for the given volume, gross mass, and free lift
force is shown in Eq. (13.13) (°C).

GrossMass + W
g Rair

AT = - — Ty 13.13
Tair Volume Pir air )

AEEXEY Balloon Thermal Fundamentals

Temperatures play a key part in the performance of a balloon. The
optical properties of the skin and the energy flux of the environment (the
watts per unit area of radiant energy) will determine this temperature. High-
altitude balloons fly in an environment dominated by radiant thermal
energy such as direct solar, reflected solar (albedo) from the ground, clouds,
and sky, and infrared energy (up-welling and down-welling). In the case of
an ascending balloon the gas is expanding and the energy flux impinging the
skin is constantly changing. To determine the temperature of the balloon
skin in this case one must employ the first law of thermodynamics which is
a statement of conservation of energy, also known as the energy balance
equation (leaving out the macroscopic kinetic and potential energies).

ANetHeatEnergy = AlnternalEnergy + AWork done
Or in classical form: dQ =dU + PdV.
Internal convection is rather important as the transport mechanism of

heat energy from the skin to the lift gas. Conduction however does not play
much of a role in such thin film membrane structures.
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For both static and dynamic conditions, heat transfer by radiation is an
important element to understand. Starting with optical properties, this
refers to a surface’s solar absorptivity ¢, transmissivity 7, reflectivity », and
infrared emissivity g and transmissivity 7jg. The parameters o, &, 7, and r
are expressed as fractions in that:

l=r+o+r1
l=rp+oR +7Tir

where the first equation implies solar wavelengths and the second equation
is for IR wavelengths.

From Kirchhoff’s law of radiation heat transfer, at any specific wave-
length the absorptivity is equal to the emissivity while in thermal equilib-
rium. This is important because absorptivity is generally given for solar
short-wave lengths, but emissivity is given for IR wavelengths. So if we are
interested in the absorption of IR radiant energy, we use the given IR emis-
sivity as equal to the IR absorptivity (ajr = €).

A property of any surface with an absolute temperature T; it emits
radiant energy according to the Stefan-Boltzmann relationship:

g=€e0T* IR flux, Watts/m?

where o = Stefan-Boltzmann constant (5.67 x 1078 W/m2K*%), € is the
surface emissivity, and 7 is in °K.

The energy absorbed Q on a surface from a radiant heat source with
flux g depends on the absorptivity  of the receiving surface and how much
of the receiving surface has a view of the source:

Q= o x SurfaceArea x ViewFactor x q Watts

Where ViewFactor is the factor to take into account geometric viewing
effects, g is the source flux (W/m?2), and SurfaceArea is the exposed surface
area of the receiving object.

ViewFactor for a balloon skin surface is the diffuse-radiant viewfactor of
the earth, also called Fbe. It is the ratio of the balloon surface area that “sees”
the earth divided by the total exposed balloon surface area. In the view-
factor equation below for a sphere, Z is the balloon altitude in meters.

Rearth = 6,371,000 m

, Rearth
HalfCone gyl = sin™! | —54 13.14
f e [ Rearth + 2 ( :

1 - cos (HalfConeaygle)
2

ViewFactor = (13.15)
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At high altitudes the view factor is approximately 0.45. As one ventures
higher in altitude, the Earth’s horizon “dips” away to be below horizontal
due to curvature effects. Dip = 7/2 — HalfConeaygie, and the view radius on
the surface is simply = 6371 x Dip (km). The ground view radius is plotted
in Fig. 13.16.

Convection effects can be expressed with heat transfer factors that can
be calculated for a sphere. Internally there is a natural free convection that
is probably much more complicated than what has been researched for
spheres, but it is useful enough for balloons. Internal convection heat
transfer from film to gas happens faster than one might suppose, taking
only 15-20 min to get the gas temperature nearly equal to the film tem-
perature for large balloons at float (from simulations matching flights).
Here is the general form of the heat transfer from convection:

QConvectionlnternal = HCint x (Tgas — Tfilm) x Areference
QConvectionExternal = HCext X (lair — Tfilm) X Areference

where Areference is the reference surface area and HC is the heat trans-
fer coefficient (watts/m? per deg K). Equation (13.16) is an approximate
HC for external natural convection as a function of altitude and super

50

40

ViewRadius (km) = 6371 (n1/2 - HalfCone znge)
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Figure 13.16 Ground view radius of balloon at alfitude.
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temperature for a sphere which is good enough for preliminary design (Alt
is altitude in meters, AT in °K).

HCphere (Alt, AT) = e=0:00007 Al [0,38 +0.7(1- e 006 )] (13.16)

There are reflections of solar and infrared energy that reflect inside the
balloon giving more opportunities for energy absorption. Looking at
the diagram one can add up the effective energy absorbed by looking at the
grey dots in Fig. 13.17 and seeing that the total energy absorbed is propor-
tional to:

a+ar(1+r+r2+r3+r4+r5+...)

where we can define an effective reflectivity:

Feffective =T+ r2 +r3+r4+r5=r/(1-1)

MEEXXJ Baiioon Shape Fundamentals

The natural shape equations are a specialization of the membrane-shell
equations. So let’s first examine the membrane equations for a differential
area element using the parameters defined in Fig. 13.18.

w/
A

T

arr
ug

Figure 13.17 Internal reflections.
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wdsds

L

Figure 13.18 Membrane differential element in equilibrium.

This differential element that is ds x ds has a compound curvature with
radius of curvature Ry, and R.. It has differential pressure AP acting on it as
well as weight per unit area w acting in the direction of g. Film stresses oy,
and o, multiplied by the thickness ¢ produce a line load N/m along the
orthogonal edges. For simplicity there are differential changes not shown
on this area element so as to derive the basic equilibrium equation in the
surface normal direction.

Geometric relationships:

ds=Rm d@=Rcd¢
dA =dsds=Rm dORc dg

Setting up equilibrium in the AP direction with sin (d6) ~ d@:
APdA=20mt(d0/2)ds+20ct (d¢/2)ds +w dA sin(9)

Finally substituting the geometric equations and simplifying:

AP _om  Oc  wsin(6) (13.16)
t Ru R t

One can see that membrane equilibrium has “pressure vessel” compo-

nents from both the meridional and circumferential directions. It is in this

manner that a zero-pressure balloon can have vertical wrinkles indicating

no circumferential stress even while having buoyancy differential pressure
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inside it. The meridional curvature is supplying all the stress needed to
satisfy equilibrium.

m Non-Dimensionalization of Balloon
Parameters

Balloon researchers in the 1950s and 1960s were able to discover the com-
monality of natural shapes by viewing them in non-dimensional form. The
purpose of non-dimensionalizing a system is to remove scale effects, such
that large or small, a system can be seen as a ratio of forces and geometries. If
the ratios between different balloons are the same, then we can expect similar
shape regardless of relative size. The first job is to identify the relevant dimen-
sional parameters, which for a simple balloon has the following:

Parameter | Variable name | Dimension | Note

Volume v m3 volume of the gas
Specific buoyancy b N/m3 lift ability of the gas
Gross inflation Gl N total lift capacity
Free ift F N excess lift

Gross weight G=GI-F N equilibrium, G= G/
Suspended load L N

Differential pressure AP N/m?

Total meridional tension T N

Skin areal weight density  w N/m?

Radial coordinate—gore rorx m

Vertical coordinate—gore  Z m

Gore length S m

The load becomes nondimensionalized as Ly, = L/GI.
A “natural length” is defined as A = (L/b)'/3 which is still dimensional (m).

Parameter Nondimensional variable ; Equation
Suspended load ratio Lbar L/GI

Skin areal weight Sigma T w/ (b A x)
Differential pressure ratio  Abar AP/(b L)
Tension ratio Thar T/(b33)

Where k = (1/2m)1/3 = 0.541926 (vestige of early research on spheres).

The early researchers used the suspended load L to non-dimensionalize
forces which has some advantages. One can also use gross inflation to non-
dimensionalize forces which leads to a very interesting relationship; load
ratio Lbar and Sigma become linear, making calculations simple. With this
new definition:
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The new “natural length” is defined as Ay = (G/b)1/3 =VolV3 (13.17a)

Skin areal weight X = =Y Lbarl/3 (13.17b)

r K

Generally speaking the relationship between load ratio Lbar and X for
any shape is:

Lbar =1- (K x SurfaceAreaVolume?> ) XZF

Every shape has a characteristic (SurfaceArea/Volume?/3) ratio that is a
constant for rigid shapes regardless of absolute size, and even though
natural zero-pressure shapes change with Sigma number, the relationship
is still surprisingly linear.

For a sphere:

Lbar=1—2.62074 X X
For a zero-pressure natural-shape balloon:
Lbar=1-2.682%f (13.17¢)

It is interesting to note that in Fig. 13.19 when the load ratio is zero (it
can only pick itself up, no payload), the shape becomes the same as a
super pressure pumpkin shape (next section), and the classic Sigma
number goes to infinity. In the classic definition of Sigma, there are no
Sigma numbers that won’t produce a viable balloon. Using the SigmaF
definition allows balloons to be designed that cannot fly but can be used
as ground test models for study (if SigmaF is greater than 0.37). Most
modern scientific zero-pressure balloons (ZPB) have Sigma numbers
between 0.1 and 0.2.

AEEXYX) Balloon Film Fundamentals

Linear low density polyethylene co-extruded film is used for both zero-
pressure and super pressure balloons. Smaller balloons have used Mylar
(polyester), but the large scientific balloons are manufactured with poly-
ethylene. The film structural properties are a function of temperature,
applied stress, and the length of time the stress is applied. Quite unlike
designing with a fabric or a metal, there is no one-size-fits-all approach
when dealing with this material. The glass transition temperature is of
critical importance as these balloons pass through the tropopause (coldest
portion of the atmosphere). The expected film temperatures must remain
above this threshold of approximately —98°C (175°K). It becomes critical
for a super pressure design to know the limits for yield point and tertiary
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Load ratio=0

Y=00 -
Y.=0.37
£=0.258 “Load ratio = 0.467
zp =0.2
=0 Load ratio = 1.0
I:=0

Figure 13.19 Natural zero-pressure shapes with different load ratios.

creep which are changing with the environment. Generally speaking, it is a
good idea to keep the non-thermal portion of strain to below 2—3%. Strains
are divided up into the initial elastic strain, the thermal strain, and the
creep strain. Complex visco-elastic constitutive materials models have
been developed [2] that guide the usage for super pressure designs. What
has been theorized and experimentally verified is that these polyethylene
films behave best when in a biaxial stress state. There is a term called
effective stress where it is minimized when a nearly 1:1 biaxial stress state
exists.

In a super pressure pumpkin, additional effects occur with the film
material that benefits the stress state over time. As the lobed-bulge creeps
in the hoop direction, the radius of curvature reduces, thus reducing the
hoop stress. As the material creeps in the meridional direction, more
shared load is passed to the tendons reducing the meridional stress. This
general beneficial effect has been called “strain arrest”.
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al kXY Balloon Environments

The high-altitude polyethylene scientific balloon is a thermal vehicle. It
lives in a mostly radiant thermal balance from the many heat sources that
influence it (Fig. 13.20). When warm, the gas expands and either pressur-
izes the gas envelope or is vented. If vented, then nighttime cooling makes
ballast drops necessary.

These are the basic heat sources that influence balloon flight:

a) Direct sunshine on the skin membrane

b) Reflected diffuse sunshine in the form of ground albedo

¢) Reflected diffuse sunshine in the form of cloud albedo

d) Diffuse infrared from the ground/atmosphere (up-welling)
e) Diffuse infrared from the clouds

f) Atmospheric convection

g) Diffuse infrared from the sky (down-welling)

At 33.5 kilometers altitude on an average sunny day in Ft. Sumner, the
fraction of heat loads absorbed in the skin of a large scientific balloon (10 to
40 million cubic foot volume) is approximately:

QSUI\

Figure 13.20 Radiant environment for a balloon.
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At night convection has more effect, but only slightly.

It should be noted that direct sun impingement is a collimated source
and affects a projected area of the balloon, while the other environments
have a diffuse source nature to them requiring the use of the ViewFactor

term applied to the full surface area.

Figure 13.21 is a simplification of data from the ERBS spacecraft
that mapped IR flux and albedo at the top of the atmosphere (TOA). The
max/min albedo and max/min IR flux is used to set temperature bounds on
the balloon film. This affects performance and film stress.

As a design guide use these average upwelling IR values (W/m?) below:

Alice Springs, Australia, April
Circumglobal S. Hemisp., summer
Ft Sumner NM, Aug

Circumpolar Antarctica, Dec, Jan
Kiruna Sweden to Canada, June

IR =267, albedo =0.24
IR =257, albedo =0.23
IR =265, albedo = 0.25
IR =192, albedo =0.63
IR =226, albedo = 0.45

80
Satellite Data \
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£ 40 \ o
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Figure 13.21

Thermal energy flux at fop of atmosphere. [3]

409



410

Fundamenials of Aircraft and Airship Design: Volume 2

AEEXRAY soiar Flux

The transmissivity 74, of optical frequency irradiance thru the atmo-
sphere follows a Beer-Lambert Law format of exponential decay [4], but we
will only concern ourselves with values at the top of the atmosphere (TOA).
Solar irradiance flux at the top of the atmosphere has a +/— 45 W/m? vari-
ation over the course of a year. It can be expressed by the day number
(1 thru 365, 1 starting on January 1):

Isun = 1358 +45c0s (27 (Dayyumper —10)/365)  W/m?2
Solar irradiance flux at the balloon altitude Z is then simply:
qSun = 1Sun Tatm

where 74, ~ 0.996 for high altitudes with solar elevation above 22 deg.

MEEXE) Aibedo Flux

There is a simple model relating surface albedo and albedo flux. The
assumption here is that the albedo number is the total specular + diffuse
solar reflection, but treated as all diffuse for simplicity. The albedo flux is
proportional to the solar irradiance at the top of the atmosphere and sine
of the solar elevation angle above the horizontal:

Guibedo = Albedo X Isun xsin (Elv)  W/m?

MEEXXJ \nfrared Flux

Top of the atmosphere upwelling IR fluxes are provided by satellite
observations such as the Earth Observing System Aqua spacecraft.

These are monthly averages that are useful (see Fig. 13.22), but for high-
altitude scientific ballooning one can also come up with simple models to
get the upwelling IR values at different altitudes based on the temperature
at ground level. Just as direct solar is attenuated for thickness of the atmo-
sphere, the same is applied to ground IR and cloud IR that has to pass
through a certain amount of atmosphere to reach the balloon. The attenu-
ation equation is based on a Beer-Lambert law of exponential decay. Note:
IR at the top of the atmosphere (TOA) can vary drastically from one local
zone to another due to the moisture content in the atmosphere which will
block the IR. Thin cirrus clouds can have this effect on high-altitude bal-
loons. Deserts will have the greatest day/night temperature swings due to
little water acting as heat capacity storage. Somewhere on the order of 25°C
swing is not unreasonable. Oceans should have the least day/night swing
in surface temperature. BEWARE! Most IR data on Web sites is highly
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Monthly Mean (hour)

250

watts/meter?

Figure 13.22 EQOS satellite up-welling infra-red data for January 2006, TOA.

processed to reflect ground surface temperatures, not top-of-atmosphere
(TOA) temperatures! A simple model [5, 7] for upwelling IR at altitude
based on the ground temperature and a single attenuation factor follows.

Upwelling Infrared Environment
IR diffuse radiation at ground level with ground emissivity &

qIRground = Eground O Tgﬂound (W/le)

Transmission factor of ground IR to account for atmospheric absorp-
tion below the balloon is approximated by Eq. (13.18).

P .
Transmissiong = Ajp | —2——1|+1 (13.18)
sea level

Maximum attenuation factors:

Ajr = 0.45 for temperate air masses
Ajr =0.35 for dry air masses
Ajr =0.30 for very dry air masses (Antactica)

Ground IR diffuse radiation at balloon altitude, W/m?
qiRgroundZ = qiRground Transmission g

0=5.67 x 1078 Stefan-Boltzman constant W/m?2 °K*
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Here is a suggested list of ground emissivities:
Desert = 0.85 (data suggests variation within a region, as low, as 0.8)
Average ground = 0.95
Snow =0.98

It is fortuitous that in the hottest places the emissivity is low, and in the
coldest places the emissivity is high.

The down-welling sky IR environment is non-existent at high altitudes,
and at the surface is about 250-300 W/m?2.

B EX-Y Bulk Temperatures for Balloon Film and Gas

The high-altitude polyethylene scientific balloon is a thermal vehicle.
The measured optical values for the typical zero-pressure linear low density
polyethylene StratoFilm 372 are scattered as one might expect with clear
plastic. What is shown in the table are a mixture of Edward’s mode trans-
flectance measurements [6] and modifications due to flight experience.
What is most important is the absorptivity to emissivity ratio, a/€. At night
there is no solar irradiance to absorb, so what determines balloon skin tem-
perature in this case is the magnitude of the infrared environment, the
viewfactor, and some atmospheric convection.

Zero pressure balloon (ZPB) Material SF372, 0.0008" thick

polyester load tapes 25 mm

1 layer 2layers  3layers  4dlayers LT 400 L1150 LT 600

o 0024 0042 0057 0087 013 0069  0.128
¢ 0134 0234 0314 0475 0793 0618  0.743
r 0916 0847 0788 0667 0383 0624 0479
" 0866 0766 068 0525 007 0336  0.189

o/€ 0.176 0.180 0.182 0.184 0.16 0.1 0.17
0.8 mil film

MEEXYRY steady State Translucent Spherical Balloon
Temperature
If we model the balloon as a translucent sphere with a viewfactor of the
earth equal to Fbe, the steady state equation boils down to this relationship

for skin temperature [7]:
Film-air temperature differential, °K

Arﬂz = 7ﬁlm —Tair



o 1 .
Qo [1+7(1+7) Wt Albedo sin (EV) Fye [+[ ik Foe +qsky (1= Fye ) |[1+ T (14 71)] -
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Thiim =

i
h?e'xtATja 4
£

()'[1+(1+)‘1R)‘[1RJ

(13.19)
Where
o = solar absorptivity
£ = infrared emissivity (and IR absorptivity)
T = solar transmissivity
TR = infrared transmissivity
Albedo = albedo coefficient of the ground and sky combination
Elv = solar elevation angle above a horizontal plane
Fbe  =view factor that the balloon has of the earth, typically ~ 0.45
Gsun = solar flux, W/m?
qiz = up-welling infrared flux, W/m?
gsky ~ =down-welling IR, W/m?
o = Stefan — Boltzmann constant (5.67 x 1078 W/m?2 °K%)

Hcex: is the air/film convection heat transfer coefficient, W/m?2/°K

For preliminary design cases the external convection factor /icex; can be
ignored for establishing maximum balloon film temperatures. It should be
noted that load tapes on the gores run hotter due to more absorption of
radiant energy. Their effects can be approximated by modifying the skin
optical properties with an area ratio approach of the load tape optical prop-
erties vs skin area. Thus “global” properties can be used to get accurate bulk
temperatures. More complex models modeling the balloon as a six-sided
rectangular box are used for roughing out the skin temperature gradients,
or one can turn to software such as Thermal Desktop. Such gradients can
run as high as 44°C from coldest to hottest surface for typical balloon poly-
ethylene film.

Taking the translucent sphere equation and graphing it for various o/€
ratios, albedo coefficients, and local solar elevation angles, one can see the
expected pattern as a function of upwelling IR in Fig. 13.23.

Entering the x-axis with a known IR flux and moving up to the proper
solar elevation angle curve one can quickly determine a bulk film tem-
perature, which for most purposes will also equal the lift gas temperature
at float.
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Polyethylene

Translucent Sphere Bulk Film Temperature

Figure 13.23 Film temperature as a function of IR flux-various albedos.

Three albedo coefficients were plotted here (0.1, 0.5, 1.0) for two a/e
ratios (0.15, 0.20) which are typical for polyethylene film. These results
reflect high-altitude conditions (33.5 km) of some small amount of external
convection. The graph shows that nighttime film temperatures are inde-
pendent of or/€ and albedo, as no sun is shining. Film temperatures at night
are completely dependent on the upwelling IR environment (view factor
included), not the film optical properties.
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Figure 13.23 (continued) Film temperature as a function of IR flux.

af E¥J Balloon Transient Thermal Behavior
Applying the first law to the balloon skin (plastic film) leads to these
relationships [5, 7]:

Engr\gy IN Energy OUT Energy Stored
~

dTﬁlm
dt
(13.20)

Qsun + Qalbedo + QIR/)/anet +QiRrsky + QlRﬁlm +QconvExt = QConvectioninternal + QRout + [ /Wﬁlm

415



416

Fundamenials of Aircraft and Airship Design: Volume 2

The Q’s are total energy exchanged with the film surface in watts from
the environmental energy flux, plus the convection terms. The film mate-
rial heat capacitance is ¢f (W/kg/°K).

Applying the first law to the lift gas and taking into consideration that
there could be some heat input from a burner (y = ¢,/c,):

dTgas _ (QConvectionInternal + Qburner) + (}/~l) Tgas dpgas (13.21)
dt Cy Mgqs Peas dt
For a zero-pressure assumption during ascent, one can express
Eq. (13.21) as a function of the ascent rate dz/d¢ (m/s) and end up with this
equation (z here is altitude, + going up):
dTgaS (QConvectionlnternal +Qbumer) Tgas Rgas dz | 1

= - g — |— (13.22)
dt Mgas Tuir Rair dt Cp

There seems to have been a concern in the 1970s that the helium gas
itself was absorbing infrared energy, but it’s probable that those measure-
ments were due to accidental water contamination of the lift gas. These
equations assume the lift gas gets its heat energy supplied only by skin/gas
convection or by direct heater input.

The energies exchanged with the balloon skin are listed below [5, 7].

Absorbed direct sunlight heat:

Qun=0 A projected qsun |:1 +7T (1 + Veffective ):I (Watts)

Absorbed albedo heat:

QAalbedo = O Asurf qAlbedo ViewFactor [1 +7 (1+ Veﬁecn've)J (Watts)

Absorbed upwelling IR heat from the planet surface:

QIRplanet =R Asurf q IRplanet ViewFactor [1 +T IR (1 + YeffectivelR )] (Watts)

Absorbed IR from the sky:

Qursky = 0LIR Asurf qiRsky (1—ViewFactor) [1 +TIR (1 +TeffectivelR )J (Watts)

Net emitted IR energy from both interior and exterior of the balloon skin:

QIRout =0t € Asunf [1 +T R (14 FeffectivelR )J Th, (Watts)

Agyyf refers to the external exposed surface area on the bubble, and
Aprojected is the projected area of the bubble illuminated by direct solar
exposure. The illuminated projected area of a natural-shape balloon varies
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with solar elevation angle ELV, and uses the top projected area as the refer-
ence. Here are some approximation formulas:
For a zero-pressure shape:

Areaprojected = Aredygp [0.9125+0.0875 Xcos (mr —2ELV)]

For a pumpkin shape:
Areaprojected = Areagp [0.8219+0.1781xcos (r —2ELV)]

aaf EX:J Meridionally Lobed Membrane Structures

One can modify the classic membrane equations to incorporate weight
from load tapes by making the film areal weight density a function of the
geometry. One can do the same for a pumpkin balloon with bulging mate-
rial, as well as adding transverse stress to alter the “natural” shape. The
meridional tension T is a combination of the load tape and the film, each
sharing a portion of this tension according to their stiffness, thermal con-
tractions, and slack strain in the load tapes. The membrane equations con-
sider it as a uniform structure, while structural equations can later separate
the tension into the various components. The formulations that follow are
generalized for a smooth shape, but with clever manipulations can also be
used for shapes with lobed gores. The idea is that there is an equivalent
smooth balloon underneath every bulged/lobed balloon.

Most references orient the Z axis up and integrate the differential equa-
tions from bottom to top. The opposite is done here as the boundary con-
dition at the top is easy to calculate a priori. See the illustrations for
definitions and the differential length element ds:

Smooth Axi-Symmetric Membrane Equations Adopted
for Balloons

t. = circumferential film line load, N/m = stress, X thickness

t;; = meridional film line load, N/m = stress,, x thickness

w = film weight per unit area, N/m? (can vary with location to account
for load tape weight)

AP = differential pressure = APypex — b Z, N/m? (pascals)

T = total meridional tension = 2 7 X t,5;, (N)

b = specific buoyancy, N/m?3

X = radial coordinate, meters

Z = vertical coordinate, starting from the top and pointing down

The change in angle theta, 6:

d_9 Cop —tesin(@ ) — X wcos(0) + X AP (13.22)
ds T
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The change in total meridional tension:

AT 91 [te cos(8)— X wsin(6)] (13.23)
ds '

Auxiliary geometric relationships:
dz dx
— =sin(#) and — =cos(0 13.24
% (0) B (6) ( )

The circumferential line load ¢, can be a prescribed function to alter the
shape, or it can be made zero to produce a natural shape. If t,,, = ¢, = con-
stant, and w= 0, then a sphere will result using a constant AP. Use Fig.13.24
to identify parameters in the previous equations.

Integrate these equations from the top down. For a zero-pressure design
AP at the bottom = 0. The initial values of AP4pgx and T4pgx need to be
adjusted until the solution constraints are satisfied. For a weightless apex
plate the angle theta at the top = 0.

) Global Coordinates
L ] Integrate from top to bottom

ferential radius of curvature
(out of plane)

tm

Circumferential
Annulus

Figure 13.24 Membrane free-body diagram of smooth annulus.
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e EX Y Preliminary Design and Performance

Methodology

Designing a super pressure pumpkin for a particular set of require-
ments at high altitude is a daunting task. Instead, we will show the prelimi-
nary design steps useful for a natural-shaped zero-pressure balloon, which
is quite informative. It helps to have some approximation equations and
some historical information to help in quick design studies of this sort.
Much use is made from non-dimensional relationships.

Assuming a standard atmosphere, one can generate an approximation
formula for helium specific buoyancy b as a function of altitude for zero super
pressure. Normal super temperatures change b by ~0.5%, so for this phase of
study it is fine. Specific buoyancy b is N/m3 and Alt is altitude in meters:

b (Alt) = 0.003 + 28 e~0:000161 (Alt +2600) 11 000 < Alt < 40,000
b(Alt) = — 1.2 + 19¢~0:00009 (Al +5500) ( < At < 11,000

Next is the film + load tape average areal density w from historic data:

w(Alt) =0.77 — 1.25x107> Alt N/m? for “light” designs
w(Alt) = 1.43 — 2.7x107> Alt N/m? for “heavy” designs

MEEXRY How Big, How Heavy?

We come into this problem with a payload mass and a target float alti-
tude. With the altitude we calculate the specific buoyancy b and the film
areal density w. As a first guess we will assume that the ballast to suspended
mass ratio is 25% (Ballast,qio = 0.25). That is load L is 25% ballast weight.
If we know our payload mass (kg) which includes the gondola, then the
suspended mass is simply:

Mass payload

Massg ded = g )
uspende (1— Ballastatio )

(13.25)

The suspended load L = g Masssyspended Where g=9.807 m/s2.

Now we use a design formula Eq. (13.26) to easily determine the load
ratio Lbar. This is easily solved with a few iterations starting with Lbar =
0.6. Remember x=0.541926, and the 2.682 factor is from Sec. 13.4.6 balloon
shape fundamentals Eq. (13.17¢).

Lbar=1

/3
2682w [Lbar b} (13.26)

K b L
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Gross Weight = L /Lbar (Newtons)
Equilibrium gross weight = gross inflation G/
Volume = GI/b (m3)

GrossWeight
g

(Balloon mat’l mass, kg) Masspaiioon = ~ Masssuspended (13.27)

Turning to non-dimensional relationships mapped out in the following
approximation equations for a zero-pressure shape, one can determine the
gore length, diameter, height, surface area, number of gores, and load tape
tension.

Determine the SigmaF number from Eq. (13.17c¢).

(1-Lbar) (13.28)

682

Determine the natural length Ar from Eq. (13.17a).

Ar = Volumel/3 (m)

The gore length

Shar =1.994 —0.336 Zr —0.049 ZI%

Gore length = Sbar Ar (m)
The diameter

Dbar =1.305+0.164 X + 0479 X2 — 1478 £3 +3.667 £}

Diameter = Dbar Ay  (m)
The balloon height and differential pressure at the apex

Hbar =1.275-0.445%Fr —1.496 Z‘%
Height = Hbar Ar (m)
APypex = Height b N/ m? (pascals)

Surface area

Areabar = 4.913 + 2.598 (Xf — 0.05)3

Area = Areabar 113 (m?)

The number of gores can be determined by your manufacturing con-
straint, in that there is usually a maximum width per gore that can be
handled, call that Width,;,,

. Diameter

N, =
igores Widthy
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Mass, . ensea—> L

b
Altitude ——» b L GrossWeight L Volume —> A; b
dfil X S Height, H L"APApeJ(
averaged film >
areal density \ b Gore length, S
H Surface area, Area
Area Apex tension, T
TApex Diameter, ‘?7 Ngores
max gore width

Figure 13.25 Zero-pressure balloon design process—first pass.

The maximum load tape tension is usually at the apex, not the base:

Thar =1.556 - 0.66 X —1.59 £2

Total Tension at the apex = Thar 13 (N)
Tension per load tape at the apex = Total Tension /Ngores

Sample Problem 13.1

Figure 13.25 diagrams the zero-pressure solution sequence.

With the basic size established, one can now work it directly with the
apex tension, surface area, and gore length to give better structural mass
estimates. If the balloon mass is on target, then fine; if not then the param-
eter w needs to be adjusted until convergence.

Let’s say our suspended mass is 2500 kg (5512 Ib), our design float alti-
tude is 37.2 km (122,042 ft), and our averaged combined areal density w =
0.3705 N/m?2 (0.00774 1b/ft?). At that altitude the specific buoyancy b =
0.04916 N/m3 (0.000313 1b/ft3). The suspended load L is therefore 24,518 N
(5512 Ib). Iterating the Lbar equation gives us a load ratio of Lbar = 0.6027;
that is 60.27% of the gross weight will be suspended weight. Next the gross
weight = L/Lbar = 40,679 N (9145 Ib), and volume = gross weight/b =
827,454 m3 (29,220,000 ft3). The characteristic length LambdaF = VoI'/3 =
93.9 m. Moving into the non-dimensional parameters, SigmaF = 0.1481
which allows the calculations of the nondimensional gore length = 1.943,
diameter = 1.337, height = 1.176, surface area = 4.915, and meridional
tension = 1.423. Combining with the characteristic length LambdaF, the
actual sizes are thus: gore length = 182.427m (598.54 ft), diameter =
125.498m (411.76 ft), height = 110.429m (363.32 ft), surface area =
43323.8m? (466,166 ft2), total apex tension = 57901 N (13017 Ib). If for
manufacturing the maximum gore width is limited to 2.478 m (97.5 in.),
then the number of gores is 159. The apex differential pressure is 5.429 Pa.
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MEEXXEY How Much Ballast?

To answer this question we must first discover the film and gas tempera-
tures at solar noon for the hottest daytime temperature and the coldest gas
temperature at night. First approximate the solar declination angle for the date
(by day number, Daynumber), then the solar elevation angle at local noon:

284 + Daynymber }

Declination = 23.452 sin [27:
365

Elevationy,pon = Declination + 90 - Latitude

These are in degrees with north latitudes (+), and south latitudes ().

In Sec. 13.5.1 use the equation to determine the solar flux, gg,,. Select
from your environment sources what the maximum daytime upwelling IR
will be, and the albedo coefficient. Use the table in Sec. 13.6 to select the bulk
optical properties for your balloon. Use the equation for a translucent sphere
and determine the bulk film temperature at noon (assume = gas tempera-
ture). Make the g, = 0 for nighttime and determine the night gas tempera-
ture. Select a nighttime parking altitude acceptable to the mission and flight
safety; maybe 15,000 ft (4.6 km) lower than daytime altitudes. From your
atmosphere model determine the air temperatures for both day altitude and
night altitude. With these temperatures one can calculate the super tempera-
tures at noon at the daytime altitude and super temperature at the nighttime
parking altitude.

ATday = tZﬁlmd@, - Tairday
ATnight = 7}il””m‘ght - Tairniglzl
Then, the nominal gas mass with zero super temperature is:

_ M gross

Mgasnaminal - R
gas

Rair

-1

For launch multiply by the free lift ratio, usually 1.1, to get the launch
gas mass required.

Reconfiguring the free lift ratio equation (Sec. 13.4.3) for a zero-pres-
sure balloon at equilibrium to get the daytime gas mass (remember the
super temperature vents out some of the gas):

M gross

M =

8A4Sday
ATgqy \R
14 27day |\ Rgas

Tﬂirday Rair
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The gross mass capacity at night using the daytime gas mass:

ATy ht R
Mgi'()SSmgh[ = Mganay i:[ 1+ = ] Rgas - I:I
atr

al’r;zig}zt

Finally, the ballast that needs to drop to maintain the selected parking
altitude:

Mpallast =M gross Mgr 0SS yight

Ifthe ballast ratio (Mpaiiast | Msuspend ) is less than the originally assumed
amount, then the parking altitude and other design parameters are viable.
Generally one will find that ~10% of the gross weight needs to be dropped
every night, and over a cold storm the upwelling IR can be mostly blocked
as to rapidly bring down the balloon where there is just not enough ballast
aboard. If one can accept a lower parking altitude at night, then the ballast
requirement will go down, 5%—7% of the gross weight being a good target.

MEEXX) suspended Mass Capability

With your new design (or old one) a graph of the maximum suspended
mass capacity of any balloon can be made if you have the balloon envelope
material mass (everything above the hook point on the base plate), call it
Mbpailoon. With your atmosphere model one can make air and lift gas density
a function of altitude Alr.

Msuspended (Alt)=Volume [Pair (Alt)— P gas (Alt)] = Mpaiioon

Or, with the definition of specific buoyancy b:
Msuspended (Alt)=Volume [b(Alt)/ g] — Mpalloon

Acknowledgments

I would like to thank Henry Cathey, Gabriel Garde, and Tracy Bohaboj of
PSL, Danny Ball of CSBF, Mike Smith of Aerostar, Jim Rand of Winzen, David
Wakefield of Tensys, Sergio Pellegrino of Cal Tech, and last but not least
Debora Fairbrother of NASA for their years of guidance and inspiration.

About the Author

Rodger E. Farley has worked as an aerospace engineer for 31 years, mostly
at the Mechanical Systems Branch at NASA/GSFC and currently serves as
a mechanical systems engineer. His experiences encompass aircraft, rotor-
craft, spacecraft, and most recently balloon craft. He is the chief designer

423



424

Fundamenials of Aircraft and Airship Design: Volume 2

for

the NASA super pressure balloon development, working with a tal-

ented team to bring this large vehicle to a working status.

Education:

M.S. Aerospace Engineering, University of Maryland, 1986
B.S. Aerospace Engineering, University of Maryland, 1980

Current Position:

Mechanical Systems Engineer, Code 543

NASA/Goddard Space Flight Center, Greenbelt, Maryland

References

Smalley, J.H., Determination of the Shape of a Free Balloon—Summary, Litton
Systems Inc., BT-1530, 1965.

Rand, J.L., A Constitutive Model of StratoFilm 420, Winzen International, Inc,
Report for NASA’s Balloon Program Office, 2007.

Cathey, H. M. and Lindsey, B., Top of Atmosphere Upwelling IR, Physical Science
Laboratory, memo, 2010.

Kreith, F. and Kreider, ].E, Principles of Solar Engineering, McGraw-Hill Book Co.,
1978: p. 43.

Farley, R. E., BalloonAscent: 3D Simulation Tool for the Ascent and Float of High
Altitude Balloons, AIAA-2005-7412, 2005.

Bohaboj, T.A., Radiative Properties of Balloon Materials—Third Set of Materials,
Physical Science Laboratory, memo, 2005.

Farley, R.E., BalloonAscent: Balloon Flight Simulation Tool Theoretical Manual,
NASA/GSEC internal document, 2004—2011.



INTRODUCTION TO THE
CASE STUDIES

The second half of this book will address case studies of air vehicles that
have influenced the art and science of design. A case study is supposed to
capture the significant decisions and issues in the development of a product,
in this case an air vehicle. The value of a case study to a student of design is
to experience the mental and physical activity associated with resolving a
requirements conflict, a design problem, a marketing question, or a man-
agement issue. The reader should “walk the walk” with the program
manager or chief engineer from concept definition to delivery of the
product. The case study should highlight the lessons learned during the
conduct of the program. The reader should takeaway the successes and
mistakes of the past. Often it is the mistakes of the past that are of the most
value to the designer because “he who forgets the mistakes of the past is
destined to repeat them.

The case studies were selected deliberately to embrace a broad cross
section of air vehicles—military to commercial to private sector, incom-
pressible to hypersonic, and hydrocarbon-powered to man-powered to no
power. The following summaries introduce the nine case studies and high-
light the notions that should be taken away by the readers. The authors
were carefully chosen for their first-hand experience or intimate know-
ledge of each subject.

Case Study 1: Lockheed Blackbirds (A-12,YF-12, M-21, and
SR-71) by John R. Whittenbury

The family of aircraft nicknamed the Blackbirds (A-12, YF-12A, M-21,
and SR-71) produced by Lockheed’s Advanced Development Projects
(ADP) “Skunk Works” under the leadership of Clarence L. “Kelly” Johnson
remain among the greatest aeronautical achievements of the 20th century.
They not only achieved operational performance capabilities that would be
unequalled even at the beginning of the 21st century, but pioneered a mul-
titude of unproven technologies that had to be matured in parallel with
design and manufacturing development. This concurrent approach, which
would be viewed as extremely risky in today’s environment, was made pos-
sible by a unique combination of circumstances. These included an urgent
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national need during the height of the Cold War; visionary leaders in both
government and industry that were willing to take measured risks and
accept failures while making progress; secrecy that minimized the number
of people involved and associated bureaucracy; and the Skunk Works
operating rules crafted and enforced by Kelly Johnson.

Not having the desktop computing tools of today during the Blackbird
design phase of the late 1950s/early 1960s, engineers used simplifying
assumptions and judgment to solve complex design and analysis problems,
combined with testing for confirmation. In the case of the A-12 developed
for the CIA, the result was an aircraft that remarkably achieved Mach 3
flight less than four years after project go-ahead, and completed an opera-
tional overseas deployment and 29 combat missions less than 10 years after
go-ahead. The follow-on SR-71 for the U.S. Air Force began flying opera-
tional overseas combat missions less than four years after first flight and
remained viable throughout its entire operational lifespan. The hallmark of
a great design is one that can evolve without major redesign, and the Black-
bird family demonstrated this repeatedly as new missions, sensors, avion-
ics, and capabilities were added until final retirement in 1999.

Case Study 2: X-35 Concept Demonstration Aircraft
by James Eshleman

The key takeaway for this case study is that you need a good idea and
then good people to execute the idea to win a competition. The Shaft
Driven Lift Fan (SDLF) gave the Lockheed Martin team a tremendous
advantage in designing an aircraft for the U.S. Marine Corps. The SDLF not
only gave an augmentation to the vertical thrust but also a “cool” forward
jet (minimizing the thrust sag due to hot gas ingestion) and a long inlet.
The long inlet gave Line of Sight (LOS) blockage of the compressor face
with a modest turning of the flow in the diffuser. The SDLF was the good
idea but it took good people with strong wills and the commitment to work
together to get the idea to work.

The Boeing X-32 team undoubtedly had good people also but their
selection of the direct lift/vectored thrust (DL/VT) concept, although
lower risk than the SDLEF, had a much reduced design space for the Marine
Corps mission. The Boeing effort was likely doomed from the start, thus
illustrating how important the early decisions are in a major development
program.

Case Study 3: Boeing 777 by Leland Nicolai

The Boeing 777 “Triple 7” was designed to fit between the B-767 and
B-747. It was a much different program than the other aircraft in the Boeing
7XX stable. For the first time the users (All Nippon Airways, American
Airlines, British Airways, Cathay Pacific, Delta Airlines, Japan Airlines
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Qantas and United airlines) wrote the requirements and had a major role in
the development of the airliner. This was a different operating environment
for Boeing and required a change in culture and management style. These
eight airlines were called the “gang of eight” and the management style for
the Triple 7 development was called “Working Together” The decision to
spend five billion dollars and five years developing the 777 represented a
substantial commitment and risk for the company. But the gamble paid off
as the Triple 7 has become the most profitable commercial jet produced by
the Boeing Commercial Airplane Company.

Case Study 4: HondaJet by Michimasa Fujino

The entrance of the global giant Honda Motor Company into the busi-
ness jet community is a story in progress. The entrance of the Honda
Company into a very crowded and competitive market was not a surprise
based upon Mr. Honda’s commitment to expanding human mobility. The
story started almost three decades ago with the author’s passion for air-
planes. This case study is a personal account of the love affair between the
author and the HondaJet. The major takeaway for this case study is the
importance of designer passion in the pursuit of design excellence.

Case Study 5: Hybrid Aircraft Technology and the
Development Journey by Robert R. Boyd

The Hybrid Aircraft offers game-changing air cargo capability by com-
bining low-risk technologies in a revolutionary new class of air vehicle.
Lockheed Martin quietly developed and tested the technology over two
decades, culminating in a successful P-791 demonstration in early 2006. Six
years later there are still no operating Hybrid Aircraft despite substantial
technical validation and extensive business planning. Why? This case study
explores the complex and nonlinear world of revolutionary technology
development through the eyes of the Hybrid Aircraft leadership, offering
the aspiring engineer unique perspective, tips, and hazards to watch out for
on the long and difficult journey from idea conception to operational
acceptance.

Case Study 6: Daedalus by Harold Youngren

On April 23, 1988 the Daedalus Project, a three-year program in educa-
tion and research at MIT, culminated with a successful 74-mile flight by the
human-powered aircraft Daedalus 88 setting two world records that remain
unbroken to this day. This case study revisits the design and development
and the flights of the three Daedalus aircraft and outlines some of the most
significant results obtained in the areas of physiology, meteorology, aero-
dynamics, structure, performance, stability, and control. The study docu-
ments the design characteristics and the performance of the Daedalus
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airframe as well as the human and financial resources devoted to the
project.

Case Study 7: Skyhawk: A Cessna Legend
by Conrad F. Newberry

The Cessna C-172 Skyhawk aircraft was designed in 1955 for a single
mission, basic cross-country flight, a continuation of the C-170 “Family
Car of the Air” concept. The design was revisionist in character. Cessna
wanted an inexpensive (first cost and operational), safe, reliable, easily
maintained aircraft to compete with similar products of other general avia-
tion manufacturers. The Skyhawk was the result of excellent engineering,
production, and marketing collaboration. Some features, such as the wing
and fuselage design, were the result of Cessna’s long-time corporate experi-
ence. Other features, such as the tricycle landing gear, were the result of
product improvement and competitive product pressure. Cessna under-
stood customer demands and desires and was determined to meet those
demands and desires.

The result was an inexpensive, robust, and dependable aircraft as demon-
strated by the C-172 endurance records of Heth/Burkhart set September,
1958 and the current record set by Timm/Cook in February, 1959. Proof of
concept is that some 43,000 Skyhawks (more than any other aircraft model
ever produced by any company) have been produced over the past 60+ years
and the aircraft is still in production. Aircraft companies make their money
by building airplanes, not by conducting research. Cessna obviously got some-
thing very, very right!

Case Study 8: T-46A and Fairchild Republic Company
by Leland Nicolai

This case study is about how an excellent aircraft design can be destroyed
by the people committed to its creation. The reader should takeaway an
understanding of the importance of ethical behavior in the execution of an
aircraft development program. A disregard for the fundamental tenets of
good program management (such as Kelly’s 14 Rules) can terminate an air-
craft program and destroy a legendary airplane company. This regrettable
end is documented here.

Case Study 9: Foot-Launched Glider Design
and Performance by Paul Dees

Who among us has not wanted to fly like a bird with the ability to take
off and land easily on our feet? Not only is this possible but it is now quite
common through flying foot-launched gliders. They are one of the most
prolific types of aircraft, though not commonly discussed or understood in
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engineering circles. This may be due to a bad reputation from many fatal
accidents during the surge of popularity of hang gliding during the early
1970s. The popularity was due to the emergence of the Rogallo wing and
the ingenuity of an Australian named John Dickenson. Unfortunately, in
the early days many pilots died due to unsafe characteristics at low angle of
attack or due to lack of safe training standards.

Thankfully, since then safety by many measures has improved to match
that of private aircraft. Foot-launched gliders exist in three primary forms:
flex-wing hang gliders, rigid-wing hang gliders, and paragliders. The struc-
tural and aerodynamic designs of flex-wings and paragliders differ signifi-
cantly from traditional aircraft by having designed flexibility purposely in
their wings to enable good handling qualities. All three forms are most
commonly seen as tailless designs, although tails in rigid wings are now
more common. All are lightweight and can be easily transported via auto-
mobile or sport utility vehicle (SUV). They make up a numerous and
fascinating part of the aircraft design spectrum.
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Introduction

he family of triple-sonic aircraft developed by Lockheed’s Advanced
I Development Projects (ADP) “Skunk Works” organization under
the leadership of Clarence L. “Kelly” Johnson included several mis-
sion-specific variants. The A-12 developed for the Central Intelligence
Agency (CIA) to perform overflight reconnaissance established the basic
vehicle configuration and blazed the trail of technology innovation that
enabled successive variants. These included the YF-12A, a prototype air
defense interceptor developed for the United States Air Force (USAF) that
demonstrated successful interception of airborne targets from long range
at high speed and altitude; the M-21, a variant of the A-12 used as a launch
platform for the D-21 unmanned reconnaissance vehicle; and the SR-71,
developed for the USAF to perform wide area, multi-sensor synoptic
reconnaissance. Though never officially named beyond their respective
program codenames, the popular term “Blackbirds” will be used when
describing common technologies and features.

This case study provides only an overview of the engineering challenges
and operational accomplishments of these aircraft, and the reader is
encouraged to review the references cited for greater details of their respec-
tive histories and the people that created and operated them.

B> 1 #J The Need for a U-2 Successor

The motivation for the initial member of the Blackbird family, the A-12,
can be traced to the initial operational use of its subsonic predecessor, the
U-2. Also developed by Lockheed ADP during the height of the Cold War
under an aggressive schedule that achieved first flight only nine months
after go-ahead, the U-2 was designed to perform overflight reconnaissance
of denied territory in peacetime, operated by the CIA. (Today’s U-2S
version, an upgrade of the U-2R built in the late 1960s and U-2R/TR-1 built
in the 1980s but with state of the art avionics and sensors, continues to
perform global intelligence, surveillance, and reconnaissance missions
operated by the USAF.) It was believed that the aircraft’s high altitude oper-
ations above 70,000 ft would deny detection by early warning radars and
engagement by airborne interceptors; even so, operational life expectancy
was estimated to be 18—-24 months before defenses were expected to catch
up. Unexpectedly, the initial series of overflights of then-East Germany,
Poland, and Russia in June-July of 1956 were detected and tracked, leading
President Dwight D. Eisenhower to strongly consider a suspension of
further overflights until the radar detection problem could be addressed.
A program codenamed RAINBOW was immediately initiated to reduce
the radar detectability of the U-2 [1]. Several techniques developed by the
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Massachusetts Institute of Technology (MIT) Lincoln Laboratory and
Lockheed ADP were tested but all were parasitic in nature, adding weight
and drag through radar-absorbent coatings and external dipole antenna
arrays [2]. These treatments were employed on nine operational missions
through May 1958, but proved ineffective [3]. An important lesson learned
was that design features for reduced radar detectability must be incorpo-
rated in the vehicle configuration from inception.

Accordingly, the CIA under the leadership of U-2 program manager
Richard M. Bissell, Jr. began studying new design alternatives for a succes-
sor to the U-2. One such alternative, ironically already under study by
Lockheed, was a supersonic, high altitude, liquid hydrogen (LH>) fuelled
reconnaissance aircraft initiated by the USAF in late 1955 under Project
SUNTAN. Compared with conventional jet petroleum (JP) fuel, LH, with
its high energy content per unit mass promised a dramatic reduction in
thrust specific fuel consumption. But the fuel’s low density and cryogenic
temperatures (with a boiling point of —423°F) required large insulated
fuel tanks that could only be accommodated in the fuselage and not the
thin wings. Lockheed’s model CL-400-10 SUNTAN design of 1956 (see
Fig. CS1.1) resembled a scaled-up F-104 with a crew of two, LH> fuel tanks
in the fuselage together with bicycle landing gear, T-tail with folding ventral
fin (patented by Kelly Johnson himself), and Pratt & Whitney Model 304-2
engines mounted in pods on the tips of the trapezoidal wing. Each engine
heated and expanded LH> through a turbine that drove a ducted fan via a
reduction gearbox; additional thrust was provided by an afterburner [4].

Takeoff Gross Weight 69,955 Ib
Zero Fuel Weight 48,5151b

Fuel Load 21,4401b
Payload 15001b
Crew Two
Wing Area 2,400 ft’
Aspect Ratio 2.5

304-2 Engines Two

Figure CS1.1 General arrangement of the Lockheed CL-400-10.
(Lockheed Martin)
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Despite a projected cruise Mach number of 2.5 at an altitude of 100,000 ft,
the low supersonic lift-to-drag ratio of the configuration, low fuel mass
fraction, and less than anticipated propulsion performance resulted in a
less than desired mission radius of 1440 nautical miles. Global cryogenic
fuel storage facilities and aerial refueling were required, both of which were
considered impractical for LHy. Given these concerns, Kelly Johnson rec-
ommended cancelling the project in March 1957, even after having ordered
long-lead material in anticipation of a production contract and demon-
strating that LH» could be safely produced and stored in large quantities [5].
Though follow-on studies also involving Boeing, Convair, and North
American Aviation were conducted into 1958, similar conclusions were
drawn and the quest for an LHy fuelled reconnaissance aircraft was aban-
doned. It was clear to Bissell that a clean-sheet approach was needed.

B e 1 B The Competition for a U-2 Successor:
Project GUSTO

The first step in defining a U-2 successor was to establish requirements.
A reconnaissance payload of at least 500 b and a mission radius capability
of 2000 nautical miles were desired, with availability to perform operational
missions 18—-24 months from go-ahead [6]. What was less clear was the
tradeoff between speed, altitude, and radar cross-section (RCS) on detec-
tion and survivability (see Volume 1, Chapter 12 for a description of RCS).
On the recommendation of Edwin Land, founder of the Polaroid Corpora-
tion who chaired one of President Eisenhower’s technological capabilities
panels (later nicknamed the “Land Panel”) and who would play a major role
in subsequent airborne and spaceborne reconnaissance programs, Bissell
commissioned the Scientific Engineering Institute (SEI), which had also
supported Project RAINBOW, to perform an operations analysis study [7].
One approach was to fly subsonically at high altitude with reduced RCS.
The other approach, discovered by Dr. Franklin Rodgers of SEI and later
nicknamed the “Rodgers Effect,” was to fly supersonically at higher altitudes
with moderately reduced RCS [8]. He determined that an aircraft possess-
ing a certain RCS and flying at Mach 3 above
90,000 ft would be very difficult to detect and  Radar cross section (RCS) is
track by a radar operator observing a pulse- a measure of radar
position indicator due to the faint number of  reflectivity, equal to the cross
o sectional area of a perfectly
radar “blips” per scan [9]. conducting sphere having the
With initial requirements in hand and two dif- same reflectivity as the target
ferent approaches to the radar detection problem, object. The RCS is expressed
the CIA-initiated Project GUSTO in the spring of ti" S.‘})m;re n;et.ers orm
ecibels relative to a square
1958 to develop design concepts. One unusual meter (dBsm).
military concept was a ramjet-powered aircraft
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carried to altitude by a balloon, but it was shown

. . . . . Kelly Johnson performed an
impractical and not seriously considered. Despite independent study of the
Lockheed’s proven capability as demonstrated by ramjet-powered aircraft
the U-2, Bissell needed competition and invited the concept, carried to launch
Copvair Divisif)r? of the General Dynarr}ics Corpo- iﬁ;ﬁﬁi:&liﬂiﬁg‘b};ﬁoon
ration to participate as well, led by its head of would have to be a mile in
advanced development, Robert Widmer [10]. diameter, quipping “ . . and
Convair previously studied for the USAF a Mach 4 that’salot of hot air”
reconnaissance aircraft dubbed Super Hustler to

be launched from a B-58 Hustler at supersonic

speed, and had also performed pioneering studies in threat assessment, opera-
tions analysis, and RCS reduction that agreed well with Rodgers’ findings.
Again using the B-58 as a launch platform, Convair developed a new parasitic
aircraft dubbed First Invisible Super Hustler (FISH) that integrated special
shaping and treatments for RCS reduction, Marquardt ramjet engines fed by a
ventral inlet for cruise at Mach 4 above 90,000 ft, and turbojet propulsion (ini-
tially one Pratt & Whitney JT12 and ultimately two pop-out General Electric
J85s) for recovery and landing. Convair’s studies had shown that disc-shaped
planforms provided a reduced radar return across all azimuth angles [11], and
so the FISH wing leading and trailing edges were formed from circular arc seg-
ments incorporating radar absorbent structures.

Meanwhile, Lockheed studied both subsonic and supersonic designs.
The initial GUSTO Model 1 attempted to apply reduced RCS shaping and
treatments to a conventional tailed configuration, whereas GUSTO 2 fea-
tured a tailless flying wing configuration with two J57 turbojets buried in the
saucer-shaped fuselage; both designs employed extensive use of plastic
structures with radar absorbing materials [12]. Neither was promising, and
Kelly Johnson began a series of supersonic designs dubbed Archangel, so-
named because they would fly higher and faster than the Angel, the nick-
name for the U-2. The initial Archangel 1 was conceived to be the simplest,
lowest risk approach to achieving the design objectives, but it did not address
RCS reduction. It relied on a new powerplant, the Pratt & Whitney J58, and
titanium alloy materials (technologies described in Sec. CS1.5) to meet the
high temperature Mach 3 environment. However, Archangel 1 did not meet
the altitude-over-target objective of 100,000 ft. After initially adding wing
tip ramjets burning ethyldecaborane (a toxic fuel dubbed High Energy
Fuel-3 or HEF-3 that promised 35% higher energy content than JP-150 jet
petroleum), wing area was enlarged and the J58 engines moved outboard for
wing bending relief to create the Archangel 2. This design increased cruise
Mach number to 3.2 in order to achieve 100,000 ft, but still did not address
RCS reduction, and was deemed too large by the Land Panel [13].

Kelly Johnson decided to try a different approach: downsize the aircraft
and use a combination of smaller turbojets and ramjets. The resulting A-3
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(Archangel now being abbreviated) employed two Pratt & Whitney JT12
turbojets for takeoff, acceleration, and landing, and two 40-in. diameter
Marquardt ramjets burning HEF-3 for cruise. But at only 25% of the takeoff
gross weight of Archangel 2 and with half the payload, the A-3 required
extremely lightweight structure, and despite the smaller size did not reduce
the RCS appreciably. To address this shortfall, the A-4 through A-6 design
studies attempted to combine small size with RCS reduction shaping fea-
tures including a blended wing/fuselage and vertical tail surfaces above the
wing. These designs used combinations of turbojet, ramjet, and in the case
of the A-5, rocket propulsion (for takeoff assistance) but fell well short of
the mission radius objective. Johnson concluded that maximum perfor-
mance and minimum RCS were mutually exclusive, and pursued a series of
more conventional designs focused on maximum performance consistent
with an 18—-24 month development schedule and with no concessions to
RCS reduction. These designs, A-7 through A-9, employed a single J58 tur-
bojet and two wing tip mounted ramjets, but still did not meet the mission
radius and altitude objectives [14].

In order to meet the performance objectives, a new design direction
was required. The A-1 through A-9 all suffered from low cruise lift to drag
ratio (L/D) and poor mission fuel fraction, both of which hampered mission
radius. The L/D and fuel fraction were improved by combining a long,
slender fuselage for fineness ratio (to reduce supersonic wave drag) and
large fuel volume with a delta wing planform that provided high supersonic
L/D and excellent low speed characteristics. Together with a single vertical
tail and twin turbojet engines mounted underneath the wing, the new con-
figuration met the radius objective with acceptable altitude performance in
a lightweight, elegant design. The initial configuration of this type, the
A-10, used General Electric J93-3 turbojets then already under develop-
ment for the North American Aviation B-70 Valkyrie Mach 3 bomber; con-
cerns with J58 development schedules prompted consideration of the J93
as an alternative. The next configuration, formally proposed in March
1959, was the J58-powered A-11 (together with a J93-3 powered derivative,
the A-11A) which added aerial refueling capability and the option for a
mixed fuel load of JP-150 and HEF-3. Kelly

Johnson remarked that the design had come full »
The competition nearly

circle, in that the A-11 was similar in overall size ended in November 1958
and weight to the original Archangel 1 [15]. when the Land Panel
Table CS1.1 shows the evolution of the Archan- recommended selection of

1 desi . the FISH instead of the A-3.
gel design series. ) But despite giving Convair a
When Lockheed’s A-11 and Convair’s FISH development contract in

were proposed in June 1959, the CIA and Land December 1958, the

Panel were dissatisfied. The A-11 offered no Government prudently
) . continued the competition as
RCS reduction, whereas the final, enlarged FISH a risk reduction measure.

configuration (Fig. CS1.2) relied upon building a
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|

|
| Dimensions

~Length=116.67 ft
- Span=49.6ft
Height = 23.58 ft

Length=129.17 it
Span = 76.68 ft
Height = 27.92 ft

~ Length = 62.3 ft
- Span=3381ft
Height =14.6 ft

Length = 58.33 ft
Span=35.0ft
Height =17 .21 fi

Length=46.0ft
Span =325t
Height = 16.92 ft

tength = 64.0 ft
Span=47.2 ft
Height = 22 .85 11

Length =93.75 ft
Span =475ft
Height = 22.85 ft

Length =109.5f1
Span =460 ft
Height = 1925 ft

Length = 116.67 ft
Span = 56.67 ft
Height=21.03 ft

| Weights

Zero fuel = 41,000 tb
Fuel = 61,000 Ib
Takeoff GW = 102,000 b

Zero fuel = 54,000 ib
Fuel = 81,000 Ib
Takeoff GW = 135,000 Ih

Zero fuel = 12,000 Ib
Fuel = 22,600 b
Takeoff GW = 34,600 Ib

Zero fuel = 24,600 Ib
Fuel = 33,300 Ib
Takeoff GW = 57,900 Ib

Zero fuel = 18,500 Ib
Fuel = 31,820 Ib
Takeoff GW = 50,320 Ib

Zero fuel = 29,200 b
Fuel = 33,750 Ib
Takeoff GW = 62,950 Ib

Zero fuel = 27,200 Ib
Fuel = 43,700 Ib
Takeoff GW = 70,900 Ib

Zero fuel = 33,300 Ib
Fuel=52,700 Ib
Takeoff GW = 86,000 Ib

Zero fuel = 36,800 Ib
Fuel = 55,330 Ib
Takeoff GW = 92,130 Ib

Lockheed Blackbirds (A-12,YF-12, M-21, and SR-71)

Archangel Design Evolution

| Cruise

| performance

Mach no.= 3.0
Altitude = 83-93 kft
Radius = 2000 nm

Machno.= 3.2
Altitude = 94-105 kit
Radius = 2000 nm

Mach no.= 3.2
Altitude = 95 kft
Radius = 2000 nm

Mach no. = 3.2
Altitude = 92 kft
Radius = 1370 nm

Machno.=3.2
Altitude = 90 kft
Radius = 1557 nm

Mach no. = 3.2
Altitude = 90 kit
Radius = 1287 nm

Mach no.= 3.2
Alfitude = 91.5 kft
Radius = 1637 nm

Mach no. = 3.2
Altitude = 90.5 kft
Radius = 2000 nm

Mach no.= 3.2
Altitude = 93.5 kft
Radius = 2000 nm
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new, lengthened version of the B-58 for launch due to increased weight
and drag in the mated configuration. Accordingly, Lockheed was directed
to redesign the A-11 to incorporate RCS reduction features at the expense
of cruise altitude, and Convair was directed to redesign FISH for self-
sufficient operations using only turbojet propulsion (no ramjets) and
obviate the need for a new “B-58B” launch platform.

Convair’s redesign, dubbed KINGFISH and developed in approximately
two months, began as a scaled-up FISH but rapidly evolved into a new
configuration. Twin J58 engines were fed by two-dimensional, upper
surface mounted mixed compression inlets and exhausted through two-
dimensional single expansion ramp nozzles (SERNs) (Fig. CS1.3). Like
FISH, KINGFISH employed brazed stainless steel honeycomb sandwich
structure to withstand Mach 3+ cruise temperatures, pyroceram materials
in the edges together with inlet treatments to reduce RCS, and a crew
capsule escape system (similar to the B-58).

Convair quickly modified their full-scale FISH RCS “pole models” are
RCS pole model, used to measure radar signa- sub-scale or full-scale test

tures, into a 7/10 scale facsimile of KINGFISH  articles exposed to radar
energy in order to measure

and collected data to substantiate their pro- their RCS. They are 5o
posal [17]. named because they are
Lockheed’s redesign of the A-11 saw the mounted on poles or pylons

. . : . to isolate them f d
transformation of the aircraft into a configura- © Isotate them from radar
energy reflected from the

tion that would still appear ahead of its time fifty ground surface.
years later (see Fig. CS1.4). The basic layout was

Cruise Mach No. 4.0

Cruise Altitude 90,000 ft

Range 3,900 nm

Span 37.0ft C&
Length 48.5 ft

Height 9.8ft

=

Figure CS1.2 Final Convair FISH configuration as proposed in June 1959.[16]
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GENERAL ARRANGEMENT
GROSS WEIGHT. . .. 103200 LBS.
DRY WEIGHT. __ _ _. 40,450 (B5.
FUEL WEIGHT. _ .. 62,750 (BS.
WING AREA. . __ __ /8/5 SQFT.

ASPECT RATIO _ _ . . _ . /.98

o - 00

R S

Figure CS1.3 Convair KINGFISH general arrangement.
(Eric Hehs/Lockheed Martin)

A-11 A-12

High wing configuration Mid-wing configuration
No chine Chine

Single vertical tail Twin vertical tails
Under-wing engine nacelles Blended engine nacelles
Two-dimensional ramp inlets Axi-symmetric inlets

No anti-radar treatments Anti-radar treatments
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Table CS1.2 Comparison of Lockheed A-12 & KINGFISH Characteristics [20]

Characteristic Lockheed A-12 | Convair KINGFISH
Speed | Mach 3.2 | Mach 3.2

Total range 4120 nm ¢ 4000 nm
* Range at altitude z 3800 nm 3400 nm

Cruise alfitude ‘ ;

Start 84,500 fi 85,000 fi

Mid-range 91,000 ft - 88,000 ft

End - 97,600 ft . 94,000 ft

Cost (12 aircroftwoengines) | §96.5miion | $121.6 milion

developed by aerodynamics lead Richard Fuller and configurator Ed
Baldwin, working with electromagnetics lead L. D. McDonald and Edward
Lovick, Jr. who offered suggestions on shaping and treatments [18].
Reduced side profile, shallow side slopes, and smooth curvilinear planform
elements were key attributes of the new configuration. The wing was repo-
sitioned from the upper to mid-fuselage, and the engines moved from
under-wing pods into blended mid-wing nacelles with axisymmetric, free-
stream inlets replacing the A-11’s two-dimensional ramp inlets. The single,
large vertical tail was replaced with two smaller surfaces, each mounted
atop the engine nacelle and canted inboard 15 deg to scatter incident radar
energy up and away from its source. To further reduce fuselage sidewall
slopes and control scattering of radar energy, chines of ogival planform
were added and blended into the wing leading edge along with fillets and
fairings along the fuselage and nacelles, and radar absorbing materials and
structures were incorporated into the perimeter edges and control sur-
faces [19]. Lockheed submitted their new design, the A-12, in August 1959,
together with Convair and their KINGFISH (see Table CS1.2 for a com-
parison of the competing designs).

The two designs were evaluated in the categories of Analysis and Design
(the ability to meet the performance and RCS requirements), Models and
Components (pole model and component-level
test data to validate the RCS signature), Materi- e A-12 performance
als Research (the maturity of high-temperature requirements were ambitious
materials), and Subsystems (fuel, hydraulic, envi- ~ for early 1960. The design

cruise Mach number was
ronmental control, etc.) [21]. Although some 60% greater than the dash
members of the joint DOD/CIA/USAF selection Mach number of the F-104
panel favored KINGFISH because of its lower Starfighter, and the cruise
RCS, the A-12 was lower cost and deemed to altitude was 70% higher t}.'an

that of the B-58 supersonic
be lower risk, and Richard Bissell notified Kelly bomber.
Johnson on August 28, 1959 that Lockheed had
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won the competition. Project GUSTO was terminated and Project
OXCART was begun—an ironic codename for what would become the
world’s fastest aircraft. However, Lockheed first had to prove that the
A-12 “anti radar” approach was viable before the CIA would commit to a
full go-ahead (Convair continued certain KINGFISH risk reduction
activities during the same period as a backup should the A-12 fail). After
quickly building a full scale pole model and elevation post and collecting
RCS data during the fall of 1959, Lockheed provided evidence that the A-12
was worthy of further development. But the additional weight of the RCS
reduction treatments resulted in a significant decrease in cruise altitude to
maintain range, and this greatly alarmed Richard Bissell, who had promised
President Eisenhower higher penetration altitudes into denied airspace.
Kelly Johnson quickly reduced the zero fuel weight by 1000 lb, added
2000 1b of fuel, reduced holding fuel to 2700 b, and reduced the recon-
naissance payload to 600 lb. The weight reductions and additional fuel
allowed the A-12 to achieve an altitude over the target of 91,000 ft,
which satisfied Bissell but worried Johnson because no more performance
margin remained. With the RCS and performance objectives met,
Lockheed was awarded a full go-ahead for 12 aircraft on January 30, 1960.
But in order to meet the scheduled first flight date of May 1961,
Johnson and his Skunk Works would have to move out rapidly into unchar-
tered territory.

eI Skunk Works Approach and Tools

The OXCART program began with the understanding that Lockheed
ADP would conduct the effort in the same manner as the U-2: quickly,
quietly, and on budget. With the Skunk Works operating rules (summa-
rized in Volume 1) as the foundation, Kelly Johnson formed a relatively
small engineering team to execute the greatest challenge ever faced in air-
craft design; peak engineering headcount on the A-12 was only 150. Secrecy
meant limiting the number of people accessed to the program, and each
engineer was responsible and accountable for their design from “cradle to
grave!” For example, an engineer working on a particular component was
responsible for performing requirements analysis and design trade studies;
interfacing with other design disciplines to ensure integration compatibil-
ity; developing initial layouts followed by production drawings; coordina-
tion with the materiel organization to select and order parts; working
together with shop personnel as the component was produced, often creat-
ing sketches or making “red mark” drawing corrections on the spot; over-
seeing installation and test of the component; and ensuring that it operated
as intended. The present-day term “concurrent engineering” captures very
well what the Skunk Works was practicing 50 years ago.
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In the days before computer-aided design tools were available, engi-
neers relied on descriptive geometry to develop drawings on vellum or
mylar. Per Skunk Works practice, each drawing contained all information
needed to produce the part, and had only four approval signatures in the
title block: engineer, stress, material, and project engineer (the latter often
signed off by Kelly Johnson himself). Although an IBM mainframe com-
puter was available to perform more complex calculations such as those
associated with the method of characteristics for supersonic inlet design,
engineers normally used sliderules and mechanical calculators. Because
tools such as the sliderule required the operator to expect the magnitude of
the answer, engineers had to develop an intuitive understanding of the rea-
sonableness of their calculations.

One of the Skunk Works operating rules was to minimize paperwork,
but record important work thoroughly. For example, the A-12 design spec-
ification was only 41 pages in length (versus present day specifications that
can run in the hundreds of pages), but it captured all necessary data. Mili-
tary standards were used as guidelines, and deviations where necessary
were noted in the design specification. By capturing the intent of the mili-
tary standards, engineering documentation was considerably streamlined
without compromising safety or capability.

The Skunk Works organization (Fig. CS1.5) minimized bureaucracy.
Kelly Johnson served as ADP Vice President and Chief Engineer, but strong

ADP ORGANIZATION

CHAIRNAN OF THE BOARD
©.5. GROSS
MANPONER ASOF  [1-10-42
BIRECT  INDIRECT PRESIDENT LAC
ENGINEERNG_____ 406 ______ 73 D5, HAUGHTON
FUGHT TEST a8
?’éz"%i’mms_"i 4406 _____958 VICE PRESIDENT ADP |- — . —— . CALIE. OIVISION |
CL JOHNSON 1 THRU !
— . ocs | AC koo |
ALADP 5230 - H CALDWEL |
0 FERHO = -
(LG —— A TN THERMO

. RESEAR FLIGHT TEST A2~ MD-21 lCDSTS‘CONTRACYS Ri2~AR2 MANUFACTURI INSPECTION
LD M*DONALD L. BOHANAN RE RL ADAIR R.DANIELL AM VIERECK R. HARRIS
1
| ] ] ] 1 ]
U2 MD-21 SYSTEMS| |STRUCTURE RI2 FIELD OPER-R12
F CAUMN, EMARTIN couBs | |R DE GREY K PITTMAN

L R

Figure CS1.5 Lockheed ADP organization in November 1963. [22]
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lead engineers including Richard Boehme (A-12 project engineer), Henry
Combs (structures), Ben Rich (thermodynamics/propulsion), Richard
Fuller (aerodynamics), David Campbell (propulsion and inlet design), Ed
Martin (systems and payloads), L. D. McDonald (electromagnetics) and
John McMaster (flight controls) played pivotal roles in the day-to-day exe-
cution of the program, and continued to be involved as the A-12 developed
and evolved into other variants. Later the organization expanded to include
AF-12 project engineer Richard DeGrey and R-12 project engineer J. R.
“Russ” Daniell (who both later served as SR-71 program manager) with Art
Bradley leading the MD-21 project (discussed in Sec. CS1.8.2).

A-12 Technology, Design, and Manufacturing
Development

The A-12 schedule called for first flight in May 1961, less than 18 months
from full go-ahead, and to meet this aggressive schedule technology develop-
ment, design, and manufacturing would have to occur in parallel. No air-
breathing aircraft had ever sustained flight at Mach 3, let alone for over an hour.
An entire suite of new technologies, design features, and manufacturing tech-
niques were required to accommodate the wide range in flight conditions
between high speed/high altitude cruise and takeoff, aerial refueling, and land-
ing. At the Mach 3.2 design point, aerodynamic heating due to skin friction
created leading edge stagnation temperatures in excess of 800°F and average
surface temperatures above 550°F as shown in Fig. CS1.6; even higher tem-
peratures, above 1100°F, occurred in the engine nacelle and exhaust areas.
However, the aircraft also had to accommodate the transition to sub-zero ambi-
ent temperatures during subsonic aerial refueling at 25,000-30,000 ft. Accom-
modating these wide-ranging conditions affected every aspect of the design.

MERY A-12 Configuration Design and
Aerodynamics

The A-12 configuration was driven by the need to combine shaping for
’ RCS reduction with a low-drag basic design that minimized trim drag at
cruise. The fuselage chines added during the A-11 to A-12 transformation
were key. Besides RCS reduction, the chines created a lifting surface that,
being forward of the center of gravity, was de-stabilizing in the pitch axis
and helped mitigate the rearward shift of the
aerodynamic center (and accompanying nose- During cruise, aerodynamic
down pitching moment) during transition to heating and thermal
supersonic speed. Together with active center expansion caused the aircraft
. . to grow by about 2.5 in. in
of gravity (CG) control via fore/aft fuel transfer length.
and a stability augmentation system (SAS), low
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Figure CS1.6 Surface temperatures at M = 3.2 (SR-71 shown). [23]

stability margins could be maintained with correspondingly small trim
deflections and associated trim drag. While de-stabilizing longitudinally,
the chines improved lateral/directional handling by streamlining the fuse-
lage and reducing side force and yawing moment due to sideslip. They also
provided a convenient place to route subsystems (and later integrate addi-
tional bays for mission equipment) before smoothly blending into the 2.5%
thick bi-convex airfoil delta wing. As shown in Fig. CS1.7, the overall
trimmed maximum lift-to-drag ratio benefitted from the addition of chines
to the fuselage [24].

The aerodynamic design was developed through numerous wind tunnel
tests conducted in the Lockheed 4 foot by 4 foot and NASA Ames Unitary
Plan facilities. Throughout these tests, the design underwent several refine-
ments. Smaller, all-moving rudders sized for engine-out control (made
challenging by the wide separation of the engines) replaced conventionally-
hinged rudders, and the rudder trailing edges were swept forward to
improve structural stiffness and reduce flexibility effects on control power.
The elevons that provided pitch and roll control were extended in chord
length for improved effectiveness. Following testing that revealed excessive
bending and nacelle carry-through loads in the outboard wing, and after it
was too late to change the angle of incidence without incurring cost and
schedule impact, conical camber was introduced in the outboard leading
edge to reduce the effective angle of attack in the presence of the nacelle
up-wash airflow (Fig. CS1.8). The conical camber improved the span-wise
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Figure CS1.7 Addition of the chine improved trimmed maximum L/D. [25]

e

Figure CS1.8 Outboard wing leading edge conical camber
(SR-71 shown). [NASA]
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lift distribution and also helped reduce the rolling moment due to sideslip
for improved handling qualities. Considerable wind tunnel test hours were
used to refine this design feature, as well as the chine configuration [26].

The RCS design features were refined as well based on results of the full
scale pole model testing conducted during the fall of 1959. The original
sharp wing tips were rounded, and the continuous curvature chine plan-
form was simplified. Figure CS1.9 compares the A-12 as proposed in 1959
versus the final configuration, whereas Fig. CS1.10 provides the A-12 general
arrangement and Fig. CS1.11 points out internal features described in the
following subsections.

It was realized early in the Archangel design process that conventional
aluminum alloys were unsuitable for the high temperatures experienced
during Mach 3+ cruise. Brazed stainless steel honeycomb sandwich construc-
tion used on the Mach 3 XB-70 was considered, but the sophistication of the
brazing procedure and its associated tooling and quality control challenges
were deemed incompatible with the Skunk Works manufacturing approach.
Instead, chief structures engineer Henry Combs proposed a conventional
stiffened structure, but employing an unconventional material: titanium [29].
Titanium maintained strength at elevated temperatures and offered nearly
twice the strength to density ratio of stainless steel, however it had never been
used for the majority of an airframe. Three titanium alloys were used: Ti-5Al-
2.58n, referred to as A-110; Ti-13V-11Cr-3Al, referred to as B-120; and
Ti-6Al-4V, referred to as C-120. Higher temperature areas of the airframe
required more exotic “super alloy” materials, including Hastelloy X for the
airframe-mounted exhaust ejector flaps, and René 41 for the nozzle flap

Proposal Configuration <L : "

Final Configuration <1 L—ﬁ

Figure CS1.9 A-12 proposal configuration vs final configuration.
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Figure CS1.10 A-12 General Arrangement. [27]
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Figure CS1.11  A-12 Internal Arrangement. [28]
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support ring. Stainless steel was also used for concentrated load areas includ-
ing the nacelle fittings and rudder posts, as well as for rivets and bolts for
usage above 550°F. Table CS1.3 lists the materials used and their properties.

The selection of titanium alloys created many manufacturing chal-
lenges. Before new drill bits, profiler cutting heads, cutting fluids, and opti-
mized machining speeds/feeds were developed, the rate of metal removal
was only 5% of that possible when machining aluminum alloys [31]. Heat
treatment processes at the Skunk Works had to be revised to mirror that of
the supplier, Titanium Metals Corporation, to prevent embrittlement of
titanium parts that would otherwise shatter if dropped on the floor. Early
failure of wing panels spot-welded and washed with water in the summer
was traced to the heavy use of chlorine in the Burbank water system during
those months. Cadmium-plated tools could not be used due to their incom-
patibility with titanium. A new process called “hot sizing” was developed
that used a hot press (custom-built by Bliss) and matched tooling to form
sheet metal titanium parts at a temperature of 1450°F. For complex parts,
this process had to be repeated in stages at considerable cost.

Elaborate quality control procedures were instituted. For every batch of
ten parts, three test coupons were produced. The first coupon was evalu-
ated for tensile strength, the second for notch sensitivity (using a “notch
bend” test in which the sample was bent through a small radius around a
quarter-inch cut), and the third for a reheat test if required. Careful records
were maintained that traced every part to its original stock material.

The airframe comprised a forward fuselage and an aft fuselage/wing
assembly joined at fuselage station (FS) 715. This manufacturing joint,

Table CS1.3 The Airfframe Employed Titanium, Steel, and Nickel Alloys [30]

| Design
Material  Structure | temperature
Titanium 13V-11Cr-3Al (B-120) Wing and Fuselage; 500°F
Rivets
5A1-2.55n (A-110) Engine Inlet/Nacelle; 900°F
Wing Panels
6AI-4V (C-120) Wing Beams/Fittings; 500°F
Bolts
Steel A-286 Nacelle Fittings; Up fo 1200°F
Bolts
4340 Nickel Plated Rudder Posts 500°F
Nickel Alloys Rene'41 Special Pins, Up to 1600°F

Exhaust Ejector
Hastelloy X Exhaust Ejector Up to 1600°F
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which facilitated airframe sub-assembly fabrication and transport to the
final assembly/flight test location, provided versatility by allowing the
forward fuselage to be reconfigured for alternate variants without necessi-
tating redesign of the entire airframe. (Although in actuality there would be
many differences forward and aft of FS715 in future Blackbird versions.)
The fuselage used light gage B-120 annealed sheet metal skins riveted or
spot-welded to ring stiffeners formed of B-120 aged sheet. In some areas,
chemical milling was used to reduce skin thickness from 0.020 in. down to
0.016 in. in order to reduce weight. Four discrete longerons of extruded
C-120 aged material carried fuselage bending loads; these longerons were
inherently not fail-safe and made the FS715 joint the most critical struc-
tural area on the aircraft [32]. The fuselage was fabricated in upper and
lower halves that were mated to the continuous carry-through wing struc-
ture. Removable, non-structural fillets blended the cylindrical fuselage into
the upper and lower wing surfaces, and provided access for subsystem
routing.

The wing structure comprised an inboard wing/nacelle and an out-
board wing/nacelle, the latter of which was hinged to provide engine access.
Wing bending loads were carried across the nacelles by frames and into
multiple, continuous wing beams (spars) that provided fail-safe redun-
dancy. The inboard wing was built as left and right sub-assemblies joined
at the centerline. Chord-wise ribs provided support for the hat-section
stiffened wing skins that employed chord-wise corrugations (facing inward
from the outer mold line contour) to accommodate thermal expansion rel-
ative to the cooler wing beam caps by carrying shear but not bending loads
(see Fig. CS1.12). These distinctive corrugations were added following a
test in which the 4-foot by 6-foot wing box test article warped when heated
to cruise temperatures in an oven [33]. The inboard wing nacelles each
provided a stub fin for mounting a steel post for the all-moving rudder.

The fuselage and nacelle chines were considered fairings and not
primary structure, and used silicone-asbestos composite skins attached to
annealed B-120 frames. These composite materials, developed by Lock-
heed ADP to provide radar absorbent structure with operating tempera-
tures up to 600°F, were also used in the wing leading edges, elevon trailing
edges, rudders, and in portions of the inlet spikes (see Fig. CS1.13). A band of
composite material in the nose provided isolation of the pitot mast, which
acted as the high frequency (HF) radio antenna exciter, from the rest
of the structure that acted as the HF antenna.

The alternating triangular pieces of composite Kelly Johnson joked that the

material in the wing perimeter edge were used corrugated wing skins led
to attenuate incoming radar energy much like ‘},‘tlr’;’i:’gl:z'nmgaizc:;z(iggﬁ
the pyramid structures used in the walls of Motor go Mach 3

an anechoic chamber [34]. The rudders used
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titanium for the basic frame, but the composite portions were difficult to
qualify. During a test flight, large areas of the composite material came
apart due to expansion of trapped air inside; the solution was to drill a
1/8-in. diameter hole at the base of the rudder to permit the pressure to
equalize [35]. Early A-12s used all-titanium rudders, as did the later
YF-12A, M-21, and SR-71 (though composite rudders were also used inter-
changeably on the SR-71).

The initial A-12s were assembled in Building 82 of Lockheed’s Burbank
plant, where engineering offices were co-located and assembly of the first 20
U-2s had also taken place, but later A-12s and follow-on Blackbirds were
fabricated in Building 309/310, originally built for Lockheed’s double-decker
R6V Constitution transport assembly line (and later used in the 1980s for
the F-117A Stealth Fighter production line). It was impractical to test fly the
A-12 from Burbank airport due to security and runway length restrictions,
so the aircraft were disassembled and transported to a remote flight test
location using custom-built shipping containers; Fig. CS1.14 shows the
A-12 production line and one of the shipping containers for the fuselage and
inboard wing assembly. A total of twelve single-seat A-12s were built, plus
one two-seat trainer designated the A-12T (discussed in Sec. CS1.5.11).
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Figure CS1.13 Silicone-asbestos composites were used throughout
the airframe. [36]

One of the challenges in designing the structure was the characteriza-
tion of material properties and design allowables at elevated temperatures
to inform the “Basis for Structural Design” document used by engineers.
This required fabrication of material coupons and full-size structural arti-
cles that were tested within a large oven at the Skunk Works. In addition to
the wing box unit described previously that led to the corrugated wing
skins, a fuselage section that included the cockpit, windshield/canopy, nose
equipment bay, and payload equipment bay was tested to characterize the
behavior of highly curved thin gage skins and cockpit/equipment bay
cooling and insulation. Some of these tests included a person in the cockpit,
protected by a full pressure suit, to provide real-time feedback.

The extreme thermal environment and its variation over the flight profile,
coupled with the limitations of the analytical tools, made determination of
external and internal loads very problematic. Simplifying assumptions and
approximations were imposed with acknowledgement that thermal loads
would be conservative. On external surfaces, steady-state temperature esti-
mates assumed a skin emissivity of 0.5 for unpainted areas and 0.9 for black
surfaces with a constant radiation heat sink temperature of —60°F (outer
space value) for upper surfaces and +60°F (earth surface value) for lower sur-
faces, and radiative effects between external surfaces were not included in
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Figure CS§1.14 A-12 production line; shipping container in foreground.
(Lockheed Martin)

structural sizing calculations [37]. With the exception of the engine nacelle
areas, internal heat transfer effects on skin temperatures were not included
and the skin assumed to be perfectly insulated from internal heat transfer.
Internal joints assumed uniform temperatures and joint efficiency factors
were not adjusted for temperature effects [38].

To characterize the effects of loads on the airframe, a full-scale static test
article was fabricated that included the fuselage, inboard wing, and left hand
nacelle/outboard wing. Loads were applied using hydraulically actuated
pads bonded with RTV adhesive to the test article, and internal strains were
measured for comparison to predicted values using strain gages installed
throughout the structure. Because the structure was most critically loaded in
the transonic region, testing at room temperature was adequate. The static
test article was tested to limit load, 130% of limit load, and ultimate load
(150% limit load); testing was completed by August 1962 (after first flight).
However, structural integrity of the rudders (both all-titanium and all-plastic
versions) remained challenging and required further testing.

Airframe weight had to be minimized in order to maximize onboard
fuel for long-range performance, but with sufficient strength to accom-
modate aerodynamic and inertia loads. Because the mission profile was
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dominated by cruise, the normal load factor
limits were established at +2.5 g and -1.0 g,

The maximum speed of the
aircraft was limited by a

similar to transport category aircraft, with reduc- maximum permissible

tions in permissible positive load factor at compressor inlet temperature
increased weights. At supersonic speed, the ‘a’f 433;5;;:{”322?2‘;% t;n
increased lifting effectiveness of the fuselage aps[zandard da};, (~56° C at
caused the FS715 joint to be critical in up-bend- altitude). Normally, Mach
ing for a maneuver load factor of +2.5 g, whereas number was limited to 3.2,

b . d the ioi tical in d but could be increased to 3.3
at subsonic speed the joint was critical in down- if warranted by the tactical

bending. The design airspeed envelope ranged situation.

from a minimum equivalent airspeed (KEAS) of

135 KEAS to a design limit speed (V) of 500

KEAS and a design high speed (V) of 450 KEAS [39]. These equivalent
airspeed limits created a narrow flight envelope as shown in Fig. CS1.15.

An important design consideration for any airframe is access for inspec-
tion, both during construction and in service. By building the fuselage in
upper and lower halves, open access was provided. Small removable panels
provided access to the fuselage fuel tanks for tank inspection and sealing.
The removable upper wing skins provided access to fuel tank areas for
equipment replacement and for tank sealing as well. The ability to seal (and
re-seal) the fuel tanks became an ongoing challenge throughout the life of
the A-12 and follow-on Blackbirds due to the thermal expansion and con-
traction of the airframe.

Also considered part of the airframe structure, the landing gear used a
forward-retracting two-wheel nose gear and main gear struts that retracted
inward between the wing beams and fuel tanks. The struts were made from
B-120 titanium forgings, the largest of their kind at that time. Because the
main wheel assemblies had to fit within the 64-in. diameter fuselage and
between the fuselage fuel tanks that acted as a heat sink for main wheel bay
cooling, an unusual three-wheel arrangement on a single axle was used to
distribute the load. Any two of the main wheels could carry limit load in the
event of a tire blowout [41]. The tires themselves (25 % 6.75, 16 ply Type VII
for the nose and 27.5 X 7.5 x 16, 22 ply Type VIII for the mains) were pres-
surized with dry nitrogen to maintain uniform tire pressure throughout the
flight envelope and prevent tire explosions, and the tires were impregnated
with aluminum oxide to reduce temperatures via radiative cooling. Never-
theless, main gear tire explosion cans were added later to further insulate
the tires from high temperatures and contain tire explosion shrapnel from
damaging fuel and hydraulic lines running through the main wheel bay. To
supplement the wheel brakes during normal landings or takeoff aborts, the
A-12 carried a 45-foot diameter drag chute in an upper aft fuselage com-
partment that was kept relatively cool (80°F to 200°F) by surrounding fuel.



Fundamentals of Aircraft and Airship Design: Volume 2

454
100
NormaIO;i)eratingSpeed :
920 - ;
Note: Above 50,000 ft Minimum airspeed is 300 KEAS
Maximum altitude restriction- ‘
with derichment - 85,000 ft
80 without automatic inlet operation - 80,000 ft
70
3.2Mach
60 ”" Design Mach No.
- Wand )
3 | /
S 50| S < soMach
, , H
= / / ¢  MaxMach Without
3 4 Automatic Inet Operation
3 / 5
2 / 4 |
: A1/
v/ / &
/&
/ / \sb 0
/ & . Normal Bank Angle 30
/ VN Wihile Above 2.5 Mach
9 / &
I / / |
I
g / /
2 Y,
201 _é' T .
€l / ;
11
S /
I / !
£1 / |
§! / l |
£} / % :
:, , ! : H
. / |
0 ' i H H
0 0.5 1.0 1.5 2.0 2.5 3.0 35

Mach Number

Figure CS1.15 A-12 Flight Envelope. [40]



I CASE STUDY 1 Lockheed Blackbirds (A-12,YF-12, M-21, and SR-71) 455

MABEEY powerpiant (JT11D-20/J58)

Key to achieving the A-12’s high speed, high altitude cruise performance
objectives was the Pratt & Whitney JT11D-20 powerplant, developed under
the leadership of program manager Jack McDermott and project engineer
William Brown. Originally a scaled-down version of the J91 turbojet built
as a competitor to the General Electric J93 for the B-70 bomber, the engine
was initially developed under the even-numbered Navy designation J58-P-2
for a never-built Mach 3 dash version of the Vought F8U-3 Crusader III. For
the A-12 application that called for continuous operation at Mach 3+, the
engine was completely redesigned under the Pratt & Whitney model desig-
nation JT11D-20, but was still often referred to as the J58 [42]. The JT11D-
20 design requirements were a leap beyond those of the contemporary
Pratt & Whitney J57 and J75 turbojets then in production (see Table CS1.4).
These requirements, and in particular the extreme continuous operating
temperatures, required a new set of materials (see Table CS1.5).

The single rotor engine used a nine-stage, 8:1 pressure ratio compressor
and a two-stage turbine. Early in design while assessing high speed opera-
bility, engineer Robert Abernethy determined that the compressor was
deep in stall and the turbine choked, with corresponding temperatures that
threatened to melt the afterburner due to lack of cooling flow. He devel-
oped and patented a bleed-bypass design (perhaps not coincidentally
named Recover Bleed Air after his initials) that bled air from the 4th com-
pressor stage via 24 circumferential doors, bypassed it around the remain-
ing compressor stages and combustor via 6 external tubes, and reintroduced

Table CS1.4 JT11D-20 Design Requirement Versus J57/J75 [43]

. J57 AND J75 JT11D-20

'~ Mach number - 2.0for 15 min (J75 only) - 3.2 Continuous
- Corrected airflow turndown 90% 60%
- ratio (cruise/maximum)
 Altitude 55,000 fi 100,000 f
Compressor inlet temp -40°F fo 250°F (J75 only) -40 F to 800°F
- Combustor exit femp 1750°F (Takeoff) - 2000°F
1550°F (Continuous) . (Continuous)

Max. fuel inlet temp 110°F to 130°F 350 F
' Max. lubricant inlef temp. | 250°F | 550°F
. Thrust/weight rafio 40 52
© Military power operation 30-min Time Limit . Continuous
: Afterburner operotion ; Intermittent Continuous
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Table CS1.5 The JT11D-20 Required Advanced Materials [44]

i | Temperature
Material . Description | capability ;
Ti-8-1-1 Titanium alloy; good creep 850°F . Iststage
resistance ~ compressor
- blades
Ti-5-2.5 Titanium alloy; weldable 850°F Compressor inlet
case
Waspalloy | Nickel-base alloy; strong 1400°F - Most components

and oxidation-resistant af
femperature; difficult to weld

Inconel 718 Nickel-base alioy; easy fo 1300°F Diffuser case
weld
Hastelloy X Non-hardenable nickel- 2000°F Burner components |

base alloy; good for low
stress applications; high
oxidation resistance

Astroloy Nickel-base alloy; creep and 1500°F Turbine discs
tensile strength superior to
Waspalloy
- MAR-M-200DS | Directionally solidified nickel-  1500°F st stage turbine
- base superalloy ~vanes
IN-100 Cast nickel-based superalloy 1500°F 1st and 2nd stage

turbine blades;
2nd sfage turbine
vanes; afferburner
nozzle flaps

it in the afterburner, resulting in improved compressor stall margin,
increased afterburner cooling flow, and additional thrust [45]. The bleed
bypass opened as a function of compressor inlet temperature and engine
speed to hold corrected airflow constant. Without this innovation, the
A-12 would never have achieved its performance requirements.

The initial JT11D-20 engines had fixed-geometry inlet guide vanes that
were cambered to provide best performance at cruise Mach number, but at
the expense of airflow and thrust at transonic conditions. The later, higher
thrust JT11D-20B version incorporated variable inlet guide vanes that
could operate in either the fully open “axial” position for takeoff and accel-
eration to supersonic speed, or the partially closed “cambered” position for
most efficient cruise.

The fuel/air mixture was combusted in a can-annular chamber with
eight cylindrical combustion liners (cans). Due to the high flashpoint of the
fuel (described in Sec. CS1.5.5), a standard high-energy ignition system
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was incapable of initiating combustion. After investigating a hydrogen-
based ignition system, the solution was to incorporate a pyrophoric
(combusting on contact with oxygen) chemical ignition system using tri-
ethylborane, abbreviated TEB. Located on top of the engine, a nitrogen
pressurized, 600-cubic centimeter container provided 16 shots of TEB;
each shot could be used for either starting the engine or initiating after-
burner operation via throttle movement. Because TEB was so critical to
engine and afterburner operation, mechanical TEB counters (advanced by
throttle lever movement) on the pilot’s throttle quadrant provided an indi-
cation of TEB shots remaining.

Engine start was accomplished using either a custom-built start cart
equipped with two coupled 400-hp Buick (later 465-hp Chevrolet) V8
racing engines or an air turbine starter connected to a direct-drive gearbox
on the bottom of the engine. During early operations, it was found that the
engine would not start because of depressed inlet airflows that were not
adequately characterized from wind tunnel tests. As a temporary fix, an
inlet access panel was removed for ground starts, and later “suck-in” doors
were added in the nacelle. Finally, twelve “start bleed” doors were added to
the engine to aerodynamically un-load the compressor during starting, and
this solved the problem (see Fig. CS1.16) [46].

1 INIET CASE 9 AFT ENGINE MOUNT RING 17 BURNER CAN (8)

2 FORWARD COMPRESSOR SECTION (4 STAGES) 10 AFTERBURNER SPRAY RINGS (d) 18 AFT COMPRESSOR BEARING

3 BLEED BYPASS DOORS (24) 11 AFTERBURNER LINER 19 MAIN GEARBOX

4 BYPASS CHAMBER 12 VARIABLE AREA EXHAUST NOZZLE 20 MAIN FUEL CONTROL

5 START BLEED DOORS (12) 13 EXHAUST NOZZLE ACTUATORS {4} 21 MAIN FUEL PUMP

6 CHEM{CAL IGNITION TANK (TEB) 14 FLAME HOLDERS (4) 22 BYPASS BLEED DOOR ACTUATOR (4)
7 MAIN BURNER INJECTOR PROBE 15 TURBINE SECTION AND BEARING 23 FRONT COMPRESSOR BEARING

8 BLEED BYPASS TUBES (6) 16 HYDRAULIC FILTERS (2) 24 INLET CASE ISLAND COVER

s

Figure CS1.16 Praft & Whitney JT11D-20 engine. (Lockheed Martin)
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Due to the thermal environment and the large “turndown” ratio between
maximum and minimum fuel flows, one of the most challenging components
on the engine was the main fuel control. Besides metering fuel to the com-
bustion chambers, the control generated signals to operate the compressor
bleeds, fuel shutoff, fuel manifold dump, variable geometry afterburner
exit nozzle, and permit afterburner operation. After much trouble, the
main fuel control was eventually replaced with a Bendix unit from the
XB-70’s General Electric J93 engine [47].

One of the unusual features of the engine was that the main burner fuel
flow could be “trimmed” to maintain exhaust gas temperature (EGT)
within limits. This required the pilot to monitor EGT during flight and
increase or decrease EGT as required using manual switches (later, an
automatic engine trim system for the SR-71 reduced pilot workload). To
prevent EGT from rapidly increasing in the event of an inlet unstart
(described in Sec. CS1.5.3) with its associated reduced airflows, a fuel
de-richment system reduced the fuel/air mixture in the burner cans for
EGT values at or above 860°C. Besides combustion, fuel served as a hydrau-
lic and cooling fluid for the engine. The compressor start and bypass bleed
valves were actuated with fuel, as were the afterburner nozzle exit flaps.
After being heated, hot fuel was immediately burned.

The engine required new lubricants capable of high temperature opera-
tion. Normal grease tended to thicken with increasing temperature, and a
new formulation was developed that was thinned with a solvent and capable
of operating up to 550°F. The engine oil developed under Pratt & Whitney
Aircraft Specification 524B was solid at 0°F, and would not pour until 40°F
was reached. The oil was preheated using a ground cart before being loaded
in the engine oil system, and had a maximum operating temperature of
500°F.

Each engine was connected via a power takeoff shaft to an Accessory
Drive System (ADS) within each nacelle, remotely located to isolate the
ADS and its accessories from the high temperatures of the engine bay.
A double universal joint accommodated displacements between the engine
and ADS due to thermal expansion. Each ADS drove two hydraulic system
pumps, a fuel circulation pump for the heat sink system, and a variable
frequency AC generator (the later YF-12A and SR-71 used a constant-speed
drive to energize the generator). A self-contained ADS lubrication system
was cooled by a fluid-to-fuel heat exchanger.

The unusual mid-wing engine nacelle arrangement complicated engine
installation and removal. To gain access to the forward engine mount
located at top centerline and the two outboard rear engine mounts, the
entire outboard wing and outer nacelle was hinged and raised as shown in
Fig. CS1.17; the inboard rear mount was accessed via a door on the inboard
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Figure CS1.17 The outer wing and nacelle folded for engine access. [48]

side of the nacelle. A special engine installation and removal dolly accom-
modated the translations necessary to clear the surrounding airframe
structure.

After building 11 experimental and 10 development engines, Pratt &
Whitney built 51 prototype engines designated Y] T11D-20A that powered
the A-12 and later the AF-12 (YF-12A) aircraft. These so-called “Y]” engines
produced 20,500 b of thrust at military power and 31,500 Ib in maximum
afterburner. An improved “J” afterburner was introduced in 1965 that
increased thrust to 22,900 Ib and 32,500 1b for military power and maximum
afterburner, respectively; these engines were nicknamed “J]” engines. A total
of 99 production engines were later built for the SR-71 program, initially
with “J” afterburners but then upgraded to model “K” configuration with
two-position inlet guide vanes and nozzle/afterburner improvements. This
definitive version, designated JT11D-20B, provided 24,500 Ib of thrust in
military power and 34,000 1b in maximum afterburner.

The JT11D-20 scored many firsts, including first engine rated to operate
continuously in military power or in afterburner; first engine to use fuel as
a hydraulic fluid; first engine to use directionally solidified turbine airfoils;
first production dual-cycle engine; and first application of a variable orifice
afterburner spray bar that provided more efficient metering and distribu-
tion of fuel across the flight envelope [49]. Today, over 50 years since it’s
development begun, the JT11D-20 remains a technological marvel and
achievement that has not been surpassed.
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AEEY A-12 Inlet (and Automatic Inlet Control
System)

The blended wing/nacelle configuration led to selection of axially sym-
metric, free-stream inlets (as opposed to under-wing two-dimensional
inlets, originally selected for the A-11, that could benefit from precompres-
sion in the wing flow field). In order to slow down the Mach 3.2 airflow to
subsonic speeds suitable for engine ingestion without incurring a large total
pressure loss, a mixed (external and internal) compression inlet was selected.
In addition to establishing the series of oblique shockwaves for external
compression, the prominent inlet centerbodies or “spikes” controlled the
ratio of inlet capture area to throat area. Each spike was full forward from
takeoff up to Mach 1.6. Beyond Mach 1.6, the spike retracted aft to move
the terminal normal shock into the inlet, a process known as “starting” the
inlet (much in the same fashion as starting a supersonic wind tunnel). The
spike position was automatically controlled as a function of Mach number,
angle of attack, and angle of sideslip, but could be manually controlled as
well. Using an IBM 3-60 computer and a method of characteristics code
developed in parallel with the inlet design, a spike half-cone angle of 13 deg
was selected so that the oblique “shock-on-lip” condition occurred at the
design cruise Mach number of 3.2 for maximum pressure recovery with the
spike fully retracted 26 in. At this condition, the inlet capture area increased
112%, while the throat area decreased 54% as compared to the spike full-
forward position [50]. Each spike was canted inward and downward to
improve total pressure recovery. Porous slots around the circumference of
the spike at its maximum diameter bled off the spike boundary layer, which
was routed through the centerbody and its support struts then overboard
through louvers. Boundary layer air from the cowl surrounding the spike
was bled through 32 “shock trap” tubes positioned around the cowl that
used one-way valves to help stabilize the normal shock.

A set of bypass doors (later designated the “forward” bypass doors)
matched the inlet airflow to engine demand and controlled the position of
the normal shock by varying the backpressure. To minimize drag due to
the momentum loss of bypassed air, the inlet was sized at the Mach 3.2
design condition such that the forward bypass doors were nearly closed.
However, the more closed the forward bypass doors were, the less stable
the normal shock position was. The optimum, but least stable position
for the normal shock was at the throat; opening the forward bypass to place
the normal shock slightly aft of the throat was less efficient but provided
more stability.

Nestled between the forward bypass door slots around the inner cir-
cumference of the inlet cowl were 16 individual fairings nicknamed “mice.”
The mice were added in November 1963 during the A-12 flight test program
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in an effort to cure a “duct rumble” condition at and above Mach 2.4 sus-
pected to be caused by flow separation from the aft surface of the inlet
spike. The cross sectional area of the mice removed cross sectional flow
area from the inlet duct, which in turn reduced flow expansion and created
a more favorable pressure gradient that prevented flow separation.

Another set of bypass doors was added immediately in front of the
compressor inlet face to correct unacceptable engine restart characteris-
tics resulting from lower engine idle/windmill airflows as well as use of
foreign object elimination screens in the inlet. Originally nicknamed the
“onion slicer” because of their resemblance to the kitchen utensil, the
“aft” bypass doors improved transonic inlet/engine airflow matching
and allowed the forward bypass doors to close down further, reducing
drag. Aft bypass airflow joined shock trap airflow to provide engine
bay cooling and additional mass flow for the exhaust ejector described in
Sec. CS1.5.4.

The overall inlet system (Fig. CS1.18) contributed a large percentage of
the overall thrust by achieving a 40:1 compression ratio at the Mach 3.2
cruise condition. At cruise speed, the inlet produced 54% of the total thrust,
with 17.6% by the engine and 28.4% by the ejector (described subsequently),
compared with Mach 2.2 values of 13%, 73%, and 14%, respectively [51].
Figure CS1.19 shows the inlet, engine, and ejector thrust contributions as a
function of speed.

Just as the inlet could be started, it could be

“unstarted” as well if the normal shock moved Kelly Johnson considered the
forward of the throat and was expelled. The air inlets and their control
immediate loss of thrust created large yawing ~ System to be the greatest

. . ) challenge he faced on the
and rolling moments that were extremely disori- program.

enting and required the pilot to manually extend

Spike Fult Forward Mice (16) Fwd Bypass Doors Aft Bypass Doors
(Takeoffto Mach 1.6) & Exit Airflow & Exit Airflow

Spike Actuator \ / ad 4_71_
o St

Spike Full Aft Spike Boundary 7 Shock Trap Shock Trap  Spike Boundary Accessory Drive
(Mach 3.2) Layer Bleed Airflow Tubes (32) Layer Bleed Exit System (Ref)

S

Figure CS1.18 Inlet configuration and airflows.
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Figure CS1.19 Inlet, engine, and ejector thrust contribution vs speed. [52]

the spike and open the forward bypass doors for the affected inlet to recap-
ture the normal shock and “restart” the inlet. Unstarts were frequent during
initial operations with the original inlet control system that used pneu-
matic controls. Via a series of orifices, bellows, cams, and linkages, local
pitot and static pressures were converted into electromechanical signals to
the hydraulic actuators for the spike and forward bypass doors. However,
because of the close mechanical tolerances and thermal expansion/con-
traction within the system, it was impossible to get repeatable and reliable
performance. The pneumatic system was eventually replaced by an elec-
tronic system developed jointly by Lockheed ADP and AiResearch, and the
frequency of unstarts dropped considerably, saving the A-12 program from
possible cancellation. Later inlet control system features for the SR-71
included a g-bias to reduce the likelihood of unstarts in turns, a shock
expulsion sensor for automatic restart, and a cross-tie that overrode the
automatic spike and bypass door schedule for both inlets.

The inlet spike and forward bypass were normally positioned automat-
ically (the aft bypass doors were manually selected), but the pilot could
operate them manually as well. Initially, the only indication of inlet opera-
tion was a compressor inlet manifold pressure gauge, and controls were
limited to switches for moving the spikes forward and opening or closing
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the forward bypass doors. Later, inlet spike and forward bypass door posi-
tion indicators were added, as well as an improved compressor inlet pres-
sure gauge with a “barber pole” indicator that displayed the optimum
compressor inlet pressure corresponding to the flight condition if above
250 KEAS and Mach 1.8. These indicators, together with rotary inlet spike
(with Mach schedule) and forward bypass door control knobs provided
much better pilot control of manual inlet operation [53].

(LYNXY A-12 Exhaust Ejector

Each engine’s exhaust, together with engine bay airflow originating from
the shock trap and aft bypass, was expelled through an airframe-mounted
ejector nozzle, one of the first examples of its kind. The ejector employed a
series of annular tertiary air doors that were spring-loaded in the open
position, and a set of free-floating exit flaps made from Hastelloy X nickel
alloy attached to a support ring of Rene’ 41. During low speed flight up to
Mach 1.1, the tertiary doors provided additional mass flow to fill the ejector,
and the exit flaps closed to form a convergent nozzle. Above Mach 1.1, the
shock trap/aft bypass airflow provided enough additional mass flow to fill
the nozzle, pushing the tertiary doors closed, whereas the exit flaps opened
between Mach 0.9 and 2.5 to form a convergent-divergent nozzle that
expanded the exhaust gases to supersonic speed (see Fig. CS1.20).

LOW SPEED, NON-AFTERBURNING

Primary Nozzle Closed

Tertiary Air Blow-in Door Open

Secondary Air
— — Secondary Flaps
= ”‘““*’- ... Closed

\
—_— T
/,;—«——»
’ Primary Nozzle Open
—VA

P
=y

Engine Centerline

Secondary Air Secondary Flaps Open
Blow-in Door Closed

HIGH SPEED, AFTERBURNING

T

Figure CS1.20 Exhaust ejector configuration at low (fop) and high
(bottom) speeds. [54]
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Originally the ejector was to be part of the engine, but Lockheed ADP
and Pratt & Whitney jointly agreed that an airframe-mounted ejector was
lighter weight. Pratt & Whitney remained responsible for ejector perfor-
mance and wind tunnel testing, but testing of the ejector in isolation from
the wing caused under-prediction of drag because the wing interference
effects were not present.

MAEXF rFuel system

To accommodate the wide range of operating pressures and tem-
peratures, a low vapor pressure, high flashpoint fuel, initially designated
Special Kerosene 1 (SK-1), PWA 523E (with PSJ-67A lubricity additive) and
later JP-7, was developed by the Shell Oil Company in association with
Ashland, Monsanto, and Pratt & Whitney. The A-12’s six integral fuel
tanks contained a total of 10,590 gallons (68,300 Ib at an average density
of 6.45 Ib/gal) of fuel as shown in Fig. CS1.21, and were interconnected

Fuel Capacities

1 1,146 gal. 7,390 b
2 1,610 gal. 10,380 Ib
3 1,585 gal. 10,220 1b
4 2,135 gal. 13,7701b
5 2,136 gal. 13,780 1b
6 1,978 gal. 12,760 Ib
Total 10,590 gal. 68,300 Ib

Average fuel density of 6.45 Ib/gal.

Figure CS1.21 A-12 fuel tanks and quantities. [56]
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by left and right fuel manifolds and a single vent
The A-12 (and later

line. The tank§ were pressgrlzec.l ar'ld .merted Blackbirds) all leaked fuel on
with gaseous nitrogen contained in liquid form the hangar floor when the
by two dewars (one 75 liters, the other 106 liters) airframe was cool. Nor;nally
; : this would present a safety
in the nose landing gear bay. Because the hazard, but the flashpoint of
nitrogen in the ullage space was dumped JP-7 was so high that a lit
during aerial refueling, the amount of remaining match could not ignite the

liquid nitrogen determined the number of fuel.

remaining aerial refueling opportunities and

thus aircraft maximum range on a single

mission. Boost pumps in each fuel tank transferred fuel forward
(via the right manifold) or aft (via the left manifold) for c.g. control,
commanded by float valves in each tank or manually selected by the
pilot. Fuel dump valves in each manifold were opened to reduce aircraft
weight in an emergency. Fuel tank sealing remained a challenge for the
A-12 and follow-on Blackbirds; ultimately an elastomeric polyester
material developed by Dow Chemical and 3M was selected that
could withstand the thermal expansion and contraction of the
airframe [55].

Fuel was also used as a heat sink to cool the cockpit and equipment bay
air, engine oil, TEB tank, accessory drive system (ADS) oil, and hydraulic
fluid. A “smart valve” in the fuel heat sink system sent hot fuel to the engine
for combustion if below 295°F, or if above back to fuel tank 4 for reuse
(unless tank 4 was full).

The capability to aerial refuel from KC-135Q tankers, carrying JP-7
fuel, was key to global reconnaissance operations (see Fig. CS1.22). An
upper fuselage mounted, single point receptacle was used for both aerial
refueling and ground refueling using a special adapter (later, the SR-71
would have a dedicated ground fueling receptacle as well). Aerial refueling
was typically performed at 32,000 ft, with initial contact made in non-
afterburner. As fuel was transferred and weight increased, minimum after-
burner was selected for one engine, with the other modulated in
non-afterburner to maintain sufficient thrust.

Mockups and test rigs were used throughout the design and develop-
ment of the fuel system. The major fuel system test rig consisted of a full-
size working model of the fuel tanks, fuel transfer system, aerial refueling
system, engine fuel control units, afterburner fuel control units, fuel
gauging system, and fuel dump system. The entire assembly was mounted
on a fulcrum in the “Fort Robertson” area of the Lockheed Burbank plant
(which had earlier been used to perform liquid hydrogen testing for the
CL-400 program), and was raised or lowered to evaluate fuel system opera-
tion for simulated climb and descent angles.
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Figure CS1.22 Aerial refueling via KC-135Q. [57]

m A-12 Air Conditioning and Pressurization
System

To keep the cockpit and equipment bays at suitable pressure and
temperature throughout the extremes of the flight envelope, the A-12
was equipped with two air conditioning systems, left and right, that were
functionally similar. The left air system serviced the cockpit, nose
compartment, pilot’s pressure suit, inverters, and inertial navigation
system (INS), whereas the right system serviced the electronics and
equipment bays. In the event of left air system failure, a crossover per-
mitted the right air system to supply the cockpit and associated equip-
ment. Each system took high pressure bleed air from the compressor
ninth stage at a temperature above 1250°F and ducted it through a ram
air heat exchanger in each inlet that cooled the air to 850°F, primary and
secondary fuel/air heat exchangers that further cooled the air to approx-
imately 160°F, a bleed air filter (nicknamed the “Waspatrap” because it
trapped Waspalloy particles scraped from the

engine compressor casing by rubbing blade The environmental control
tips), and finally to an air cycle refrigeration system capacity was
unit where it was cooled to —30°F before en- ~ Sufficient to cool

. . . X K approximately forty houses
tering the cockpit. The refrigeration unit was of 1500 ft2 each.

housed in an air conditioning bay; this practice,
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used on other Skunk Works aircraft, facilitated
devel t of the refrigeration unit as a sin- When Kelly Johnson ordered

evelopment o € retrige ; 3 a sample of what was
gle package, versus a fractionated system in- advertised to be a high
stalled in multiple locations. The integration of temperature hydraulic fluid,
the fuel system with the air conditioning sys- ~ hereceived a canvas bag

) i containing the “fluid” in

tem represented one of the first implementa- powdered form with
tions of a fuel thermal management system, instructions to heat into a
now used routinely in many aircraft. The cock- ~ liquid. Deciding that thawing

. . ith . out the hydraulic system with
pit and bays were insulated with three in. of lay- a blowtorch was not a good
ered fiberglass/aluminum foil to maintain an idea, he pursued other
approximate 70°F temperature at cruise condi- options.
tions where the external boundary layer tem-
perature was approximately 710°F and the skin
temperature approximately 550°F [57]. Application of high emissivity
black paint also helped reduce surface temperatures by 35 deg through
radiative heat transfer. High pressure air was also provided to the canopy
and equipment bay hatch inflatable seals, as well as the windshield defog
system. The cockpit and nose were normally pressurized to an altitude
of 26,000 ft, whereas the equipment bay was pressurized to an altitude
of 28,000 ft. The overall environmental control system represented a
highly successful collaboration between AiResearch and Skunk Works

engineers [58].

MBEXJ A-12 Hydraulic System

The A-12 had four separate 3350-psi hydraulic systems designated A,
B, L, and R. Systems A and B were redundant and powered the flight con-
trols only; either system could assume full load. A reserve oil tank could be
switched into either the A or B system in the event of a hydraulic leak.
System L powered the left inlet spike and bypass doors, landing gear,
normal nose wheel steering, normal wheel brakes/anti-skid, the retract-
able antenna for the ultra-high frequency (UHF) radio, and normal opera-
tion of the aerial refueling receptacle, whereas System R powered the right
inlet spike and bypass doors, alternate nose wheel steering and wheel
brakes, emergency landing gear retraction, and alternate aerial refueling
receptacle operation. A variable-volume piston pump driven off the
respective accessory drive gearbox pressurized each system. The high tem-
perature environment required a special hydraulic fluid developed by the
Pennsylvania State University Petroleum Refinement Laboratory to Lock-
heed specification SP-302 and military specification MIL-H-27601A, with
an operating temperature range of —65°F to 600°F. To prevent fluid leaks,
induction or furnace brazing was used at all possible joints instead of
threaded fasteners [59].



468

Fundamentals of Aircratt and Airship Design: Volume 2

MABEXJ A-12 Flight Controls

The flight control system included both a manual flight control system
and, to accommodate the low levels of static stability necessary for low trim
drag during cruise and to reduce pilot workload, an automatic flight control
system with a full-time three-axis stability augmentation system (SAS).
The overall system was designed to allow the pilot to safely land in the
event of any two electronic failures; any single mechanical failure com-
bined with any single electronic failure; any single hydraulic failure, and
any single engine failure. Although a fly-by-wire system was initially con-
sidered, it was considered immature, and Lockheed pursued a simple, reli-
able system employing analog computers [60].

Inboard and outboard elevons provided pitch and roll control, and twin
all-moving rudders provided better yaw control for engine-out operation
than hinged rudders. The outboard elevons, which were rigged 3° higher in
the neutral position than the inboards to reduce wing root bending
moments, provided approximately 85% of the roll control power; both
inboard and outboard elevons had approximately the same authority in
pitch. Pilot inputs via a conventional control stick and rudder pedals were
transmitted by dual-redundant cables and pushrods to dual-redundant
irreversible hydraulic servo valves that actuated the surfaces. Because such
a system did not transmit control surface air loads back to the stick and
rudder pedals, springs were used to provide artificial feel in proportion to
the commanded deflection. The elevons could deflect up to 10° trailing
edge-down and 24° trailing edge-up in pitch, and up to 12° trailing edge up
and down in roll. When pitch and roll were commanded simultaneously (as
in a coordinated turn), elevon deflection range was increased to 20° trailing
edge-down and 35° trailing edge up [61]. The rudders could deflect +/—-20°.
Above Mach 0.5, surface limiters were manually engaged to reduce elevon
deflection range to +/—7° and rudder deflection range to +/-10°. To
accommodate thermal expansion and contraction, the control cables were
made of Elgiloy, a low coefficient of thermal expansion material used in
watch springs, and tension regulators absorbed slack in the system. A mixer
assembly in the tail cone took pilot pitch and roll commands and converted
them into appropriate mechanical commands to the inboard elevon control
valves; pushrods and torque tubes that ran across the engine nacelles slaved
the outboard elevons to the inboards. The mixer assembly was easily the
most complex mechanism in the aircraft, and built with the precision of a
Swiss watch. The mixer assembly also included electrical actuators for
pitch and roll trim, located downstream of the artificial feel springs so that
control stick position was not affected by trim position. Rudder trim
actuators were combined with the artificial feel springs in the stub fins, and
thus rudder trim was reflected in rudder pedal position. In the event of a
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runaway trim actuator, the pilot could use a trim power switch to quickly
and simultaneously cut power to all trim actuators before isolating the
fault,

The SAS operated in all three axes. The pitch axis could command a
maximum of elevon 2.5° trailing edge-up or 6.5° trailing edge-down, the
roll axis a maximum elevon differential of 4° between left and right, and the
yaw axis 8° left or right [62]. The pitch and yaw axes both used two inde-
pendent channels, A and B, and a monitor/voting channel, M, whereas the
roll axis, being less critical, had no monitor channel. Using logic circuits,
the M channel compared the functioning of the A and B channels in the
pitch and yaw axes and automatically disconnected a failed channel,
whereas for the roll axis the pilot could select a single channel. In the event
of two failures, the affected channel was completely disconnected. If both
pitch channels became inoperative due to electronics failures or overheat-
ing of the pitch/yaw rate gyro package (that was buried in the number 3
fuel tank for cooling and to minimize flight control system coupling with
fuselage bending modes), a back-up pitch damper provided pitch rate sig-
nals to either channel to facilitate aerial refueling and landing.

The autopilot operated via the SAS in the pitch and roll axes. Pitch
modes included attitude hold, knots equivalent airspeed (KEAS) hold, and
Mach hold. It was never possible to obtain truly satisfactory Mach hold
operation due to low damping of the supersonic phugoid, airframe flexibil-
ity effects, and outside air temperature gradients that caused the local
speed of sound to change quickly, causing the airplane to hunt in the pitch
axis to maintain constant Mach number [63]. Roll modes included attitude
hold, heading hold, and automatic navigation via steering commands from
the inertial navigation system (INS). A Mach trim system associated with
the autopilot fed a pitch elevon signal as a function of Mach number to
improve speed stability during manual flight between Mach 0.2 and 1.5.
Because neither the autopilot nor Mach trim system were required for
safety of flight, they were not redundant.

To qualify the flight control system in the high temperature environ-
ment, an “iron bird” was constructed that included primary flight control
system components installed in an oven at the Skunk Works. Control
surface mass simulators were servo-driven by commands from a simulated
cockpit and SAS/autopilot, which received signals from an analog com-
puter programmed with the aircraft equations of motion. The A-12’s flying
qualities were developed through piloted simulations at Lockheed’s Rye
Canyon Research Laboratory and the NASA Ames Research Center’s NE-2
two-axis full motion simulator; a variable stability JF-100C aircraft oper-
ated by NASA was also used [64]. Though the SAS normally operated full-
time and the autopilot was normally used during cruise, the aircraft could
be flown without augmentation or autopilot operation, but with difficulty.
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AIEXY A-12 Electrical System

Each remote accessory drive energized a 30 kVA generator that pro-
duced 115/220 VAC, three-phase power supplied to an AC bus and a 200-
ampere transformer-rectifier unit. The 28 VDC power output from each
transformer-rectifier was provided to “monitored” and “essential” DC
busses. Two 25 ampere-hour silver-zinc emergency batteries powered the
DC bus if either the generators and/or transformer-rectifiers failed. The
monitored bus powered the equipment bay payload and INS, whereas the
essential bus serviced all other functions as well as four 600 volt-ampere
inverters that powered the SAS, inlet control system, avionics, and cockpit
instruments. To accommodate maximum operating temperatures ranging
from 800°F to 1000°F, new wire insulation, connectors, terminal strips, and
potting compounds were required.

A-12 Communications, Navigation, and
Identification Systems

The A-12 was equipped with a high frequency (HF) radio for long
range voice and status communications, and an ultra high frequency (UHF)
radio for voice communications and air-to-air ranging for aerial refueling
tanker rendezvous. Radio navigation aids included tactical air navigation
(TACAN), automatic direction finding (ADF), and an instrument landing
system (ILS) receiver, but the primary means of navigation was an inertial
navigation system (INS) produced by Minneapolis-Honeywell. A flight ref-
erence system (FRS) provided a secondary source of attitude and heading
reference signals. A unique piece of equipment was the integrated peri-
scope and sun-compass, which provided a display at the top of the instru-
ment panel. The periscope provided a variable magnification view beneath
the aircraft for navigation and reconnaissance target identification pur-
poses, whereas the sun compass was used as a cross-check or in emergen-
cies to determine true heading by measuring the bearing of the sun relative
to a pre-computed value based on latitude and longitude. A film strip pro-
jector integrated with the periscope displayed a moving map of the mission
route or pilot checklists, and a destruct system could be manually activated
by the pilot prior to ejection or automatically during ejection to destroy the
film strip along with water soluble maps to prevent them from falling into
an adversary’s hands.

AR A-12 Crew Accommodations

An early design decision was that the pilot would be protected from the
high speed, high altitude environment in the event of cockpit depressurization
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or emergency escape by a full pressure suit and ejection seat combina-
tion, rather than an escape capsule as used in the B-58 and XB-70 that
permitted a “shirt sleeve” environment. The pressure suit/ejection seat
occupied less volume than the escape capsule, and was deemed more reli-
able [65]. The A-12, AF-12, and early SR-71s used a modification of the
F-104’s Lockheed model C-2 ejection seat, whereas later SR-71s (and the
YE-12A during NASA service) used a Lockheed SR-1 ejection seat, later
used in the U-2R/S and the Space Shuttle Orbiter Columbia during its first
four missions.

The V-shaped windshield and curved canopy panels used laminated
quartz glass. Pressurized air from the air conditioning system provided
defog capability. The canopy was manually raised and lowered, with
support provided by a nitrogen boost counterbalance system. Special
sunshades provided a means to shield the instrument panel from glare,
which could be extreme at high altitude. The instrument panel was
conventional, with air conditioning and landing gear controls on the left,
flight instruments and inlet controls in the center, and engine, fuel, and
electrical system controls on the right. Throttles, radio, and mission
payload controls were located on the left console, and SAS/autopilot, INS,
and radio navigation system controls were on the right. A caution/
warning light panel on the center stand alerted the pilot when necessary,
and multiple circuit breaker panels provided the means to isolate system
faults.

Kelly Johnson evaluated the crew accommodations firsthand when he
made a flight with test pilot Louis W. “Lou” Schalk in the A-12T trainer on
August 27,1963 (Fig. CS1.23). This aircraft, Article 124, replaced the equip-
ment bay behind the cockpit with a raised second cockpit for the student or
instructor pilot, or in this case Kelly Johnson. He believed that the designer
and builder had a responsibility to test their own product, both as a means
of inspection and to maintain competency to design future aircraft [66]. He
noted room for improvement in the areas of seat comfort and forward vis-
ibility through the V-shaped windshield.

AEREY Mission Equipment

The A-12 was equipped with a pressurized equipment bay (or “Q-bay”)
aft of the cockpit that accommodated one of four camera packages: Type I
(Perkin-Elmer), a panoramic system with two cameras that provided a 63
nmile swath with 30% stereo overlap and 12-in. resolution at nadir; Type II
(Eastman Kodak), a mechanically simpler set of two panoramic cameras,
built as a lower-risk backup to the Type I, that provided a swath width of 60
nm with 30% stereo overlap and 17-in. resolution at nadir; Type III, a mod-
ification of the U-2’s “B” camera that too was developed as a back-up to the
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Type I; and Type IV (Hycon), an 8-in. resolution spotting camera similar in
design and concept to the “B” camera, but incorporating improvements in
optics, film transport, and vibration control [67]. Interchangeable lower
Q-bay hatches matched window configuration to the camera, a design
feature leveraged from the U-2. When carrying the Type [, the Q-bay could
be purged with helium to reduce optical degradation resulting from
convective turbulence. Despite Kelly Johnson’s concerns about the
complexity of the Type I, which combined advanced features such as

twin reflecting cube scanners imaging onto a
single piece of film and concentric film supply/
take-up reels to minimize center of gravity
shift, Dr. Roderic M. Scott’s design performed
extremely well and was the only camera used
operationally by the A-12 [68]. In addition to the
cameras, the A-12 also carried systems to record
electronic signals and to provide additional pro-
tection (besides speed, altitude, and low RCS

Well before flying in the
A-12, Kelly Johnson flew as a
flight test engineer in the
original Lockheed Model 10
Electra. Earlier, while a
graduate student at the
University of Michigan in
1933, Johnson performed
wind tunnel tests of the new
design and solved a
directional stability issue by
replacing the Electra’s small
single vertical tail with twin
vertical tails tip-mounted on
the horizontal stabilizer. He
joined Lockheed that same
year, initially as a tool
designer but rapidly moving
into the engineering
department.

Figure CS1.23 Kelly flew the A-12T with Lou Schalk on 27Aug1963.
(Lockheed Martin)
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Figure CS1.24 A-12 forward fuselage internal arrangement.

features) against surface to air missile threats [69]. An electrical “E”-bay
was located immediately forward of, and accessed through, the Q-bay and
contained the SAS, autopilot, air data computer, air data transducer, FRS,
TACAN, ADF, and IFF equipment.

Figure CS1.24 shows the internal arrangement of the A-12 forward
fuselage including the nose radio bay, cockpit, E-bay, and Q-bay (shown
with the Type I camera).

m A-12 Mission Profile and Performance

A typical A-12 mission profile began with takeoff in maximum after-
burner, accelerating to an initial climb speed of 400 KEAS and then con-
tinuing the climb at Mach 0.9. Unless an aerial refueling was planned (to
top off the tanks if takeoff was performed at less than full fuel to improve
safety in the event of a takeoff abort), the climb continued at Mach 0.9-
0.95. At 38,000 ft, the pilot disconnected the autopilot (if engaged) and
initiated a 6000-8000 ft/min rate of descent to accelerate through Mach 1,
losing nearly 10,000 ft, and then resumed the climb at Mach 1.15, main-
taining 450 KEAS. At Mach 1.5, fuel flow was reduced 6000-8000 lb/hr
per engine, and at Mach 1.7 the pilot selected position “B” (50% open)
for the aft bypass doors as the inlet spikes began to retract. The climb
continued up to Mach 2.6 and an altitude of approximately 60,800 ft, at
which point maximum afterburner was selected and airspeed reduced
by 10 KEAS for every increase in 0.1 Mach, either manually or using the
autopilot KEAS hold feature. The aft bypass doors were set to position “A”
(15% open) at Mach 2.7, and finally closed at Mach 3.0. At approximately
76,000 ft and Mach 3.2, the cruise climb segment began, where altitude
increased as fuel was burned to maximize range. Descent was initiated by
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Figure CS1.25 A-12 mission profile—end of aerial refueling to 7500 Ib
fuel remaining.

retarding the throttles to military power to establish a 300 KEAS descent
speed, and the aft bypass doors were selected in reverse order (position
A at Mach 3.0, position B at Mach 2.7, and closed at Mach 1.7). Final
approach to landing was flown at 165 KIAS with 5000 Ib of fuel remaining.
Figure CS1.25 shows the altitude versus range profile from the end of
refueling to end of descent with 7500 Ib of fuel remaining.

X1 K-¥Y Fighter and Reconnaissance-Strike Versions

The A-12 design was optimized to perform overflight reconnaissance,
but Kelly Johnson recognized that the basic design offered the potential to
perform alternate missions as well. Only four months after full go-ahead
for the A-12, he developed concepts for an air defense fighter version car-
rying two trapeze-launched MB-1 Genie air-to-air missiles, and a bomber
version carrying a single 2000-Ib weapon in a central rotary bay. These
concepts would lay the foundation for two other Blackbird variants: the
AF-12 (later renamed YF-12A), and R-12 (later renamed SR-71) described
herein.
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MR Air Defense Fighter: AF-12 (YF-12A)

Following cancellation in late 1959 of the F-108 )

Rapier Mach 3 mterceptor' then .un.der co- igi;ilﬁﬁgiﬂﬁzi llfter
development by North American Aviation with evolved into the AN/AWG-9
the B-70 Valkyrie Mach 3 strategic bomber, radar/AIM-54 Phoenix
General Howell Estes of the USAF Air Defense ~ missile system for the US.
Command (ADC) asked Kelly Johnson whether ?;;’;Zfrumman F-1aa
the F-108’s advanced Hughes Aircraft Company

AN/ASG-18 radar and GAR-9 missiles could be

integrated into an air defense interceptor version of the A-12 to demon-
strate interception of airborne targets (representing incoming bombers) at
long range from a high speed, high altitude platform [70]. A feasibility study
showed that it was possible, and under Project KEDLOCK three A-12 pro-
duction slots were reprogrammed for what was to be called the AF-12 (and
later redesignated YF-12A in 1964).

The project required close collaboration between the Skunk Works and
Hughes Aircraft Company, the latter led by L. A. “Pat” Hyland with AN/
ASG-18 project engineer Clare Carlson. The forward fuselage was com-
pletely redesigned to accommodate the air defense mission requirements,
taking advantage of the FS715 manufacturing joint. The nose chine was
trimmed aft to accommodate the AN/ASG-18 radar with its 40-in. diame-
ter antenna, along with infrared search and track (IRST) sensors (using
lead selenide detectors cooled with liquid nitrogen) integrated into the
leading edge of the shortened chine. The resulting increase in fuselage
diameter and reduction in chine length, together with the addition of a
second cockpit for a Fire Control Officer (FCO), reduced directional stabil-
ity and required addition of three ventral fins (left and right fixed located
underneath each nacelle, and one centerline that folded for takeoff and
landing to provide clearance; see Fig. CS1.26). Four fuselage bays were
added, three of which each accommodated an 820-1b GAR-9 (later redesig-
nated AIM-47A) missile and the fourth dedicated to fire control system
avionics (Fig. CS1.27). A Freon liquid cooling system was added to cool the
radar transmitter, radar receiver, antenna drive, high voltage power supply,
and the IRST sensor heads, whereas an ethylene glycol-Freon system
cooled the missiles [71]. To accommodate the increased electrical power
demanded by the fire control system and inertial reference platform
(approximately 49 kW), the A-12’s 30 kVA generators were replaced with
60 kVA units energized by constant speed drives. Camera pods could be
installed underneath each nacelle and on the left fuselage underside to
photograph missile launches, and were cooled using self-contained liquid
nitrogen systems [72]. The airframe design used titanium in place of the
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Figure CS1.26 The AF-12 (YF-12A) used three veniral fins. (Lockheed Martin)

silicone asbestos composites, as “anti-radar” treatments were not required
for the air defense interception mission.

The YF-12A was limited to three prototypes, but Kelly Johnson pursued
a production contract throughout the 1960s. In July 1961, General Curtis
LeMay inquired whether Lockheed could produce ten per month [73], but
a production contract did not materialize. In September 1962, Johnson
developed a concept for an “AFR-12” that could be configured as a fighter
Or as a reconnaissance aircraft, using an airframe common with the R-12

Infra Red Search Air Conditioning Bay Fire Control System/

And Track (IRST) Mission Equipment Bay
Sensors (L&R)
HIERRNENI
D,
—

i

Radar Receiver Inertial Reference ‘GAR-9 Missile Bays (3)
Platform
Radar Antenna Liquid Nitrogen Dewars (2)
AN/ASG-18 Radar Transmitter Data Link Antenna Gaseous Oxygen Bottles

Figure C§1.27 AF-12 (YF-12A) fuselage internal arrangement.
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(discussed in Sec. CS1.6.2), folding fin AIM-47B missiles, and, because of
production readiness and integration concerns with the AN/ASG-18, a
new radar. This design was later referred to as the AFR-112, AF-112D, and
finally the F-12B. A revised nose radome of streamlined cross section
enabled elimination of the ventral fins. Lockheed ADP, together with
Hughes Aircraft Company and Pratt & Whitney, proposed a 94 aircraft
production program in 1967, and later in the spring of 1969 a 71 air-
craft program was offered to no avail. But Secretary of Defense Robert S.
McNamara had already decided that a modified version of the F-106 (iron-
ically never built) would be a less costly alternative to the F-12B, and the
ability to produce any further Blackbirds was permanently decided with
the order in February 1970 to destroy large jig production tooling; detailed
tooling was retained for spares [74].

m Reconnaissance-Strike: RS-12, R-12,
and SR-71

In January 1962, Kelly Johnson delivered an unsolicited proposal for a
bomber version of the A-12, nicknamed “B-12” and employing conven-
tional free-fall weapons dropped from a centerline rotary weapons bay, to
Air Force Under Secretary Dr. Joseph Charyk, USAF Colonel Leo Geary,
and finance officer Lew Meyer. Johnson was given a verbal go-ahead to do
a six-month engineering study, and began construction of a new engineer-
ing building to accommodate the anticipated engineering staff [75]. John-
son’s proposal was forwarded to Wright Patterson Air Force Base for
evaluation, in particular to the Weapon System 110A Project Office that
was responsible for overall management of the B-70 Valkyrie program.
There, a small team led by Major Ken Hurley took Johnson’s concept a step
further by recommending that the overhead bombing approach be replaced
by a more sophisticated offset method using standoff weapons targeted by
a side-looking radar (SLR) (similar to the approach being proposed for a
reconnaissance-strike version of the Valkyrie designated RS-70) and using
an astro-inertial navigation system from the cancelled GAM-87 Skybolt
air-launched intercontinental ballistic missile for precision navigation and
targeting [76]. Johnson initially resisted the concept because of its increased
complexity and cost, but ultimately adopted the approach because of the
improved survivability it would provide during the attack phase [77]. In
addition to providing weapon targeting and navigation updates, the SLR
could be used for post-nuclear strike reconnaissance. With this expansion
in mission capability, the B-12 became the Reconnaissance-Strike or RS-12.
Goodyear Aerospace and Westinghouse competed for the nose-mounted
SLR, while Minneapolis-Honeywell and Hughes Aircraft Company
competed for the aircraft and weapon guidance system. The weapon, a
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Figure CS1.28 RS-12 mockup showing nose SLR cavity
and extended missile. (Lockheed Martin)

trapeze-launched missile based on the GAR-9 with a nuclear warhead, was
integrated into fuselage chine bays and a second cockpit added in place of
the A-12’s Q-bay for a Reconnaissance-Strike Officer (RSO). The RSO’s
cockpit included a Recorder Correlator Display (RCD) that processed and
displayed SLR imagery in near real-time. All of these systems were modeled
in a full-scale mockup of the RS-12 fuselage (Fig. CS1.28) that was used to
evaluate the placement of equipment and cockpit controls.

Throughout the spring of 1962, the RS-12 secretly competed with the
RS-70 for the reconnaissance-strike mission. With its incorporation of
A-12 RCS reduction treatments, it became clear that the RS-12 would be
much more survivable than the RS-70, as well as less expensive because of
its smaller size. In fairness, the RS-70 (Fig. CS1.29) was based on an aircraft
originally sized to carry a 10,000 Ib weapon payload with an unrefueled range
of 6000 nm that resulted in a takeoff gross weight in excess of 530,000 Ib.
However, the closely held RS-12 may have been seen as a threat to the
higher profile RS-70 program and was curtailed; the RS-70 was later can-
celled as well. But two XB-70 prototypes were completed to demonstrate
technologies for long range, high altitude flight at Mach 3, making their
first flights in May 1964 and July 1965—ironically after the A-12 had
achieved Mach 3.2 in secret. The first XB-70 was later operated by NASA
and provided data in support of the United States Supersonic Transport
(SST) program before being retired in February 1969.

Kelly Johnson then pursued a reconnaissance optimized version, the
R-12, that carried multiple sensors covering radar, infrared, optical, and
radio frequency bands, thus providing a wide area synoptic reconnaissance
capability. The R-12 retained the second cockpit, now for a Reconnaissance
Systems Officer (RSO), but no weapons provisions. When President Lyndon
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Figure CS1.29 The RS-70 was the competitor to the Lockheed RS-12. [78]

Johnson revealed the existence of the aircraft on July 24, 1964, it was
under a new designation, SR-71, ostensibly for “Strategic Reconnaissance.”
However, the aircraft continued to be referred to within the Skunk Works
as the R-12 or SR-12 (as Kelly Johnson’s personal log was titled) and there
is some evidence [79] that the term RS-71 was also used, possibly as a
follow-on to the RS-70 designation series. Nevertheless, SR-71 would
become the enduring designation for the ultimate development of the Black-
bird series. Three variants were produced: the SR-71A of Fig. CS1.30 (29
examples), the SR-71B trainer (two examples, in which the aft cockpit was
elevated and equipped with a second set of flight controls for an instructor
pilot), and the single SR-71C (built as a replacement trainer after the loss of
SR-71B 61-7957 using the aft section of YF-12A 60-6934 and the forward
fuselage of the SR-71 static test article). The SR-71B and SR-71C
(Fig. CS1.31) both used fixed ventral fins identical in configuration to those
of the YF-12A in order to compensate for the decrease in directional stabil-
ity created by the elevated instructor’s cockpit.

The SR-71 incorporated numerous design refinements compared
with the A-12 (see Fig. CS1.32). Single-piece forgings replaced built-up
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Figure CS1.32 Payload and fuel accommodations: A-12 vs SR-71.

components such as the nacelle carry-through rings, which reduced parts
count (though the first six SR-71s used built-up nacelle rings). The chine
planform was broadened for increased lift and a removable and inter-
changeable nose added. A lengthened fuselage tailcone increased the fine-
ness ratio to reduce supersonic wave drag and provided additional fuel
volume; extending the wing fuel tanks outboard of wing station 72 also
increased fuel volume. But the addition of the RSO cockpit eliminated the
Q-bay and the ability to carry the A-12 camera packages, and a new set of
cameras had to be designed to fit within chine compartments distributed
along the length of the fuselage. Twin 60 kVA generators, similar to those
in the YF-12A, provided additional power for the SR-71’s expanded com-
plement of mission systems, shown in Figs. CS1.33 and CS1.34.

The removable and interchangeable nose forward of the cockpit pres-
sure bulkhead carried the Side-Looking Radar (SLR) (initially the Good-
year GA-531 and GA-531A Product Improvement Program (PIP) and later
the higher resolution GA-531B CAPability REconnaissance (CAPRE)
system) receiver, transmitter, and antenna, with the radome integrated into
the nose lower surface. Later, an alternate nose carried an Itek Optical Bar
Camera (OBC) that provided high-resolution panoramic images with
stereo capability (the camera is still in use today on the U-2).

Letter-designated bays located abreast of the nose landing gear bay and
in the chines carried other sensors and avionics equipment. The small
C-bay directly aft of the RSO cockpit carried a Fairchild F489 Terrain
Objective Camera (TROC) to record the aircraft ground track and for
mapping purposes. The D-bay to the right of the RSO cockpit was added to
house a portion of the aircraft defensive electronics (nicknamed “DEF”)
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Figure CS1.33 Mulliple bays accommodated SR-71 avionics and
mission payloads. [80]

systems. The electrical load center was housed in the electrical (E) bay,
whereas radio equipment was housed in the radio (R) bay. The K and L bays
originally housed an electromagnetic reconnaissance system (EMR) to
record electronic intelligence (ELINT), and later the DEF H system and a
radar recorder, respectively. The EMR system was later replaced by an
ELINT Improvement Program (EIP) system located in the S and T bays
which each originally housed an Itek Model 9085 Operational Objective
Camera (OOC) for wide-area panoramic stereoscopic coverage at 2-ft res-
olution of “operational objective” targets (these cameras proved disap-
pointing and were withdrawn from service after the OBC became available).
The P and Q bays each housed a Hycon HR-308 Technical Objective
Camera (TEOC) that could be pointed either automatically by the flight
plan tape or manually by the RSO to image “technical objective” targets at
high resolution for technical exploitation. The M-bay originally housed an
infrared (IR) camera produced by HRB-Singer [81] that was later removed
and replaced with the DEF E system and ultimately additional recorders
for the DEF and EMR/EIP systems. A mission recorder system (MRS)
monitored and recorded mission and aircraft system parameters for later
play-back.

As described earlier, the SR-71 relied upon an astro-inertial navigation
system (ANS) adapted from a system originally developed by Nortronics
for the GAM-87 Skybolt air-launched intercontinental ballistic missile
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Figure CS1.34 SR-71 mission payloads were modular and reconfigurable.
(Lockheed Martin)

(ICBM). Designated NAS-14 for the SR-71 application, the ANS used a
telescopic star tracker mounted to the outer gimbal of the inertial platform.
Looking through a quartz window and compensating for the refraction
caused by external shockwaves across the window surface, the star tracker
searched until it acquired the navigation stars from its catalog. By compar-
ing the star azimuth and elevation angles against known values for a par-
ticular location, the system corrected drift of the inertial platform and
updated present position. A digital computer with only 16K of random
access memory (RAM) (expanded from 4K for the Skybolt application)
performed the calculations, using a portable chronometer located in the
RSO cockpit for time correlation [82]. The NAS-14 was installed in the
center of the air conditioning bay aft of the RSO cockpit.

Other navigational systems included a General Electric SR-3 flight
reference system (FRS) that provided a standby attitude and heading
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reference (later replaced by a Litton SKN-2417 inertial navigation system
(INS)); a viewsight that provided an optical display of the terrain and a
means to update the ANS; and projected map displays in each cockpit. Like
the RS-12, the RSO cockpit included a radar Recorder Correlator Display
(RCD) that displayed SLR imagery in near real time for reconnaissance
target identification and navigation updates using radar fix points.

While the SR-71 was optimized for strategic reconnaissance, Kelly
Johnson continued pursuit of a bomber version. The B-71 study of early 1965
replaced the sensor bays with four weapon bays, each carrying a Short Range
Attack Missile (SRAM) with modified fins to accommodate launch at Mach
3.2. The final bomber concept, nicknamed “Bx” and shown in Fig. CS1.35,
carried four SRAMs or penetrator missiles targeted by a multi-mode radar;
Kelly Johnson was intrigued by the penetration potential against hardened
targets of a weapon launched at Mach 3. On both the B-71 and Bx, the chine
span was shortened and the chine radius enlarged to provide better weapon
bay integration, and to compensate for the reduction in lifting surface, the
entire fuselage forward of FS715 was tilted up by 1°48; which also reduced
trim drag. The Bx also added a lengthened tail cone for additional sensors
and defensive systems. This so-called “Big Tail” was later built and tested on
SR-71A 61-7959 in 1975-1976. But neither the B-71 nor Bx were pursued,
and the SR-71 remained the ultimate version of the Blackbird family.

W<IWJ Flight Test Challenges

ABEAY A-12 Flight Test Program

Flight test of the A-12 began nearly a year later than planned, and
not with the intended engine. Because of continuing development difficul-
ties with the initial YJT11D-20 engines, Kelly Johnson decided in Septem-
ber 1961 to use Pratt & Whitney J75-P-19W afterburning turbojets (with
water injection to boost thrust to 26,500 Ib in afterburner) for initial test
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Figure CS1.35 The "Bx” was the ultimate bomber concept of the
SR-71. (Lockheed Martin)
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flights [83]. The engine inlets and nacelles required extensive modifica-
tions to accommodate the engine’s smaller diameter and different mount-
ing scheme (Fig. CS1.36). With these lower-thrust engines, maximum Mach
was limited to 1.6 and maximum altitude to 50,000 ft, and the inlet spikes
were locked forward. These engines powered other A-12s, including the
A-12T trainer throughout its career, until arrival of the YJT11-D20.

In early March 1962 after arrival and re-assembly at the flight test loca-
tion, the first A-12 (Article 121; the term “article” was used instead of “air-
craft” for security purposes) was filled with fuel. Unfortunately, 68 leaks
developed due to lack of adhesion between the original Viton fuel tank
sealant and titanium, and the sealant had to be completely stripped and
replaced [84]. To enable engine runs to proceed, two 316-gallon P-38
vintage drop tanks, one above each inboard wing, were temporarily used to
provide a source of fuel. On the first high speed taxi test on April 25, 1962,
chief test pilot Louis W. “Lou” Schalk elected to briefly lift off the runway
for the traditional “hop,” but misalignment of the rudder pedals and nose-
wheel steering resulted in large rudder deflections during the ground roll
that, once airborne, created oscillations that were exacerbated because the
SAS was disengaged for what was intended to be a taxi test only. The first
intended flight the following day (with SAS engaged) saw non-structural
fillet panels shed during takeoff due to a failure of the forward fillet mount-
ing bracket. The team had to work around the clock over the weekend to
re-design and repair the fillets in time for the “official first flight” on
Monday, April 30 (see Fig. CS1.37) that was witnessed by Government dig-
nitaries and senior Lockheed management. Airspeed was limited to 250
knots and altitude to 30,000 ft. A low altitude flyby and maneuver at the
conclusion of the 59-min flight reportedly left Kelly Johnson speechless.

The YJT11D-20A engine was initially flown on October 5, 1962 in
Article 121’s left nacelle only, with a J75-P-19W in the right. Initial chal-
lenges included lower than expected thrust, inconsistent fuel consumption,

Pratt & Whitney J75-P-19W Engine

flight fests. (Lockheed Martin)
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Figure CS1.37 First official flight of the A-12 on April 30, 1962.
(Lockheed Martin)

thrust “jumps” at different throttle settings, and problems with afterburner
lighting [85]. On January 15, 1963, the second A-12, Article 122, flew with
two YJT11D-20A engines for the first time, and Article 121 followed on
March 9, 1963 with two fully instrumented engines necessary to begin the
flight envelope expansion program towards the design cruise speed and
altitude [86]. Progress was slowed by a spate of foreign object damage
(FOD) incidents between April and May 1963 that required 18 engine
removals and addition of FOD screens in the inlets, and loss of Article 123
on May 24, 1963 due to pitch-up resulting from erroneous airspeed indica-
tions caused by pitot tube icing; pilot Ken Collins ejected safely. Mach 3.06
at an altitude of 72,000 ft was finally achieved on July 20, 1963 in spite of
continued propulsion system troubles. These included engine main fuel
control anomalies that eventually required replacement of the original fuel
control with a Bendix unit from the General Electric J93 engine used on the
XB-70; a “duct rumble” condition experienced between Mach 2.0 and 2.4
that was suspected to be caused by flow separation from the aft expansion
surface of the inlet spike; unacceptable engine in-flight restart capability;
and problems with the inlet control system leading to inlet instability and
unstarts. As described in Sec. CS1.5.4, the duct rumble condition was cor-
rected by the addition of “mice” to tailor the inlet duct cross sectional area
distribution to reduce flow expansion and separation. The aft bypass doors
were added to provide additional bypass area to facilitate inflight engine
re-starts, and also improved inlet/airflow matching during normal operation.
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But inlet operation remained problematic until the Lockheed/AiResearch
electronic inlet control finally replaced the original pneumatic control
system. With this change, made at the direction of CIA Deputy Director
of Science and Technology Dr. Albert D. Wheelon [87], inlet operation
became more reliable and repeatable, and inlet unstarts were reduced in
frequency. The A-12 was now able to achieve the design Mach number of
3.2, reached on November 26, 1963 by Lockheed test pilot William C. “Bill”
Park. On February 3, 1964, Lockheed test pilot James D. “Jim” Eastham,
who was also the project pilot for the AF-12, made the first sustained flight
at design speed, with 15 min above Mach 3.2 and a maximum Mach number
of 3.33 up to an altitude of 84,000 ft. On July 9, 1964, thermal gradients
during descent led to seizure of Article 133’s outboard elevon servo valve,
causing the aircraft to roll uncontrollably to the left on short final; pilot Bill
Park ejected successfully. Another accident involving Article 126 on
December 28, 1965 was caused by the pitch and yaw rate gyro harnesses
being hooked up to the stability augmentation system in reverse, and led to
adoption of unique electrical connectors; operational pilot Mele Vojvodich
was able to eject safely [88].

With the ability to now attain and sustain high speed, high altitude
cruise conditions, another issue arose: range performance. The aircraft
burned more fuel during transonic acceleration than expected, which led
to adoption of a diving maneuver to accelerate to supersonic speed before
continuing the climb (suggested by Jim Eastham, who used a similar tech-
nique in the YB-58 he flew for Hughes Aircraft Company while testing the
radar and missile systems destined for the AF-12) as well as a faster equiva-
lent airspeed climb schedule [89]. The aircraft also suffered more drag than
predicted during cruise. The higher drag was eventually traced to a combi-
nation of causes. Because exhaust ejector wind tunnel tests were performed
in isolation and not in proximity to the wing and its interference effects,
ejector drag was under-predicted. Fuselage boattail drag was under-
predicted by the wind tunnel model support sting corrections. The
“dimples” in front of the ejector tertiary air inlet doors added to the drag as
well [90]. But one of the largest contributors was drag due to nacelle leakage
and the momentum loss of air dumped overboard through the forward
bypass doors during cruise. Improved sealing of the nacelles and the addi-
tion of the aft bypass doors to allow the forward doors to close down during
cruise helped mitigate this contributor, but nevertheless range perfor-
mance fell approximately 20% short of expectations. Another factor was
that the original specification range of 4068 nautical miles from takeoff to
initial aerial refueling was based on a reserve fuel load of 2700 Ib, which
was raised to 5000-7500 b for greater safety margin.

It was difficult to obtain specific range data for long range cruise seg-
ments because 180-deg turns were required to remain within the confines
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of the special use airspace; longer, straight line cruise segments were
required. A mission plan named SILVER JAVELIN took the A-12 on a
round-robin trip from the test location to multiple waypoints across the
United States. On December 21, 1966, Bill Park flew the SILVER JAVELIN
route in Article 129, which was specially instrumented with additional inlet
duct instrumentation. In the matter of 6 hr, he flew a total of 8700 nautical
miles with two refuelings, and on the third leg demonstrated a range in
excess of 3000 nautical miles from completion of refueling to landing [91].
Other tests proved systems reliability and mission payload functionality in
the high speed, high temperature environment. The A-12 had now proven
its operational capability and was ready to leave the nest.

MRREY AF-12/YF-12A Flight Test Program

Following three months of integration at Burbank and one month of
reassembly at the test location, the AF-12 flight test program began on
August 7, 1963, when Jim Eastham took serial 1001 (USAF serial 60-6934)
on its trouble-free maiden flight (see Fig. CS1.38). This aircraft remained a
Lockheed test aircraft, whereas its sisters 1002 (USAF serial 60-6935) and
1003 (USAF serial 60-6936) were assigned to the Air Force.

Whereas Lockheed conducted the A-12 flight test program for the CIA,
a Combined Test Force (CTF) comprised of Lockheed and Air Force crews
conducted the AF-12 (and later SR-71) test program. Lockheed was respon-
sible for Category I flight tests, which demonstrated basic airworthiness.
The Air Force was responsible for Category II flight tests, which verified
performance capability and systems operation.

The AF