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Foreword

Flight Testing of Fixed-Wing Aircraft by Ralph D. Kimberlin is an authoritative
" presentation of this important phase in the development of new types of

aircraft. Kimberlin is particularly well qualified to write on ‘this subject having
spent his early career in the U.S. Air Force followed by assignments in industry
as Chief Test Pilot at Rockwell General Aviation and Piper Aircraft Corpora-
tion. He served also as Chair of the AIAA Flight Test Technical Committee.
He has been designated as a Federal Aviation Agency (FAA) Consultant Flight
Test Pilot and Flight Analyst. ‘

The structure of this text is tailored to the special needs of teaching design

and therefore should contribute greatly to the learning of the design process
that is the crucial requirement in any aeronautical engineering curricula. The
35 chapters of this book are divided into three parts. Part I: Performance Flight
Testing, Part IT: Stability and Control Flight Testing, and Part IIL: Hazardous
Flight Tests. A brief listing of some of the topics of each part illustrates the
broad scope of his text. Part I covers FAA requirements, propeller and jet
engines, level performance, range and endurance, climb, tumn, drag determina-
tion, and takeoff and landing. Part 1I covers stability and control, longitudinal
static and dynamic stability, tuming performance, lateral stability, directional
control, and flying; and Part III covers stall and spin testing, and dive testing
- for flutter, vibration, and buffeting.
The AIAA Education Series of textbooks and monographs, inaugurated in
- 1984, embraces a broad spectrum of theory and application of different disci-
plines in aeronautics and astronautics, including aerospace design practice. The
series also includes texts on defense science, engineering, and management.
The books serve as teaching texts for students as well as reference materials
for practicing engineers, scientists, and managers. The complete list of text-
books published in the series can be found on the end pages of this volume.

J. S. Przemieniecki

Editor-in-Chief (Retired)
AlAA Education Series
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' Preface

This book was intended to fill two purposes. The first is as a text for those

teaching courses in fixed wing flight testing. The second is as a reference for
“those involved in flight test on a daily basis or those who need knowledge of
flight testing to manage those activities. The book is divided into three -
sections: Part I: Performance, Part II: Stability and Control, and Part ITI: Hazar-
dous Flight Tests. The first two sections were arranged so- that they might be.
taught as semester courses at the upper level undergraduate or graduate level.
The third section on hazardous flight tests provides information based upon 30
plus years of experience in either performing or directing such tests. As such,
it may serve as a reference for those about to become involved in such testing
and provides some hard-learned safety information.

The measurement of performance during an alrplanes flight testing is one
of the more important tasks to be accomplished during its development as it
impacts on both the airplanes safety and its marketability. Performance sells
airplanes! If an airplane is a poor performer it will have a short production
run. However, the measurement of performance, other than the calibration of
the pitot-static system and the measurement of stalling speed, should be
delayed until near the end of the development flight test program. The reason
is that during development flight test the airplane configuration may change in
order to have acceptable handling qualities, and changes in configuration will
affect the airplane’s drag. The test pilot and flight test engineer should be
warned, however, that the politics of airplane development will exert pressures
to measure performance early, which could result in an inefficient flight test
program due to the requxrement to repeat the performance tests aﬂer each
developmental change 'in configuration.

This book discusses performance for both propeller-dnven and jet aircraft.
However, its emphasis is on propeller-driven aircraft since much of the metho-
dology for testing of propeller-driven aircraft has been lost with time. The
author recommends that the pilots and engineers of jet propelled aircraft also
consult current publications of the U.S. military flight test organizations for
additional information on the flight testing of jet aircraft.

The section on stability and control provides the classical flight test methods
for measuring and evaluating these parameters and, as such, is aimed at the
light aircraft industry and the new group of general aviation airplanes under
development. Although more modern techniques exist, such as parameter iden-
tification, the cost and expertise required to use such methods-prohibit their
use on most small airplane programs. Also, the FAA Certification Regulations
are still based upon the classical techniques.

xvii



" xviil PREFAGE

Assuring that the airplane has adequate stability and control should be the -
first order of business in a new airplane development program, and in a book
that was intended as only a reference for the flight test community these
should also come first. However, from the standpoint of college courses in
flight testing, it is better to address performance first as it is likely to appear in
that position in most curriculum.

Ralph D. Kimberlin
May 2003
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Performance Flight Testing







1
Introduction

1.1 Introduction to Flight Testing

Modern aircraft are complex integrated systems with the propulsion, avi-
onics, and aerodynamics blended together to achieve optimum performance,
stability, and control. '

The flight testing of such aircraft is an endeavor that involves a number of
engineering disciplines in addition to the study of the man-machine interface
that we know as human factors. Engineering disciplines such as aeronautical,
mechanical, electrical and structural all come together at this phase of an
aircraft’s development. In addition, it is at this time that the human crew,
which has both tremendous capabilities and finite limitations, must begin to
interact with the aircraft and its systems. That interaction must be examined
from the standpoint of human workload, which has a component of human
psychology and industrial engineering. In addition, the management of a flight
test program for a modern aircraft requires management skills that are mnot
often included in most engineering curriculums. As a result of this mix of
disciplines, flight testing can not be claimed by any one and is therefore a
discipline unto itself. v T

- The flight test comes at the end of the aircraft design process and is a
unique part of it, as one of the purposes of the flight test is to validate and
refine the design. This means that changes to the design.will continue to be
made to the aircraft during the flight testing, as a result of the testing. Such
changes to the design may affect the results of testing previously done, requir-
ing it to be reaccomplished. We can see then that unless our flight test is prop-
erly planned it could result in a never-ending series of tasks. Additionally,
because the flight test comes at the end of the aircraft’s development, it will
face the pressures of schedule brought on by the economics of any product
development. Since flight testing is also a hazardous endeavor with important
requirements for the safety of the aircraft and its crew, we must have a well-
managed program to avoid accidents while accomplishing the program in a
timely manner. Therefore, the flight test team has a very difficult and exciting
task.

The principal purpose of today’s flight testing is to determine if this
complex aircraft and its crew can safely accomplish its intended mission. Other
purposes may include collection of aerodynamic, power plant or systems data,
and research into these or other related fields.

3



4 FLIGHT TESTING OF FIXED-WING AIRCRAFT

1.2 Types of Flight Tests

There are a number of reasons to flight test. One reason has been the desire
of man to push the frontiers of knowledge. This desire results in the research
flight test. Examples are the Wright Brothers’ research flights at. Kitty Hawk
and the tests of the X-series of aircraft during the 1940s, 1950s, and 1960s.
Such flight tests continue today as man tries to expand his knowledge of aero-
nautics and space. ' '

Another type of flight test is that for product development. Aircraft compa-
nies in their attempts to make profits for their stockholders must develop new
products. These tests, unlike research flight tests, may not be to push the state
of the art. Their purpose is to determine the characteristics of the new product
and to determine and solve problems with the product.

A third and important reason is to determine if the new vehicle will accom-
plish its intended mission. A 10-place aircraft that can only carry 2 passengers
is an example of an aircraft that does not meet its mission requirements. If the
aircraft does not meet its mission, additional development may be required.

The final reason for flight testing is to comply with established requirements
and regulations for safety of flight. These flight tests are the purview of
government organizations such as the Federal Aviation Administration (FAA),
which conducts or directs such flight tests in the United States. Other countries
have similar organizations, and in most of the world it is not possible to sell an
aircraft—other than a home-built kit—to the public without it having success-
fully completed these tests.

1.3 Sequence of Flight Testing

In general, the development of a new aircraft should follow a set sequence
to have a safe and efficient flight test. First, the aircraft should receive a
number of preliminary ground tests leading up to its first flight. If there is
more than one aircraft in the flight test program,. some testing may be
conducted in parallel, :

Certification testing usually comes at the end of the development program.
The sequence of certification testing is somewhat different than developmental
testing. :

1.4 Planning the Test Program

The success or failure of the flight test program will hinge on how well it is
planned. The planning process will allow the flight test team to think through
the safest and most efficient way to administer the program. In conducting this
planning the test team should first answer the following questions:

1) What are the purpose and objectives of this test program?
2) What specifications or regulations must be met? :

All too often testing is started ;/vithout a defined purpose and specific objec-
tives. Such an approach always results in a larger expenditure of effort than
does one in which the purpose and objectives are well defined:
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Once the test objectives have been defined (and agreed upon by all
concerned parties) one can set about to determine what regulations and/or
requirements apply. In most cases these requirements may need to be nego-
tiated with the aircraft certification agency (Federal Aviation Administration in
the United States) who has responsibility for aircraft certification.

1.4.1 Test Program Plan

Once the purpose and objectives have been firmly established and the certi-
fication regulations that apply to the test defined, one is ready to start designing
the tests. ‘ : : '

_ First, we should decide what types of tests and test methods best satisfy our

- purpose and objectives. Next, we need to group the tests so as to reduce the

total number of flights required. If the test program has more than one test

aircraft, the planning needs to include what testing will be accomplished on

each aircraft. Once this has been accomplished the instrumentation require-
ments for each aircraft can be established. ‘

At this stage in the planning process the instrumentation engineer, if one
exists, should be included to assist in planning the instrumentation require-
ments, This position can be of great assistance in the planning of the instru-
mentation required to meet the test objectives along with pointing out
-excessive requirements for instrumentation and system accuracy, which have a
great impact upon costs. However, the instrumentation engineer should not be
allowed to dominate this part of the planning process. '

Although it may appear obvious, the project test pilot and other test crew
members should be involved in every phase of the planning. They can be of
particular assistance in planning the testing sequence and in establishing the
safety limitations. Their understanding of the purpose of each test, and ‘where
it fits into. the overall test program, will be invaluable as the testing proceeds.

If the test program requires off-site testing, such as high-altitude takeoff and
landing tests, the planning should include any logistic, instrumentation, and
data collection/reduction support required at the off-site. ' :

If one has conducted previous test programs, one should review the lessons
learned from those programs. In addition, one should ensure in the planning
process that provisions are made for collecting and documenting, for future
use, the lessons learned from the current test program. Smart testing does not
“reinvent the wheel.” ’ '

During the planning process, brainstorming sessions are well worth the time
spent. During these sessions, attempt to cover all of the possibilities. If we
have designed a good test plan, problems that arise during the testing will be
less likely to have an adverse impact upon our test schedule. The shorter the
test schedule the lower the costs.

' 1.4.2 Planning Individual Flights

Using the sequence developed in the test ﬁian,’ individual flights should be
planned so that they include more items than can be accomplished during a
single flight. These items should be organized so'that the most important items
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are accomplished first. In this manner, a flight will not be wasted if the instru-
mentation for the primary items fail because the back-up items can be accom-
plished. All test items should be thoroughly planned with test altitude ranges,
power settings, trim airspeeds, airspeed limits, and other test~critical items
considered. Airspeeds should be in the values that the pilot will observe on the
instrument. Once the flight has been planned the flight data card should be

prepared.

1.4.3 Flight Data Cards

Flight data cards can be of the 5 x 7-card variety if data must be taken on a
kneeboard or of the 8.5 x 11-notebook type if data are taken on a clipboard. It
is not a good idea to plan these cards out in detail more than a day in advance
of the flight since the requirements of an individual flight may change as the
flight test progresses. These data cards may be personalized, but they should
all contain the following information. o

General Data .
1) date of the test -
2) type of aircraft -
3) aircraft N number or serial number
4) purpose of the test ‘
- 5) aircraft takeoff gross weight and center of gravity or a loading number
6) time of day of takeoff and landing :
7) total flight time
8) configuration or a configuration number
9) test technique

The data card may be so arranged as to have the above data as the heading of
the card, and the cards may be standardized to your liking with a large number
of blank boxes for test specific data. - o CoT e '

For test-specific data the cards should be arranged for ease of data taking
and should contain the following information.

Test Specific Data ’

1) trim conditions (airspeed, altitude, ambient temperature, power setting, and
so forth) if required by the type of test

2) test limitations (airspeed, altitude, control force, and so on)

3) all required data arranged in the order in which it will be collected with the
most likely to change data shown first ’

4) comments on test conditions (such as air turbulence), specific data points,
or other relevant comments

1.5 Governing Requirements and Regulations

The federal regulations for the certification of fixed-wing, propeller-driven
aircraft date back to the Air Commerce Act of 1926 and were codified in the
U.S. Department of Commerce Bureau of Air Commerce Aeronautics Bulletin
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No. 7, “Airworthiness Requirements for Alircraft.” This bulletin was amendéd
to Aeronautics Bulletin No. 7-A (Ref. 1) on 1 October 1934. Bulletin No. 7-A
is 58 pages long, including figures, and applies to aircraft built during this
time period. It still applies to certain antique aircraft. Special requirements for
transport aircraft were covered by Aeronautics Bulletin No. 7-J. '

In the late 1930s the Civil Aeronautics Authority was established and issued
replacements for Bulletin No. 7. This regulation was Civil Air Regulation
(CAR) Part 4. It recognizéd the need for separate regulations for small aircraft
and larger transport aircraft with Part 4 being for small aircraft and Part 4T
covering transport aircraft. Later when helicopters appeared on the scene certi-
fication regulations were added for these aircraft. The Civil Aeronautics Act of
1938 resulted in the issuance of new regulations: Civil Air Regulations 4A for
small aircraft and 4B for transport aircraft. Later these were changed to Civil
Air Regulation Part 3 for small aircraft (defined as aircraft not exceeding
12,500 1b takeoff gross weight [TOGW]) and CAR Part 4b for transport aircraft
(defined as those aircraft with TOGW in excess of 12,5001b). Corresponding
Civil Aeronautics Manuals (CAM 3 (Ref. 2) and CAM 4b (Ref. 3)) gave the
regulation along with accepted interpretations of certain regulations including
acceptable methods of conducting the flight test. Aircraft in the restricted
category, such as agricultural aircraft, were certified under CAR Part 8 and its
corresponding CAM 8 (Ref. 4).

Since Civil and Federal Air Regulations set the Type Certification Regula-
tory Basis for an aircraft as the regulations that applied when the manufacturer
applied for the original type of certificate, many of today’s light aircraft and
some transport aircraft still use the CARs as their certification regulations.

1.5.1 FAA Regulations

In 1958 the Civil Aeronautics Agency became the Federal Aviation Admin-

istration and new aircraft certification regulations were issued in 1965. They .
were FAR Part' 23 (Ref. 5) for small airplanes and FAR Part 25 (Ref. 6)
for transport airplanes. Originally they were nearly the same as the older
corresponding CARs; “however, politics, changes in technology, and aircraft
accidents have caused them to be revised and changed considerably from
the original CARs. Fig. 1.1 shows the development of the federal aviation
certification regulations. :

1.5.2 FAA Flight Testing Advisory Circulars

Since the technical details of how to perform a given flight test are not
provided in the FARs as they were in the CAM material, the FAA, in the
1970s, issued “how-to” documents under FAA orders. These documents were
FAA Order 8110.7 “Engineering Flight Test Guide for Normal, Utility and
Aerobatic Category Aircraft”’ and FAA Order 8110.8 “Engineering Flight Test
Guide for Transport Category Aircraft.”® However, FAA orders are only avail-
able to individuals with FAA responsibilities and are not available to the
general public. As a result, the FAA rewrote these documents and issued them



8 ~ FLIGHT TESTING OF FIXED-WING AIRCRAFT
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Fig. 1.1 History of U.S. airworthiness regulations.

as advisory circulars. Advisory Circular No. 23-8A is entitled “Flight Test
Guide for Certification of Part 23 Airplanes.”® This advisory circular is
complete and replaces the FAA Order 8110.7. The replacement advisory circu-
~ lar applying to transport aircraft is AC No. 25-7 “Flight Test Guide for Certifi-
cation of Transport Category Airplanes.”!? - : e S

One should understand that advisory circulars and FAA orders do not have
the force of law as do FAA regulations, and the flight test methods and data
reduction techniques given in these documents are not the only acceptable
methods of performing the flight test. However, if an individual chooses to use
a method other than one given in the advisory circular, that person is responsi-
ble for convincing the FAA pilots and engineers that it is a valid method.

1.5.3 Other Requirements

To sell airplanes or aeronautical equipment anywhere other than the United
States, one must ensure that the requirements of the foreign nation are met.
Although many countries accept the FARs, others, such as European nations
and Australia, do not. Many of these countries certify their aircraft under the
Joint Airworthiness Regulations (JAR). Although considerable effort has been
made by all parties to ensure that the current FARs and JARs are equivalent, if
the aircraft was approved under an earlier regulation, such as CAR 3, the JARs
should be consulted to ensure that all requirements are tested and comply.
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1.6 The Atmosphere

To understand the performance and handling qualities of an aircraft the test
pilot and flight test engineer must understand the medium in which it flies.
The Earth’s atmosphere is a mixture of several gases. Included (in approximate
percent by volume) is nitrogen at 78%, oxygen at 21%, water vapor at O to
4%, and traces of argon and other rare gases.i:,l Nearly all of the water vapor is
contained within the first few thousand feet of the atmosphere. This concentra-
tion of water vapor sometime$ presents problems for the flight tester since
water vapor is much lighter than dry air. - : :

The pressure and temperature of the atmosphere is ‘constantly changing,
which affects its density through the gas laws. This causes the performance of
an airplane to vary with the time of day and the season of the year. As a
result, a standard was needed upon which performance comparisons could be
made. This resulted in the adoption of a standard atmosphere for flight testing.-

The atmosphere does not have a well-defined upper limit since density of
the air decreases slowly as altitude is increased. However, the atmosphere is
divided into four major divisions that conform to certain physical characteris-
tics. In fixed-wing flight testing we are only concerned with the first two of
those divisions.

The part of the atmosphere closest to the Earth’s surface is called the tropo-
sphere. Its upper limit is variable with location"on the Earth and season of the
year but is taken in standard atmospheres to be 36,089 ft. Temperature in this
part of the atmosphere decreases with height. This temperature lapse rate has a
significant effect on weather, most of which is contained within the tropo-
sphere. The division between the troposphere and the next layer of atmosphere
is called the tropopause. E

" As we increase in distance from the Earth’s surface, the next part of the
atmosphere is the stratosphere. This part éxtends from the tropopause to an
altitude of roughly 50 miles.'! Originally it was thought that the temperature
remained constant throughout this altitude band; however, more recent data .
show that the temperature only remains constant between the tropopause and
14 miles of the stratosphere.'' Since propeller-driven aircraft can only operate
in the lower regions of the stratosphere we will not concern ourselves with
what goes on at those extreme altitudes:

The atmosphere changes constantly with variations in pressure, temperature,
and quantity of water vapor. Therefore, observed flight test results obtained on
one day will not be the same as those obtained on another day. This variance
gives rise for the need to have a standard-day, or atmosphere, to which we can
correct flight test results obtained on different days.

1.6.1 Standard Atmosphere _

Every few years the National Oceanographic and Atmospheric Administra-
tion (NOAA) tabulates a new standard atmosphere. This is because, in addition
to seasonal and daily changes, the atmosphere’s parameters change as the
world grows older. However, the changes in each new standard atmosphere are
small. As a result, the flight testing community and the FAA have settled upon
the 1962 U.S. Standard Atmosphere.’ ‘
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The 1962 U.S. Standard Atmosphere assunles éhe following:!!

1) The air is a perfect gas.

2) The air is dry. :

3) The standard sea level conditions are: T, 5. =15°C =288.15K, Py =
29.92in. Hg =760 mm Hg.

4) ‘The tropopause-occurs at 36,089 ft.

5) The temperature decreases linearly with altitude to the tropopause. -

6) The gravitational field decreases with altitude. At sea level the acceleration
due to gravity is 32.1741 ft/s (Ref. 2).

7) The temperature at the tropopause is —56.5°C or 216.65K.

This atmosphere is tabulated or can be defined by a set of equations given in
the next section, which can be programed into a computer.

1.6.2 Atmospheric Variables

On a standard day below the tropopause, the temperature decreases linearly
with altitude increase. This can be defined by the equation:'?

Ty = Tg — (de/dED)H ' (1.1)

where
dt/dH = the temperature lapse rate
H = the geopotential altitude

This equation can be restated in a more useable form using the pressure
altitude:" ' : S

T, = T (1 — 6.87535 x 107°H,) ‘ (1.2)

where
Hp = the pressure altitude

The standard temperature ratio, §, can then be defined as:'3
0 =1T,/Ts, = (1 —6.87535 x 107°H,,) (1.3)
The pressure reduces with altitude by the relation: '
dP/dh = —gp (1.4)

where
g = the acceleration due to gravity
p = the air density :




TR AR

INTRODUGCTION - .| = - 11

¢

Assuming the air to be a perfect gas as -is’ a“ssumea‘-'m the 1962 U.S.
Standard Atmosphere, the density is then defined as:2.

p = P/RT = P/R(Tg; — Lh) (1.5)

where '
R = the gas constant for air

" L = the temperature lapse rate, d7/dA

This equation may also be written in terms of pressure altitude as®?
| p = pg (1 — 6.87535 x 1078 Hp)* > - | (1.6)
If we substitute Eq. (1.5) into Eq. (1.4) we can write:'? |
dP/P = —gdh/,R(TSL'.— LFk) (1.7
from which we can find the pressure ratio, o (Ref. 12):

8 = P/Ps, = (1 = Lh/ T, '™ = (T/To '™ | (1.8)

which can be written in terms of pressure. altitude as:"?

5 = P/Pg = (1 - 6.87535 x 1075 Fp)**! 1)

To determine true airspeed and density altitude we need to know the density
ratio, o (Ref. 12): - :

o =p/pg = (T/Te /Y (110

Eqs. (1.3), (1.6), and (1.9) can be used to calculate the 1962 U.S..Standard.
Altitude Table in térms of the pressure altitude for altitudes below the tropo-
pause. Equations_for altitudes above the tropopause can be found in a number
of references.' "2

However, during flight testing, when going from test conditions to standard
day conditions, only Eq. (1.9) above is of value. Eq. (1.9) can only be used
if you have set your test altimeter to pressure altitude (29.92in. Hg in
the Kollsman window) and not to the local altimeter setting. To determine
other test day parameters such as temperature ratio ¢ and density ratio ¢ the
following equations should be used:

Temperature Ratio
9 = (T, +273.15)/288.15 ' (1.11)
Density Ratio |
c=20/8 ' (1.12)



12 FLIGHT TESTING OF FIXED-WING AIRCRAFT

where the pressure ratio  comes from Eq. (1.9) and the fémperature ratio 8
comes from Eq. (1 11). This conversion takes test day data to standard day.
conditions. .

1.7 Aircraft Weight and Center of Gravity

.- The aircraft-loading, or weight and. balance as it is sometimes called, is one
of the most important items in the flight test as both the aircraft’s performance
and its stability and control are functions-of the loading. The most accurate
way to determine the aircraft’s loading is. an actual weighlno of the aircraft,
with crew, ballasted to the test loading. However, this is not always possible
since it is time consuming and costly. If an accurate empty weight and center
of gravity (c.g.) have been determined through weighing then the loading can
be calculated for noncritical tests. If the tests are considered critical to either
ﬂight safety or certification then the loading should be determined by weighing
in the flight-ready configuration.
The weight and c.g. requirements are covered in CAR 3.71 th:ough 3.76
(Ref. 2) and in FAR 23.21 through 23.31 (Ref. 5) and are discussed in
AC 23-8A in paragraphs 6 through 10 (Ref. 9).

1.7.1 Weighing and Ballasting Techniques

In weighing an aircraft, the aircraft should be in a level attitude. Different
designs use different methods for achieving a level attitude, but common
methods are the use of leveling points on which a spirit level is placed or a
point from which a plumb bob is suspended with a corresponding mark to
show level.

-The: scales used- in weighing the aircraft can be the platform type or the
electronic type. One advantage to the electronic type, or load cell type, is that
they are mounted on top of aircraft jacks and the aircraft is lifted from the
surface with the jacks. If individual jack extension is adjusted the aircraft can
also be leveled without compressing landing gear struts or flattening tires as is
usually required to level the aircraft when platform scales are used. In.most
flight test programs of prototype aircraft a set of jack-mounted electronic scales
will pay for themselves in time saved in aircraft weighing

FAA Advisory Circular EA-AC 65-9A “Airframe and Powerplant
Mechanics General Handbook”!* Chapter 3, contains considerable detail on
how to we1gh an aircraft and additional weight and balance 1nformat10n may
be found in AC 91-23A “Pilot’s Weight and Balance Handbook.”"

In ballasting the aircraft for flight tests several techniques and types of
ballast may be used. The types of ballast include both solid and liquid. .

Solid ballast can be bags of sand or cement, however, more compact solid
ballast consist of lead shot as used in shotgun shells. This shot is available in
25-tb bags of various sizes from most gun shops, and the bags are small
enough to be placed in nearly any location in the aircraft. Although lead bars
can also be used, the lead shot is much safer in the advent of an accident as it
is not as likely to become a missile as is a lead bar. Lead shot may also be
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placed in shot tanks that have dump valves a“Llowmcr the shct to be dumped
overboard in an emergency.

L1qu1d ballast in the form of water may also be used by securing water
tanks in the fuselage of the aircraft. This form of ballast may also be dumped
in an emergency.

Both solid and liquid ballast have their advantaces and disadvantages which
may be a function of the test to be performed. Whatever type of ballast is
used, the FAA adv1ses in AC 23-8A thit attention be paid to both the longitu-
dinal and vertical c.g. of the aircraft in ballasting. So if a solid ballast like lead
shot is used, it should not be placed on the cockpit floor but in a location

" above the floor that would represent the vert1cal c.g. of the crew, passengers,
and cargo.

1.7.2 Welght and c.g. Requirements for Testing

Both CAR 3 and FAR 23 require that the. aircraft be loaded to ‘certain
weights and c.g. for certain tests. In general the FAA requires that the aircraft
be tested at the most forward c. g at maximum TOGW for performance. For
stability and control the aircraft is tested at both forward and aft centers of
gravity at maximum TOGW and at the most forward c.g. regardless of welght ‘
for control. The tolerances on we1ght and c.g. for testing are provided in the
applicable FAA regulation and in Sec. 1.8 of this chapter.

1.7.3 Determination and Use of the Mean Aerodyh»amic Chord

In flight testing it has been found that plotting the c.g. in _percent of the
mean aerodynamic chord (MAC) has more use than plotting it in inches aft of
an arbitrary datum.

The aircraft’s datum, from which all locatxons on the airplane are measured,
is determined by the airplane’s designer. As a result, the location of the datum
is likely to be different for different airplane designs. An example of this
. difference is shown in Fig. 1.2 (Ref 14). As a result it is nearly impossible to
compare one design to another. usxng the center of .gravity stated in terms of-
inches aft of datum.

. On the other hand, if the c.g. is referenced in terms of percent of the MAC
it is easy to compare one aircraft to another. For instance, most tail aft aircraft
have c.g. ranges of 10-30% when expressed in terms of MAC, while tail first
aircraft will have c.g. ranges from —10 to +5% MAC. Therefore, if you were
testing a tail aft aircraft that would still meet stability requirements at 35%
MAC and control requirements at 5% MAC you would know that your aircraft
had a wider c.g. range than most of that configuration (tail aft). .

There are several methods of determining the MAC. Mathematically,: the
MAC can be defined as:'®

mc:zj ctdy/S (1.13)

-5
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(c)_ Nose location

ie
L
l

O

{d) Center line of rotation location

Fig. 1.2 Various locations for aircraft datum.™
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where

s = the semi-span, b/2

¢ = the local chord length
y = the span wise location
S = the wing planform area

For straight tapered wings, the MAC can be written as:'
MAC = Ca@2/3)(L + A+ D/ +7) (1.14)

where :
Cpr = the root chord length
/. = the taper ratio, Cr/Cp

If the wing has several sections each with a different taper ratio, then the MAC
of each section can be calculated and an equivalent straight-tapered wing deter-
mined. . T '

In addition to the length of the MAC, the location of its leading edge with
respect to the datum must be determined. The distance of the leading edge of
MAC from the apex of a swept or tapered wing is expressed as:!

X,z = Cgl(1+ 22)/12J4 tan A, (1.15)

where :
X, = the distance from the wing apex to the leading edge of the MAC
Cp = the root chord of the wing '
A = the wing taper ratio
A = the wing aspect ratio, b*/S _
A, = the sweep angle of the wing leading edge

‘The distance from the aircraft datum is then added to the value of X; - obtained
in Eq. (1.15) to determine the location of the leading edge of MAC in inches
- aft of datum as is shown in Fig. 1.3 (Ref. 14). ’

To determine the c.g. location in percent of MAC, the leading edge of
MAC in inches aft of datum is subtracted from the c.g. in inches aft of datum
and divided by the MAC in inches and multiplied by 100.

1.8 Flight Testing Tolerances .

AC 23-8A (Ref. 9) states in paragraph 6(a)(4): “The purpose of the toler-
ances specified in FAR 23.21(b) is to allow for variations in flight test values
from which data are acceptable for reduction to the value desired.”

In AC 23-8A, the Federal Aviation Administration accepts the following
tolerances for flight testing: ' '

1) Airspeed: 3kn or £3%, whichever is greater

2) Power: £5% ‘ '

3) Wind (takeoff and landing tests): not to exceed 12% Vs or 10 kn,
whichever is lower
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Fig. 1.3 The c.g. in relation to mean aerodynamic chord.'

4) Weight: +5% to — 1% for weight critical items such as performance and
+5% to —10% for nonweight critical items such as stability
5) Center of gravity: =+ 7% of total c.g. travel o
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Methods for Reducing Data Uncertainty in
| “Flight Test Data

2.1 Introduction .

In most scientific endeavors, we must deal with errors or uncertainty in the
data we collect. Flight testing is no exception. In fact, many of our error
sources are unique to our field and require special attention. The purpose of
this chapter is to examine the sources of error related to flight testing, to
discuss some methods of eliminating or minimizing these errors, and to deter-
mine how to deal with the remaining uncertainty when we present our data.
Flight testing is a complicated experimental technique. As a result, it combines
most of the types of errors found in experimental methods. For instance, fixed,
or systematic, errors are found in the instruments from which we collect our
data. Random errors come from the atmosphere, from pilot technique, and
from errors in taking readings. Gross blunder errors can come from poor test
planning, pilot technique, and several other sources.

Although most flight tests can be performed as multisample experiments
with considerable improvement in accuracy, the cost of performing the test
normally limits us to a single sample experiment. This being the case, we must
understand where the sources of our uncertainty- lie, take.steps..to avoid or
minimize that uncertainty, and then present the data in a manner that recog-
nizes the remaining uncertainty.

2.2 Sources antha.gnityt"Jdes of Errors

 Before we can find the sources and magnitudes of errors we must first
define errors. An error can be defined as the difference between the true value
and the measured value. Although this definition seems simple enough, deter-
mining its magnitude from flight test data is difficult due to the number of
~ potential error sources. Let us now examine some of these sources.

2.2.1 Instrument Error

Instrument error is one of the easiest errors to determine since it is deter-
mined in the laboratory. It consists of two types of error: hysteresis error and
bias error.

Instrument hysteresis is the difference in instrument readings between
increasing and decreasing values. Nearly all instruments have hysteresis (see
Fig. 2.1). However, mechanical instruments are more prone to it than are other
types. Instruments with large hysteresis should be discarded or repaired prior
to use in flight tests. o

19
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Airspeed Instrument Calibration
Instrument S/N: 15120

Calibration Date: 02-28/2000

Installed: Boom System - N9163]
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Fig. 2.1 Airspeed instrument calibration.

Bias error can be described as the difference between the correct reading
and the average of the hysteresis band. For good instruments this error should
‘not change significantly with time. '

Flight test instruments should be calibrated for both bias and hysteresis‘on a

regular basis. For normal testing, instruments should be calibrated every three

to six months with the shorter interval being desirable. For critical testing,
where flight safety is involved, or high accuracy is desired, instruments should
be calibrated on monthly intervals or less, ,

The magnitude of instrument bias errors is not significant as long as it is a
repeatable error and the instrument is not used as a pilot’s flight instrument,
The magnitude of hysteresis errors is significant and should not exceed + 1%
of the scale reading.

Fig. 2.1 shows the method for plotting the instrument error for a mechanical
instrument. Mechanical instrument error should be plotted with straight line
variation between calibration steps since the mechanical friction in the instru-
ment and friction bumps are more likely to make the instrument behave in this
manner. Today, however, there is a tendency for new engineers to want to plot
these data as a curve since curve fitting routines are available in most spread
sheet programs. Curve fittings are acceptable for electrical transducers since
their behavior follows a curve, However, mechanical instrument error should

be plotted linearly as shown in Fig. 2.1. -
~ One other item related to any data plotting: an old rule is that if one finds a
data plot that has been dropped on the floor there should be enough informa-
tion on the plot for the person who found the plot to find the owner and to

|
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have a good idea as to what the plot is about; Flg 2 1 glves an example to
follow. .

2.2.2 Airspeed and Altitude Position Error

The error in airspeed and altitude readings caused by the location of the
static pressure source on fixed-wing aircraft, and the static and total pressure
source ‘on- hehcopters is determined by flight test. It is worth noting, however,
'~ that since the ertor is-detérmined by flight test it is also subject to uncertainty.
Since an accurate determination of airspeed and . altitude is basic to all flight
testing, having a high confidence level in the position correction is essential.
Since the only way to obtain this confidence is through repeated sampling, this
test is a definite candidate for a multisample experiment. In addition to multi-
sampling, it is worthwhile to use several different flight test methods to obtain
this data. If the data are repeatable using several methods, then the confidence
in the position correction is greatly increased. -

Since position correction data are subject to many of the causes of uncer-
tainty to be discussed in the following sections, the use of curve fitting and
statistical analysis techniques is necessary. :

2.2.3 Reading or Discrimination Error

Reading error can occur in both hand- and automatic-data recording. For
hand recording, errors can occur due to an indirect view of the instrument
being read. This is sometimes called parallax error. Normally, these errors are
small when compared to other hand-recording reading errors. Misreading
errors are caused by powers of ten. If the instrument has not been con51stently
misread these errors are usually easy to identify. -

Reading  errors for automatic recording equipment are more correctly
described as. discrimination errors. In automatic equipment these errors are
most pronounced in analog oscillograph and brush recorders where the width
of the trace may provide the error magmtude

2.24 Uncertainty Due to Atmospheric Condltlons

The atmosphere can be the source of large random errors. Atmospheric
temperature inversions and nonstandard temperature lapse rates can create data
scatter that is difficult to explain or correct. Changes in wind velocity with alti-
tude may also introduce error in data that are collected at several altitudes.
Climb and descent data are partlcularly subject to temperature and wind
effects. :

Humidity or water vapor in the air can also create problems for the flight
test engineer. Most water vapor in the atmosphere is found in the first 3000—
4000 ft above sea level. This phenomena tends t6 make data collected in this
region disagree with data collected at higher altitudes.

Atmospheric turbulence will always introduce errors in flight test data and
should be avoided for all flying qualities and performance testing. The magni-
tude of atmospheric errors can be large and may not be correctable. Therefore,
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in flight testing, one should attempt to avoid afmospheric -conditions that tend
to introduce these errors.

2.2.5 Errors Due to Pilot Technique

Since most aircraft are flown by human pilots, we must be alert for errors
caused by pilot technique. Errors due to pilot technique result from failures on
the part of the pilot to properly trim the aircraft, to allow sufficient stabilization -
* time on‘a data point, to properly configure the aircraft or engine, or to account
for friction in a control system to name a few. The pilot can also be guilty of
gross blunder errors by violating known principles of testing.

2.2.6 Errors Due to Inaccurate Thrusf or Power Determination

For performance flight testing, knowing the correct value of thrust or power
is essential. However, most aircraft engines have tolerances on the thrust or
power that they develop for a given power setting. If it is not possible to cali-
brate the engine prior to the test, which is often the case, these tolerances
become data uncertainty. o

Typical values for the magnitude of these tolerances are +5 to —2% of the
desired thrust or power value, ~

2.2.7 Errors Due to Control System Friction or _HySteresis

Both reversible and irreversible control systems suffer from problems of
friction or hysteresis. These problems can introduce significant data scatter and
error to control force data. In addition to errof in flight test data, the friction—
and breakout forces associated with it—have an adverse effect on the pilot’s
opinion of the airplane if they are large. :

The magnitude of these errors is a function of control system design and -
maintenance. In general, the simpler the contro] system the smaller the friction
or hysteresis. ' -

2.3 Avoiding or Minimizing Errors

Since many of these errors just discussed are of unknown magnitude, they
do not readily lend themselves to the error analysis technique used in other -
engineering disciplines. However, there have been techniques developed by the
flight test community to minimize these ErTors.

2.3.1 Instrument Calibrations

To minimize instrument errors, some steps can be taken while applying the
instrument. correction, First, on tests such as climbs and accelerations the
increasing side of the instrument hysteresis should be used. On descents and
decelerations the decreasing side of the instrument hysteresis should be used.
For level flight data the average of the increasing and decreasing hysteresis
values should be used. A similar approach should be used for other types of
tests,
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L

2.3.2 Sample Size

As discussed previously the airspeed and altitude position error confidence
level can be increased by increasing the sample size and applying the curve
fitting techniques of statistical analysis. Nearly all flying qualities and perfor-
mance flight test data can benefit from an increased sample size. However,
increasing the sample size to increase confidence level in the data is a tradeoff
with the increased cost of conducting the flight test. Before one can make the
- cost vs sample size decision, one-should decide if the increased data confi-

dence is worth the cost. In many cases it is not. :

2'.3.3 Methods to Avoid Reading Errors

There are several tricks to avoid reading errors on hand-recorded data.

Parallax errors may be avoided by the observer being positioned directly in
front of the instrument to be read. :

Misreading errors may be reduced by writing down the first one or two
numbers prior to final stabilization on the data point. For example, the thou-
sands and hundreds of feet in altitude may be recorded before reaching the
data point, and upon reaching the data point the tens of feet are read. Similar
approaches may be used on other parameters.

" Additional data scatter may be avoided on hand-recorded data by determin-
ing which are the most important parameters and then reading those parameters
first. Increased accuracy will also be obtained by reading parameters in the
same sequence at each data point. '

For automatic recording equipment, reading errors will be reduced by select-
ing larger rather than smaller scales for data traces and by reducing .the- amount
of data to be collected on any one device. Digital rather than analog -data
recording may also offer advantages for certain types of data, however, this
is not always true. For certain dynamic data analog recording is superior to
digital. : ,

2.3.4 Minimizing Atmospheric Errors

Errors caused by temperature inversions, nonstandard lapse rates, and wind
shear may be avoided or reduced by using several techniques.

First, it has been found that collecting_data through a temperature inversion
will introduce uncorrectable errors in the data. Climb and descent data are
particularly subject to these kinds of errors. One way -of avoiding them is to
have another aircraft climb through the altitude band where testing is to take
place and record outside air temperature vs altitude. The test aircraft can then
use this data to avoid temperature inversions and areas of turbulence.

The effects of wind shear may be reduced on climb and descents by
performing these maneuvers at right angles to the prevailing wind and by
repeating all climbs and descents on opposite headings. Opposite heading data
is then averaged to come up with the corrected value of climb or descent for
the given airspeed.

It is best to avoid high humidity days for flight testing. However, this is not
always possible. In such cases, we may correct for humidity by taking wet and
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dry bulb temperature readings at each test altitude. With this data a psycho-
metric chart may be used to determine the partial pressure e of the water vapor
in the air at the time of test, Once this value is obtained the density ratio ¢
may be corrected using Eq. (2.1) (Ref. 1). '

o = 9.625(P — .375¢)/(273 + 1) (2.1

where
P = the atmospheric pressure in inches of mercury
¢t = observed air temperature in Celsjus

Engine power will also be affected by humidity. There are two methods of

235 Minimizing Errors Dye to Pilot Technique

A good test pilot can trim and stabilize an aircraft in a minimum amount of
time. However, al] test pilots will ‘not perform these acts in the same amount of

higher airspeed rather than 4 lower airspeed,

Many gross blunder errors made by the pilot and crew can be avoided if
test checklist are prepared and followed for each test and if the configurations
and power settings are checked and rechecked prior to each data run,

2.3.6 Minimizing Errors Due to Inaccurate Thrust and Power
Measurement

If possible prior to testing, the power plant should be calibrated while
installed in the test aircrafl. For jet aircraft this should be accomplished on a
thrust stand and for propeller-driven aircraft using a torque meter. Although it
is only possible to do the thrust calibration on the ground, these data may be
used to adjust the engine manufacturers altitude data, thereby reducing some of
the known error. :

Other items for reducing installed thrust or power errors are accurate
measurement of the engine in)et temperature and other engine parameters.




METHODS FOR REDUCING DATA UNCERTA!NTY 25
2.3.7 Minimizing Friction Errors . }

‘Prior to commencing flying qualities testing the control system friction and
breakout forces should be measured and recorded. If these values are found to
be excessive the control system should be inspected, cleaned, and lubricated,
and any source of friction not inherent in the basic design corrected.

During data acquisition the pilot should attempt to work out the friction
prior to taking readings or to obtain a friction hysteresis by obtaining increas-
ing and decreasing-readings. In addition, free return speeds should be obtained
on longitudinal force “data for aircraft with reversible control systems and
breakout forces should be obtained for irreversible control systems.

2.4 Error Analysis

Even though we apply all of the steps and procedures previously mentioned,
we will still find that our data have error or scatter. If we survey the engineer-
ing literature we find several methods for determining the uncertainty of a
given exper'unent.z‘6 The problem with many of these methods, however, is
that they require a knowledge of the magnitudes of the uncertainties for the
individual parts that go to makeup the whole. In flight testing, we cannot
define the magnitude of all of these contributing uncertainties. For instance,
how do you define the magnitude of the uncertainty introduced by the pilot
when it is mixed in with all of the other uncertainties? Although one may esti-
mate the unknown magnitudes and perform the uncertainty analysis, the value
of results from such analysis is questionable. '

A common-sense approach may be a more effective way of dealing with
uncertainty in flight test data. Several common-sense tests may be applied to
the data to determine its validity. These tests can be described as: 1) test of
consistency; 2) test against theory; and 3) correlation test.

2.4.1 Test of Consistency

As a general rule flight test results are smooth and consistent. If the data
collected does not meet this test it is suspect. This does not mean that the data
cannot have scatter. What it does mean is that there should not be large discon-
tinuities in a smooth curve faired through the data.

2.4.2 Test Against Theory

If a theoretical method exists to generate the results being obtained by flight
" test, then the results from the flight test should generally agree with the-theory.
This is particularly true with respect to curve shapes if not absolute values.
Most theories for -aircraft performance, stability, and control are well estab-
lished and flight test data should be in general agreement. However, one
should be careful in applying this test since certain aerodynamic theory, such
- as that for stability and control, have simplifying assumptions, which may be
violated in actual flight tests. ' ' -
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2.4.3 Correlation Test

This test may be used to answer many questions with regard to the accuracy
of data from a given flight test. First, does the data correlate with other data of
the same type? Does it correlate from pilot to pilot? If so, then the error due to
pilot technique may be dismissed. Does it correlate from test method to test
method. If so, then data confidence is greatly improved. If not, then it may be
questionable. -

Once data have been given and passed the above listed tests, then the final
step is to apply a” statistical analysis to the remaining scatter. One very
commonly used statistical method is the least. squares curve fit. This method is
discussed in most probability and statistics books and will not be explained
here. However, there are at least two items that should be discussed pertaining
to applying a least squares fit to flight test data. . ‘ '

The first is that it is much easier to fit a straight line through scattered data
than it is a curve. As a result, it is worthwhile to attempt to find some scheme
that will normalize the data from a curve into a straight line prior to applying
the curve fit. The normalization procedure of plotting PIW x VIW against
VIW* to make PIW vs VIW data become a straight line is such an approach
(Figs. 2.2 and 2.3).

Second, the use of the weighted least squares fit is preferable for flight test
data since use of the weighting factor for individual data points allows one to
give less weight to points that are obviously scattered. It also allows for pilot
comment—on which were good or-bad data points—to be considered in the
data analysis.
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.Airspeed Systems Theory and Calibration

3.1 Introduction

An accurate measurement of airspeed and altitude is necessary for safe
flying. This is especially true for flight testing. In addition to the error caused
by the airplane’s instruments, several other errors are associated with the pitot-
static system. This chapter will discuss these errors, the methods for evaluating
them, and the requirements for calibration and accuracy as defined in the
Federal Aviation Regulations. '

3.2 Federal Aviation Regulation Requirements

The FAA ‘and its predecessors have always considered flight instrument
accuracy to be important. Aeronautics Bulletin 7-A states: “The ‘indicated’
airspeed is defined as the speed which would be indicated by a perfect air-
speed indicator, namely one which would indicate true air-speed at sea level
under standard atmospheric conditions.” It further refers the reader to Aeronau-
tics Bulletin 26, section 6(A)(8), for further information on airspeed indicators.
Current regulations require accuracies over specified ranges of airspeed and
altitude. ~

3.2.1 Civil Aeronautics Requirements 3.663 Airspeed Indicating
System . . L .

This regulation requires the airspeed indication system to be so installed as
to indicate true airspeed at sea level (calibrated airspeed) under standard condi-
tions within an allowable installation error of no more than +3% of the cali-
brated airspeed or 5 statute mph, whichever is greater, between 1.3V and V
with the flaps up and at 1.3, flaps down. The regulation requires the calibra-
tion to be made in flight.

3.2.2 Civil Aeronautics Requirement 3.665 Static Air Vent System

This regulation states that airplane speed, the opening and closing of
windows, air-flow variation, moisture, or other foreign matter shall not
seriously affect the accuracy of instruments that depend upon static pressure.

3.2.3 Federal Aviation Regulation 23.1323 Airspeed Indicating
System

FAR 23.1323 is similar to CAR 3.663 except mph have been changed to
kn and the ranges for the calibration have changed. In this regulation, the cali-

29



30 FLIGHT TESTING OF FIXED-WING AIBERAFT

bration range flaps up is from 1.3 Vs1 10 Vao/Mygo or Vyg, whichever is appro-
priate, and the flaps extended range is from 1.3V to Ppz. The pitot-static
system is required to have positive drainage for moisture and must have a
heated pitot if IFR certification is sought, »

Commuter category airplanes are required to have an additional calibration
with the airplane on the ground between 0.8 Vimin @nd 1.2, . which consid-
ers the approved ranges of altitude and weight. This calibration must be deter-
mined considering an engine failure at Vimin- Duplicate systems are also
required for commuter category aircraft.

3.2.4 Federal Aviation Regulation 23.1325 Static Pressure System

FAR 23.1325 is considerably more stringent than is CAR 3.665. In addition
to requiring the items of CAR 3.665, this regulation contains requirements for
drainage, chafing, and distortion of the tubing, and the materials used must be
suited for the intended use and protected against corrosion.

In addition, a proof test must be conducted to demonstrate the integrity of
the system. These tests are for both pressurized and unpressurized airplanes.
For unpressurized airplanes, the test is to evacuate the static system to 1000 ft
above the airplane’s altitude and determine that the system does not leak down
more than 100 ft in 1min. For pressurized airplanes, the test is to evacuate the
system until a pressure differential equal to the maximum pressure differential
for which the airplane’s cabin is approved is reached. Then, the system should
not leak down more than 2% of the altitude equal to the cabin’s differential
pressure or 100 f, whichever is greater.

- Static pressure ports are also to be designed so that there will not be a
significant change in the calibration when the airplane encounters icing.

If a system incorporates a primary and an alternate static source, it must be
shown that when either source is selected the other is blocked off and that

~both can not be blocked off simultaneously. o o '

“The static pressure system must be calibrated in flight and the error at sea
level on a standard day may not exceed +30ft per 100kn of airspeed in the
speed range between 1.3V, and 1.8¥75,. However the error need not be less.
than 30 ft.

3.2.5 Advisory Circular 23-8A

Advisory Circular 23-8A provides acceptable methods for calibrating the
airspeed system plus precautions for calibration such as static sources located
adjacent to the propeller. It also provides data reduction methods in an appen-
dix and an equation to convert airspeed position correction into altimeter posi-
tion correction.

3.3 Theory of Airspeéd Systems

The conventional airspeed indicator is actually a differential pressure gauge
calibrated ‘according to the law of frictionless adiabatic flow, with the assump-
tion that the ambient conditions are those of the standard atmosphere at sea
level. For subsonic flow the calibration equation is derived from the isentropic
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flow relations. Then for subsonic speeds it can be sa1d that _
P2y - WP - PR P -1 ()
For supersonic flow the calibration equation assumes the existence of adia-

batic flow with a normal shock located just forward of the total pressure
pickup. In this case,

Pa= PP, = (4 D200 — 11—y £ @7y G2)
where
P, = free stream total pressure
P,, = total pressure aft of normal shock
P, = free stream static pressure

y = specific heat ratio, 1.4 for air
a = free stream sonic speed

Because the airspeed indicator only senses P, — P or P, — P, the indicator is
calibrated according to the assumption that the sonic velocity has its sea level
value of 1117ft/s, and that the static pressure when it appears alone in the
equation also has its sea level value of 2116 psf. By substituting these values
into Eq. (3.1) we come up with an equation for calibrated airspeed.

Ve = 2497.7[{(P, — P,/2116) + 1}0557 — 1} (33)
for subsonic flow with ¥ in feet per second, and
Py —P;=10. 2835VC/{7—- (117 P —2116] - (3.4)

for supersonic flow, ,
" Another form of Eq. (3.3) can be obtained by letting

qg.=P,— P, - (3.5)

Then by assuming that sonic speed and static pressure have their sea level
values we can write:

go =P, — Py = Pyl(1 + {(y — 1)/2K(VE/ap)}"™V — 1] (3.6)

If we expand the bracketed quantity by a binomial expansion and retain only
the first three terms we have:

gc = Poll + /20 Vclagl + (/8)(Ve/ap) = 1) (3.7)

or

de = (Po/D(Ve/at(l + 1/40c/a)t (3.8)
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-

then if we substitute Po = PPy /a% we have:

qc = (PoVE/2)(1 + 1/4(Ve/ap)) (3.9)

3.4 vPosition Error

When we speak of the position error of an airspeed system, we are speaking
about the airspeed error caused by the failure of the static and total pressure
pickups to sense the actual free stream pressures. This is caused by the location
of these pickups on the airframe, hence the name position -error. Considerable
study has shown that the total pressure source or pitot head is relatively insen-
sitive to inflow angles and will have little error as long as it stays within 20
deg or so of the free stream flow direction. This says that most of the position
error is due to location of the static source alone. If we were to plot the static
pressure variations around an airplane in flight they would look somewhat like
what is shown in Fig. 3.1. v

In examining this figure we can see that as the airplane approaches, the
pressure increases. In the vicinity of the wing it rapidly changes from maxi-
mum positive to maximum negative. About the middle of the aft fuselage it
returns to zero and then increases with the oncoming tail. Again, in the vicinity
of the horizontal tail it rapidly changes sign. Then somewhere aft of the
airplane it returns to free stream value. From this figure we can see that there
are very few places on or around the airplane where we can get an accurate
reading of the free stream static pressure. This figure also shows why static

- . ports on many airplanes are placed on the aft fuselage. We can also see that in

order to do a proper job of flight testing we must have an accurate determina-
tion of position error, : ;

To accomplish this by flight test we use several methods. One method is the
pitot-static boomn located on the nose or the wing tip.- To minimize position
error wing tip booms' should have the static source located a ‘minimum of one
chord length ahead of the wing while nose booms should have their static
source at least 1.5 fuselage diameters ahead of the fuselage.

+p
" D s
P

STATIC PRESSURE VARIATION

Fig. 3.1 Static pressure change with aircraft passage.
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Another method is the airspeed bomb. In this method a bomblike pitot-
static source is trailed far enough below and behind the aircraft to sense free
stream pressures. _

A third method is called the trailing cone method. In this method a trailing
cone, with tubing to transmit static pressure, is trailed behind the aircraft at a
distance sufficient to obtain free stream static pressure. The distance behind the
aircraft of the static pressure ports should be at least 1.5 to 2 aircraft lengths

" behind the airplane. ' : : -

All of the methods mentioned have their own set of problems. The fixed
pitot-static boom becomes inaccurate at low speed when the angle to the rela-
tive wind allows total pressure to enter the static port. A free swiveling boom
cures this problem but is not good at high speed due to flutter.

The trailing bomb method is only good for low-speed work since at higher
speeds it tends to become unstable.

The trailing cone is good at higher speeds but has a problem with low
speed since its weight will cause it to sag, introducing total pressure into the
static port. _

As you can see, measurement of static pressure during flight test is a sticky
problem. ‘ ‘

3.5 Lag Errors

Pitot-static systems also suffer from an error called lag error. This particular
error shows up on large aircraft where the pitot-static lines are long and on
high-performance aircraft where things change rapidly. This error will also
show up when either the pitot or static line is longer than the other. To correct
and minimize lag errors two steps may be taken. First, attempts should be
made to only obtain data during stabilized flight conditions so pressures in the
pitot-static system will have time to stabilize. Second, proper attention should
be paid to pitot-static system design to insure that both sides have equal
volume. . S . . ,

3.6 Altimeter Position Error

Since the altimeter is connected to the static system, it suffers from the
same position errors as the airspeed system. The altimeter is calibrated using
the equation of balance of the atmosphere:

dp = pg dA (3.10)

where ‘
dp = the static pressure change
p = air density
g = acceleration due to gravity
dh = change in height

Then for small errors such as position error we can say:

. AP, = —pglhp o (3.11)
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where T

AP, = the static position error .

Ahp = the altimeter position error in feet of pressure altitude

It is worth noting that the altimeter position is a function of altitude since the
atmospheric density appears in the equation. .

If the airspeed position correction is known, the altimeter position correction
can be found using the equation:’ :

| e \217 7. |
= c <
dH = 0.08865(dVC){1 + 0'2(661.5) } ( G) (3.12)
~ where ,

dH = the altimeter position correction in feet
V¢ = the calibrated airspeed in knots _
dV¢ = the airspeed position correction in knots E
o = the ambient air density ratio ' "

3.7 In-Flight Calibration Methods
Several methods are’currently in use for airspeed calibration. They are:

1) speed course method |
2) tower fly-by method, or altimeter depression method [
3) pace method _ : . i
4) radar method
5) onboard reference method

. 6) global positioning system (GPS) method

3.7.1. Speed Course Method ‘

In this method the aircraft is flown over a measured course on the ground at
low altitude so an accurate measure of ground speed can be made. The course
is flown in both directions and the ground speeds averaged to minimize wind
errors. The average ground speed is then compared to the true flight speed and
the position error is arrived at. In using this method, attempts are made to fly
the course during crosswind conditions and allow the aircraft to drift. This also
helps to minimize wind errors. Problems with the method are that it requires a
measured course in a remote area and must be flown in very stable air so that
airspeed can be maintained accurately. A data reduction sequence for the speed
course method is shown in Table 3.1.

3.7.2 Aneroid or Tower Fly-by Method

Since both the airspeed system and altimeter are hooked to the same static
system on most aircrafl, it is possible to relate altimeter position error directly
to airspeed position error using Eq. (3.12).

In this method the aircraft flies at a constant airspeed and altitude by a
tower of known height that has an observer and sensitive barometer on top.
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The observer can determine the aircraft height with respect to the tower using
a theodolite. This height may then be compared with the height shown on the
aircraft altimeter and the position error determined using Eq. (3.11). This
method is almost the exclusive method used by the military and by some aero-
space companies. Its problems are: '

1) It has speed limitations.
2) It also requires very stable air.
3) It assumes that pitot error is zero.

3.7.3 Pace or Calibrated Aircraft Method

In this method another aircraft is calibrated by one of the above methods
and then used as the standard for calibrating the test aircraft. This method has
the advantage of safety since the calibration can be done at altitude. It also
saves test time since the wait for smooth air at low altitude is not required. Its
disadvantage is the requirement to maintain one aircraft in a calibrated state as
the standard. The method is performed by the pace or standard aircraft main-
taining a steady speed while the test aircraft flies a tight formation on the pace.
When there is no relative movement in the formation the test aircraft calls
“read data,” and both airspeed indicators are read simultaneously. This step is
repeated for several speeds through the speed range of the test aircraft.

Correction of data is straightforward. First the pace aircraft’s indicated
speeds are corrected to calibrated airspeed, then the test aircraft’s indicated
speeds are corrected for instrument error: The difference between the 7} of the
test aircraft and the ¥ of the pace aircraft is the AV for the test aircrafl.

3.7.4 Radar Method

*" THe radar method is similar to the speed course method except that the .
times to traverse the known distance are obtained from the radar, This method
has the advantage of being able to be used at altitude and it does not have the
speed limitations of other methods. It does, however, require smooth air and
low wind conditions. This method is flown in the same manner as the speed
course method.

3.7.5 Onboard Reference Method

The onboard reference method consists of using an airspeed bomb or trail-
ing cone as a reference system to calibrate the test aircraft’s system. The
method is performed by flying the aircraft at a number of speeds throughout
its speed range and reading the indications of the test system and the reference
system. Data are then reduced in the same manner as the pace method. :

The advantages of this method are that it only requires one aircraft and that
the reference system may be calibrated on one aircraft and then used on several
_ other aircraft prior to requiring recalibration.

The disadvantages are that the reference system does require calibration and
that a special rig or fixture is required on the test aircraft to handle the refer-
ence system. :




AIRSPEED SYSTEMS THEORY AND CALIBRATION 37

3.7.6 Global Positioning System Method

The global positioning system (GPS) method developed by the author
replaces the ground speed obtained from the measured course in the speed
course method with the ground speed along the aircraft’s heading obtained
from GPS ground speed and aircraft track over the Earth. By knowing the
GPS ground speed, aircraft track over the ground, and the aircraft heading one
can obtain the component of ground speed along the aircraft heading. Like the
speed course method, the GPS method uses the ground speed measured along
_ the heading on reciprocal headings to cancel the effects of winds and then
follows the speed course procedure for data reduction to determine the pitot-
static systems position correction.

The pnn01pa1 advantage of this method i§ that it can be flown at any altltude
as long as the air is smooth. In addition, the aircraft only needs to be stable on
altitude and airspeed long enough for the GPS receiver to update—usually a
matter of séconds—before data can be read and the opposite heading estab-
lished.

It should be noted that it is not necessary to have a differential GPS receiver
to use this method since its accuracy is quxte high with conventional receivers.
This is because the ground speed taken from the GPS receiver is the first deri-
vative of the position so a fixed error in the location of the aircraft will not
affect the ground speed.

3.8 Temperature Probe Calibration

Since it is customary during the initial stage of ﬁxght testing to calibrate all
test instruments, we will also dlscuss calibration of temperature probes. Deter-
mination of free air temperature in flight is also-subject to correction because
~ of probe design and location. With a well-designed probe the major error is
caused by compressing the air passing the probe. If the air passing the probe is
brought to a complete stop adiabatically and the probe senses the resulting
" temperature, thén the instrument corrected temperature T; may be stated by the
equation:

T, = Tg + VE/7592 (3.13)

where ‘ »

T, and T, are in degrees Kelvin

Vy is in knots

7592 is a constant from the physmal properties of air

Since in actuahty the air does not come to a complete stop and may exhibit
nonadiabatic recovery, a correction factor is added to Eq. (3.13), and the result-
ing equation is written:

T, = Tp + KV2/7592 (314

The correction factor K will vary with installation and probe design from
0.7 to 1.0 but will usually fall between .95 and 1.0. For subsonic speeds K
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Fig. 3.2 Plot of temperature calibration.

does not vary significantly with Mach number and altitude, but at supersonic
speeds temperature rises are much larger and variations may exist. .
The constant X may be determined by taking the slope of the plot of T; vs
V:/7592 (Fig. 3.2).
The free air temperature 7, may also be determined from this plot by
extending the plot to where ¥2/7592 equals zero.

References

‘Godwin, O. D., Frazier, F. D., and Durnin, R. E., “USAF Performance Flight Test
Theory,” FTC-TIH 64-2005, AFFTC, USAF Test Pilot School, Edwards AFB, CA, 1965.

2Godwin, O. D,, Frazier, F. D., and Durnin, R. E., “USAF Performance Flight Test
- Techniques,” FTC-TIH 64-2006, AFFTC, USAF Test Pilot Schoot; Edwards AFB, CA,
1965. : ' o )

3Federal Aviation. Administration Order 8110.7; “Engineering Flight Test Guide for
Small Airplanes,” U.S. Departient of Transportation, Federal Aviation Administration,
U.S. Government Printing Office, Washington, D.C., 20 June 1972. , '

*Federal Aviation Regulation Part 23, “Airworthiness Standards: Normal, Utility, and
Acrobatic Category Alrplanes,” U.S. Department of Transportation, Federal Aviation
Administration, U.S. Government Printing Office, Washington, D.C., June 1974,

5Perkins, C.D, Dommasch, D. O,, and Durbin, E. J., AG4RD Flight Test Manual, Vol,
[—Performance, Pergamon Press, New York, 1959,

GHamlin, Benson, Flight Testing, The MacMillan Company, New York, 1946,

"Federal Aviation Administration Advisory Circular No. 23-8A, “Flight Test Guide for
Certification of Part 23 Airplanes,” U.S. Department of Transportation, Federal Aviation
Administration, U.S. Printing Office, Washington, D.C., Feb, 1989.




_ a
Stall Speed Measurement

4.1 Introduction

The airplane’s stalling speed is one of the most important parameters
obtained in flight test, since most other criteria are based upon some multiple
of stalling speed. Therefore, stalling speed should be determined early in the
flight test program. It is the next item to be determined after the pitot-static
system has been calibrated. Stalling speed is difficult to determine because the
position error is hard to define at high angles of attack and changes rapidly in
that region. :

One of the difficulties in determining stalling speed is defining when-the
stall occurs. Airplane designers and aerodynamicists define the stalling speed
as the speed at which the maximum lift coefficient, Cpp,,, Occurs. However,
the various FAA regulations and the military specifications have different defi-
nitions. This difference in definition of the stalling speed has led to some
controversies during “off-the-shelf” buys of civil certified aircraft by the U.S.
military.

4.2 Federal Aviation Administration Requirements

The FAA has several definitions for stalling speed depending upon which
certification regulation. applies. This also has led to some controversies even
within the FAA organization. B :

4.2.1 Civil Aeronautics Manual 3 Requirements (Ref. 1)
CAR 3.82 Definition of Stalling Speeds states:

(a) Vs, denotes the true indicated stalling speed, if obtainable, or the minimum
steady flight speed at which the airplane is. controllable, in mph, with:

1) engines idling, throttles closed (or no more than sufficient power for zero
thrust),

2) propellers in a position normally used for takeoff,

3) landing gear extended,

4) wing flaps in the landing position,

5) cowl flaps closed,

6) center of gravity in the most unfavorable position within the allowable landing
range, :

39
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7) the weight of the airplane equal to the wexght in connection thh which Vg is
being used as a factor to determine a required performance.

(b) Vs, denotes the true indicated stalling speed, if obtainable, otherwise the
calculated value in mph with:

1) engines idling, thrortles closed (or not more than sufficient power for zero
thrust); :

2) propellers in a posmon norrnally used for takeoff, the airplane in all other
respects (flaps, landing gear, etc.) in the particular condition existing in the
particular test in connection with which ¥, is being used;

3) the weight of the airplane equal to the weight in connection with which V5, is
being used as a factor to determine a required performance.

(c) These speeds shall be determined by flight tests using the procedure
outlined in section 3.120. A

Several things should be noted about this regulation. First, the term “true
indicated stalhng speed” means the calibrated stalling speed. Second, the term
“zero thrust” is interpreted by the FAA (then CAA) to permit “zero thrust at a
speed not greater than 110% of the stalling speed.” The third item that should
be noted is that the stalling speed shall be determined by the procedure that is
outlined in section 3.120 of CAR 3. This regulation says that: “the elevator
control shall be pulled back at a rate such that the airplane speed reduction
does not exceed 1mph per s until a stall is produced as evidenced by an
uncontrollable downward pitching motion of the airplane, or uatil the control
reaches the stop.” Of all the airplanes upon which the author has measured
stalling speed, (50+), the stall has always been defined by when the elevator
control reaches the up stop. This condition may be well beyond the maximum
lift coefficient if the aircraft has ample elevator power. Even though the .
airplane may be well beyond the C;,, the elevator is powerful enough to keep
the nose from pitching downward uncontrollably until the up stop is reached.
If the airplane is elevator power limited the aircraft may reach a steady
airspeed without being aerodynamically stalled. In this case the stalling speed
is still defined as the speed when the elevator reaches the up stop. It should be
noted that the definition of the stalling speed is different than that given in
CAR 4b of the CARs and the one given in the military specifications. Fig. 4.1
taken from reference 3 shows these definitions in graphical form.

CAR 3.83 Stalling Speed also addresses the stalling speed. However, in this
regulation the maximum value of the stalling speed is addressed. CAR 3.83
says: “Vg at maximum weight shall not exceed 70 miph for 1) single-engine
airplanes, and 2) multiengine airplanes which do not have the rate of climb
with critical engine inoperative specified in section 3.85(b).” The purpose in
this regulation is to lower the stalling speed to a point that in the event of an
accident during landing the occupants of the aircraft would have a better
chance of survival. Research has shown that the accident rate during landing
approach goes up as the square of the approach speed. Therefore, if the stalling
speed is low the approach speed will also be low since it is a function of
stalling speed.
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Fig. 4.1 . FAA stalling speed definitions.”

It is also worthy of note from this regulation that multiengine airplanes that
have a stalling speed lower than 70mph do not have to have'a rate of climb
when the critical engine is inoperative. S

4.2.2 Federal Aviaﬁqn Regulation Part 23 (Ref. 2)

The Federal Aviation Regulations Part 23 reads quite similar to the Civil
Aeronautics Regulations. One difference is that the airspeeds have been
converted from miles per hour to knots. FAR 23.49 Stalling Speed combines
the CAR 3.82 and 3.83 regulations and adds in what had previously been
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policy regarding the use of zero thrust at 110% of the stalling speed. FAR
23.49 also refers the reader to FAR 23.201 for test methodology. FAR 23.201
is essentially the same as CAR 3.120 regarding the methodology.

Advisory Circular 23-8A (Ref. 3) has several notes relating to stalling
speed. It states that: “the 61kn (70 mph) stalling speed applies to the maxi-
mum takeoff weight for which the airplane is to be certificated.” It also points

«-_out that most standard airplane pitot-static systems are not acceptable for deter-

‘mining stall speeds and provides some acceptable systems. It also- prov1des
acceptable methods for determining zero thrust- for ' reciprocating ‘engine
powered airplanes and turbopropeller aircraft. The . test crew should consult
both the applicable regulations and this advisory circular prior to commencing
testing. .

4.3 Stall Theory

The stall occurs due to an adverse pressure gradient developing over the
upper surface of the wing as the angle of attack is increased causing the flow
to separate from the upper surface of the wing. This flow separation is affected
by both two-dimensional and three-dimensional effects, in addition to the
effects of Reynolds nurnber

4.3.1 Two-Dimensional Effects

Two-dimensional effects upon the stall and the angle of attack at which it
occurs include: :

1) Reynolds number

2y wing camber

3) wmg thickness . .

4) size of the leading edge radxus

5) surface roughness '

6) leading and trailing edge devices such as slots and slats and flaps

4.3.1.1 Reynolds number two-dimensional effects. The larger the
Reynolds number, the higher the maximum lift coefficient and the angle of
attack where it occurs. Reynolds number has little effect upon the lift curve slope
as shown in Fig. 4.2 (Ref. 4).

4.3.1.2 Wing camber effects. 'Wing camber tends to reduce the angle of
attack where stall occurs while increasing the maximum lift coefficient. This
effect is similar to that of trailing-edge flaps as shown in Fig. 4.3. Positive camber
also moves the angle of zero lift to the left as is also shown in the figure. It is
worth notmg that for most airfoil families the lift curve slope stays nearly constant
with an increase in camber.
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4.3.1.3 Wing thickness effects. Wing thickness has the effect of
increasing the maximum lift coefficient and the angle of attack at which it occurs.

4.3.1.4 Leading-edge radius effects. Increasing the size of the leading-
edge radius has the effect of increasing the maximum lift coefficient and the angle
of attack at which it occurs, thereby d_elaying the stall.

4.3.1.5 Surface roughness effects. Surface roughness may have vary-
ing effects. If the flow over the wing is laminar, an increase in surface roughness
will cause the boundary layer to transition to a turbulent boundary layer that
contains more energy and will not separate as fast as a laminar boundary layer
and the stall will be delayed. However, if the surface roughness is large it may trip
the boundary layer causing early separation. Roughness the size of frost or ice
will cause the boundary layer to trip resulting in an earlier than normal stall.

4.3.1.6 Leading- and trailing-edge devices ' effects. Leading- and
trailing-edge devices both increase the maximum lift coefficient that an airfoil
can produce. However, trailing-edge flaps, of all types, tend to lower the angle of
attack at which maximum lift ocours as shown in Fig. 4.3 (Ref. 4). Leading-edge
devices, on the other hand, tend to increase the angle of attack where maximum
lift occurs. These effects are shown in Fig. 4.4 (Ref. 4).

4.3.2 Three-Dimensional Effects

- Three-dimensional effects upon the- stall and the angle of attack at which it
occurs include: ‘

1Y Reynolds number

2) wing planform

3) wing sweep

4) wing aspect ratio

5) effects of aircraft weight
6) effects of c.g. location

4.3.2.1 Reynolds number three-dimensional effects. The Reynolds
number role in the three-dimensional effects upon the stall occur as a result of
wing planform. If the wing is tapered, the local chord length at the tip is smaller
than the chord length at the root, which results in a lower Reynolds number at the
tip. As discussed previously, this results in a lower Crmax at the tip and a lower
stalling angle of attack. Wing tip stalls are not preferred for stall characteristics
since they may produce a roll-off at the stall. Therefore, on many high aspect ratio
wings, the chord near the tip is held constant to avoid a reduction in Reynolds
number. : :
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4.3.2.2 Wing planform effects.” Wing planform has a major effect upon -
stall. Fig. 4.5 (Ref. 4) shows the stall patterns for several wing planforms. It is
desirable from the stall characteristics standpoint to have the wing stall at the root
first. From Fig. 4.5, we can see that the rectanguldr planform is best from the
standpoint of stalling at the root first. This good stall behavior is the reason that it
is found on many trainer aircraft. However, it is not good. from the standpoint of
induced drag since it generates large wing tip vortices. The elliptical planform is
the best from the standpoint of induced drag, but not good from the standpoint of
the stall because it stalls equally along the span. This causes a loss. in- aileron
control early in the stall. Fig. 4.5 also shows the effects of other planforms.

4.3.2.3 Wing sweep effects. Fig. 4.5 also shows the effects of aft sweep.
From the figure we can see that aft sweep tends to cause tip stall due to spanwise
flow. Forward sweep, on the other hand, uses the spanwise flow to cause the root
to stall first, which has been one of the reasons for interest in forward sweep for
high-performance aircraft. . : s

4.3.2.4 . Effects of aspect ratio.  The effects of wing aspect ratio on the
stall are shown in Fig. 4.6 (Ref. 4). High aspect ratio wings tend to have higher
maximum lift coefficients that occur at lower angles of attack than do low aspect
ratio wings. A reduction in aspect ratio can sometimes be- used to correct
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problems that occur due to a low stall angle of attack. One such fix is the use of
the dorsal fin to correct problems of rudder lock.- Although low aspect ratio wings
tend to have a higher stall angle of attack, the stall is not as well defined as it is
with higher aspect ratios. This can lead to a failure by the pilot to recognize the
stall with the resultant development of a very high sink rate. With the introduction
of the delta wing F-102 fighter, a number of landing accidents occurred due to
this effect. :

4.3.2.5 Aircraft weight effects. ~Aircraft weight has a direct effect upon-
stalling speed. Stalling speed will increase as weight increases since the
maximum lift coefficient is a fixed value.

4.3.2.6 Center of gravity location effects. The location of the aircraft
c.g. also has an effect upon stalling speed as well as stall characteristics.
Movement of the c.g. aft results in' a reduction in the balancing tail down load.
This means that the total force the wing must generate is lower, which results in a
lower stalling speed. It is for this reason that the FAA regulations require the
stalling speed to be measured at the most forward c.g. at maximum TOGW. The
c.g. also has an effect upon stalling characteristics. As the c.g. moves aft the
longitudinal control becomes more effective allowing the pilot to force the aircraft
deeper into the stall prior to reaching the up stop on the elevator. This can result
in problems from longitudinal instability (pitch up) to the generation of rolling -
moments resulting in roll-off.

4.4 Aircraft Loading .

As discussed in-the previous section, the FAA requires that the stalling
speed be measured at the maximum takeoff gross weight at the most forward
center of gravity, abbreviated (forward gross). This loading normally results in
the highest stalling speed and is the speed published in the “Pilot’s Operating
Handbook” (POH) or “Airplane Flight Manual” (AFM). Other stalling speeds
such as those at aft c.g. at maximum TOGW (aft gross) and the most forward
c.g. regardless of weight (forward regardless) may be measured for determining
certain flight characteristics, but they will not be used for any performance
determination. ‘ : S

4.4.1  Weight and c.g. Tolerances

‘The weight tolerances as specified by the FAA in both CAM:3 and FAR
Part 23 are +5% to.—1% of the gross weight at the c.g. where the stalling
speed is being determined. It is generally best to overload the aircraft to near
the +5% tolerance so that as the flight progresses and fuel is burned the
weight does not decrease below the —1% limit. :

. The c.g. tolerance is +7% of the total allowable c.g. travel. However,
unless it is not possible to do so, it is better to load the aircraft forward of the
desired c.g. location particularly if fuel burn off results in aft c.g. movement.
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4.5 Safety Considerations

As a rule, measurement of the stalling speed at the forward c.g. is not a
hazardous test. However, any time stalls are done for the first time on a new
aircraft design care should be taken. Quick release doors should be installed
and tested and the aircrew should be attired in helmet, flying suits, parachutes,
and jump boots. At forward c.g. it is not necessary to have the aircraft
equipped with a spin recovery parachute, but that should be considered before
any stall testing is done at.c.g. aft of the forward limit, :

The altitude selected for initial stall tests is somewhat dependent upon the
size of the aircraft. However, in no case should stalls be attempted at altitudes
below 5000 ft above ground level (AGL).

Initial stalls should be approached incrementally by recovering at first indi-
cation, then at the initial nose pitch, and finally to a complete stall when the
elevator hits the up stop. Once it has been determined that the aircraft has
reasonable characteristics at this loading, more aggressive testing can be
accomplished,

4.6 Flight Test Method

Both CAM 3 and FAR Part 23 provide that stalling speeds are measured at
the forward gross loading. In addition, the following other conditions are speci-
fied:

1) aircraft trimmed at 1.5V, or 1.5V, depending upon configuration

2) power idle or zero thrust, cowl flaps closed
3) deceleration rate to the stall at 1 kn/s

4.6.1 Trim Airspeed

The trim airspeed for stall _spccd measurement is 1.5 times the stalling.

speed in the configuration being tested. One might ask .how one knows the
value of the stalling speed since it has not been measured. For the first few
stalls in a given configuration one can use the calculated stalling speed based
upon airfoil data and aircraft takeoff gross weight. Once a more valid test
number is obtained from the first few stalls, the test stalling speed can be used
and a few stalls repeated at the new trim speed to confirm that stalling speed
value,

4.6.2 Power Settings

Both CAM 3 and FAR Part 23 specify either idle power with the propeller
set at the maximum rpm setting, or zero thrust. In nearly all cases zero thrust
will provide a lower stalling speed, but it is more difficult to obtain since more
attention must be paid to power setting during the test. Advisory Circular
23-8A paragraph 23.49(a)(5) provides an acceptable method for determining
zero thrust for a propeller-driven aircraft. In essence, the thrust generated by a
propeller will be zero when the propeller thrust coefficient, Cr, is zero. Using
the propeller manufacturer’s coefficient curves one can determine the propeller
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advance ratio J at which the thrust coefﬁcien.t is zero. Knowing this value
allows calculation of the propeller rpm necessary for zero thrust by use of the
equation:

pm = 101.27V/JD (4.1)

where .
rpm = the desirgd propeller speed setting
"**¥ = the airspeed in kn for zero thrust, usually taken at 1.1V,
J = the propeller advance ratio at C; =0
D == the propeller diameter in feet

The test pilot would then assure by adjusting the throttle that this value of
rpm was set as the airspeed reached a value 10% in excess of the stalling
speed. ' :

4.6.3 Decejleration Rate

The deceleration rate to the stall is 1kn/s, which should be achieved by the
time the speed of 1.1V5, is reached during the deceleration. A method for
determining this rate is shown in Fig. 4.1 (Ref. 3). '

4.6.4 Defining the Stall

The point when the nose pitches uncontrollably is the definition given in
CAM 3.120 and FAR 23.201 as the point when the stalling speed is to be
measured. Again, it should be stressed that this point occurs for most airplanes
- of this category when the elevator reaches the up stop. It should also be noted
that it must be possible to keep the wings level and sideslip to zero by normal
control usage up to this point. Normal control usage means the correct sense
of control movement. It does not 'mean the speed with which- the controls are
moved. On most airplanes the controls must be moved much faster to correct
roll-off after the flow starts to separate.

4.6.5 Statistical Sample

One stall is not adequate to define the stalling speed. At least five stalls
should be measured to ensure that a large enough statistical sample is obtained,
for a given configuration, to ensure valid data. After each stall has been
corrected to standard conditions, the values for the five stalls should be
averaged to determine the stalling speed.

4.7 Data Reduction Method

The FAA requires that only a correction for nonstandard weight be made to
stall speed data. For small aircraft that is all that is necessary. However, in
_ certain instances it is necessary to correct for deceleration rates that are greater

than 1kn/s or for c.g. positions that are not at forward gross. Therefore, meth-
ods for making these corrections are given. However it should be noted that
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the FAA does not accept these last two corrections as vah'd for FAA
testing. : :

4.7.1 Weight Correction

The test weight for each stall accomplished should be determined by know-
ing the takeoff aircraft loading and the fuel consumed at the time the stall was
performed. This can be accomplished by dividing the total fuel consumed
during the flight by the total flight time to determine the pounds of fuel used
per minute. Then by taking the elapsed time into the flight that the stall
occurred, the airplane weight at the time of the stall can be calculated. A
second, more accurate and more expensive method to determine the weight at
the stall is to use a fuel counter such as is now being installed in many produc-
tion airplanes and record the pounds of fuel used at the time of the stall.

Once the aircraft weight has been determined, the calibrated stalling speed
determined at each data point is corrected for weight using the following
equation: ‘

W . .

where
Vs = the weight corrected calibrated stalling speed
Vsr = the observed stalling speed corrected for instrument and position error
W = the aircraft weight at the stall-
Ws = the standard weight, or the weight to which certification is sought;
normally the maximum TOGW ' '

Each of the stalls for a specified configuration should be corrected and then
.averaged to determine the stalling 'speed to be published. ‘ A

4.7.2 Deceleration Ra‘te Correction »

For most light aircraft testing obtaining the deceleration rate of 1kn/s by a
speed of 1.1V is not difficult.

4.7.2.1 Correction by the graphical method. Advisory Circular 23-8A
provides a graphical method for correcting deceleration rates of greater or less
than 1kn/s. This method may also be used to insure that the stalling speed is
measured at a deceleration rate of 1 kn/s. Fig. 4.1 taken from AC 23-8A shows
this method and its use. '

4.7.2.2 Equation method of correction. Data taken at rates of decelera-
tion greater than 1kn/s may also be corrected using the following approach:

1) Correct the observed stalling airspeed for instrument and position errors.
2) Apply the nonstandard deceleration correction as follows:
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a. Determine the nonsteady flow correction factor, R.

Vse
R=—"= 4.
c/2yv “.3)
where
Vs, = the observed calibrated stalling speed
- .C = the mean aerodynamic chord
'V = the deceleration rate in knots per second
b. Determine the nonstandard rate corrected stalling speed, Vsz:
R+2
Vorp = | —— (V. : .
s = g 75 (4.4)

4.7.3 Center of Gravity Correction

Although not allowed by the FAA regulations, it is possible to make a correc-
tion to the stalling speed for an incorrect c.g. position. To accomplish this, one
needs to correct the speed for the change in tail down load due to an incorrect
c.g. To accomplish this, one must first correct the weight corrected stalling
speed to a value of lift coefficient. One then corrects this lift coefficient using
the following equation:

. C (CGper — COrest
c, = chT[l +7 (—-—m———— (@9)

where ‘
Cpper = the maximum lift coefficient at the desired c.g.
Coresr = the maximum lift coefficient at the test c.g.
C = the MAC
I, = the length of the tail (assumed to be from 1/4 chord of the wing to 1/4
chord of the horizontal tail) ' :

The new lift coefficient is then converted back to stalling speed.

4.7.4 Averaging Corrected Data - ‘

Once the corrections have been made to each of the test stalling speeds,
they are then averaged to determine the value to be used in pilots’ handbooks
and for complying with FAA regulations. It is normally a good idea to have at
 least five stall speeds in a given configuration to average. This insures that the
value for the stalling speed that is obtained is a reasonable value and not a
scatter point.
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Determination of Engine Power in Flight

5.1 Introduction

In flight testing the determining of engme power is performed for essentlally
two purposes:

1) To determine the engine power as installed in the airframe.
2) To measure the drag of the airplane with the propulsive system operating.

Because the aircraft’s induction, exhaust, and cooling system affect engine
power, and engine accessories (such as generators, alternators, or hydraulic
pumps) also require power, the manufacturer’s tests on a test stand will not
give the pewer of the engine installed in the airframe. In flight testing, then,
we must devise methods to measure the actual installed power so we can in
turn use this number to define airplane drag. Because the airplane and engine
function as a unit we cannot divorce the effects of one on the other. Even
though these interaction effects may be small, they can cause data errors when
they are ignored. They may also be the cause of poor performance and may be
an area to examine when performance does not meet predictions. Some of -
these interaction effects for -propeller-driven airplanes are as follows:

1) effects of cowling shape and blockage on.propeller efﬁmency
2) propeller shpstream effects on airplane drag
3) effects of engme cooling drag on airplane performarice
4) effects of engine cooling and fuel distribution on range, cruise, and climb
performance
_5) effects of engine exhaust thrust on apparent power reqmred
6) effects of induction and exhaust system on power available

Some flight test methods, at least in part, take care of some of these interaction
effects and we will discuss these in a later section. The measurement of brake
horsepower of the piston engine is fairly straightforward. On the other hand,
measurement of thrust horsepower is much more difficult because the interac-
tion effects begin to enter the picture. Also, propeller efficiency charts seldom
represent the efficiency of the propeller in its actual operating conditions. As a
-result most flight test performance data is based on brake horsepower (bhp)
rather than on thrust horsepawer, -

53
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5.2 Power Measurement of an Internal Combustion Engine in Flight-

In propeller engine combinations there are several ways of determining
engine power. The common methods in use today are: 1) torque meter method;
2) engine power charts; and 3) fuel flow method. Each of these methods has
its strengths and weaknesses. :

- 8.2.1. Torque Meter Method

Some flight test organizations believe that engine power is best determined
by use of a torque meter attached to the crankshaft to measure torque output.
In this method the brake horsepower is given by the equation:

BHP, = KNQ _ (5.1)

where

BHPy = the test brake horsepower
K = a constant for the torque meter based on dynamometer tests
N = the engine speed (rpm)
Q = the torque meter reading

In some installations the torque is expressed as a function of brake mean effec-
tive pressure. In this case Eq. (5.1) can be expressed as: '

BHP, = P,NK (5.2)

where : .

Py, = brake mean effective pressure ‘ ‘

K = a constant based on the calibration of P, and different from the X of
~Eq. (5.1). - : : HRA -

The torque meter method is a good method in the instances where it can be
used and where there is a good calibration on the torque meter. It does have
some limitations in that most of these devices are large and must be mounted
between the propeller and the engine. This moves the propeller farther away
from the cowling and may change the propeller efficiency. In addition, the
torque meter will change the drag characteristics of the airplane due to its loca-
tion and considerable care must be exercised in using it when measuring
performance. It may be best to use the torque meter to develop an installed
power chart by recording manifold pressure (M.P) and rpm at the same time
torque meter readings .are taken. These M.P. and rpm values may then be
corrected and plotted vs the bhp derived from the torque meter readings and
 the installed power chart developed. Since in-flight horsepower will vary with
airspeed due to ram effects there would be some error depending on how the
torque meter affected the overall drag of the airplane. It is, however, still one
of the more accurate methods for use in performance testing of propeller-
driven airplanes,
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L~

5.2.2 Engine Chart Method

In cases where a torque meter cannot be mounted or may be too expensive
for the results desired, the engine manufacturer’s power charts are an acceptable
method. These charts solve for. brake horsepower when M.P, rpm, carburetor
air temperature, and pressure altitude are known. They are partly derived from
actual engine test and partly: from theory. They assume that variables other
than those mentioned above, which affect engine power, are either constant or

_vary in. a predictable manner. In addition, they assume that fuel flows and fuel
" distribution to the cylinders are as found on the engine test stand. As you
would suspect, all of these items do not exist in an actual installation, so the
power charts are not exact. However, for cases where a better method is not
available these charts do provide reasonably accurate values of engine power.

The engine performance charts consist of two plots, a sea level chart and an
altitude chart. The sea level plot is developed by connecting the engine to a
dynamometer with runs being made at constant rpm while varying manifold
pressure. The power is measured at each point and a plot such as the lefi-
hand side of Fig. 5.1 (Ref. 3) developed. These lines of constant rpm are
straight -and converge to a point at zero manifold pressure which is the friction
horsepower of the engine.

The altitude side (nc,ht-hand side of Fig. 5. 1) of the chart converges to zero
horsepower at 55,000 ft for normally aspirated engines. It can be developed
mathematically from the following equation:

BHPALT = BHPSL{G - (1 - 0')/7.55} ' (5.3)

~ or be obtained by flight tests or altitude capable wind tunnels. The test method
is preferable, but the equation is based on data collected over many years on
different makes of reciprocating engines and is accurate. The altitude side of
the chart for turbocharged engines is. determined by .the .engine manufacturer
and provided as shown in Fig. 5.2 (Ref. 4). To determine the altitude where
the installed engine will no longer develop sea level horsepower (called the
critical altitude), one must conduct a flight test discussed later in this chapter.
If the sea level power calibration is available from the engine manufacturer
for the test engine, then a power chart may be developed for that specific
engine. This provides a more accurate method of power detérmination for
flight testing than using the standard power chart for - that type engine.
However, if an engine ca 1brat10n was not obtained for the test engme then the
standard manufacturer s chart must be used.

5.2.3 Fuel Flow Method

A third method of determining enome power in ﬂlght is. the -fuel flow
method. This method was ‘developed by Textron Lycoming and is based on
data accumulated over a period of 30 years. It has been known for many years
that the fuel flow going to an engine is a function of the horsepower being
developed by that engine or vice versa. In knowing that fact and observing the
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data from their engines over a period of timie Textron Lycoming reached the
following conclusions: _

1) At peak exhaust gas temperature (EGT) the engine is developing 96.8% of
its best indicated horsepower for the particular throttle setting.

2) Atpeak EGT the engine has a fuel-air ratio of .0648, which is 84.9% of the

best power indicated specific fuel consumption.
-3) -100%-power occurs between-0.0765 and 0.0840 fuel-air ratio and that for
calculations .078 has proved to be an accurate value.
4) The fuel flow varies with the same relationship as the fuel-air ratio.
5) A definite value for indicated specific fuel consumption can be established
for each engine as long as the compression ratio is known,

Using the above facts and a series of curves developed on a dynamometer for
the engine in question, the actual installed horsepower of the engine can be
determined if the fuel flow is accurately measured and the peak EGT carefully
established. :

Although this method is probably the most accurate method for determining
in-flight power, it requires very accurate measurements of fuel flow and EGT
which may be beyond.the means of some flight test organizations.

5.3 Installed Horsepower Losses and How They Affect Power
Measurement ,

Installed horsepower losses come from four general areas of the engine
installation and can be classified as follows:

1) induction system losses
2) exhaust system losses
3) accessory losses

4) improper cooling losses

531 Induction System Losses
‘Induction system losses may be further broken down into three jtems:

1) poor pressure recovery
2) heat rise in the induction system
3) poor fuel distribution due to turbulence in the induction system

Poor pressure recovery in the induction system can be caused by blockage
.of the inlet, an improper air filter, too many sharp turns in the inlet, or too
small an inlet for the engine size. It will normally show up at full throttle as a
lower manifold pressure than would be expected for the given conditions.

Heat rise in the induction system will manifest itself as a carburetor air
temperature in excess of the free air temperature. It is caused by the induction
system being routed through a hot area of the engine compartment, or by leaks
of hot air from the carburetor heat or alternate air system,
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Poor fuel distribution due to turbulence-in ‘the induction system can be
caused by any turbulence—producmg device in the mductlon system. If severe
enough it may cause rough running of the engine at some power settings. If
EGT probes are installed on each cylinder it will show up as EGT for one or
more cylinders being much hotter or cooler than the other cylinders.

5.3.2 Exhaust System Losses

Exhaust system losses are caused by poor exhaust system design and by
poor selection or design of mufflers. Along with induction system- losses,
-exhaust system losses are two of the largest producers of controllable losses.
The exhaust system should be so designed that the pressure pulses from the
cylinders do not oppose each other, causing back pressure in the exhaust.. The
muffler should also be designed w1th sufﬁment expansion to prevent excessive
back pressure. - :

5.3.3 Accessory Losses

Accessory losses are fixed losses caused by the power requirements of the
various accessories. These losses may be determined by having the engine
~ tested on the dynamometer with and without the accessories. They are variable,
however, since the load on such accessories as alternators, hydraulic pumps, or
air conditioning compressors may vary. There is little that can be done-about
these losses other than select the lowest power requirement accessones in
demgn

5.3.4 Improved Cooling Losses

Improper cooling losses are caused when parts of the engine are not cooled
evenly. This can cause increased friction, excessive valve leakage, or piston
blow-by losses. To minimize these losses the cooling system should be ‘so
designed that the engme and oil temperatures are maintained within the ranges
specified by the engine manufacturer. It is essential that differences bemeen
individual cylinders and cylinder heads be kept to a minimum.

5.4 Power Corrections

Power corrections may be divided into two general categories: 1) normally
aspirated engine corrections; and 2) turbocharged engine corrections.
For normally asplrated engmes we can make up to four povwer correctlons

1) altitude correctlons

2) nonstandard temperature correctlons
3) humidity corrections

4) full throttle corrections
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-

5.4.1 Altitude Corrections

If we set our altimeter to 29.92 in.Hg and read pressure altitude we do not
need to make any correction for altitude. Since this reduces workload it is the
route taken by flight test organizations. '

5.4.2. Nonstandard Temperature Corrections

Corrections for ‘nonstandard temperature are made because temperature
affects air density which affects power. These corrections are made using the
following equation: . '

' BHPp = BHP(T5/(C.A.T.; +288.16)]°5 - (5.4)

where
BHPrp = the corrected test brake horsepower
BHP = the brake horsepower obtained from the engine power chart using test
conditions of rpm and M.P. .
T = the standard temperature at the test pressure altitude in degrees Kelvin
C.4.T.; = the instrument corrected carburetor air temperature in degrees Celsius

5.4.3 Humidity Corrections

Since an increase in water vapor in the air causes the air charge entering the
engine cylinders to be less dense, it is necessary to make a correction for this
where high humidity exists. The correction can be made directly by subtracting

the vapor pressure of water, for the given relative humidity, from the instru-.

ment corrected observed M.P. If the wet and dry bulb temperatures are read at
the flight data point then the vapor pressure of water for that flight data point
can be obtained from a psychrometric chart. :

5.4.4 Full Throttle Corrections

When operating at full throttle on a normally aspirated engine, or above the
critical altitude for a turbocharged engine, we have a condition where any
deviation from a standard day results in both a correction for temperature and
a correction for manifold pressure. The manifold correction is needed because
we cannot increase the manifold pressure due to the throttle being fixed at full
open. The full throttle horsepower can then be expressed by the relation:

BHP; = BHP¢ + ABHP¢ ;7 + ABHP,y, 5. O 5.5)

The ABHP for AM.P. consists of two parts: 1) the AM.P. due to nonstandard
temperature; and 2) the AM.P. due to ram effect from increased airspeed. Both
of the previously mentioned corrections require considerable instrumentation
and, as a result, the full throttle correction is only rarely applied since certain
performance methods will account for this correction by simpler means.

ok
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For turbocharged engines there are two addifional corrections that may need
to be considered. They are: 1) power corrections for turbocharger rpm and
back pressure variation ‘at a constant manifold pressure; and 2) correctrons for
determining critical altitude.

5.4.5 Power Corrections for Turbocharger rpm and Back Pressure
Variation at Constant Manifold Pressure

On a turbocharged engine, if a glven engine rpm and manifold pressure are
set, the turbocharger through its sensing devices, will maintain that power

setting by varying its rpm. To vary the turbocharger Ipm one must vary the
engine back pressure. So, even though the engine power settmg remains the
same the power output will vary due to the change in engine back pressure
and the change in C.A.T. caused by the change in turbo rpm and the free air
temperature change.

The power variation due to the change in C.AT. can be expressed in the
same way as Eq. (5.4). The change in power due to change in back pressure
has been empirically determined to be one percent increase .in power for each
2-in. Hg decrease in back pressure. Then the total correction can be stated as:

BHPr = BHP[(T5/(CA.T. + 288.16)}° + 0.005(EBP; — EBPg)]  (5.6)

where
EBP; = exhaust back pressure for the test conditions
EBP; = exhaust back pressure for standard day conditions

5.5 Critical Altitude Determination

On a turbocharged engine we reach an altitude where the turbocharger can
no longer extract enough energy from the exhaust gases to compress the-inlet
air enough to maintain the rated manifold pressure. This altitude is defined as
the critical altitude. In order to determine this altitude by test we must correct
the manifold pressures we observe at each pressure altitude to standard condi-
tions. This is accomplished by the equatlon

M.P.c = M.P.ogg{Ts/(CAT.c +288.16)}° (5.7)

where
M .P.; = standard day manifold pressure
M P.pgs = instrument corrected observed manifold pressure -

By plotting the standard day manifold pressure vs pressure altitude the critical
altitude may be determined. o ,
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. 6
Propeller Theory

6.1 Introduction

For certain missions and speed ranges the propeller-driven aircraft is the
most efficient. Some examples are: -

1) speed range of 0—450kn
" 2) certain STOL missions
3) long endurance maritime reconnaissance missions

Recent NASA research has shown it possible to extend the cruise speed of
propeller-driven aircraft to 0.8 Mach while maintaining a propeller efficiency
in excess of 80%. Therefore for certain applications the propeller will be
around indefinitely, and may be reintroduced in such areas as air transport.

6.2 Propeller Theory
There are three theories now used in the design of propellers. They are:

1) momentum theory
2) blade element theory
3) vortex theory

Until recently only the first two theories were in use. This is primarily due to
the mathematical complexity of the vortex theory. '

Most of today’s propellers were designed using blade element theory. The
problem for the designer is to find an existing propeller design that can be
adapted to their requirements. ‘ :

Since few propellers have been designed using vortex theory we will limit
our discussion to momentum theory and blade element theory. Those interested
in vortex theory should read Bames W. McCormick’s Aerodynamics for
V/STOL Flight, Chapter 4 (Ref. 1).

6.2.1 Momentum Theory =
Derived from Newton’s second law:

F = m(dv/d) _ (6.1)
63
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Assumptions:

1) Propeller does not add rotation to the air.
2) No profile losses.

3) ‘Air is inviscid and incompressible.

4) Propeller has an infinite number of blades.

Since most of these assumptions are unrealistic, this theory is only useful in
predicting ideal or maximum propeller efficiencies. :
The mass of air passing through propeller (per unit time) is: -

M = pd(V +v) (6.2)
where
M = air mass
p = air density

A, = propeller disc area
V = true airspeed
v = velocity change through propeller

The thrust generated by the propeller is the mass per unit time multiplied
times the total change in velocity per unit time through the control volume:
F=pA\(V +v)2v (6.3)
The power input to the propeller is:

P, =F(V +v) | . (6.4)

or the thrust times the velocity change the propeller. The power output by the
propeller is: S S : :

P,=FV S (6.5)
The ideal propeller efficiency is defined by: .
ey = Po/ Py =FV/F(V +v)=V/(V +) (6.6)

6.2.2 Blade Element Theory

This theory considers the propeller blade to be a highly twisted wing. Most
propellers in use today were designed using this theory. Since this theory
considers the propeller to be a highly twisted wing, we will relate, where possi-
ble, the propeller parameters to more familiar wing parameters.

r = radius from hub to blade element

V' = airplane velocity

B = geometric angle of attack of blade element

y = reduction in blade angle of attack due to forward velocity
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o = actual angle of attack
w = rotational speed of propeller w = 27wn where 7 = 1ps
u = propeller velocity due to rotation # = rw = 2nrn

tany = V/u=V/ro = V/2nm 6
Since B is fixed for a given blade element,
a=p—7 (63

For a propeller  is different for each blade element and is not very useful.
A better method is to evaluate the propeller at the tip since the twist is fixed.
At the tip:

tany,, = 2V/wd = V/nd (6.9)

. where _
d = propeller diameter

The dimension less quantity ¥/nd = mtany,, is called the advance ratio J.
J=V/nd o (6.10)

This quantity in propeller theory is used to replace angle of attack in airfoil
theory. Using this concept we know that the resultant velocity at a given blade
section is proportional to.nd, and that the aircraft velocity ¥ is equal to the
product of J and nd. We also know that the rotational velocity u = (2nr/d)nd.
We can now arrive at the equation for the thrust generated by the propeller
by using the laws of similarity: The propeller diameter as the reference length
“in determining Reynolds number; The thrust is then the product of the refer-
ence area d?, the dynamic pressure, which corresponds to nd, and a thrust
coefficient Cp, which is only a function of J, and the Reynolds number.

F = p(nd*d*Cy = pn*d*Cr ' (6.11)

This equation can be compared to the lift equation of airfoil theory where the
constant 1/2 is absorbed into Cr. , . o

In propeller theory we plot Cp vs J like we plot C, versus « in airfoil
theory. In momentum theory we did not consider the drag of the propeller..In
blade element theory we do: ' :

The drag goes to make up a part of the moment required to drive the
propeller. This moment is the propeller torque Q: o

0 = pr?d*C, o (6.12)

Where the torque~coéfﬁ¢ient Cyp is dependent upon J; R, and propeller shape.
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The power into the propeller is a function of the torque O and the rate of
rotation w:

Py = wQ =2nnQ = pr*d°2nC, (6.13)
or
P,=pi’d°C, . | (6.14)
where | | |
Cp =2rCy

Since Cj was dependent upon J, R,, and propeller shape, so is Cp. The power
coefficient is similar to the drag coefficient of airfoil theory and is usually also
plotted vs J. The two curves then resemble lift and drag coefficient plots.

To determine efficiency we consider the power out F¥ divided by the power
in P;:

np = (TV)/P = (pnd*CrV)/(pr’d* Cp)

: (6.15)
= (Cr/Cp)(V/nd) = (C7/Cr)(J)

" Figure 6.1 would be typical of a chart for fixed-pitch propellers. For this
kind of propeller there is only one value of J where the efficiency is at a maxi-
mum, or since J = ¥/nd only one flight condition where 7, is at a maximum.
So the propeller for the fixed-pitch, propeller-driven airplane is optimized for
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max efficiency in either the climb or cruise condition depending upon its-
mission. . '

6.3 Propeller Polar Diagram

.- For certain flight tests of ‘afrplanes it is useful to define the propeller forces

" to airspeed squared rather than to (rd)*. To do this Cp/J? is plotted versus
Cp/J? such as is shown in Fig. 6.2 for the propeller of Fig. 6.1. From this
figure we can see that in this form the propeller data is a straight line which is
much easier to use. This curve can be obtained experimentally from flight test
- data. :

6.4 Constant Speed or Controllable Propellers

The efficiency problem with fixed-pitch propellers led to the development of
controllable and constant speed propellers. For these propellers there is a
- family of curves, one set of curves for each blade angle B. This allows us to

maintain optimum efficiency over a wide range of J and corresponding flight
conditions. : -

Although a propeller polar such as the one shown in Fig. 6.2 cannot be
obtained for a constant. speed propeller, Lowry”* provides a generalized chart
for constant speed propellers for light aircraft and Perkins and Hage‘5 provide a
normalized chart for larger aircraft that was developed by the Boeing

Company.

6.5 Activity Factor .

The ability of a propeller to absorb power is a function of the blade area as
a ratio of the area of the propeller disk. This is expressed as a term called the
“activity factor,” which represents the integrated power absorption capability

0.0 ’ '
, c,,,()’o.os /

1

o o
0 0

05 00 - 0;15
Cr/J?

Fig. 6.2 ' Propeller polar for the propeller of Fig. 6.1 (Ref: 3).
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of all the blade elements. The activity factor for a single blade can be found
from:

1.0 ‘
AF. = (IO0,000/IG)J (C/D)x* dx (6.16)
15

where x = (r/R) or
A.F. = (100,000/16)[(C/D)(x*/4)]}2 | o (6.17)

To determine the total activity factor for fhe propeller one should multiply
the activity factor for a single blade by the total number of blades.

6.6 Propeller Noise

The efficiency of a propeller and the noise made by it are also functions of
the tip Mach number. In order for a propeller to be efficient and quiet the tip
Mach number should be well below 0.9 Mach. In addition, noise may be
reduced by increasing the number of blades. However, as the number of blades

increase the efficiency of the propeller decreases. A propeller with only one

blade is the most efficient propeller.
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Jet Thrust Measurement In Flight

7.1 Introduction

The jet engine presents a separate set of problems for the flight test engineer
when attempting to measure jet thrust or power. In many cases it may not be
necessary to measure either one of these variables. Instead, the flight data ma
be referenced to some indication of jet thrust such as “referred rpm”, N /\/9},,
or fuel flow. The pilot does not need to know what thrust the engine is devel-
oping in order to operate the airplane as long as the performance information
has been referenced to some related variable. However, we always have the
problem in flight testing of knowing if our engine is -developing the standard
thrust for a given rpm or fuel flow. There are also times when we want to
determine airplane drag and to do this we need to determine thrust. Before we
examine the methods of in-flight thrust measurement, let us review the basic
equations for the thrust of a jet engine. :

7.2 Basic Theory'

A jet engine produces thrust by taking a mass of air in the intake, adding
energy, and accelerating it out the tailpipe. The gross thrust developed by this
process can be expressed by the equation: ' :

Fo=QVatdlP,~P) —  @n

where

Fg = gross thrust

Q. = mass flow through tailpipe
V.. = the air mass exit velocity
4, = the exit area

P, = the exit static pressure

P, = ambient static pressure

A measurement of gross thrust does not consider forward motion of the
airplane. As the aircraft's speed increases the air entering the intake is
compressed prior to entering the aircraft compressor. This compression
produces a force that opposes the motion of the airplane. This force is called
ram drag and can be expressed as:

Dp=QVr (7.2)
69
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where T
Dy =ram drag
O = mass flow rate of air in the inlet
Vr = true airspeed

The net thrust developed by the engine can then be determined by subtract-
ing the ram drag from the gross thn_lst:

Fy=Fg—Dg (7.3)

where
Fy = net thrust

If we assume that the mass flow of air in the inlet is the same as the mass
flow at the exhaust then we can say:

FN = Q(Ve:c - V) B (74)

This is probably a reasonable assumption if we consider that the mass of fuel
added to the flow is small in comparison to the total mass of air going through
the engine. . .

In measuring the thrust of a jet engine, we must consider conditions at the
tailpipe nozzle where the flow may be either subcritical (called unchoked) or
sonic (choked). For subcritical or unchoked flow the exit static pressure is
equal to the ambient static pressure or:

P,/P, =1 (1.5)

- where

P, = the static pressure at the nozzle exit
P, = the ambient static pressure

and the exit temperatures are related by the equation:
Tn/T, = (Pp/P)"~"" (7.6)

where
Tr, = the total temperature in the tailpipe
T, = the static temperature at the exit

y = the ratio of specific heats

The exit velocity for the unchoked case is given by the relation:
Vee = (2R = DT [L = (By/Pr) /1)1 /2 (7.7)

where
R = the gas constant for air
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Using the previous assumption that the inlet mass flow rate is equal to the exit
mass flow rate, we can express the mass flow rate by the equation:

0 = A,V(P./RT,) 8

By substitution into Eq (7.1) and simplifying, the equation for gross thrust of
an engine operating in the unchoked condition becomes:

FG/Ae = (2/y = DP4(Pr/Py ™" = 1] (7.9
If we introduce the pressure ratio into Eq. (7.9) we have:
Fg/é4, = (2y/y — DPg[(Pr,/P)0 ™V — 1] (7.10)
" where . '

Pg; = the standard atmospheric pressure at sea level

In this equation the term Fg/84, is only dependent on the ratio of the total
tailpipe pressure to the ambient pressure.

A similar set of equations may be obtained for the case of choked ﬂow The
choked flow case follows:

P/Pp=Qy -0 qany

LiTa=2/+1 01
=(?RTE)”2 - (7.13)

The mass ﬂow equation is the same as for the unchoked case. Then, by
substitution and simplification, the gross thrust equation becomes

FG/A,_,=PA[@+1)(2/w+1>'f<f‘”-(PT,/PA);— 1 (19

If we assume that the value for the specific heat ratio ¥ is approximately 1.33
for flow at elevated temperatures, then Eq.-(7.14) can be further simplified to:

Fg/0d, = Py[l.26(Pn/Py)—1] . (7.15)

For normal nozzles, the flow becomes choked at a pressure ratio of approxi-
mately 1.85. Eq. (7.10) would apply to pressure ratios below this number and
Eq. (7.15) to those above it. The above equations are based on one-
dimensional,. isentropic flow.

Since we know that this is not the actual case in a _]et engme exhaust, we
must add a factor called the thrust coefficient Cr to Egs. (7.10) and (7.15) to
account for the error obtained by making these assumptions. . The resulting
equations are

Fg/34, = CH(2y/y = 1)Pg[(Pry/P)Y ™ — 1] (7.16)
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for unchoked flow, and
F/04, = CpPg[1.26(Pr,/Py) — 1] (7.17)

for choked flow. For the choked flow condition the thrust coefficient is nearly
constant varying only between 0.95 and 1.0. For the unchoked case the value
of Cr gradually decreases as the pressure ratio decreases.

7.3 Methods of In-Flight Thrust Measurement

There are a number of methods available to the flight test engineer for in-
flight thrust measurement on jet power aircraft. However, like power determina-
tion on a reciprocating engine-powered aircraft, they all have their weaknesses.

7.3.1 Jet Flow Measurement’

One of the more common methods is called the jet flow measurement
method. This method works reasonably well on all types of jet engines and can
be used as a check on other methods. The method is based on Egs. (7.16) and
(7.17), and gross thrust is determined by measuring the engine pressure ratio
(EPR) and solving for gross thrust by use of the equations.

The thrust coefficient Cy is determined by measuring the thrust as a func-
tion of EPR dunng a ground static calibration and plotting C; as a function of
EPR as shown in Fig. 7.1. This ground static calibration should be conducted
for each test installation and should be repeated if any engine or airframe
component is changed during the test. Since during the ground static calibra-
tion it will not be possible to obtain as high a value for EPR as will be
obtained in flight, the plot of C; vs EPR must be extrapolated to the h1gher
values of EPR. It is this extrapolation that is the most hkely source of error in
the method. :

7.3.2 Engine Manufacturer’s Data

Another method for in-flight thrust determination is the use of the engine
manufacturer’s thrust curves and engine calibration data. This is one of the
least accurate methods since it does not account for installed thrust losses, and
the engine thrust calibration is normally only conducted at sea level. This
method would be used only when schedule time or budget restraints did not
allow use of a more accurate method.

7.3.3 Wind Tunnel Calibration

If the facilities are available, a calibration of the engine in altitude-capable
wind tunnel with the operational inlet and nozzles installed can provide accu- -
rate values of both gross and net thrust. This data may then be used for deter-
mining thrust in flight. However, care must be taken to insure that the engines
used in the flight test and the wind tunnel calibration have the same thrust
characteristics. It is preferred to use the same engine for the flight tests as was
calibrated in the tunnel, since there may be considerable variation in thrust
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Fig. 7.1 Thrust coefficient vs EPR from static ground calibration.’

from engine to engine of the same design. This method costs a large sum of
money and is normally only available to those testing military aircraft.

7.3.4 Climb Performance Method?

The jet flow method of thrust determination can be criticized for the fact
that its accuracy is dependent upon the determination of the thrust coefficient
Cr and that C; values must be extrapolated to EPRs that can be obtained in
flight. In addition, this method does not account for the thrust changes due to
afterburner operation. There is also a question about the effects of altitude on
Cr. : :
fA method developed by the French called the climb performance method
removes some of the inaccuracies of the jet flow method and is actually more
of an extension of that method than a method that stands alone.

We can assume that the values of C, obtained during the ground static cali-
bration are accurate at low flight speeds and low altitudes. If we then determine
the net thrust by this method in a low altitude climb at best rate-of-climb
speed, we can assume it is accurate. If we compare the thrust at this altitude
with the thrust obtained at a higher altitude, but with the same values of
airspeed and N/+/6, then we can determine if any change with altitude of Cr
exists. ‘ . ‘
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By using the same values of climb airspeed and N/+/8 we can assume that
the inlet drag is the same for both altitudes, If we also measure the rates of
climb at both altitudes we can compare the net thrust at both altitudes by use
of the thrust horsepower in excess equation.

(Fyg — Dyg)/(Fyp — Dy) = (myg/m)(RCy/RC) Vi / V)™ (7.18)

where
m = airplane mass
RC = rate of climb
V = true airspeed
D = airplane drag

subscripts
H = high altitude data
= low altitude data

By mathematical manipulation we can rewrite Eq. (7.18) as:

- Fyu/Fyr = (mg/m)RCy/RC)(Vg/ V)™

: (7.19)
+ (Dy /Dy + (myg/m)YRCy/RC) Vet / V7)™ }Dy/Fy
In a climb the first term of Eq. (7.19) decreases with increasing altitude. The
second term only changes slightly. At altitudes where the rate of climb ratio is
greater than 0.5 it may be considered of second order and calculated from
wind tunnel data.
In addition to providing data on any change in C, with altitude, Eq. (7.19)
may be used to determine the thrust increases due to afterburner operation.
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Level Flight Performance Theory

8.1 Introduction ‘

Level flight performance may be described as steady state performance. It is
a condition where all of the forces acting on the airplane are in balance or:

L=W—F cos o | ®.1)
Fcosap=D A (8.2)
where ‘
L =lift
W = airplane welght
F' = thrust

ap = the thrust angle with the horizontal

However, if we assume small angles we can say that thrust is equal to drag
and lift is equal to weight.

In level flight performance we are primarily concerned with Eq. (8.2) or
thrust F and drag D; however, we shall see that the lift L and Welght W of Eq..
(8.1) also play a part.

8.2 Thrust Required .

Level flight performance is essentially a determination of airplane drag as a
function of velocity. Since the thrust must equal the drag it could also be
called the thrust required for a given velocity.

The drag of an airplane is composed of two components. They are 1) para-
site drag; and 2) induced drag.

The parasite drag is composed of all forms of drag other than the drag due
to creating lift Wthh is the induced drag.

Parasite drag can be defined by the equation:

Dp = I/ZCDPPV%S ‘ (8.3)

where
Dp = parasite drag
Cpp = parasite drag coefficient
S = reference area (normally taken as the wing planform area)
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From this equation we can see that drag vanes as a function of the true

airspeed squared.
The induced drag is defined by the equation:

D; =27/ pViSnARe (8.4)

where
D; = induced drag
§ = wing area
AR = aspect ratio
e = Oswald’s efficiency factor

This equation shows that the induced drag varies as a function of 1/ 1£3

A plot of both parasite and induced drag as a function of airspeed is shown
in Fig. 8.1.

If the profile and induced drag are added we arrive at the total drag of the
airplane. This plot is also shown in Fig. 8.1. Since thrust must equal drag this
curve may also be called the thrust required curve. There are several things
that should be known about the thrust required curve for an airplane. First, it

is limited on the low-speed end by the stalling speed. Second, the velocity for

minimum drag occurs where the parasite and induced drag are equal. This
point is the best lift to drag ratio (L/D),, for the airplane. For a jet airplane
this is the speed for both best endurance and best glide. ‘

.Total Drag
or Thrust Required

(L/D)wax

fv?)

Parasite Drag

DorF

Induced Drag

Vr

Fig. 8.1 Composition of thrust required curve.
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8.3 Effects of Variables on Thrust Reqﬁired

If one examines Eqs. (8.3) and (8.4) it may be seen that there are two vari-
ables other than those already discussed which can affect the thrust required.
They are the lift and the air density. If we say that in steady state lift is equal
to weight then in actuality the weight becomes the variable.

8.3.1 Effects of Weight

Since the lift, or weight, only appears in the equation for induced drag
[Eq. (8.4)], we can say that the weight only affects the induced portion of the
thrust required curve. This makes weight effects predominant at the low-speed
end of the curve as is shown in Fig. 8.2. An increase in weight increases the
thrust required. Fig. 8.2 also shows that the speed for (L/D)p,, increases as
weight increases.

8.3.2 Effects of Air Density

In examining Eqs. (8.3) and (8.4) we can See that a change in density will
affect the profile drag directly and the induced drag as'a function of 1/p. This-
has the effect of shifting the thrust required curve to the right as density
decreases as is shown in Fig. 8.3. The value of minimum drag or thrust
required remains the same, but the true airspeed at which it occurs increases.
The effects of density on the thrust required curve can be negated if the thrust
plotted against equivalent airspeed ¥,. Then only one curve will result. Weight,

Weight
Increasing

Vr

Fig. 8.2 Effects of weight on thrust required. -



78 FLIGHT TESTING OF FIXED-WING AIRGRAFT

Vi

Fig. 8.3 Effects of air density on thrust required.

however, will still cause a shift in the curve even when plotted against ¥, as is
shown in Fig. 8.4. - :

8.4 Power Required

In propeller-driven airplanes, it is more convenient to use power required
than thrust required. The thrust horsepower required can be stated by the equa-

tion:

THPy = FoV7/550 (8.5)
F

[=1s]

g
'
i
=] 8
Ve

Fig. 8.4 Effects of weight on thrust required when plotted vs equivalent airspeed.

B
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.

where :
THPjy = thrust horsepower required
Fg = thrust required in pounds
Vr = true airspeed in feet per second

If we combine Eqgs. (8.3) and (8.4) to obtain the thrust required and substitute
that equation into Eq. (8.5) we have:

FHPy = [1/2CpppV3S + 212/ pV7SmARel/550 (8.6

From this equation we can see that the profile power required varies as the true
airspeed cubed, and the induced power required varies as 1/¥7. This is shown
in Fig. 8.5. By adding the profile power required to the induced power required
- we have the total power required curve also shown in Fig. 8.5. On this curve
the minimum drag or best L/D occurs at a higher speed than the speed for
lowest FHPg. The minimum FHPp is the speed for best endurance on a
propeller-driven airplane while the speed for (/D) is the best range speed.

8.5 Eﬁects’of Variables von‘the Power Required Curves -

Although the same variables affect the power required curve as affect the
thrust required curve, they affect them in a different manner.

8.5.1 Effects of Weight .

Since weight affects the-induced portion’ of the power required curve its
greatest effect occurs at the low-speed end. The general effects of weight on
the power required curve are shown in Fig. 8.6. '

: ) 3
Total Power : v

FHP
R Required

“~—— Parasite Power Required

f1/V)
" Induced Power Required

Vr

Fig. 8.5 Composition of power required curve.
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-

FHPgeq

Increasing

Weight

Vr

Fig. 8.6 Effects of weight on the power required curve.

In order for the airplane to maintain a given Cj, or ahgle of attack, when

the weight changes one must vary the airspeed. This can be expressed by the .

relationship:

ViV = I, e

where
¥V, =the ¥ of a specific C; and weight, /¥,
¥V, = the ¥ for the same C; but a different weight, 7,

_This. effect applies to the FHPy curves and the airspeed will vary by the same
rélationship on these curves when the weight changes. ,

8.5.2 Effects of Density

Air density also affects the power required curves. Decreasing density tends .

to move the curves upward and to the right as shown in Fig. 8.7. The
(L/D)ax moves up and to the right along a straight line as is shown. If we try
to cancel the effects of density by plotting FHPy vs ¥, we find that we stop
the movement of the curve to the right with decreasing density, but it still
moves upward as is shown in Fig. 8.8. This is because if we substitute the rela-
tion Vr = V,./c into Eq. (8.6) we find that we have:

FHPg = [CpppoV2S/2+/7 + 2L% [ po/oV,STARe] /550 (8.8)
Although we have eliminated the density at altitude from this equation still

remaining is the square root of the density ratio ¢, so, we still have a density
effect. :
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-~

FHPggq

Fig. 8.7 Effects. of density on power required.

8.6 Effects of High Mach Number

As an aircraft airspeed approaches Mach 1, the zero lift drag coefficient
becomes a variable. (For low Mach numbers it is essentially constant) Thls
change is caused primarily by the introduction of wave d:ag

The result of this change in drag is a rapid increase in the thrust requlred
until Mach 1 is reached. After Mach 1 the drag and the thrust required begms
to decrease. This phenomenon is described as the transonic drag rise or
transonic thrust pinch.

FHP s

/0 Decreasing

v

Fig. 8.8 Effects of air density on power required when plotted 'vs equivalent
airspeed. -
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Effect of Propeller Efficiency '
/ BHP Auvailable

FHP Available

TYAYIHA pus VA g

Ve

Fig. 8.9 Variation in thrust horsepower available due to propeller efficiency.

8.7 Thrust or PowerlAvaiIabIe

The thrust or thrust horsepower available is a function of the installed thrust
or thrust horsepower of the engine. .

Thrust or thrust horsepower will vary with air density; therefore, there will -
"be a different value of thrust or power available for each set of altitude and
temperature conditions. Since thrust or thrust horsepower available defines the
maximum speed of the airplane, the maximum speed will vary as thrust or
power available varies.

On propeller-driven airplanes the propeller efficiency is another variable that
will affect the power available. Since propellers are designed to have their
* maximum efficiency in the normal cruising range of the airplane, the efficien-
ciés will drop oneither side of this range. This drop in efficiency occurs on
the high-speed end due to tip losses caused by the propeller blades approach-
ing their critical Mach number. On the low-speed end the drop in efficiency is
caused by the blades operating at too high an angle of attack. Fig. 8.9 shows a
plot of thrust horsepower available and how it varies with propeller efficiency.
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- Level Flight Performance Flight Test and Data
. “Reduction Methods for Propeller-Driven Aircraft .

9.1 Introduction

There are a number of methods for level flight performance data reduction
for propeller-driven airplanes. Most of these methods have problems with
determining full throttle performance under standard conditions and are not
readily useable for determining airplane drag coefficients. The method we
will discuss here solves both of these problems. This method is called the
PIW-VIW method.

9.2 Federal Aviation Administration Requirements

There are no FAA requirements for level flight performarce. However, some
of the acceptable methods for FAA climb performance require the use of para-
meters derived from the airplane drag polar which is obtained from level flight
performance. - . . : ,

9.3 PIW-VIW Method -

 The PIW-VIW' method is. derived by making the power required curve a

single curve good for all air densities and airplane weights. To accomplish this

we will make two assumptions. The first assumption is that at a given angle of

attack both the lift coefficient C, and the drag coefficient Cp are constant.

When we assume that the angle of attack is the same for two different condi-

tions of weight and altitude we can equate these two conditions through the
" following: ’ o

Ws _Ls _ 1/2p50573SC e
Wr Ly 1/2psgorVESCy &

where o
subscript S = standard conditions
_ subscript 7' = test conditions.

If we cancel like terms through division and solve for the standard airspeed
(V) which we will call VIW, and replace the true airspeed V7 and /o with

83




84 FLIGHT TESTING OF FIXED-WING AIRCRAFT

-

equivalent airspeed ¥, we have:

”
VIW = ——2 (9.2)

VWr/Ws

The equivalent airspeed can be replaced by calibrated airspeed at low speeds
- and altitudes. : o

The power term, PIW, can be determined by assuming that the drag coeffi-
cient is constant at that angle of attack and using a similar mathematical
approach to that used for VIW.

THPs _ Vs/550(Cpl/2p5,05V2S) ©3)
THPr ~ V7/550(Cp1/2p5,0, V25) ‘

where
THP = the thrust horsepower and the subscripts have the same meaning as above

If we cancel like terms through division and substitute the VIW value for ¥
we have: '

THPg = THP(Ws/Wy)* 2o}/ (9.4)

If we assume constant propeller efficiency, which is not a bad assumption for
constant speed propellers on the front side of the power required curve, we can
replace thrust horsepower with brake horsepower, BHP. Then by inverting the
weight term we can rewrite the equation as:

P[W'—_—M T 9.5)
(Wr /W)

Plotting PITW vs VIW provides one curve good for all air densities and airplane
weights. It is the curve that the airplane would construct if flown at the stan-
dard weight (normally selected as the maximum takeoff gross weight) at sea
level on a standard day.

9.4 Flighyt Test Method

The flight tests for level flight performance are simple and easy to perform.
Testing should be conducted in smooth air as turbulence makes obtaining data
difficult and will cause an apparent reduction in cruise airspeed for a given
power. setting. Clear, early mornings are preferred times to collect data since
the air is usually smooth at all altitudes. As long as calibrations exist on the
ship’s instruments, they may be used for data collection and the data hand
recorded. Nothing happens very fast during level flight performance tests so
automatic data recording devices are not necessary. :
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9.4.1 Method for Constant Speed Prop'éile'}' Driven Airplanes

For these aircraft, the test is initially conducted at maximum cruise Tpm
beginning at low altitude. o

The procedure is to first stabilize at as low an airspeed as possible at the
test altitude and record the ambient temperature. This provides an ambient
temperature reading with little ram rise. Then the aircraft is accelerated at full
throttle and maximum cruise. tpm to maximum level flight speed. This may
- take some time (5 mid or more). Once stabilized at maximum level flight
speed, the following data is recorded:

1) airspeed

2) altitude

3) ambient temperature .

4) rpm : :
5) manifold pressure (or torque for turbo-prop aircraft)
6) fuel quantity (for test weight determination)

7) fuel flow

8) carburetor air temperature (if available)

Once the data are collected, the manifold pressure is reduced an increment of 1
or 2 in. Hg, the airspeed allowed to stabilize, and the data collected once
again. This procedure is repeated until the aircraft reaches the back side of the
power required curve where the manifold pressure must be increased to main-
tain altitude and achieve a lower airspeed. It is worthwhile to obtain one or
two data points on the back side of the power required curve. Data should be
read in the sequence shown above and repeated in that sequence for each data
point. The test should be repeated at medium and high altitudes to-obtain 2
good data sample. After completing the high altitude test, full throttle manifold

- pressure should be obtained at each altitude during the descent so a manifold
. pressure vs pressure altitude curve can be obtained. If a -secondary cruise rpm
value is going to be given in the Pilot’s Handbook, then the test should be
repeated at this rpm. '

9.4.2 Method for Fixed-Pitch Propeller-Driven Airplanes

The method for fixed-pitch propeller-driven airplanes is the same as for
constant speed propeller airplanes except that rpm will change with each
change in manifold pressure. Also on these airplanes, the low and medium alti-
tude tests will be limited by maximum allowable rpm.

9.5 Reduction of Observed Data

The data reduction methods for propeller—driven‘airplanes can be divided
into 1) those for constant speed propeller-driven ‘airplanes; and 2) those for
fixed-pitch propeller-driven airplanes. o ‘
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9.5.1 Constant Speed Propeller

For airplanes with a constant speed propeller we use the PIW vs VIW
method to reduce our data. In this method we must first determine our equiva-
lent airspeed ¥, (calibrated airspeed may be used for low speed airplanes), and
our installed BHP at the test point. This is accomplished using the methods
previously discussed in the chapters on airspeed calibration and determining

-, engine power in-flight.

The second step in the reduction process is to determine the test density
ratio ¢. To accomplish this we use the equation: - o

o =5/6 | (9.6)

where :
0 = pressure ratio (P,/Pg;)
6 = temperature ratio (7,/Tg;)

The pressure ratio can be obtained from a table lookup, entering the. table
with the calibrated pressure altitude Hp, or by the equation given in
Chapter 1. .

The temperature ratio. can be obtained by first determining the absolute
temperature at the test altitude: '

T, = OAT +273.16 (9.7)

where
T, = absolute temperature at the test altitude in degrees Kelvin
OAT. = calibrated outside air temperature in degrees Celsius

and then dividing by the standard absolute temperature at sea level.

Once we have determined the test density ratio ¢y, the third step is to deter-
mine the test aircraft weight and the weight ratio W,/ W. - - :

The next step is to determine values for PIW and VIW using Eq. 9.5 and
9.2 where all values are at the test data point.

We then plot the values of PIW and VIW for each data point as shown in
Fig. 9.1.

9.5.2 PIW vs VIW Normalization

Since the values of PIW and VIW obtained above have data scatter and the
proper fairing of a curve may be difficult, a normalization technique is used to
make the curve into a straight line. It is then somewhat easier to fair a curve
through the scattered data. We accomplish this mathematically by multiplying
both PIW and VIW by VIW. This equation then becomes: ' '

PIW x VIW = f(VIW*) ‘ - 9.8)

If we plot this equation we have a straight line as shown in Fig. 9.2. This plot
does become nonlinear on both ends. On the high-speed end when our airplane
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Fig. 9.1 PIW-VIW plot for a Cessna U3A. Reprinted with permission from
Commander Aircraft.
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Fig. 9.2 PIW-VIW normalization from data of Fig. 9.1. Reprinted with permission
from Commander Aircraft. C




88 FLIGHT TESTING OF FIXED-WING AIRCRAFT

is fast enough to encounter the transonic drag rise and on the low-speed end
where we start to get flow separation. At all other speeds it is a straight line,
and useful in data fairing. Once we have obtained this straight line plot, we
then read points from it, reconvert them to values of PIW and VIW, and use
these values for our faired line in Fig. 9.1. We then have a smooth curve faired
through the scattered data points.

9.5.3 Fixed-Pitch Propellers

For airplanes with fixed-pitch propellers the change in Ipm is so great with
change in power that we can no longer assume propeller efficiency to be
constant. Also, since rpm is the only power parameter with which the pilot has
to work, it is necessary to have some method to relate the power the engine is
developing to the rpm. We accomplish this and account for the changes in
propeller efficiency by correcting the tpm for density and weight in a manner
similar to that used for the PIW and VIW terms and call it NIW.

N =PV 9.9)
) 1/ WT/WS » . .
We then plot these variables into three plots as shown in Figs. 9.3, 9.4, and
9.5. ' , ‘
Fig. 9.3, the plot of PIW vs VIW, is only used for developing a part of the
maximum power performance since for all other powers we must be able to
correlate rpm and power. :

AERO COMMANDER
MODEL 111
S/N: 10001
W, =2550 Lbs.
PIW vs VIW
170+ -
150
Z 1304
g
z SYM. FLT.# TESTALT.
2 0] A 50 1000 ft
E QO 49 4000 ft
= O 60 6000 ft
a 54 8000
90+
70+
50 T r r — y r T y T T
50 60 70 80 %0 100 (o 120 130 140 150

YIW, knots

Fig. 9.3 PIW-VIW plot for determining maximum power performance. Reprinted
with permission from Gulfstream Aerospace Corporation.
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Fig. 9.4 PIW-NIW

NIW, RPM
standardized power chart for a fixed pitch propeller airplane.

Reprinted with permission from Gulfstream Aerospace Corporation.
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Fig. 9.5 - NIW-VIW plot standardized rpm vs standardized alrspeed Repnnted with
permission from Gulfstream Aerospace Corporation.
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Fig. 9.4, the plot of PIW vs NIW, gives fis the method of relating the
engine power to the rpm.

Fig. 9.5, the plot of NIW vs VIW, allows us to determine the airspeed for a
~handbook performance

plot. The method for developing this performance plot
will be discussed later.

9.6 Expansion of Observed Data

The plots of PIW vs VIW or PIW vs NIW are not readily useable to the
pilot. More useable to the pilot is a plot of true airspeed vs density altitude for
a given power setting and a plot of percent power for a given rpm setting vs
density altitude. In order to obtain such useful plots we must expand the PIW
vs VIW, PIW vs NIW, and NIW vs VIW plots to non-standard conditions from
the sea level standard conditions that they represent. Again, we divide the

methods into those for constant speed propeller-driven airplanes and those for
fixed-pitch propeller-driven airplanes.

". CRUISE PERFORMANCE
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Fig. 9.6 Density altitude vs true airspeed Aero Commander 112. Reprinted with
permission from Commander Aircraft.
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.Flg 9.7 Pressure altltude vs installed manifold pressure. Repnnted w1th permxssmn ‘
from Gulfstream Aerospace Corporahon

9.6.1 Constant Speed Propeller Data Expansion

To develop the density altitude vs true alrspeed plot (Fig. 9.6), we ﬁrst
develop the full throttle line at maximum rpm. To do this we must know how
the full throttle manifold pressure varies with altitude at that rpm. We accom-
plish this by flying at full throttle and max rpm, in level flight, at several
different altitudes, and record manifold pressure vs pressure altitude. We apply
instrument corrections and plot this as shown in Fig. 9.7.

Using this information, we enter the standard engine power chart and deter-
mine the full throttle engine power at each altitude. This power information is
thén converted to- values of PIW by determining the standard day square root
of the ‘density ratio ¢ for. each altitude and multlplymg that value times the
horsepower determined from the power chart.

We then enter the PIW vs VIW plot at this value of PIW and determme
VIW.

True airspeed is obtained by dividing VIW by the square root of the densxty
ratio ¢ for the altitude in question.
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Table 9.1 Cruise performance model XXX—Full throttle maximum gross weight

Standard Standard  Installation

Altitude—ft  BHP BHP® J7 PIW® VIW® Vr-kn
SeaLevel 200 198.1 1.000 198.1 148 148
2000 187.2 185.4 0.9710 180.0 140.2 144.4

4000 . .1745 .- 172.8 09424 .. 162.84 1333 141.5
6000 162.8  "1612° 09143 14738 127.0 <1389
8000 152.0 150.5 0.8866 13343 122.2 137.8
10,000 140.7 1392~ 08593 11961 1172 136.4
12,000 130.5 129.1 0.8326 107.48 1113 133.6
14,000 121.0 119.7 0.8062 96.07 103.5 1284

*Corrects standard BHP for known installation losses such as induction air heat rise.
°PIW = Inst. BHP x /7. : _
‘Read VIW from test PIW vs VIW plot using PIW calculated above.

A table of the just described approach is shown in Table 9.1. This same
procedure may be used for the full throttle lines of rpm, other than maximum
pm, providing a full throttle manifold pressure vs altitude line is developed
for these rpm. : ‘

To develop the lines of constant percent power the same approach is used.
Except in this case, the horsepower developed by the engine does not change
with altitude, so the values of PIW only change with the square root of the
density ratio o.

A table of data for a percent power line is shown in Table 9.2. The plot
shown in Fig. 9.6 is actually a plot of density altitude vs true airspeed for a
standard day. Since density altitude on a standard day is the same as pressure
altitude, we use pressure altitude in developing the plot. However, we can enter
this plot with a density altitude and get the correct true airspeed for that
density altitude. To aid in -doing this,- a density altitude chart is sometimes

Table 9.2 Cruise performahce model XXX—75% MCP maximum gross weight

Standard Standard

Altitude—ft BHP™ Jo PIW® = VIW® Vrkn
Sea Level - 150 1.0000 150.0 126.7 126.7
2000 150 09710 - 145.65 125.6 129.4
4000 150 09424  141.36 1241 131.7
6000 150 09143 137.14 1233 134.8
8000 150 0.8866 - 133.0 121.2 136.7

*The standard BHP for this case is 75% of the maximum rated power, which for this engine was
200 hp. No correction is made for installed losses since it is assumed that the pilot can increase the
throttle to obtain 75% maximum continuous power. k

®PIW is obtained in the same manner as in Table 9.1.

*VIW is read from the test PIW vs VIW plot, :

Note: True airspeed is obtained by dividing VIW by square root of the standard density ratio.
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Fig. 9.8 Cruise performance plotted with density altitude conversion chart.

plotted to the left as shown in Fig. 9.8 so the pilot may enter with values of
pressure altitude and temperature and determine his true airspeed.

9.6.2 Fixed-Pitch Propeller Data Expansion

To expand the fixed-pitch propeller data we use a slightly different approach
than was used for the constant speed propeller data. The full throttle line
becomes a maximum power line since the lower altitude part of it is limited by
maximum rpm, while the higher altitude part is limited by full throttle. The
lower part of this curve is obtained by entering the PIW vs NIW, and NIW vs
VIW charts at NIW values for the maxunum allowable rpm (ie., ma'x

pm X /7).
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Fixed-pitch propellers are usually pitched to~allow maximum rpm to the
highest altitude where maximum cruise power can be obtained. We would then
continue with the procedure just described until we reached this altitude.
~Above this altitude we need to know how both the rpm and manifold pres-
sure vary under standard conditions. This is difficult since on a fixed-pitch
propeller installation both rpm and manifold pressure are interdependent and a
change in one will affect the other. One method of accounting for this is to fly
. in level flight at full throttle at several altitudes above the altitude where maxi-
mum cruise power can be obtained and record values of rpm and manifold
AERO COMMANDER
MODEL 111
" POWER CHART
DENSITY ALTITUDE vs ENGINE RPM
Sensenich 76'EMB-0-58 Fixed Pitch Propellor
1100001
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8000
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i
% 5000
i
40001
3000 ,
2000 1
10001
SL. . : . ; / . :
2000 2100 ' 2400 . 2700_
engine RPM
Fig. 9.9 Handbook power chart for fixed-pitch propeller-driven aircraft. Reprinted
with permission from Gulfstream Aerospace Corporation.
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pressure. We then plot these values, after correcting for instrument error, and
determine the slopes of the lines. We may then use these slopes and the values
for rpm and manifold pressure on a standard day at the maximum altitude
where maximum cruise power can be. obtained to determine the power charac-
teristics at high altitude on full throttle.

The remaining portion -of the maximum power line can be obtained by
converting the values of power determined above to PIW and then entering the
PIW vs VIW chart. T

CRUISE PERFORMANCE
AERO COMMANDER
- MODEL 111
TRUE AIRSPEED vs. DENSITY ALTITUDE
2550 Lbs. GROSS WEIGHT
Wheel Fairings Removed
Sensenich 76EMB-0-58 Fixed Pitch Propeller -
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(Peak EGT then Earichened 50°)
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Fig. 9.10 Cruise performance chart for a fixed-pitch propeller-driven aircraft.
Reprinted with permission from Gulfstream Aerospace Corporation.
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To determine the percent power lines we first determine values.of PIW for
each altitude as was done in the constant speed propeller case. Using these
values we then enter the PIW vs NIW curve and determine corresponding
values of NIW. These NIW values may be converted to rpm and plotted vs alti-
tude to obtain a cruise power chart as shown in Fig. 9.9. We also use the NIW
values to enter the NIW vs VIW chart and determine values of VIW, from
which true airspeed is determined.

.- In-the above described manner we-develop both a power chart in altitude vs
rpm (Fig. 9.9) and a cruise speed chart (Fig. 9.10) which are interrelated.

In order that the pilot may correct for nonstandard conditions, a density alti-
tude chart is added to the left of both of these charts as it was for constant
speed propeller-driven airplanes. '

Reference
'Hamlin, Benson, Flight Testing, The MacMillan Company, New York, 1946.
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Level Flight Performance Jet Aircraft

10.1 Introduction

The level flight performance tests of jet-powered aircraft serve the same
function as those for propeller-driven aircraft. The primary purpose for
conducting these tests is to provide cruise data for the “Pilot’s Operating Hand-
book™ or flight manual. However, there are several other reasons that we may
wish to conduct these tests; they are: ‘

1) to assure design specifications are met

2) to determine the airplane drag polar

3) to determine engine characteristics in flight

4) to determine drag increments of small changes during development testing

The flight test techniques and theory of level flight performance tests of jet
aircraft are similar in some respects to those for propeller-driven aircraft, but
there are also some important differences. First let us examine the theory
behind the level flight performance of a jet aircraft. :

10.2 Theory'? ‘
If we start with the condition of steady state level flight where lift equals
weight we can say:

y2 |
L=W=&§ﬂ , (10.1)

If we also consider that ¥ = Ma, and that a = ./yP,/p, then we can write:

P
VE=M?*y -2 (10.2)
I
where
M = Mach number
P, = the ambient pressure

y = specific heat ratio for air
a = the speed of sound

97
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By substitution:

— SCLMZ}’P‘I

" 2

(10.3)

If we multiply Eq. (10.3) by Pg;/Ps; and substitute the pressure ratio & for
P,/Pg, then Eq. (10.3) becomes: - '

- SCLMZ}J&PSL

5 (10.4)

w

and by rearranging we have: _

_ 2mw)s)

= P75 (10.5)

For a given aircraft and set of conditions, ¥, Pg;, and § are constants. There-
fore: ' :

o =f(f’§,M) (10.6)

By the same approach an equation similar to Eq. (10.5) can be obtained for
the drag coefficient:

_ 2(D/s) |
n = m (10.7)

and likewise:
Cp :f(?,M) (10.8)

Then if we have the engine thrust characteristics, the level flight data can be
converted to values of Cp and C, for the construction of an airplarie drag
polar. Once we have the airplane drag polar, we can calculate airplane perfor-
mance characteristics for flight manual or other uses,

However, in many instances it is simpler if we have relationships that do
not require the determination of C; and Cp. If we rewrite Eq. (10.8) as:

D/8 = f(Cp, M) (10.9)
and say that:

CD = CDP + CDl' (10.10)
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-

we know that Cp,; = f(C;), so also must:
Cp =£(Cy) - (10.11)

If we replace C; in Eq. (10.11) with its function from Eq. (10.6), we have:
Cp =f(—?M) . : (10.12)
or:
w
D/3 =1(Cor30) =f (5. M) (10.13)

We now have created a functional relationship for drag which combines the
aircraft and engine perforrnance characteristics.
The variables that affect engine thrust are:

1) velocity (7)

2) temperature (T)

3) pressure (P)

4) engine speed (V)
5) engine size (D)

""If we evaluate the variables using the Buckingham IT Theorem of dimensional
analysis we can say:

Ei fO’_ ie) . (10.14)

Since the engine size D is fixed we may eliminate it. We may also replace
V/~/T with Mach number M and reference all pressures and temperatures
to sea level by use of the temperature ratio 6 and the pressure ratio 9.
Eq. (10. 14) then becomes :

%‘!:f(M,‘N/\/E) - ' (10.15)
A similar analysis will alsé show:
Q‘/_ =f(M,N/0) I -~ (10.16)

-where
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Q = the mass flow of air through the engine

. .
—L. = f(M, N/VE 10.17
376 S, N/V6) (10.17)

where

szfuelﬂow

-~~~ .On engines which have the :capability of reading engine pressure ratio (EPR),
the value N/+/6 may be replaced by EPR in Egs. (10.15) through (10.17).
Since in level flight thrust is equal to drag, we can say: ’

S, N/B) =f(%/,M> (10.18)
From this relation comes:
W N
M_f(_{’ﬁ) (10.19)

This relationship is quite important since it is the basis for the speed power
level flight method for jet aircraft. If the pilot holds % /6 constant by varying
his test altitude as weight changes, he may then obtain a plot of how Mach
number varies with power setting (Fig. 10.1). Since all of the parameters are
interrelated, a whole series of plots may be obtained using these basic relation-
ships. Examples are shown in Figs. 10.2-10.6. '

10.3 Flight Test Techniques®* v |
As might be expected from the past discussion, the flight test technique for

the speed power test of a jet aircraft is somewhat different from that for a
propeller-driven aircraft. Since we intended to plot our data at values of
constant #'/9, we must vary our test altitude as we burn off fuel in order to
keep W /6 constant. This requires considerably more preflight planning than is

required for level flight tests of propeller-driven airplanes. It also requires

0
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Fig. 10.1 Referred rpm vs Mach.
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- considerable skill on- the part of the test pilot since a missed point cannot be
repeated without an altitude change. The test is best performed by a pilot and
flight test engineer working as a team. Even in single seat aircraft this can be
accomplished via radio link.

In order to perform the test, the crew will need a plot of altitude vs aircraft
weight for a constant /6 (Fig. 10.7). They will also need a plot of the
altimeter position error vs Mach number. The test team must determine the
altitude at which the test data point is to be flown and allow sufficient time for
the aircraft to arrive at that altitude and stabilize. This time averages about
8 min per data point.

In planning the test, estimate the airplane weight at the first data point, and
then enter the altitude vs weight chart and find the aim altitude. This altitude
must then be corrected for instrument and position error to give the pilot an
aim indicated altitude. High-speed points should be obtained first, and then the
speed reduced for each successive point. This seems to be the most efficient
technique since some of the excess speed can be used in the climb. Also, most
aircraft seem to stabilize faster when the data point is approached from the

. high-speed side.
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By,

FUEL COUNTER READING

AIRPLANE TEST WEIGHT, W, ;
Fig.10.7 Plot calibrated pressure altitude vs test weight for a constant #/8. (Ref. 3)

Once established at the aim altitude, with the airspeed stabilized, allow 2-3
min to elapse after the last throttle movement beforé taking data. This will
permit-the engine to thermally stabilize. The rate of climb and aircraft accelera- -
tion should be zero. However; an acceptable tolerance is rate of climb.less than
100 ft/min and airspeed 1.5kn in 2min.- Even light turbulence will cause
‘excursions greater than this and should be avoided.

10.4 Data Reduction

The data reduction sequence used for reducing the data obtained during the
speed power tests will depend to a degree upon the type of jet engine in the
aircraft and the way it is instrumented. For instance, the data from a straight
turbojet-powered aircraft is handled differently than data from a turbofan
engine. Also, if pressure ratio instrumentation is available the data is reduced
in a different manner than if this instrumentation is not available,

All of these sequences are covered in the reference material, and due to the
number and length we will not discuss them here.
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'USAF Test Pilot School, FTC-TIH-70-1001, “USAF Performance Flight Testing
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U.S. Naval Test Pilot School, Patuxent River, MD, 28 July 1972. '
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Range and Endurance

11.1 Introduction

The airplane’s ability to cover great distances by conversion of fuel energy
into airspeed and its ability to use this same energy to stay aloft over a period
of time are performance parameters of great importance. They take on even
greater importance when one considers the dwindling world supplies of petro-
leum energy and the cost of acceptable substitutes.

The first of the above mentioned performance parameters we call range. The
range parameter can be described in two different ways. First, the problem of
flying a given distance with a minimum expenditure of fuel. Another method
to describe this problem is the ability to obtain the maximum flying distance
from a given fuel load. Either of these problems is approached the same way
by the pilot, and it is the task of the test pilot and flight test engineer to
provide the pilot with the information necessary to master them.

Second, the performance parameter of staying aloft for the maximum time
on a minimum amount of fuel is called endurance. This parameter becomes
important when the airplane must hold due to traffic delays and in certain
other aircraft applications such as fish spotting or antisubmarine warfare
missions that require long periods of time on station.

A convenient method for expressing the range, or endurance of an airplane
is by the use of specific range and specific endurance. .

Specific range can be defined in several ways as is shown below:

nautical miles traveled
SR = ' 11.1
SR pounds of fuel consumed (1.1

or

SR=2L : (11.2)

where

SR = specific range.

Vr = true airspeed in knots

wg = fuel flow in pounds per hour -

From Eq. (11.2) we can see that if we obtain values of fuel flow at the same
time .we are collecting other performance data, then we have the information

105
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for determining specific range.
Since range involves flying a distance while endurance involves flying a
time, the specific endurance, SE, can be defined as:

- hours flown (113)
pounds of fuel consumed
or
CSE=L- ‘ (11.4)
g -

If we recall our level flight performance theory, we will remember that the
performance for propeller-driven airplanes is determined from a plot of THP
vs V, called the power required curve. Performance for the jet airplane,
however, is determined from the thrust vs ¥, curve. Since power is a function
of both thrust and velocity, it is easy to see the relationships developed from
the power required curve are going to be somewhat different than those devel-
oped from the thrust required curve. It is for this reason that we shall discuss
range and endurance for propeller-driven airplanes and for jet airplanes sepa-
rately. ' ’

11.2  Range—Propeller-Driven Airplanes

The propeller-driven airplane obtains its thrust by combining the propeller
with one of three types of powerplants:

1) normally aspirated reciprocating
2) turbocharged or supercharged reciprocating
3) gas turbine

The fuel flow for each of these tj'ﬁés is more directly a ﬁmcﬁon of. the

horsepower delivered to the propeller than to. the thrust prodiced. Also, the =~ § -

fuel flow characteristics of each of these types is somewhat different so we will
address each type separately. First, let us review the range theory for propeller-
driven airplanes.

11.2.1 Propeller-Driven Airplane Range Theory

The equations for range were first published by L. Breguet and are known
as the Breguet range equations. They are based on the fact that an increment
of range ds is equal to the velocity of the vehicle Vr times the increment of
time -traveled d¢

ds = Vpde (11.5)

and that for a propeller-driven aircraft the weight of fuel consumed in a given
time is a function of the specific fuel consumption ¢ and the power developed
- P.

dW =cPdt (11.6)
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If we solve Eq. (11.6) for dr and substitute it into Eq. (11.5) we have:
- ' ~Vpdw

= 11.7
ds=—07n (11.7)
or
’ Py dw '
=|ds= z 11.8
K J J w, <P : ( )
where
R =range
W, = initial gross weight
W, = final gross weight _
Since power for a propeller-driven airplane can be expressed as:
_Drr (11.9)
e

where _
D = airplane drag
np = propeller efficiency

and in level flight L = W. We can state Eq. (11'.8).as:'

, ' ' '
np\(L\ d¥
= LNZ) = : 11.10
=1 ()67 @119
If we integrate Eq. (11.10) and express range in nautical miles and ¢ in pounds
per BHP-hours then we have the Breguet range equation: :

| BN v o
=32580 22 [ =L ) log. L - .- (11.11

R.32 8<C)(CD) ogeWz R ( )
If we want to express this equation in terms of specific range,i we have:

, dr e\ (C\ (1) .

= —= Bl === 11.12

se=X 3258(6)(% - B (R0

In evaluating Eq. (11.11) we can see that the specific range will be at a
maximum when we have a maximum value for the combined term of

(np/c)(CL/Cp). Keeping this in mind let us see how this.is affected by each
type of powerplant. .

11.2.2  Normally Aspirated Recibrbcaﬂng PO’Werpiants"
In evaluating reciprocating engine powered airplane range performance, it is
‘useful to return to evaluating the effect of: various parameters on the power
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required curve. Fig. 11.1 is a typical power required curve. The maximum |

range occurs at the point where a straight line from the origin is tangent to the
curve. This is the point on the curve where the velocity achieved per unit
power is the greatest. It is also the point where the maximum L/D occurs.

As altitude increases the power required curve (when plotted vs Vr) moves
up and to the right as is shown in Fig. 11.2. So, as altitude increases, we get
an increase in the true airspeed ¥y and the power required Ppro to maintain
that true airspeed.. If the .true -airspeed and power required for best range are
known at one altitude they may be obtained for other altitudes by use of the

following relations: ' :
Osr, . ‘ :
Ve =y, /——UALT . (11.13)

Ost - |
PREQALT :PR-EQSL ——T (11.14)

O4r

For a normally aspirated reciprocating engine at cruise power settings, the
fuel flow is a function of engine power. This information and Egs. (11.13) and
(11.14) would indicate that the specific range for a normally aspirated recipro-
cating engine powered propeller-driven airplane would be unaffected by alti-
tude. Except for the cases where fuel flow or propeller efficiency vary
significantly with altitude, this is a true statement. '

Now let us return to the power required curve and evaluate the effects of

fuel burn-off, or weight change, on the specific range. Fig. 11.3 shows the

~

5

]

Q . .

E MAXTMUM

g ENDURANCE BEST RANGE
- AT (L/D) MAX
5

[-¥]

TRUE AIRSPEED - KTS
Fig.11.1 Typical power required curve.
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L~

POWER REQUIRED - H.P.

TRUE ALRSPEED - KTS

Fig. 11.2 Effects of altitude on power required and airspeed for best range.

effects of weight change on the power. required curve, and the point of
(L/D)ygax- As we can see from this figure, the power required curve moves
down and to the left as weight decreases. This says that the largest value of
specific range occurs at the minimum flight weight and that the airspeed and
power combination to achieve maximum specific range continually changes
throughout the flight. The effects of weight on range related variables for the

/ / HIGHER WEIGHT
4 ; '
BASIC WEIGHT

;‘_;._ LOWER WEIGHT
v //,/

TRUE AIRSPEED - KNOTS

Fig. 11.3 Effects of weight on power required and airspeed for best range.
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propeller-driven airplane may be determined by use of the followiﬂg relations:

WZ
Veomy = Ve, /;VT : (11.15)

AN
Preguwy = Pregom) (Wl-) (11.16)
o, |
SR(WI):SR(M)(W;) S (1;.17)

where
W, = aircraft gross weight at the initial condition
W, = aircraft gross weight at the condition in question

What we have just been discussing were the airframe effects, or the effects
of various parameters on the L/D term of the Breguet range equation. Now
lets turn our attention to the (1p/c) term. The brake specific fuel consumption
¢ for a normally aspirated reciprocating engine at cruise power settings is
normally a constant. In other words the fuel flow will increase: linearly with
increased power. It does not vary significantly with altitude. This would say
that the (7,/c) term on a normally aspirated engine-powered, propeller-driven
airplane is only affected by changes in propeller efficiency.

Propeller efficiency np is affected by a number of variables. Power, Ipm,
altitude, and aircraft velocity all have an effect on the propeller efficiency. The
effects of these variables are all interrelated and it is difficult to determine
which one will have the most powerful effect. This is especially true on a
constant-speed propeller since the sensing mechanism adjusts the blade angle
to maintain the rpm and not necessarily to operate at the most efficient angle.

It is for this reason, ‘that for range determination, it is preferred to. obtain

speed-power information at several values of rpm and altitude in order to deter-
mine the best combination.

1 1.2.3 Turbocharged Reciprocating Engine

Any range advantage from the turbocharged engine will come from its abil-
ity to operate a high altitude at cruise power settings and high true airspeeds.
This advantage may be eliminated by the climb fuel requirement, and if the
engine requires a higher brake specific fuel consumption in order to cool.
Other aspects of the range of turbocharged engine powered airplanes are simi-
lar to the normally aspirated engine powered airplanes.

One additional advantage of the turbocharged engine powered airplane is
that it may climb to altitudes where the prevailing winds are stronger and
achieve some additional range advantage. The effects of wind on range will be
discussed in detail later.

11.2.4 Turboprop Engines

The range of an airplane using a turboprop engine is affected by both the
aircraft aerodynamics and the operating characteristics of the turbine engine.

RS R R TR TR
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From the aerodynamic standpoint the variables affecting range are the same
as other propeller—dnven airplanes.

The engine operating characteristics are qu1te ddferent however. For best
fuel efficiency the turbine engine demands air at low temperature. This makes
the turbine engine operate most efficiently at high altitude where the air
temperature is low. In addition, the turbine engine is more efficient at higher
power settings, and since the power required. to achieve best range increases
with -altitude this,  too, makes the. turboprop - engine more efﬁc1ent at high
altitude.

Since the propeller—dnven airframe prefers low altitude for best range, while
the turboprop engine prefers high altitude, the combination turboprop airplane
will achieve its best range at some intermediate altitude. This makes flight test-
ing for range determination more of a chore on turboprop au'planes than on
other propeller-driven airplanes. :

11.3 Range—Jet Aircraft

The range of a turbojet or fan-jet powered aircraft is affected by a larger
number of variables than is the range of a propeller-driven aircraft. - For
instance, the specific fuel consumption of the jet. engine is-dependent upon the
thrust being developed, the air density and temperature, -and the speed of the
aircraft. The operational envelope of a jet aircraft also affects its range. This is
especially true of an aircraft that is capable of operatmg at supersonic speeds.
For instance, aircraft designed for cruise at supersonic speeds may achieve best
range while operatmg supersonic. The reverse would be true for those aircraft
. with supersonic capability that are designed for operanon pnmanly at subsomc
speeds.

Since so many variables do ex1st let us divide them into. those related to

airframe and to powerplant as we did with propeller-driven airplanes.. -
' First let us examine the aerodynamtc theory relating to the range of a jet
aircraft.

The fuel flow of a jet engme is primarily dependent upon the thrust
‘produced rather than upon power as was the case for the propeller-driven
airplane. This leads us to evaluate the range of the jet aircraft by use of the
thrust required curve rather than by power required. Fig. 11.4 is a typxca plot
of thrust required for a subsonic _;et aircraft. The best-range point is located
where a straight line from the origin is tangent to the curve. This point on the
~ curve occurs where the ratio of the square root of the lift coefficient over the

~drag coefficient is at a maximtu_n (\/C—L’/ Cp)max- At this point the induced drag
_is roughly 25% of the total drag. The jet airplane, therefore, is not nearly so
dependent upon high aspect ratio wings for good range performance as is the
propeller-driven airplane where best range occurs at (L/D)g,.. ’
Let us now derive the range equations for a jet aircraft to determine why
the difference between props and jets exist. The weight change of a jet aircraft
* due to fuel consumption can be expressed by the equation:

AW =cTd . L (11.18)
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(fc::)'cn)MAX
v MAX Range
A -
AR
5 (L/D)MAX
MAX Enduran
5
(o g
=
£
3
£
=
TRUE AIRSPEED - KNOTS »
- Fig. 11.4 = Typical thrust required curve.
where

dW = weight change due to fuel consumption
¢, = thrust specific fuel consumption in pounds of fuel/(Ib thrust/s)
T = thrust in pounds
dt-= time of flight in seconds

By solving for" d¢ and substituting the result into the incremental range
equation [Eq. (11.5)] we have: : :

Vpdw
ds = .
o7 (11.19)
and
" v dw ' :
R=J pAils (11.20)
w, T

In level flight thrust is equal to drag and drag may be shown equal to:

_p=w(&)
T=D= W(CL> (11.21)
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and true airspeed V7 is equal to:

2W

VT = pCLS

(11.22)

By substitution of these identities into Eq. (11.20) and integrating we have:

R= f?%(‘/—)(ﬁﬁ V) (11.23)

Eq. (11.23) gives the range in ft. If we convert this to nautical miles and the
thrust specific fuel consumption to pounds of fuel/(Ib thrust h) we have:

R= Cljth_(‘/_>(\/n71 V) (11.24)

s. (11.23) and (11.24) show that the range for a jet aircraft is a function
C;/Cp rather than C;/C), as was the case for propeller-driven airplanes.
It also shows that jet range is very much a function of altitude since the air
density p appears in the lower half of the equation.
If we neglect engine performance parameters the specific range SR of a jet
airplane is affected by altitude according to the following relation:

SR 7 = SRss /ajfr | 1)

These effects are graphically displayed when the thrust required is plotted
against true airspeed V; and shown for several altitudes. Figure 11.5 shows
that true airspeed increases with altitude while thrust required remains constant.
Therefore, for a jet airplane the aerodynamic parameters contribute to an
improvement in range with an increase in altitude.

Now let us turn our attention to the engine effect on the range. Engine
performance of the jet engine is improved by altitude in two ways. First, an
increase in altitude causes a decrease in inlet air temperature. A decrease in
inlet air temperature causes a reduction in the thrust specific fuel consumption.
This is true up to the tropopduse where air temperature becomes constant. The
second benefit of increased altitude on the performance of a jet engine is
caused by the increase in engine rpm required to generate the thrust required.
Jet engines operate more efficiently at higher rpm and increased altltude
provides this desired-effect.

From the preceding discussion we can see that the range of a jet axrcraﬂ is
very depéndent upon altitude. In fact, the optimum altitude for the beginning
of cruise flight is the altitude where maximum continuous thrust will maintain
the best range airspeed. If that altitude is maintained, the best range airspeed
will decrease. This is due to the aircraft weight change with fuel burn-off.

@
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Fig. 115 Effects of altitude on thrust required and airspeed for best range.

Although it may be necessary to maintain a constant altitude cruise for air
traffic control reasons, this is not the most efficient method for cruise flight in-
a jet aircraft. -

If we return to the dimensional analysis method of evaluating jet aircraft
performance that we used earlier for other level flight performance parameters
we find that specific range may be defined as:

=Y _rc S . g
SR == =f(C1. M) (11.26)

This equation may also be stated as:

@r

w

It is this last equation that gives us the key to the most efficient method of
cruise operation. Since the specific range is a function of W/§ and Mach, we
could hold the initial optimum condition of specific range if we held these
values constant. This is accomplished by holding Mach number constant and
allowing the aircraft to climb as fuel is burned so #/§ remains constant. This
is the concept of the cruise climb and is the most efficient method of cruise
for a jet aircraft. :
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If we compare the specific ranges of the constant altitude method of cruise
with the cruise climb we find the specific ranges vary according to the follow-
ing relations:

W,
SR, = SR, [+ (11.28)
2
for a constant altitude cruise, and
"
SR, _SR[ (Wz) ‘ (11.29)

for a cruise climb. :

These relations show the cruise climb to be a much more efficient method
of operating a jet aircraft. They also help to point out the considerable differ-
ence in range performance between jet and propeller-driven airplanes.

11.4 Effects of Wind on Range

The range theory we have been discussing was for the case of zero wind.
Very seldom in real-life flight situations do we experience a zerc wind condi-
tion. This leads us then to consider the effects of wind on aircraft range. It is
easy to understand that a tailwind will increase the aircraft’s range while a
headwind will reduce it. The effects of headwinds or tailwinds on range may
be determined by the followmg equation:

Rymp = Ryowmp = (Vwmp)t : (11-30)‘

where
t = time of flight

- It can be seen from Eq. (11.30) that the time of flight plays an important
role in the effect of wind on airplane range. For a headwind condition we
would want to reduce the flight time, and for a tailwind we would want to
increase it. The method available to the pllOt to accomphsh thxs task is to
increase or decrease airspeed.

The amount that the airspeed should be increased or decreased to maintain
optimum range conditions may be determined by reference to Figs. 11.6 and
11.7. These figures show typical power required and thrust required curves for
propeller-driven and jet aircraft. From our .previous discussion we know that
best range, no wmd, is achieved at the airspeed where a straight line drawn
from the ongln is tangent to the curve. If we plot the wind speed along the
abscissa as is shown in Figs. 11.6 and 11.7, and draw a straight line from that
pomt tangent to the curve, then the best range airspeed for that wmd condmon
is the airspeed where the line is tangent to the curve. =~

For the propeller-driven airplane determining at- what altltude to ﬁy to
achieve optimum range depends on the altitude where most favorable winds
exist. However, there is a trade-off in the benefit derived from the wind vs the
fuel required to climb to that altitude.
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Fig. 11.6 Effects of wina on best range a'irspeed for a jet-propelled airplane._
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Fig. 11.7 'Wind effects on best range airspeed for a propeller-driven airplane.
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The jet aircraft presents a much more complicated problem when we try to
determine optimum range altitude when under the influence of wind. Since the
range of a jet aircraft increases with increasing altitude, it may be worthwhile
to select altitudes with unfavorable winds. This of course will depend upon the
trade-off between range gained with increasing altitude and range lost due to
unfavorable winds. '

11.5. Endurance—Propeller-Driven Aircraft

Now let us turn our attention from range to that of endurance or staying
aloft for the maximum amount of time. As was discussed earlier the maximum
endurance for an airplane occurs at the condition of level flight where fuel
flow is lowest. For the propeller-driven airplane this point occurs at the mini-
mum power required. This is shown in Fig. 11.1 for a typical propeller-driven
airplane. ' .

Breguet also determined the equations for endurance of a propeller-driven
airplane. By use of Eq. (11.6) we may solve for time and derive the Breguet
range equation for a propeller-driven airplane. The derivation is similar to that
used for the range equation with the following results:

O o N
E=778(—C=°-)<CLD)\/E(W—W) S (1131)
and
3/2 1
SE = sso("’?‘”) (%;) (p g) (WT/) (11.32)
whére

E and SE are in hours

From Egs. (11.31) and (11.32) we can see that the endurance and specific
endurance equations both contain a density term, and as the density decreases
the endurance also decreases.. These equations hold for the reciprocating
engine-powered propeller-driven airplane that achieves its best endurance at sea
level. )

In the case of the turboprop airplane the density term in Eqs. (11.31) and
(11.32) may be canceled by engine effects. The turbine engine prefers both
low inlet air temperature and high power settings for best efficiency. The trade-
off between these factors and the aerodynamic factor expressed in Egs. (11.31)
and (11.32) may cause the turboprop airplane to prefer some medium altitude
for best endurance. R '

The engines preference for high power is the reason that multiengine turbo-
prop patrol aircraft often operate with one or more engines shutdown.

11.6 Endurance—Jet Aircraft

The fuel flow of a jet aircraft is a function of thrust, therefore the lowest
fuel flow, and maximum endurance, will occur at the level flight point for
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minimum thrust. From our previous discussions of jet aircraft we know that
this point occurs at (L/D),,. (see Fig. 11.4). We also know from these discus-
sions that the thrust required does not vary with altitude and that from the
aerodynamic standpoint endurance is not a function of altitude. This may be
determined mathematically by deriving the endurance equations for a jet
aircraft. If we solve Eq. (11.18) for time we have: -

dw
dt = —— 11.18
ol (11.18)
To obtain endurance E we integrate:
Pam
E= J — (11.33)
W, CrT
If we then substitute Eq. (1 1.21) for thrust we have:
Poaw r1\/C R
FLEOE
W, w C: CID ( )
which, when integrated, becomes:
1/C; W,
E=—(=—=}log, — 11.35
Ce (CD) ok WZ ( )
and for specific endurance SE
1 CL 1 ’
SE=—(—=—=]— 11.36
. G (CD) W . . Cae ( . )

We can see from Egs. (11.35) and (11.36) that the jet aircraft is insensitive
to altitude aerodynamically. ’

As we discussed. in the range section, the same is not true for the jet
engine. It is the most efficient at or near the tropopause. '

Considering both of these factors, the jet airplane will also achieve its great-
est specific endurance at or near the tropopause. ‘
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Climb Performance Theory -

I

12.1 Introduction

Climb performance is a basic requirement in performa.nce testing. Both the
FAA Regulations and Military Contract Specifications require a certain value
of climb performance. Other performance items such as takeoff also depend on
the airplane’s ability to climb.

There are two different techniques used to determine climb performance 1)
steady climb and 2) level acceleration.

The steady climb method is used generally for low-speed aircraft and all

‘FAA climb performance, while the level acceleration method-is used for high

performance military aircraft. Both of these techmques come from the same
equation and background theory. ,

12.2 Climb Theory

The theory of climb performance can be . denved using two separate
approaches: 1) vector approach and 2) energy approach.

12.2.1 Vector Approach

If we examine an aircraft in a climb (Fig. 12.1) and assume that: 1) the
angle of attack is small; 2) the thrust line acts along direction of flight; and
3) the airplane is both chmbmg and acceleranng m the direction of ﬂlght We
can say that:

L = Wcosy ” (12.1)
F =D+ Wsiny - (12.2)
where
y = climb angle

Using Newton’s second law we find that:

p
F—-D~— Wsmy-—Ma——~£1— (12.3)
g dt

119
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Fig. 12.1 Forces acting on an aircraft during climb.

If we transpose W siny,

multiply through by true airspeed, 7, and divide
through by weight, we hav

e: ‘ s

V(F-D) . Vv : |

— ! Vsiny+ - 2 o )
sm/+g m (12.4)

If we draw a velocity diagram of Fig. 12.1 (see Fig. 12.2), we find that:

R.O.C. =dd—f—t{== Vpsiny (12.5)
where

R.O.C. or dH/dt = rate of climb

Also, if we multiply Eq. 12.4 through by weight we find that the left-hand side
may be expressed as the total thrust horsepower minus the drag thrust horse-




R R S R T e

- CLIMB PERFORMANCE TH'EORY'."'“' 121

power, or thrust horsepower required. This quantity is the excess horsepower
available over that which is necessary to overcome drag. It is called thrust
horsepower in excess and is the horsepower that the pilot has available to

maneuver or climb.
. dH w\ /dv
FlPyecss =7 (S2) + () (55 )P aze

In this form we have thrust horsepower in excess defined by rate of climb and
acceleration. If we are in a steady climb at a constant true airspeed the accel-
eration term becomes zero. It is from this remaining equation that the steady
climb techmque comes. '

FHPpprpess = W(%) . (12.7)

‘A similar thing happens if we hold the altitude constant and let the airplane
accelerate. Then the climb term becomes zero and we have:

FHPinexce:s = (%) ('c%) VT (128)

It is from this equation that the level acceleration technique comes.

In airplanes that climb at a constant calibrated airspeed the acceleration
term of Eq. (12.4) cannot be assumed to be zero. In such instances we must
account for the change in true airspeed with a change in altitude dV/dA. If we -
say that:

v (dV)dH

o= ()% 129

g
dH/dt

Y

Horizontal V

Fig. 12.2 . Climb vector diagram.
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and make that substitution into Eq. (12.4) we have:

V(F —D) dH ¥ (dV\ dH
— == 2 (dH) ’ry (12.10)
Factoring and solving for rate of climb (d&/dr) we have:
. (F-D
a_(7)

ROC =E—=:Z__~—d_V-)— (1211)
g \dH

The term ¥/g(dv/dH) is dimensionless and is known as the acceleration
factor. It will be discussed further in a later section.

If we examine a plot of thrust horsepower available and thrust horsepower
required (Fig. 12.3) we see that these two curves essentially define the total
performance of the airplane. The thrust horsepower available can be defined in
two ways. If we know the available BHP and the propeller efficiency 7, then
we can define the thrust horsepower available.

FHPavazl - (BHPavazl)nP (12 12)
Also, if we know the FHP required and the FHP in excess, then we may

BHP Available

b — — — — — —

FHP

\4

Fig. 12.3 Airplane power curves.
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obtain FHP available. -
FHP,,.; = FHP, req + FHP,,,MS (12.13)

However, thrust horsepower required or thrust horsepower available are difficult
values to determine by flight test because they contain propeller efficiency 7.
Thrust horsepower in excess may be determined by use of climb or accelera-
tion methods: If we: plot thrust horsepower in excess vs equivalent auspeed we
find that it takes the shape shown in Fig. 12.4. The point where FHP in excess
becomes. zero on the left-hand side of the curve, is the power-on stalling speed
and on the right-hand side of the curve, the maximum level flight speed. If we
substitute the rate of climb for the FHP in excess by use of Eq. (12.7), then
we may plot Fig. 12.4 as rate of climb vs equivalent airspeed (Fig. 12.5) and
see that the maximum rate of climb occurs at the speed where the maximum
FHP in excess occurs. Both of these figures also show that thrust horsepower
in excess or rate of climb decreases with increasing altitude. -

By taking the tangent to the top of either curve we may generate a plot of
the best rate of climb speed vs attitude (Fig. 12.6). Also, by drawing a line
~ from the origin tangent to each curve we can obtain a plot of best angle-of-
climb speed vs altitude as is also shown in Fig. 12.6. By plotting the maximum
rates of climb (for each altitude) vs altitude wé may determine the maximum
rate of climb at sea level, the service ceiling, and the absolute ceiling of the
aircraft (Fig. 12.7).

In actual climb testing Fig. 12.5 is only used to determine the best rate and
best angle-of-climb. speeds. This is because, to determine these curves, climbs
are done at several airspeeds and a curve faired through the resulting data.

§630x7 ut JHA

\4

e

Fig. 12.4 Thrust horsepower in excess vs equivalent airspeed. '
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‘Best Angle of
Climb Airspeed

Best Rate of
Climb Airspeed

- dH/dt

V,

Fig. 12.5 Rate of climb vs equivalent airspeed.

Since one of these speeds may or may not coincide with the best rate-of-climb
speed, it may be difficult to determine the true value for the maximum rate of
climb. Therefore, in order to define Fig. 12.7 a series of climbs are conducted
at the best rate-of-climb speed at several altitudes, the data reduced, and
Fig. 12.7 determined directly.

<
s/ | ¢
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Fig. 12.6 Best rate and best angle-of-climb speeds vs altitude.
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-

dH/dt
Fig, 12.7 Maximum rate of climb vs altitude.

12.2.2 Energy Approach

Another method of determining the rate of climb is the energy method. If
we say that the total energy of a vehicle is the sum of the potential and kinetic
energy it possesses:

E o = mgH + 1/2m¥V? (12.14)

where
E o = total energy
m = vehicle mass

then the specific energy 4, in feet can be obtained by dividing Eq. (12.14)
through by vehicle weight.

y? :
= — 12,15

If we differentiate Eq. (12.15) with respect to time we have:

dh, dH [(V\[/dV
e — = 12.16
de. dt+(g)(dt> : ( )
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We can see then from this equation that by multlplymg through by weight we
are back to the form of Eq. (12.6) for FHP in excess.
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' . 13
Cllmb Performance Methods, Data Reduction,
and Expansnon

13.1 Introduction

The method of climb data reduction and expansion to be used depends
upon the test method used. As one would suspect, the methods that have been
in use the longest have the largest number of reduction methods in use. There
are currently several methods available for reducing steady climb data that are
both accepted and valid.

13.2 Federal Aviation Administration'ﬁégulations

The regulations for climb in CAR 3 and FAR Part 23 ar¢ divided into those
for airplanes under 6000 lbs. takeoff gross weight and those in excess of
60001b takeoff gross weight.

For single engine airplanes, there are requirements for climb in a clean
~ configuration, in a takeoff configuration, and in a rejected landing configura-
tion.

For multi-engine airplanes, the requirements are for climb in a clean config-
uration, in an engine out configuration, and in a rejected landing configuration.

13 2.1 Clvil Air Regulation 3 (Ref 1 )

CAR 3.85 is for airplanes with takeoff gross wexghts in excess of 6000 1b
It contains three climb requirements. CAR 3.85(a) is for the normal climb
condition. It requires a steady rate of climb at sea level of at least 300 ft/min
and a steady climb angle of at least 1:12 for landplanes or. 1:15 for seaplanes.
This test is to be performed with maximum continuous power in the clean
configuration with the cowl flaps set in-the position used for the cooling test.
CAR 3.85(b) is the requir'emerit for climb with an inoperative engine for multi-
engine airplanes. For multi- -engine airplanes with a stalling speed at maximum
gross wexght of greater than 70 mph, the steady rate of climb shall be at least
0.02Vso? in ft/min at an altitude of 5000 ft with the critical engine moperatwe
The remaining engine is at maximum continuous and the propeller is feathered
on the inoperative engine. The landing gear is retracted and the wing flaps are
in the most favorable position. Cow! flaps are set in the same position as for
_ the cooling tests. CAR 3.85(c) covers the balked landing climb condition. It -
requires that the steady angle of climb at sea level be at least 1:30 with takeoff
power on -all engines, the landing gear and flaps in the landing position, and

127
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the aircraft weight at maximum landing weight. If rapid retraction of the wing
flaps is safely possible without loss of altitude or exceptional piloting skill, the
flaps may be retracted for this climb test, '

CAR 3.85a covers airplanes with takeoff gross weights of less than
60001bs. CAR 3.85a(a) is the takeoff climb condition. It requires that the
aircraft must have a steady rate of climb at the maximum takeoff weight of 10
Vsi or 300 fY/min, whichever is greater, with takeoff power, landing gear
extended, wing flaps in the takeoff position, and the cowl flaps in the position
- -used for cooling tests. This is a difficult requirement for small retractable gear
airplanes with horsepowers in the 200 horsepower range. On airplanes in that
category this requirement usually determined the takeoff gross weight of the
airplane. CAR 3.85a(b) is essentially the same as the requirements for larger
airplanes covered in 3.85(b). CAR 3.85a(c) the requirement for the balked
landing condition is the same as CAR3.85(c) except that the climb requirement
changes to 5 Vg, or 200 ft/min, whichever is greater.

13.2.2 Federal Aviation Regulation Part 23 (Ref. 2)

In the early FAR Part 23, climb is ‘separated into three specific regulations.
FAR 23.65 covers all.engines operating climb, FAR 23.67 covers one engine
inoperative climb, and FAR 23.77 covers balked landing climb.

FAR 23.65(a) is the corresponding regulation to CAR 3.85(a) and reads the
same. FAR23.65(b) is the takeoff climb requirement of CAR 3.85a(a). It also
is the same except that the requirement has been changed to 11.5 Vs, fi/min
where Vg, is in knots rather than miles per hour,

FAR 23.67 the one engine inoperative climb requirement has (a) and (b)
parts which cover airplanes with takeoff gross weights above (a) and below ®)
60001b takeoff gross weight, These are essentially the same as CAR 3.85(b)
and CAR 3.85a(b) except that the requirements are based upon airspeeds in
knots rather than miles per hour. However, for airplanes that have a stalling
speed less than 61kn, FAR 23.67(c) requires that the rate of climb be
measured at 5000 ft with the critical engine inoperative. A positive rate of
climb is not required, but the value even if it is a descent must be measured at
that altitude,

FAR 23.77 the balked landing climb requirement has an (a) and (b) part for
airplanes above and below 6000 Ib takeoff gross weight. These are essentially
the same as the CAR requirements except that the requirements have been
converted to knots rather than miles per hour.

Later versions of FAR Part 23 starting with Amendments 23-34 have rewrit-
ten the climb requirements and although some are the same their letter designa-
tions may have changed. This has led to some confusion in supplemental type
certificate programs on older airplanes. For instance, in both FAR 23.65 and
23.77 the requirements which apply to airplanes with takeoff gross weights
above and below 60001b have been reversed. Where in the early regulation
FAR 23.65(a) was for airplanes over 6000 Ib takeoff gross weight, in today’s
regulation it is 23.65(b). In addition, new regulations were added, including
those for commuter category airplanes, and the climb requirements have been
changed from feet per minute to climb gradients. These requirements are too
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numerous to discuss in this text and the reoulanon should be consulted before
starting any new airplane program.

13.2.3 Advisory Circular 23-8A (Ref. 3)

Advisory Circular 23-8A discusses acceptable methods for complying with
the climb regulations. Under section 23.65 of the AC the sawtooth climb tech-
nique is discussed. In this section the. AC discusses that if the climb speed is

~increased to meet cocling~requirements, then the same speed must be used for

the climb testmg The AC also allows the use of continuous climbs where the
objective is to determine if the new climb performance is better than the origi-
nal in cases such as the installation of a more powerful engine. For data extra-
polation, the AC recommends that climb data not be extrapolated more than
3000 .

Section 23.67 the single engme ch.mb section provides a summary of the
climb requirements for the various categories of airplanes. Acceptable methods
for deterrmmng commuter category climb gradients are also covered in section
23.67

Section 23.77 discusses the acceptable methodology for balked landing
climb. The sawtooth climb method discussed later in this chapter is also an
acceptable method for determining balked landing climbs. The AC also defines
the rapid retraction of the wing flaps as a flap system that will retract in less
than 2s. It also states that if the flaps will not retract in 2s, then the rate of
climb with the flaps in a position they have reached at the end of 2s would be
considered in an equivalent level of safety finding. Items for commuter cate-
gory airplanes balked landing climb tests are also covered under this section.

13 3 Test Methods

13.3.1 -Steady Climbs

The steady climb method, also called sawtooth climbs, requires considerable
flight test time to complete. First, a series of climbs are performed at varioiis
airspeeds and several altitudes. These climbs are from 3 to 5 min duration at
each airspeed, and two climbs are conducted at each airspeed and altitude in
opposite directions in order to cancel wind gradient acceleration effects- on the
rate of climb. Also, the climbs are conducted crosswind in order to help mini-
mize wind effects. Plots of pressure altitude vs time are then made for each
airspeed and altitude as shown in Fig. 13.1. An average curve is drawn
between the data from opposite direction climbs, and the slope is taken at the
test altitude in question to determine the rate of climb dA/dt, at the altitude,
for that airspeed. This process is repeated for each airspeed and altitude and
the resultant rates of climb vs airspeed are plotted as shown in Fig. 13.2. Since
this data is only used to determine best rate-of-climb speed ¥, and best angle-
of-climb speed V., and these values are not significantly affected by nonstan-
dard' conditions other than weight, it is customary to ignore corrections to this
data and plot the values directly. By drawing tangents to the top of.each curve
a plot of best rate-of-climb speed 7, vs altitude H, may be determined as
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Fig. 13.1 Pressure altitude vs time for various climb airspeeds. Reprinted with
permission from Commander Aircraft.

shown in Fig. 13.3. By drawing lines from the origin tangent to the curves as
shown in Fig. 13.2, we may also obtain a plot of best angle-of-climb speed 7,
vs altitude H, also shown in Fig, 13.3.

Once we have the best rate-of-climb speed V,, we then conduct climbs at
several altitudes using only this speed. These climbs are sometimes referred to
as check climbs. Again, we conduct the climbs in opposite directions (cross-
wind) in order to minimize wind acceleration effects, make plots of altitude vs
time, and take slopes in order to determine dA/d¢ for that altitude (Fig. 13.4).
Once we have this information we are ready to start one of the reduction
methods. '
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Fig. 13.2 Rate of climb vs calibrated airspeed for three altitudes. Reprinted with
permission from Commander Aircraft.

13.3.2 Single Heading Climbs with INS

Since the advent of the Inertial Navigation System (INS) some testing has
been conducted using sawtooth climbs on only one heading.5 Resultant data
indicate that (if certain onboard test stability criteria are observed along with
the use of the INS for kinetic energy corrections) the single heading method
adequately defines climb performance without compromising accuracy.

13.4 Reduction Methods for Steady Climbs

There are many accepted methods for steady climb data reduction; some
are:

1) PIW vs CIW method

2) density altitude method*
3) equivalent attitude method*
4) dimensionless method®

The PIW vs CIW method and equivalent altitude method are simple and
straightforward. The density altitude method is more complicated: All of these
three methods are essentially methods for propeller-driven' airplanes. PIW vs
CIW and equivalent altitude are used with both constant speed-propellers and
fixed-pitch propellers, while density altitude ‘is used with -constant  speed-
propeliers. ' :

The reduction scheme for PIW vs CIW is shown in Table 13.1. Once we
have values for PIW and CIW for several altitudes we plot them as shown in
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Fig. 13.3 Best rate-of-climb and best angle-of-climb airspeed vs altitude. Reprinted
with permission from Commander Aircraft.

Fig. 13.5. We may then obtain the maximum rate of climb at sea level and are
ready to expand the data to nonstandard conditions.

The reduction scheme for the density altitude method is shown in Table
13.2. Since this method uses density altitude as a parameter, its final results
plot in density altitude vs rate of climb.

The data reduction approach for the equivalent altitude method is shown in
Table 13.3. This method also plots out directly into equivalent altitude vs rate
of climb.

The dimensionless method of climb plotting may be used for both propel-
ler-driven and jet aircraft, however it is used more frequently with jet aircraft.
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Fig. 13.4 Check climbs at ¥, and three altitudes. Reprinted with permission from
Commander Aircraft.

Through dimensional analysis it can be shown that:®

FHPy . |
i _f(ZV[, w/6) - (13-1)
and
FHPy _ (%)KM = f(N/8, M) | (132

5«/@‘
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Table 13.1 PIW-CIW data reduction and expansion

Step Climb Climb Climb
number Quantity Reference Units #1 #2 #3

1 Vo flight data kn

2 17 instrument calibration kn

3 Ve position calibration ~ kn

4 . Hp, flight data fi

5 Hp instrument calibration ft

6 To(0AT) flight data °C

7 T; instrument calibration °C

8 T, 273.16 + #7 K

9 CAT, flight data °C
10 CAT, instrument calibration °C
11 romg flight data Ipm
12 rpm; instrument calibration rpm
13 M.P.y flight data in.Hg
14 M.P, _ instrument calibration in.Hg
15 dry/wet temperature flight data °_/°_
16 AM.P. psychrometer chart in.Hg
17 Effective M.P. #14 — #16 inHg
18 Ts at Hp, altitude table K
19 Tear . 273.16 + #10 K
20 Ts/Teur #18/#19 n/d
21 (Ts/Tear)'? (#20)'/2 n/d
22 BHP ;1 engine chart hp
23 BHP #22 x #21 hp
24 d at Hy, altitude table n/d
25 8. #8/288.16 n/d -
26 o #H24/#25 “on/d
27 (a)'/? (#26)'/? n/d
28 Wy flight data Ib
29 Wy arbitrary Ib
30 Wy W #28/#29 n/d
31 (W) Ws) '/ (#30)!/2 n/d
32 (W) Ws)? (#30)*/? n/d
33 PIw (#23 x #27)/#32 hp
34 (dH/dr), flight data ft/min
35 (dH [dt)ze (#34 x #8)/#18 ft/min
36 crw (#35 x #27)/#31 ft/min
37 plot PIW vs CIW #33 vs #36

(cont.)
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Table 13.1 PIW-CIW data reduction and éxpansion (continued)
Step B Climb Climb Climb
number Quantity Reference Units #1 #2 - #3
R/C EXPANSION CALCULATIONS
1 Altitude arbitrary ft 3000 6000 9000
2 Standard (¢)'/ table at #1- n/d
3 MP. at#l - MP vs Hp, plot in.Hg
4 W arbitrary b
5 Wy arbitrary Ib
6 W/Ws #4/#5 : n/d
7 (w/Ws)."2 (#6)./2 n/d
8 w /W) #6)** Cnyd
9 BHPg " power chart hp
10 PIW (#9 x #2)/#8 , hp
11 CIw from plot in #37. ft/min
12 rate of climb (H11 x #7)/#2 ft/min
13 Plot altitude vs R/C  #1 vs #12

Aero Commander 112
PIW vs. CIW
Normal Climb
Flaps Up, Gear Up
Cowl Flaps Open
- 2550 Ibs. Gross Weight
200+ ‘
81 180
ea 950 ft/min
E’ 160+ @SL.
a
140 +
120+
100 ——+—t—————+—+—+—
0 100 200 300 400 500 600 700 800 900 1000

CIW - Fv/Min

Fig. 13.5 Plot of PIW vs CIW showing sea level rate of climb. Reprinted with
permission from Commander Aircraft. :
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Table 13.2 Climb data reduction by the density altituade method
Step . Climb Climb Climb
number Quantity Reference Units #1 #2 #3
1 Vo flight data kn
2 v Instrument calibration kn
3 . Ve - ..position ‘correction kn
4 Hpy flight data . ft
5 Hy, instrument calibration ft
6 To(04T) flight data °C
7 T; instrument calibration °C
8 T, 273.16 + #7 K
9 Ts at Hp, altitude table K
10 0 at Hp, altitude table n/d
11 8 #8/288.16 n/d
12 o #10/#11 n/d
13 ()72 (#12)'/? n/d
14 Vr . #3/#13 kn
15 Hy © 145539(1-(#13)%46%) ft
16 (dH/ds), - flight data ft/min
17 T./Ts #8/#9 n/d
18 (dH/de)y #16 x #17 ft/min
19 Wy flight data Ib
20 Wy arbitrary Ib
21 R/Cye #18(1 — #19/#20) ft/min
22 b airplane geometry ft
23 e Oswald’s efficiency factor n/d 0.8 0.8 0.8
24 greb? (#3)'m(#23)(#22)* /295  Ib
25 AD, ((#20)* — (#19)%)/#24 Ib
26 R/Cp . 10L.27(#25)(#14)/#20 ft/min.
27 romg flight data pm
28 rpm; instrument calibration ™m
29 M.P.g flight data in.Hg
30 M.P, instrument calibration in.Hg
31 CAT, flight data °C
32 CAT, instrument calibration °C
33 CAT, #32 +273.16 K
34 (T,/CAT.)'?  (#9/#33)\/? n/d
35 BHP at Hp, engine power chart BHP
36 BHP; #35 x #34 BHP
37 Tg at Hj altitude table K
38 inlet heat rise ©  #33 — #8 K
39 BHP at Hp engine power chart BHP
40 (Ts/C.AT )Y (#37/(#37 + #38))'/? n/d
41 BHP,, #39 x #40 BHP
42 Ne propeller charts® %

(cont.)




Table 13.2 Climb data rediction by the density altitude method (continued)

Step Climb Climb Climb
number Quantity Reference Units ~ #l #2 #3
43 ATHP #42 x (#41 — #36) hp

44 R/Crap #43 x 33,000/#20 ft/min

45 (dH /db)g 418 — #21 — #26 + #44  ft/min

46 Hp vs (dH/dt)s plot #15 vs #45 :

°If a propeller chart is not available this item may be estimated. At climb airspeeds values may be
between 0.65 and 0.75. : :

Table 13.3 Climb data reduction by the equivalent altitude climb method

Step : Climb Climb Climb
number Quantity Reference Units  #1 #2 #3
1 Vo " flight data kn
2 V; instrument calibration kn
3 Ve - position correction kn
4 Hpo flight data ft
5 Hp, instrument calibration ft
6 To(0AT) flight data °C
7 T, instrument calibration °C
8 T, #7 + 273.16 K
9 & at Hp, altitude table n/d
10 6 48/288.16 n/d
11 a #9/#10 n/d
12 @7 e @DV n/d
13 H, 145539(1 — (#12)™4) f
14 H, #5 — 0.36(#5 — #13) ft
15 Tg at Hp, altitude table K
16 T,/Ts #3/#15 n/d
17 (dh/dt)g flight data ft/min
18 R/Crc #16 x #17 ft/min
19 Wr flight data 1b
20 Ws arbitrary 1b
21 WelWs #19/#20 n/d
22 R/Cuc #18 x #21 ft/min
23 (W] Ws) #21)? n/d
24 L — (W /Ws)' 1 —#23 n/d
25 b aircraft geometry ft
26 e’ Oswald’s efficiency factor n/d 08 0.8
27 K (9504.8 x #20)/#26 x (#25)°
28 K/Ve(o)'? #27/#3 x#12
29 AD; #24 x #28 ft/min
30 (dH/de)s #22 — #29 ft/min
31 H, vs (dH /dt)s plot #14 vs #30 —_— —

a[f actual Oswald’s efficiency factor use in place of 0.8, otherwise use 0.8.
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where
FHPp = thrust horsepower required
FHP, = thrust horsepower available
F,, = net thrust available
K = constant to correct M to ¥/./T,

From these equations it may also be shown that:

.. Propeller driven
dH/dt (FHPH ' ) ' ’
= M, W/é 13.3
77 f 570 / (13.3)
or
Turbojet
dH /dr Fra )
— = M W/ 13.4
i f( w0, 1/5) (13.4)
Figs. 13.6, 13.7, and 13.8 (Ref. 6) show typical dimensionless climb data
plots.

Table 13.4 gives a mefhod of climb data reduction for jet aircraft.

-\\%bzt , (W/,)3
N T

\\\ \\ /_',—(W/s;12

2
/\

NAB, or F, /5,
Y
o~

\ Ny \I\z N3 - lowss,),

Level Flight N X
NAB, * R/IC=0 N

(R/IC)NB,

Typical Dimensionless Climb Data at Constant
Mach Number and Various W/3, Parameters

Fig. 13.6 Typical dimensionless elimb data at constant Mach number.’
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Fig. 13.9 Plot of installed manifold pressure vs pressure altitude. Reprinted with
permission from Commander Aircraft. '

13.5 Expansion Methods

© Of the steady climb methods only the PIW vs CIW method requires
expanding to nonstandard conditions. The expansion method is shown in the
second part of Table 13.1. In order to complete this expansion one must have
a plot of pressure altitude vs engine manifold pressure for the engine as
installed in the airplane. Such a plot is shown in Fig. 13.9. Once the expansion
is complete using the expansion part of Table 13.1, the climb data may be
plotted in handbook format as is shown in Fig. 13.10. :

The other steady climb methods plot directly into a plot that may be used
for either standard or nonstandard conditions.

Again, as in the level flight performance, these plots may be presented
opposite a density altitude chart so that rates of climb for nonstandard tempera-
ture may be obtained.
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Table 13.4 Jet aircraft climb data reduction®

Step Climb = Climb
number Quantity Reference Units #1 #2

1 Hpp flight data ft-

1 Hp, . instrument correction ft

3 Hpe position correction ft

4 Vo flight data kn

5 Vi instrumnent correction kn

6 Ve position correction kn

7 M chart 8.5° & #6 and #3  Mach

8 Vs chart 8.5° & #6 and #3  kn

9 To flight data °C
10 T - instrument calibration °C
11 T, chart 8.2° & #10 and #7 K
12 g'/? (#11/288.16)!/2 n/d
13 05 at Hff altitude tables ~n/d
14 (Tyr/ Tos)* #12/#13 n/d
15 Wr flight data Ib
16 Wy arbitrary “1b
17 AW #16 — #15 b
18 AW [Engine #17 /number of engines Ib
19 Wr/Engine #15/number of engines tb-
20 dH/dt flight data ft/min
21 (dH/de) e #20 x #14 ft/min
22 wind gradient =~ chart 5.41° when required n/d
23 (dH/dt) #21 x #22 when required ft/min
24 acceleration chart 5.51° for constant  n/d

" factor Ve climb. ’
24-1  acceleration - chart 5.51 &'5.52 for - n/d
factor® non-constant ¥ climb
25 No engine rpm - flight data  rpm
26 N, instrument correction pm
27 Nt average of all engines pm
28 N;/6'Y? #27/#12 rpm
29 N7/847 #27/#13 pm
30 AFy /8, chart like 5.21° & #28,
' #29 & #7
31 (AR/C\)/(AFy/8,) chart 5.22,3 #3, #7 & #19
32 (AR/C)), (#31 x #30)/#24 ft/min
33 R/Cy #21 or #23 + #32 ft/min
34 AR/C, (—#17 x #33)/#15 ft/min
35 (AR/Cy)AW chart 5.31,% #3, #7 and
wing span '

36 (AR/C5), (#35 x #17)/#24 ft/min
37 R/Cs #33 + #34 + #36 ft/min
38 Hpc vs R/Cy plot #3 vs #37 . -
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Fig. 13.10 *“Pilot’s Operating Handbook” climb performance. Reprinted with
permission from Commander Aircraft. . S -
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