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Preface

In preparing the present edition, the need to include new
material and for a considerable amount of updating and
amplifying made it obvious that if the length of the book was
to be kept to a reasonable limit, some of the older material
would have to be omitted or considerably reduced. The
present rather moribund position of the reciprocating steam
engine suggested that this was the obvious field in which to
make the necessary economies. Consequently, and with no
little regret, the chapters dealing solely with reciprocating
engines have been omitted, and have been replaced by a single
chapter consisting of the principles of operation, description
of constructional details, and the main features of com-
pounding.

Whatever the future may hold, there can be little doubt
that fuel economics will continue to be no less stringent than
at present. From this aspect, the chapter dealing with steam
turbine theory has been amplified to emphasise the need for
high thermal efficiency commensurate with moderate first
cost and moderate dimensions, and with simplicity and
reliability. The modern concept of defining a turbine stage
by its U/C, and its degree of reaction—rather than by the
former broad terms ‘impulse’ and ‘reaction’—is illustrated.
A new section has been added to this chapter dealing with
the fundamental conditions imposed on astern turbines, and
how the turbines are specified and designed to best meet
these conditions. Typical calculations for a two-row velocity-
compounded stage have also been added.

The chapter dealing with steam turbines has been updated
where necessary to include some recent examples of modern
turbines, with comparisons of type, efficiency and arrange-
ment. A new section hasbeen added to show how the approach
to automatic centralised control affects the turbines them-
selves. The notes on turbine operation, maintenance and
overhaul have been updated and amplified in the light of
modern practice.

The chapter on condensers has been amplified to include
the basis of choice, operation under varying conditions, and
the effects of air in leakage, air cooling and air extraction.



Turbine reduction gearing has become of such interest and
importance that it has been made the subject of a separate
chapter, which attempts to explain the necessary funda-
mentals, and to illustrate these by some recent examples of
traditional parallel-shaft gears and of epicyclic gears. Possible
gear arrangements for direct-reversing and for contra-rotating
propellers are illustrated in principle.

Chapter 12 which with the Rankine Cycle in practice has
had a section added to show the losses of available energy
due to irreversible heat transmission in the condenser and to
irreversible expansion in the turbines. These two features are
fundamental factors in the quest for high efficiency.

The chapter on future possibilities has been updated and
amplified to deal briefly, but it is hoped, clearly, with com-
bined steam and gas turbine cycles, turbines operating in
conjunction with nuclear boilers, the supercritical steam
cycle, and the binary vapour cycle.

SI units are used throughout, in conformity with the
decision of governments and industry in general. The current
examination requirements of the Department of Trade have
been borne in mind.

It is with gratitude that I would like to thank the various
firms, authorities and individuals listed in the Acknowledge-
ments, whose most generous response to my request has
provided numerous and excellent illustrations, drawings,
photographs, technical and operating data, etc.

I also wish to acknowledge the assistance received from
colleagues, former students and many others, too numerous
to mention individually, whose co-operation has rendered
this book possible. I venture to hope that a careful study of
this edition will not only enable students to go forward with
confidence to examinations, but will be of interest to both
senior and junior engineers, and will be of some value for a
future in which it seems more than possible that marine
steam machinery could become of major importance.

S. C. McBirnie
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Generation and properties of
steam

Steam tables
All the information concerning the properties of steam in
which we are interested is contained in the Steam Tables.
These tables are the result of many years of international
research and experiment, and the various steam tables at
present in use in different countries will ultimately be super-
seded by the International Steam Tables.

For our purpose, an adequate and convenient version is the
Students’ Tables in SI units.*

Note on the SI unit of pressure

The definition of pressure is force per unit area. The SI units
of force, the newton (N), and of area, the square metre (m?)
are quite fundamental, hence the fundamental unit of pressure
is the newton per square metre (N/m?), also called the pascal
(Pa), i.e. 1.0 Pa = 1.0 N/m?.

The Pa, or the N/m? is inconveniently small, hence the
megapascal (MPa) or the meganewton per square metre
(MN/m? ) may be used instead, i.e.

1.0 MPa = 1.0 MN/m? = 106 Pa = 10 N/m?

Industry as a whole, however, has not ado?ted 10 N/m? as
the unit of pressure, but has adopted 10°N/m?, which is
called 1.0 Bar. This unit of pressure appears to have been so
chosen, and so named, only because 10°N/m? is the round
figure nearest to standard atmospheric pressure. As we shall
use bar as the unit of pressure throughout, it is important for
the student to remember its definition.

*Thermophysical Properties of Water Substance (Students’ Tables in SI units)
Edward Arnold, London.
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The Students’ Tables

In the Students’ Tables, the unit of pressure given is the mega-
pascal (MPa) and on each page there is printed a reminder that

1.0 MPa = 10 N/m? = 10.0 bar

Also in the Students’ Tables, the unit of specific volume is
m?/Mg. This is numerically the same as the unit dm?/kg
which we shall use, and again there is a reminder to this effect
in the Students’ Tables.

The Students’ Tables consist of the following, i.e.

Table 1

This table gives only certain transport properties of saturated
steam and water which are not involved in any of our investi-
gations. We will not therefore make reference to Section 1 at

all.

Table 2

This table gives the properties of saturated steam and water
at various saturation temperatures. The saturation temperature
is given in the extreme right hand column, which although
headed 0/K, simply means °C, as explained on page 2 of the
tables. The extreme left hand column, headed 7/K is the
saturation temperature in °C.abs.

Table 3
This table gives the properties of saturated steam and water
at various pressures. The pressure in MPa, is given in the
extreme left-hand column, and 1.0 MPa = 10.0 bar.

Note. The information given in Tables 2 and 3 is exactly
the same. We would use Table 2 if we were given the satura-
tion temperature, or Table 3 if we were given the pressure.

Table 4
This table gives the properties of superheated steam at various
pressures and various total temperatures. The number of °C
by which the total temperature exceeds the saturation
temperature is called the superheat range or simply the super-
heat of the steam.

Note that in Tables 2, 3 and 4, all enthalpies given are
above an arbitrary zero at 0°C, i.e. 1.0 kg of saturated water
at 0°C is reckoned to have zero enthalpy.
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GENERATION AND PROPERTIES OF STEAM

Steam is generated in a boiler at constant pressure, and all
properties of steam are stated with reference to unit mass of
steam at this constant pressure. The constant pressure at
which any job works is chosen after consideration of many
factors, the more important of which are discussed in Chap-
ter 12.

Although boiler technique as such is outside the scope of
this book, the following important point must be made at
this stage. An engine or turbine makes a certain demand for
steam from the boilers in kg/h. In order to maintain constant
pressure, the boilers must be capable of evaporating water at
the same rate as the engines are consuming steam. It will be
readily appreciated that if the boilers are producing steam at
a greater rate than the engines are consuming it, the pressure
will rise, and if unchecked, will ultimately blow the boiler
safety valves. On the other hand, if the engines are demand-
ing more steam than the boilers are producing, the pressure
will fall below design, and the power and efficiency of the
installation will be significantly reduced in consequence. The
boiler firing rate must be controlled to that which just main-
tains the design working pressure. The modern tendency is
towards automatic control, and reference to this is made in
“Marine Auxiliary Machinery”, a companion volume in the
Marine Engineering Series.

Use of the SI Steam Tables

It is well known that water boils and forms steam at a tem-
perature of 100.0°C, when the water and steam are at standard
atmospheric pressure. If the water is heated under pressure,
the temperature at which it boils is increased. If the pressure
on the water is reduced, the temperature at which it boils is
also reduced. For each particular pressure, there is therefore a
definite saturation temperature at which, if heat is added, the
water boils and forms steam, or if heat is removed, steam
condenses and forms water. For example, from Table 2 for
saturated steam and water, the extreme right-hand column
headed 6/K is in fact the saturation temperature (°C), and
from the column headed Pg, we find the corresponding
pressure; viz.
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Saturation temperature = 100.0°C, Pressure = 0.101325 MPa

=1.01325 bar
Saturation temperature = 200.0°C, Pressure = 1.555 MPa

= 15.55 bar
Saturation temperature = 50.0°C, Pressure = 0.01234 MPa

=0.1234 bar

Note: pressures expressed in bar are always absolute. Stand-
ard atmospheric pressure = Pressure corresponding to a
saturation temperature of 100.0°C,

Hence standard atmospheric pressure = 1.01325 bar

Let 1.0 kg of water at a pressure of 60.0 bar and tempera-
ture 0°C be evaporated into steam. Firstly, the steam tables,
Table 3 shows that for a pressure p of 60.0 bar, the corres-
ponding saturation temperature t; is 275.56°C. The water
therefore must be heated to 275.56°C and evaporated into
steam at this temperature. The process may be considered in
three distinct stages:

1. The water must be forced into the boiler against the
boiler pressure. During this stage, the feed pump deces
work on the water, and this feed pump work is stored
up in the water.

2. The water then receives heat such as causes its tempera-
ture to rise from 0°C to 275.56°C. This sensible heat is
also stored up in the water.

Hence when the 1.0 kg of water reaches the saturation
temperature, the water contains heat equal to the feed
pump work plus the sensible heat. This quantity former-
ly known as theliquid heat, is now known as the specific
enthalpy of the saturated liquid and is tabulated in the
steam tables in the column headed &y.

3. Once the water reaches saturation temperature, further
heating does not cause the temperature to rise further,
but causes the water to change into steam at 275.56°C.
If this heating is continued until the entire 1.0 kg of
water is converted to steam, the heat received, formerly
called the latent heat, now known as the increment of
enthalpy for evaporation, is also stored up in the steam,
and is tabulated in the steam tables in the column head-
ed hg.
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Under these circumstances, finally, we have 1.0 kg of dry,
saturated steam whose total heat is the sum of the heat of the
liquid and the heat of evaporation. The total heat is now
known as the specific enthalpy of the saturated vapour and is
tabulated in the steam tables in the column headed /.

Thus, we may restate in SI terms,

Specific enthalpy of the saturated vapour = Specific enthalpy
of the liquid + increment of enthalpy for evaporation,

or in SI symbols,
hg = hs + heg

The units of enthalpy are kilojoules per kilogramme (k] /kg).

1.0 kg of water at a particular pressure and saturation tem-
perature occupies a certain volume in dm?. This is called the
specific volume of the saturated liguid and is tabulated in the
steam tables in the column headed vf. 1.0 kg of dry saturated
steam at the same pressure and saturation temperature occu-
pies a certain volume in dm?. This is called the specific volume

of the saturated vapour and is tabulated in the steam tables in
the column headed v,.

Wet steam

In the term “dry saturated steam”, the word ‘“‘dry” means
that the entire 1.0 kg is steam, i.e. there is no water present
in the steam, while the word ‘“‘saturated” implies that the
steam is at the same temperature as the water from which it
was produced, i.e. the saturation temperature.

No boiler is of itself capable of producing completely dry
steam—there is always, depending on the area of the boiler
water surface, on the height of the steam space above the
water surface, and on the violence of ebullition at the water
surface, a proportion of water carried along with the steam in
the form of very fine water particles. Thus, of the 1.0 kg of
water, perhaps only 0.98 kg will be converted to steam, and
the remaining 0.02 kg carried along as water in the steam.
Both the steam and the water particles are of course at satura-
tion temperature.

The fraction of the 1.0 kg which is steam is called the dry-
ness fraction, denoted by g. Steam which is ¢ dry contains
only ¢ of the tabulated increment of enthalpy for evapora-
tion, so that for wet steam having a dryness fraction ¢,
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Specific enthalpy of vapour = Specific enthalpy of
saturated liquid + (¢ x increment of enthalpy for
evaporation),

or in SI symbols
h=hs+qhg
For steam which is ¢ dry, only ¢ kg has the specific volume
of the saturated vapour, while (1 — ¢) kg has the specific
volume of the saturated liquid. Hence for steam which is ¢ dry,

Specific volume of vapour =
(9 x Specific volume of saturated vapour) + (1 — q)
(Specific volume of saturated liquid),

or in SI symbols v = g. v, + (1 — q) vy

The term (1 — g). vr is usually neglected, as it is very small
compared with the term g v.

Superheated steam

If wet steam from the boiler steam space is passed through a
superheater (a series of tubes extending across the hotter parts
of the boiler furnace), the steam temperature is raised above
the saturation temperature corresponding to the steam pres-
sure. All water particles in the steam are first evaporated, and
further heat is then added to the specific enthalpy of the
saturated vapour. This additional heat is called the increment
of enthalpy for superheat.
Thus, for superheated steam,
Specific enthalpy of superheated vapour = Specific
enthalpy of saturated liquid + Increment of enthalpy
for evaporation + Increment of enthalpy for superheat.

The specific enthalpy of superheated steam is read directly
from Table 4.

As the superheated steam is produced, the three enthalpies
are added in the above order. To return the superheated
steam to its original water state, the three enthalpies must be
removed in the reverse order. The latter fact is one which
renders superheated steam so valuable in practice. An engine
or turbine is a heat engine; i.e. its function is to convert heat
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into mechanical work, hence the mechanical work done is
done at the expense of the heat energy (enthalpy) of the
steam.

Thus as the steam passes through the engine or turbine its
specific enthalpy diminishes progressively. If the steam is
initially dry saturated or wet, the work done is done at the
expense of the increment of enthalpy for evaporation, and
the steam becomes progressively wetter throughout the cycle,
resulting in considerable wetness losses. If however the steam
is initially superheated, the work done by the steam is done
first at the expense of the increment of enthalpy for super-
heat, and if the initial superheat is high enough, a considerable
part of the expansion in the engine or turbine takes place
without affecting the increment of enthalpy for evaporation,
and within this range, condensation and wetness cannot occur.

While steam is being superheated, the application of heat
causes the special volume to increase. The specific volume of
superheated steam is read from Table 4.

In the present chapter, we confine our excursion into the
steam tables to those properties of steam required for im-
mediate purposes, i.e. pressure, temperature, specific enthalpy
and specific volume. Certain other properties appearing in the
steam tables will be explained in later chapters, when dealing
with thermodynamical theory.

Example

Using the Students’ Steam Tables, SI units, find the satura-
tion temperature, the specific enthalpy, and the specific
volume of steam at a pressure of 60.0 bar under each of the
following conditions:

1. Steam dry saturated
2. Steam 0.965 dry
3. Steam superheated to a temperature of 475.0°C

We are given the pressure, hence use Table 3.

1. Steam at 60.0 bar, dry saturated 60.0 bar = 6.0 MPa
From Table 3, column headed p, where p=6.0

Saturation temperature, t; = 275.6°C
Specific enthalpy of saturated vapour, 4, = 2784.0 kJ/kg
Specific volume of saturated vapour, v, = 32.42 dm? /kg
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2. Steam at 60.0 bar, 0.965 dry 60.0 bar = 6.0 MPa
From Table 3, column headed p where p = 6.0

Saturation temperature ¢; = 275.6°C
Specific enthalpy of vapour
h= hf +gq. /’lfg
=1214.0 + (0.965 x 1570.0)
=1214.0 + 1515.05
=2729.05 kJ/kg.

Specific volume of vapour
v=gq.vg+ (1 —qj.vf
=(0.965 x 32.42) + (0.035 x 1.318)
=31.285 + 0.046
=31.331 dm?3 /kg.

3. Steam at 60.0 bar, 475.0°C 60.0 bar = 6.0 MPa
From Table 4, column headed p where p = 6.0

Specific enthalpy of superheated steam, 7 = 3363.0 k] /kg
Specific volume of superheated steam, v = 54.39 dm? /kg.

Arising from the foregoing steam table exercise, the student
should note the following points.

(a) External work done during evaporation and during super-
heating

Referring to Case 1, above, we read from Table 3 that the
specific volume of the saturated liquid vy = 1.318 dm? /kg.
This shows that during evaporation, there is a considerable
increase in volume. If we imagine the evaporation to take
place in a cylinder with a sliding piston loaded to a pressure
of 60.0 bar as shown in Figure 1.1, then during evaporation,

p=60.0 BAR
P
S
p=60.0BAR s
e
P
1.0 kg SATURATED WATER 1.0 kg SATURATED STEAM
VOLUME = 1.318 dm3 VOLUME =3242 dm?®

Figure 1.1 External work done during evaporation
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the volume increases and drives the piston upwards against
the constant pressure, thus doing work equal to

Pressure x Change in volume = 60.0 (32.42 — 1.318) =
1866.12 bar dm3, and since 1.0 bar dm3® = 0.1 kJ,

Work done = 1866.12 x 0.1 = 186.612 k] /kg
This is called the external work done during evaporation.

In practice of course, evaporation takes place in a closed
boiler of fixed volume, and the external work done during
evaporation is therefore stored up in the steam as enthalpy,
forming part of increment of enthalpy for evaporation. It is
already included in the tabulated values of hfg and hg. The
actual increase in volume can take place only when the steam
encounters the sliding piston of a steam engine, or expands in
the nozzles of a steam turbine. If we visualise a steam engine
taking steam throughout the entire stroke, i.e. without any
expansion of the steam, then such an engine uses only the
external work done during evaporation, and does not use any
of the internal energy of the steam, i.e. the inherent capability
of the steam to expand (see Constant Volume Cycle, Chap-
ter 9).

If the steam is wet, the external work done during evapora-
tion is reduced since the increase in volume is less. If the
steam is superheated, there is an increase of volume during
superheating, hence the external work done during evapora-
tion and superheating is greater than the external work done
during evaporation of saturated steam.

(b) Increase in specific volume due to superheating

The specific volume of the superheated steam in case 3 is
54.39 dm? /kg compared with 32.42 dm? /kg for the saturat-
ed steam in case 1. Hence to fill a cylinder volume of say
100.0 dm? requires only 100.0/54.39 = 1.84 kg of superheat-
ed steam compared with 100/32.42 = 3.09 kg of saturated
steam-—a reduction of 40.0 per cent.

(c) Feed temperature

The enthalpies given in the steam tables are based on an
arbitrary zero at 0°C. This means that saturated water at 0°C
is reckoned to have zero enthalpy, hence the enthalpies tabu-
lated in the steam tables assume that the feed water enters
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the boiler at 0°C. In practice, of course, the feed temperature
is always greater than 0°C, hence the feed water passing into
the boiler already has a significant enthalpy.

Thus although the boiler delivers steam having a specific
enthalpy corresponding to the steam pressure and tempera-
ture at the superheater outlet, the steam does not receive all
of this enthalpy in the boiler and superheater, but receives
only

Specific enthalpy at superheater output — Specific
enthalpy of feed water entering boiler

This quantity is called the nett specific enthalpy received
above the feed. Obviously, the higher the feed temperature,
the less is the nett specific enthalpy received in the boiler,
and the less the fuel required to generate 1.0 kg of steam. For
example, consider steam at 60.0 bar, 475.0°C as in 3, but let
the feed temperature be 150.0°C.

From Table 4, specific enthalpy of steam at 60.0 bar,
475.0°C = 3363.0 k] /kg
From Table 1, specific enthalpy of feed water at
150.0°C = 632.2 kJ/kg
.. Nett specific enthalpy received in boiler above the feed
=2730.8 kJ/kg

(d) Error due to neglecting (1 — q) * vy in the specific volume
of wet steam
Referring to 2 above, if we neglect the term (1 — g) * vf, we get

Specific volume of vapour, v = g « y; = 0.965 x 32.42 =
31.285 dm? /kg

This represents an error of 0.046 in 31.331, which is only
0.147 of 1.0 per cent. In practice it is usual to regard this
magnitude of error as negligible, and to take v = g . v,.

(e) Variation of steam properties
Examination of the steam tables will show that for dry
saturated steam, as the pressure p increases,
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The saturation temperature f; increases,

The specific enthalpy of the saturated liquid 4y increases,
The increment of enthalpy for evaporation Az, diminishes,
The specific enthalpy of the saturated vapour /g increases,
The specific volume of the saturated vapour v, diminishes.

It is important to remember these, as it very often happens
that we have to consider say a pressure which lies between
two of the pressures appearing in the steam tables. This pro-
cess, known as interpolation, is illustrated when dealing with
certain numerical examples in succeeding chapters.

Specific enthalpy drop

Suppose the H.P. cylinder of a triple expansion engine to
receive steam at 15.0 bar, 250°C at the rate of 7340.0 kg/h.
The H.P. cylinder develops 403.0 kW by the indicator, and
exhausts at 6.0 bar.

From the Steam Table 4, the specific enthalpy of the
steam at supply £, =2923.0 kJ/kg.

Now, since 1.0 W = 1.0 J/s, the work done in the cylinder
is (403 x 3600) kJ/h.

To develop this work requires 7340 kg/h of steam, hence

403.
work done by the steam is 403.0 x 3600 _ 197.6 k] /kg

7340

This work, known as the specific enthalpy drop is done at
the expense of the specific enthalpy of the steam, hence the
specific enthalpy of the steam leaving the H.P. cylinder at 6.0
bar is

hy =2923.0 =197.6 = 2725.4 k] /kg.

Specific enthalpy drop is usually denoted by the symbol dk
(see Figure 1.2).

By consulting Steam Table 3, we find that the specific
enthalpy of dry saturated steam at 6.0 bar is 2756.0 kJ/kg,
i.e. the specific enthalpy of the H.P. exhaust steam is less
than if the exhaust steam were dry saturated. The conclusion
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STEAM EXHAUST
— P—
5,22923.0 hy=2725.4
Figure 1.2 Enthalpy drop dh =197.6

is that the steam has become wet during its expansion in the
H.P. cylinder. We can find the dryness fraction at exhaust by
equating the actual specific enthalpy to hy + q * hg, hy and hg
being read from Table 3 for a pressure of 6.0 bar, thus

h, = hf +q, ° hfg
127254 = 670.4 + 2086.0 ¢,
27254 - 670.4
q, = Tt
2086.0
g, =2085.0
2 2086.0
g, =0.9851

Thus the steam becomes wet during expansion, work being
done by the steam at the expense of its specific enthalpy.
Subsequent expansion in the I.P. and L.P. cylinders will of
course cause the steam to become progressively wetter.

If the initial steam temperature be increased, the steam can
be maintained in a superheated condition during a greater
part of its expansion, thus reducing wetness losses. For
instance it is common practice with engines to arrange the
initial superheat so that the steam remains in a superheated
condition up to about half of the expansion in the LP.
cylinder.

Note:—The calculations and explanations given in this chap-
ter are based on the Students’ Steam Tables, SI units.
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In certain other chapters, for greater accuracy,
particularly where small differences are involved, the
author has used the complete U.K. Steam Tables in
SI Units 1970, (published by Edward Arnold Ltd.,
London) which may differ slightly from the Students’
Tables.



2 Reciprocating engines

Principles of operation

The basic working parts of a reciprocating steam engine are
shown in the simplified diagram in Figure 2.1. These consist
of a cylinder, closed at top and bottom, in which slides a
piston, the latter—by means of a piston rod passing through a
steam-tight gland in the cylinder bottom—communicating its
reciprocating motion to a crosshead. The reciprocating motion
of the crosshead is converted into a revolving motion of the
shaft by means of a connecting rod and crank.

The effort to produce the reciprocating motion of the
piston is obtained by a slide valve alternately opening to
steam and exhaust the passages (or ports) leading to the top
and bottom ends of the cylinder. Basically, the slide valve is a
hollow rectangular box without a bottom, arranged to slide
up and down over the ends of the steam ports, the back of
the valve being in communication with the steam supply, and
the hollow interior of the valve with the exhaust.

(=3
-

7 Figure 2.1 Simple double acting steam engine

AN
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As shown in Figure 2.1, the piston is at the top end of its
stroke, and the slide valve in its mid-position, thus closing
both the top and bottom cylinder ports. If the valve is moved
downwards from its mid-position, steam will be admitted to
the top end of the cylinder, and the bottom end will be open-
ed to exhaust. If the valve is then moved upwards beyond its
mid-position, the bottom end of the cylinder will be opened
to steam and the top end to exhaust.

The necessary valve motion could be obtained by driving it
by a small crank, set at right angles to, and preceding the
main crank in the direction of rotation, in which case steam
will begin to enter the top end of the cylinder when the piston
begins its down-stroke, and will be cut off only when the
piston reaches the end of the downstroke, i.e. steam would
be admitted throughout the whole of the working stroke. The
exhaust also, would be open throughout the whole of the
return stroke.

In practice, the slide valve and its driving gear are consider-
ably modified compared with the above simple conception.
To save weakening the crankshaft, the slide valve is not driven
by a crank, but by an eccentric, which is, in effect, a crank in
which the crankpin diameter is made so large that it envelops
the shaft diameter. Steam is not admitted to the cylinder
during the full stroke, but only for a fraction of the stroke
(called the cut-off fraction), the remainder of the stroke being
completed by expansion of the steam, thus giving reduced
steam consumption. To obtain this fractional cut-off, the
steam edge of the slide valve is extended so that in the mid-
position, it overlaps the edge of the steam port by an amount
called the steam lap. The effect of this modification alone
would be to cut off the steam supply earlier on the upstroke
of the valve, and to admit steam later on the downstroke of
the valve; the piston would therefore begin its stroke before
the valve supplied steam. To overcome this, the position of the
eccentric driving the valve is advanced beyond the 90° already
shown to be basically necessary. The effect of this modifica-
tion alone would be to give not only an earlier cut-off, but
also a corresponding earlier point for opening to steam. A
combination of these two modifications gives a generally
satisfactory setting, i.e. steam lap is added to the valve and
the eccentric is advanced. To ensure that the valve has opened
slightly to steam when the piston begins its stroke, the steam
edge of the valve at this instant is arranged to have uncovered
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Figure 2.2 Steam-lap and lead ANGLE OF ADVANCE ‘

the steam port by a small amount called the lead. This re-
quires a further slight increase in the angle of advance of the
eccentric. These features are illustrated in Figure 2.2 from
which it will be evident that

, Steam Lap + Lead
Half the Valve Travel

Angle of advance = sin™

The valve is made to open to exhaust just before the end
of the working stroke, and to close to exhaust some way
before the end of the exhaust stroke. Some of the exhaust
steam therefore remains behind and is compressed into the
cylinder clearance volume, the rising pressure thus forming a
“cushion” for the reciprocating masses as they are brought to
rest before reversing the sense of their motion, so ensuring
smooth running. The exhaust edges of the valve are given
exhaust lap as necessary.

There are certain variations of the flat slide valve which are
used, mainly to reduce the heavy steam pressure load on the
back of the valve, and to obtain sufficient steam flow area
with a reasonable size of valve. One such slide valve, Messrs
Andrews and Cameron’s Patent, is shown in Figure 2.3.
Another type is shown in Figure 2.4 in which the cavities X
are connected by ports to the outside of the valve.
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STEAM PORT

Figure 2.3 Double-opening balanced slide valve

XD_

ol pls

Figure 2.4 Double-ported slide
valve

Instead of a flat slide valve, a cylindrical slide valve (piston
valve) may be used, particularly where the steam pressure is
high. So far as steam distribution is concerned, a piston valve
acts exactly the same as an ordinary flat slide valve, but being
cylindrical, it is pressure-balanced, and is therefore easier to
move. Very often, with piston valves, the steam and exhaust
cavities are reversed, i.e. the valve has “inside steam”. This
means that the valve spindle stuffing-box and gland are sub-
jected only to the lower pressure and temperature of the
exhaust steam. When a valve has inside steam, other things
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(right) built up piston valve, with solid rings, inside steam
P

(left) solid piston valve, inside steam

Figure 2.5 Piston valves
Figure 2.6 Andrews and Cameron quadruple-

opening valve gear
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being equal, the position of the driving eccentric is 180° in
advance of the position for outside steam, i.e. the eccentric
follows the main crank by an angle of (90° minus the angle
of advance.) Typical piston valves are illustrated in Figure 2.5.

The ordinary flat slide valve has four edges controlling
steam and exhaust for top and bottom of the cylinder. In the
Andrews and Cameron patent cam-operated system, each of
these four edges is represented by one complete balanced
slide valve each having four openings for the admission of
steam or the expulsion of exhaust. It has the advantages of
quick action, short ports (hence reduced clearance volume),
and reduced load on the valve gear. The principle is illustrated
in Figure 2.6.

When four separate steam and exhaust valves are used,
they are sometimes made as balanced double-beat valves,
generally called poppet valves. These valves, illustrated in
Figure 2.7, are completely pressure-balanced, hence require
very little power to operate. Sometimes only two poppet
valves are used—one steam valve for each end of the cylinder—

Figure 2.7 Arrangement of cam-
operated poppet valve and gear

[«- OPERATING ROD
FROM VALVE
GEAR
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the exhaust being controlled by the main piston uncovering
aring of ports around the cylinder at the middle of its length.
Such an arrangement is called a uniflow engine—it is describ-
ed and illustrated in chapter 7.

Whatever the type of valve used, some means must be
provided to enable the engine to be quickly reversed from
ahead to astern and vice versa. Reference to Figure 2.1 will
show that if the crankshaft is to revolve in the direction
opposite to that shown, then the position of the basic eccen-
tric must be moved through 180°. One method of permitting
quick reversal therefore, is to provide the engine with two
eccentrics—one positioned for ahead, and the other for astern
running, and to arrange the valve driving gear so that either
the ahead or the astern eccentric may be made to operate the
valve at will. This type of valve gear, called the Stephenson
link motion, is widely used on marine engines; it is illustrated
in principle in Figure 2.8. By moving the curved link through

Figure 2.8 Principle of Stephenson link motion

the tumbling block, either the ahead or the astern eccentric
may be put in line with the valve spindle. If the link is placed
in any intermediate position (other than the mid-position),
the engine will run in the direction of that eccentric which is
nearest the valve spindle, but the influence of the other
eccentric will alter the steam distribution; in particular, it will
make the cut-off earlier than when in full gear.

Many engines, particularly of the later types, use a different
type of valve gear, requiring only one eccentric, and which
are lighter and have fewer working parts. Three such types,
called radial valve gears, are illustrated in Figure 2.9.
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Figure 2.9 Radial valve gears

Constructional details

The constructional details of a typical marine reciprocating
engine are simple, and if the engine is well designed and
operated, very reliable.

The bedplate (Figure 2.10), is a rigid box structure,
generally of cast iron, although fabricated steel has been used
in some of the later designs. It forms the base for the engine
columns, a support for the crankshaft, and is the means of
attachment of the engine to the hull of the ship.

The main bearing shells may be either of the two types of
which the bottom halves are shown in Figure 2.11. The flat-
faced shell has the advantage that shims may be fitted under
the shell to restore alignment; the other may be turned out
for remetalling without lifting a section of the crankshaft.
Bearing shells are of cast iron or cast steel lined with white
metal. The top halves of the bearing shells are retained by a
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Figure 2.10 Construction of the bedplate, with the packing-chocks in position

Figure 2.11 Two types of main-bearing shell
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heavy steel bearing cover (or keep), fastened by bolts of the
type shown in Figure 2.12.

The crankshaft is of forged steel and is usually built-up of
sections such as shown in Figure 2.13. The crank webs are
heat-shrunk on to the shaft and the crankpin, and are some-
times dowelled as well.

The engine columns are cast iron, and are of hollow rectan-
gular section. They connect the engine cylinder(s) to the bed-
plate, and take the alternate tension and compression loads as
the piston reciprocates. The columns also guide the engine

Figure 2.12 Method of fixing the main-
bearing bolts

Figure 2.13 Section of crankshaft
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Figure 2.14 Arrangement of the
columns connecting the cylinder
castings and bedplate

crosshead in a straight vertical line, and take the side thrust
produced by the horizontal component of the piston load
acting at the crosshead. Suitable facings are cast on the
columns for this purpose.

The arrangement of bedplate, columns, bearing shells and
bolts is shown in Figure 2.14.

Figure 2.15 Typical thrust block of
the Michell type

Immediately aft of the engine is placed the main thrust
block, which transmits the forward (or aft) thrust of the
propeller to the ship’s structure. Thrust blocks are now in-
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variably of the Michel type having a single collar on the shaft,
with a ring of tilting thrust pads which allow the lubricating
oil to form a high-pressure wedge between collar and pads
such that the surfaces never actually come into physical con-
tact (see Figure 2.15).

The cylinder castings are usually of cast iron, although cast
steel has been used, and the valve chest is usually cast integral
with the cylinder. For small engines having one, or two
cylinders, the whole may be cast in one piece, but it is more
likely that each cylinder will be cast separately, with flanges
for bolting them together in the fore-and-aft direction. A
typical cylinder and piston valve chamber is illustrated in
Figure 2.16. The steam and exhaust ports must be of adequate
cross-sectional area, and they should be as short and direct as
is practically possible. The cylinder cover is shaped to con-
form with the piston shape so as to reduce clearance volume;
all flat surfaces are externally ribbed for strength. Stuffing
boxes are provided in the bottom of the cylinder and of the
valve chamber, where the piston rod and valve spindle pass
through. The stuffing boxes are packed with some form of
special packing which ensures steam tightness while allowing
free sliding of the rods.

The piston may be of cast iron or cast steel. A hollow cast
iron piston such as is shown in Figure 2.17 is almost flat top
and bottom and has internal radial ribs for strength. Figure
2.18 shows a solid cast steel piston which is made conical for
strength and lightness. Either type has three main parts, viz.
the piston body, the junk ring and the piston rings. The latter
may be of the ordinary split-ring type, or one of the special
types developed mainly for superheated steam. The top end
of the piston rod fitsinto a cylindro-conical hole in the piston
body and is secured by a nut.

The crosshead is a rectangular block of forged steel, with
the two crosshead pins made integral with the block. The
lower end of the piston rod fits exactly into the conical hole
in the crosshead and is secured by a nut. The guide shoe (or
slipper block), of cast iron or cast steel, is checked on to the
crosshead block, and secured by steel setscrews. The sliding
faces of the guide shoe are faced with white metal, usually in
the form of horizontal strips cast into dovetails. The main
sliding face slides on the ahead guide face, which is a rectangu-
lar cast iron pad, and is restrained on the other side by two
cast iron clamping plates (which form the astern guide face).
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Figure 2.17 Hollow cast-iron piston Figure 2.18 Solid cast steel conical piston
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Figure 2,19 Crosshead and single guide

The whole guide face assembly is fastened by collar bolts to a
flange on the engine column. The hollow space in the column
behind the ahead guide face is circulated with sea water to
cool the sliding surfaces. Figure 2.19 illustrates this type,
which is called a single guide crosshead or a slipper crosshead.
Sometimes, mainly on large engines, double guides are used,
i.e. having a guide shoe on both thwartship faces of the cross-
head block—there are no astern bars as fitted on a single guide
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Figure 2.20 Connecting rod

crosshead. The double guide is strong and rigid, and gives
ample surface for prolonged astern running, but care has to
be exercised in adjusting the liners fitted between the abut-
ting faces.

The connecting rod, Figure 2.20, is the connecting link
between the crosshead pins and the crankpin, and its function
is to convert the reciprocating motion of the piston and
crosshead to the rotary motion of the crankshaft. The con-
necting rod is of forged steel, forked at the top end to allow
freedom of movement clear of the piston rod nut. The
length of the rod between the centres is about 4 to 45 times
the crank radius, and it is of ample dimensions to carry the
onerous duty imposed on it. The top and bottom end bushes
may be of brass or of cast steel, either being lined with white
metal. Heavy forged steel keeps hold the two halves of the
bushes together, and the whole is secured by the top and
bottom end bolts.

The eccentric sheaves are of cast iron or cast steel, and are
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split, as shown in Figure 2.21. The sheave is located on the
shaft by a rectangular key, sunk partly into the shaft and
partly into the sheave.

Figure 2.22 Eccentric strap and rods (

The eccentric strap fits over the circumference of the sheave.
It is of cast iron or cast steel, and is lined with white metal at
the rubbing surface. The larger straps are made in four parts
as shown in Figure 2.22, the assembly being reversible.

Assuming the engine to have Stephenson link motion, the
ahead and astern eccentrics are fitted side by side on the
crankshaft. The two eccentric rods, Figure 2.22, are of similar
form to the connecting rod, and the top end brasses engage
with pins projecting from, and forged solid with the reversing
link, Figure 2.23. The link is usually built up of two curved
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Figure 2.23 Reversing link and block

forged steel bars bolted together at the ends, with distance
pieces between, to allow space for the bars to pass over the
saddle block as the link is moved over to reverse the engine.
The cylindrical part in the middle of the saddle block forms a
journal which works in the bush at the bottom end of the
valve spindle, Figure 2.24. The latter is of forged steel, the
upper half of the bottom end being either forged solid with
the spindle, or mounted separately on a cone and secured by
a cotter. The valve spindle is restrained to a vertical line by a
guide bracket bolted to the underside of the cylinder casting,
and passes through the valve spindle stuffing box into the
valve chest, carrying the valve at its upper end.

At one side of the engine, the eccentric rod pins on the
link are extended to form journals on which the drag links
work. At their other end, the drag links engage with similar
pins on the die block of the expansion lever, Figure 2.25. The
die block can be variably, but positively, positioned in the
slot of the expansion lever. The expansion lever of any one
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Figure 2.24 Valve spindle and guide
bracket
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Figure 2,25 Wyper shaft and expansion levers

cylinder of an engine is used to vary the steam distribution in
that cylinder alone. It is common practice to make the slot at
an angle of about 30° to the expansion lever, so that any
adjustment of the die block in the slot will have a very minor
effect on steam distribution when going astern—full power is
always immediately available when the engines are put astern.
The expansion levers for all cylinders of an engine are keyed
to a common wyper shaft running along the back of the
engine, and the wyper shaft is rotated through that angle
necessary to reverse the engine by the samson lever and sam-
son rod, the latter being motivated by the hand gear, or by a
reversing engine.

The primary steam supply to an engine is controlled by a
stop valve, followed by a throttle valve—the former for start-
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Figure 2.26 Main stop valve and
throttle valve

ing, stopping and regulating in the ordinary way, and the
latter for quickly controlling the engine as the propeller
alternately comes out of the water and becomes resubmerged,
during rough weather. A common arrangement is shown in
Figure 2.26. The stop valve opens against the steam flow, and
is provided with a small pilot valve, which opens first, thus
pressure-balancing the main valve and allowing it to be open-
ed easily. The stop valve is followed by a butterfly valve
which can be opened and closed very quickly by the hand
gear or the racing governor. Figure 2.27 shows the Cockburn-
MacNicoll patent regulating throttle valve in which the func-
tions of the stop and throttle valves are combined into one

0 SPINDLE

Figure 2.27 Simplified diagram of the

Cockburn-MacNicoll regulating throttle
valve
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balanced double-beat valve. For ordinary purposes of regula-
tion, the valve is operated by the handwheel, but this can be
over-ridden at any time by the throttle gear. With either type
of valve, in cases where the throttling is operated automatic-
ally by a governor, the latter is usually of the inertia type,
mounted on one of the reciprocating parts of the engine.

In a multiple-expansion engine, only the first (high pres-
sure) cylinder receives steam in the first instance when the
stop valve is opened. If the H.P. engine happens to be stand-
ing on either of the dead centres, the engine will not start.
Small auxiliary valves called impulse valves, or starting steam
valves are provided, by which high pressure steam may be
passed to one of the other cylinders for a short period, so
allowing the engine to start. These valves are illustrated in

Figure 2.28.

IMPULSE VALVES

Figure 2.28 Impulse steam valves

To increase the range of expansion, the engine exhausts to
a condenser in which the exhaust steam is condensed at a
pressure well below atmospheric pressure. In the condenser,
the steam is condensed by its coming into contact with a large
number of tubes which are kept cold by having sea water
circulated through them. The condensate is removed from
the condenser bottom by a special type of reciprocating
pump called a wet air pump, since it also removes air which
leaks into the sub-atmospheric system, and which would
otherwise raise the condenser pressure and reduce the overall
efficiency. The condenser and the air pump are carried on
brackets from the back columns of the engine, and the air
pump, together with the bilge pump, sanitary pump, etc., are
usually driven by a system of levers and links from one of the
main engine crossheads. Figure 2.29 illustrates two types of
wet air pump which are in common use.
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Figure 2.29 Reciprocating air pumps

Most of the engine parts briefly described in the foregoing
may be clearly seen in their functional positions in Figures
7.3,7.4,7.5,7.20 and 7.23 (see chapter 7).

Compounding

Single-cylinder engines are not used for marine purposes—
invariably the engines are multiple-expansion, i.e. the total
range of expansion of the steam from the boiler pressure to
the condenser pressure is divided up into a number of stages,
each stage having its own cylinder, the exhaust steam from
the first cylinder passing into the second cylinder, and so on.
Thus we have compound engines, having two stages of expan-
sion, basically a high-pressure (H.P.) cylinder and a low-
pressure (L.P.) cylinder; or we can have three stages of
expansion, called a triple-expansion engine, having basically,
a high pressure, an intermediate pressure (I.P.), and a low-
pressure cylinder.

It will be immediately obvious that two or more cylinders
will give a much more uniform turning moment on the crank-
shaft, and can be better balanced, thus giving smoother run-
ning. There are however some other features of compounding
which we may examine briefly.
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(a) SIMPLE ENGINE (b) COMPOUND ENGINE

Figure 2.30 Simple engine and compound engine, each having the same conditions
and the same total ratio of expansion

Figure 2.30(a) shows a hypothetical pressure-volume
diagram for one end of a simple single-cylinder engine. This is
in fact a graph of steam pressure on a base of piston stroke
(the latter being proportional to volume). Clearance volume
and all losses are neglected, and the steam after cut-off is
assumed to expand hyperbolically. The mean piston velocity
(i.e. 2 x stroke, m x rev/s) is assumed to be 2.5 m/s.

The ratio v2/vl is called the ratio of expansion 7, and in
this case

The mean effective pressure acting on the piston during one
stroke,

1 + log.
Pm =P, (*—rog—Q

— P2
Spm = (8 x 0.4209) — 0.2 = 3.167 bar
The power kW, developed in a double-acting cylinder

= 100 x mean effective pressure, bar x cylinder area,

m? X mean piston velocity, m/s
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If the engine is to develop 750 kW, then

750
Cylinder area required = - =0.946m?

100 x 3.167 x 2.5

.. Cylinder diameter = /4 x 0.946 _ 1.097 m
m

Assuming the steam to be initially dry saturated, the maxi-
mum and minimum steam temperatures to which the cylinder
is subjected are 170.4°C and 60.1°C. The cylinder metal will
assume a temperature somewhere between these two, hence
there will be an initial heat loss from steam to cylinder, caus-
ing quite a serious condensation loss. The greater the cylinder
temperature range, the greater is the condensation loss.

As the piston begins its stroke and up to cut-off, it is sub-
jected to full steam pressure on one side and to exhaust
pressure on the other, hence

Initial piston load = cylinder area (p; —p,) x 10° =
0.946 x 7.8 x 10° =7.38 x 10> N

The cylinder, columns, piston, rods and running gear must
be designed to withstand this maximum force.

Suppose we now compound the engine, keeping the same
total ratio of expansion as before viz.,r = 7.0. Theoretically,
when we compound the engine, all that is done is to divide
the pv diagram into two parts by a horizontal line, the division
being, in the first place, quite arbitrary (see Figure 2.30(b)).

Since the total ratio of expansion r = 7.0 as before, it fol-
lows that the final volume v, will be the same as before,
hence the volume of the L.P. cylinder of a compound engine
is the same as that of the single cylinder of the simple engine,
having the same steam and exhaust pressures, same power
and speed and same total ratio of expansion as the compound
engine in question.

Thus, L.P. cylinder diameter = 1.097 m

In Figure 2.30(b), the length dc represents the total volume
of the H.P. cylinder and the line ef the total volume of the
L.P. cylinder, and the ratio



RECIPROCATING ENGINES 37

L.P. volume

fI.P. volume

is called the cylinder ratio. Suppose we choose a cylinder
ratio of 2.8.

The easiest way of dealing with compound engines is to
always make the total volume of the H.P. cylinder equal to
1.0 unit, as in Figure 2.30(b). The total volume of the L.P.
cylinder then has the same numerical value as the cylinder
ratio (i.e. 2.8) and the initial volume

= 28,
7

U1

0.4,

which is the H.P. cut-off fraction.
Note that for a compound engine

Cylinder ratio

Total ratio of expansion = d
H.P. cut-off

Thus assuming the strokes to be equal:

H.P. cylinder area = L.P. cylinder arca

2.8
_ 0.946
2.8
= 0.338 m?
.. H.P. cylinder diameter = \/ $x0.338 _ 0.656 m
s

Hence the two cylinders of the compound engine are
656.0 mm and 1097 mm diameter.

Since, during expansion, p,v; = p,v, etc, the L.P. receiver
pressure

8.0x 0.4
= ———— =3.2bar
br 1.0

The H.P. exhaust steam should now be transferred to the
L.P. cylinder without change in either pressure or volume.
This means that ideally, the volume of the L.P. cylinder up
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to the point of cut-off should be equal to the total volume of
the H.P. cylinder, i.e. L.P. cut-off = 1/2.8 = 0.357. If the
L.P. cut-off is so arranged, steam expands usefully right down
to the receiver pressure in the H.P. cylinder, and that cylinder
is said to have complete expansion.

To determine what proportions of the total engine power
are developed in the two cylinders and to find the initial
piston loads and the cylinder temperature ranges, refer to
Figure 2.30(b) and treat each cylinder in turn as a single
simple engine.

H.P. Cylinder

Ratio of expansion r = 10_ 2.5
0.4
1 +loger
Py =1 (__r_g_) b,

Pm, =(8x 0.7666) — 3.2
‘. Pm, = 2.933 bar

H.P. Power = 100 x 2.933 x 0.338 x 2.5 = 248.0 kW
H.P. Initial Piston Load = 0.338 (8.0 — 3.2) x 10° =

1.621 x 10° N

H.P. Cylinder Temperature Range = 170.4 — 135.8 =
34.6°C

L.P. Cylinder
Ratio of Expansion r = 2.8 . 2.8
1.0
1+ loger
pm2 =,br (___g_) A.pz

,
“bmy = (8.2 0.7249) — 0.2 = 2.12 bar

L.P. Power = 100 x 2.12 x 0.946 x 2.5 = 502.0 kW

L.P. Initial Piston Load = 0.946 (3.2 — 0.2) x 105 =

2.837 x 10° N
L.P. Cylinder Temperature Range = 135.8 — 60.1 =
75.7°C.

Note the total engine power 248.0+ 502.0 = 750 kW.
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The L.P. cylinder develops 2.03 times the H.P. power

The L.P. piston is loaded 1.75 times as heavily as the
H.P. piston.

The L.P. temperature range is 2.18 times the H.P.
temperature range.

To take full advantage of the compound engine, we must
render these much more nearly equal. Suppose we alter the
L.P. cut-off to 0.6. The L.P. cut-off volume therefore becomes
0.6 x 2.8 =1.68, but the total volume of the H.P. cylinder
remains 1.0 as before, hence steam at a pressure of 3.2 bar,
and occupying a volume of 1.0 unit is transferred into the
L.P. cut-off volume of 1.68 units. There will therefore be a
free, or unresisted expansion of the steam from 3.2 bar to
some lower pressure in order to occupy the larger volume.

p=8.0

p=32

s

LOSS 4.133 PERCENT
P, =1.905

EQUAL POWERS, L.P CUT-OFF =0.6

Figure 2.31 Combined indicator diagram showing the effects of altering the L.P.
cut-off

Hence, referring to Figure 2.31, the new receiver pressure
will be

p,= B0X04 905 bar

1.68

Individual calculations as before for the H.P. and L.P.
cylinders will now show that pm, = 4.228 bar; py, =1.527
bar, and that
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Cylinder H.P. L.P. Total
Power, kW 357.5 361.5 719.0
Initial piston load, N x 1073 2.058 1.6125
Temperature range, °C 51.7 58.6

Thus by altering the L.P. cut-off to 0.6, we have brought
the powers, initial piston loads and temperature ranges much
more nearly equal, but at the expense of a loss of 31.0 kW in
total engine power. This loss of pv diagram area is called the
loss due to incomplete expansion in the H.P. cylinder. It
must be made good by other means (see diagram factor).

In general, altering the H.P. cut-off alters the total engine
power. Altering the L.P. cut-off alters the distribution of
power between the cylinders, and may reduce the total
engine power due to the creation of a loss due to incomplete
expansion in the H.P. cylinder. Altering the L.P. cut-off also
alters the initial piston loads and the temperature ranges.

It should be noted that there is also a loss due to incom-
plete expansion in the L.P. cylinder, but for a different
reason. Were the steam to be expanded hyperbolically in the
L.P. cylinder right down to the condenser pressure, the
required volume of that cylinder would be so large as to be
prohibitive in practice. By accepting some loss due to in-
complete expansion, we can reduce very considerably the size
of the L.P. cylinder (in this case, for example, from 16.0 to
2.8).

The initial piston loads of each of the two cylinders of the
compound engine are of the order of 2.0 x 10° N, compared
with 7.38 x 10° N for the single cylinder simple engine. The
rods and running gear, etc., can therefore be made lighter.
Each cylinder temperature range is of the order of 50.0 —
60.0°C compared with 110.3°C for the single-cylinder simple
engine. The individual cylinder condensation losses will there-
fore be reduced, and a significant part of the H.P. cylinder
condensation loss will be recovered in the L.P. cylinder; these
features result in a considerable reduction in steam consump-
tion.

In practice, the variation of steam pressure relative to the
piston position during the steam and exhaust strokes of one
end of an engine cylinder (i.e. the pv diagram) is recorded by
an indicator, the principle of which is shown in Figure 2.32.
In practice, the type of indicator instrument used is such that
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L
1 [

Figure 2.32 Principle of the indicator

both the travel of the main engine piston and of the indicator
piston are drawn to a conveniently small scale. These indicator
diagrams are used for calculating the power developed in the
engine cylinder(s), and to detect faults due to deterioration,
such as leaking valves or piston rings, wear-down of bearings,
eccentrics, etc., or incorrect valve settings.

An example of well-formed indicator diagrams from both
ends of one cylinder is shown in Figure 2.33, in which the
line AL is the line of atmospheric pressure. Note also that the
nett effective pressure on the engine piston at any point in
the stroke is the pressure on one side minus the pressure on
the other, i.e. at a distance x from top dead centre, the effec-

tive pressure on the piston is AB.
<

Figure 2.33 ‘Effective’ pressure AL.

Due to the various diagram losses, the area of the actual pv
diagram, as obtained from the indicator is less than the area
of the hypothetical pv diagram and the ratio

actual diagram area

hypothetical diagr;n area
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is called the diagram factor. This means that, actual mean
effective pressure = hypothetical mean effective pressure x
diagram factor.

Thus, when calculating cylinder dimensions, the mean
effective pressure calculated from

p, (LFloger)

must be multiplied by an estimated diagram factor. The exact
diagram factor for any engine can be found only by taking
indicator diagrams, from which the actual M.E.P. is found
and compared with the hypothetical M.E.P. When dealing
with compound engines, the H.P. and L.P. cylinder pv dia-
grams are combined, and an overall diagram factor applied to
the total referred mean pressure.

In certain instances, where the L.P. cylinder of a compound
engine would be inconveniently large, two L.P. cylinders in
parallel are used, each being one half of the calculated area.
This is known as a three-cylinder compound. Sometimes also,
two H.P. cylinders in parallel and two L.P. cylinders in paral-
lel are used. This is known as a four cylinder compound or a
double compound.

By using a triple-expansion engine, i.e. one having three
stages of expansion, the individual cylinder temperature
ranges and the condensation and re-evaporation losses are
further reduced, thus giving a further reduction in steam con-
sumption. Generally, the cylinder areas of a triple-expansion
engine are made approximately in geometric progression, i.e.,

L.P. Area _ IL.P. Area

1.P. Area H.P. Area

This means that if the total cylinder ratio

L.P. Areg
H.P. Area

:R,

then the cylinder areas are in the proportion

HP. LP. LP.
1.0 R R
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. . total cylinder ratio
The total ratio of expansion r = tota’ cyTncer ratlo

H.P. cut-off

Again, the L.P. cylinder has the same total volume as the
single cylinder of a simple engine having the same steam and
exhaust pressures, same mean piston velocity and same total

ratio of expansion as the triple. For the conditions shown in
Figure 2.34.

05

I.__.‘

p| =172 _‘

H.P

A
L0 5}\
=512
A .68 |
P _ ! B
3.0
P, =1.592 53 ' c
-
LP
0.275

9.0 i
| 1

Figure 2.34 Triple-expansion engine—hypothetical combined indicator diagram

Total ratio of expansion r = %9 =18.0, hence

Hypothetical referred mean pressure
1+1 .
=17.2 <+8g‘018—0> —0.275 = 3.444 bar

An engine of this type could be expected to have an over-
all diagram factor of 0.65, hence actual referred mean pressure
= 3.444 x 0.65 = 2.238 bar.

If the engine has a stroke of 1.22 m, and is to develop
1865 kW at 1.167 rev/s then

1865

200 x 2.238 x 1.22 x 1.167
=2.925 m?

L.P. Cylinder Area =
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S LP.dia=1.93m

H.P. Cylinder Area = 2—320»5 =0.325 m?

S H.P.dia=0.643 m

L.P. Cylinder Area = 2.925 _ 0.975 m?

V9
SLIP.dia=1.114m

If the I.P. and L.P. cut-offs are 0.56 and 0.6 respectively,
then the receiver pressures and the approximate ratios of the
powers, initial piston loads and cylinder temperature ranges
may be calculated by the same methods as before, i.e.

Cylinder H.P. LP. L.P.
Ratio of powers 1.0 0.933 1.113
Ratio of initial piston loads 1.0 0.876 0.981
Ratio of temperature ranges 1.0 0.757 0.883

If the L.P. cylinder of a triple expansion engine is incon-
veniently large, it can be divided into two L.P. cylinders in
parallel, each having one half of the calculated area. This
results in a 4-cylinder triple.

If highly superheated steam can be used, then the advantage
of reduced cylinder temperature range due to multiple expan-

sion is not so significant. Steam is kept superheated or dry
throughout the H.P. and L.P. cylinders, and only the L.P.
cylinder suffers from condensation and wetness losses as well
as a significant loss due to incomplete expansion. For this
reason, the normal L.P. cylinder is sometimes omitted, and
an exhaust turbine is fitted which is made sufficiently large as
to develop the L.P. cylinder power as well as its own. When
this is done, the normal H.P. and L.P. cylinders are each re-
placed by two cylinders of half the area, thus giving a double
compound engine, i.e. two H.P. and two L.P. cylinders with
four cranks. Examples of this type of combination engine are
illustrated in chapter 7.



3 Steam turbines

The advantages of steam turbines are that they give a direct
rotary motion and a more even torque on the propeller shaft.
There is no internal mechanical friction, and therefore no
internal lubrication is required; this is most important when
using superheated steam, the use of which in a reciprocating
engine necessitates lubricating oil. Oil is difficult to remove
from the feed water and is detrimental to boilers.

The weight of engine is reduced for the power developed,
especially with large powers. (The weight of a turbine engine
per kilowatt is about one half of that of a reciprocating
engine.)

Steam is expanded right down to the condenser pressure,
giving a higher overall efficiency. The space occupied is less
for turbines.

Disadvantages

There are disadvantages in that the condensing plant is larger
and more expensive and requires greater auxiliary power due
to the lower condenser pressure carried.

Special heat-resisting materials are required at the H.P. end
for the rotor and casing if using high superheat.

A separate astern turbine is required which is mounted on
the same spindle as the ahead turbine and results in a large
windage loss, i.e., the astern blading churns the dead steam,
and thus does work on the steam. This useless work has to be
supplied by the ahead turbine. In addition, the astern disc or
drum rubs on the dead steam, causing fluid friction, which
represents another power loss. Disc friction and windage can,
of course, be eliminated by providing astern turbines in cas-
ings entirely separate from the ahead turbine.

A reduction gear is required to allow the turbine to run at
the high speed necessary for high efficiency, and the propeller
at the comparatively slow speed for its best efficiency.

The main bearings of the rotor work under severe tempera-
ture conditions due to the conduction of heat from the inside

45
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of the turbine casing, and all bearings, including the thrust,
have a comparatively high surface speed. The lubricating
system 1is, of necessity, more complicated, and must be
absolutely reliable.

More expert attention is required during warming-up, drain-
ing and shutting down, due to the liability of rotors and
casings distorting.

Fundamental difference between reciprocating and turbine
engine

The fundamental difference in principle between the recipro-
cating engine and turbine engine is that, in the reciprocating
engine the velocity of the steam relative to the working parts
(piston, etc.) is zero, while in the turbine engine the velocity
of the steam relative to the working parts (blades, etc.) is very
considerable, often of the order of 300 m/s. This simply
means that the reciprocating engine uses pressure energy and
the turbine uses velocity energy; or again, that in the recipro-
cating engine, work is done on the piston by the static pressure
of the steam, while in the turbine work is done on the blades
by the dynamic force of the stcam.

Types of steam turbine

There are two main types of steam-turbine: the Impulse type
and the Reaction type.

A simple impulse turbine consists of a ring of nozzles
followed by a row of blades mounted on a wheel and facing
the nozzles. The steam is expanded in the nozzles, and leaves
in the form of high-velocity jets which impinge on the rotor
blades. The latter deflect the steam-jets, causing a change in
velocity and therefore a change of momentum. There is there-
fore a force applied to the blades which has a component in
the direction of motion causing rotation of the wheel and a
component at right angles to the direction of motion causing
end thrust.

In an impulse turbine the resultant end thrust is very small.
In a pure impulse stage all the pressure drop takes place in
the fixed nozzles—there is no pressure drop across the blades.

A simple reaction stage consists of a ring of fixed blades
acting as nozzles and followed by a row of similar blades
mounted on the rotor. One-half of the stage-pressure drop
takes place in the fixed blades, and the steam-jets enter the
rotor blades in the same manner as an impulse stage. The rotor
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Figure 3.1 Single-screw, double-reduction geared turbines with covers off
(all impulse type)

H.P. turbine in front right, L.P. turbine at back right. First reduction pinions
and wheels on left, second reduction pinions and main wheel in centre. Connecting
pipes between H.P. and L.P. are clearly seen, with bellows expansion pieces and
emergency connections for running H.P. or L.P. turbine alone

blades themselves act as moving nozzles and expand the steam
over the remaining half of the stage-pressure drop. There is
therefore a pressure drop across both the fixed and moving
blades, resulting in a considerable end thrust.

In a reaction stage the velocity increases in the fixed blades
and is reduced on entering the moving blades. The further ex-
pansion in the moving blades causes the velocity to again
increase. This velocity is again reduced on leaving the moving
blades. Although in practice the above is called a reaction
stage, strictly speaking, it has only 50 per cent reaction.

Figure 3.1 shows a single-screw double-reduction geared
impulse steam turbine installation designed and constructed
by Scott’s Shipbuilding and Engineering Co., Ltd., Greenock.

THE TURBINE ROTOR

The function of the rotor of a turbine is to transmit the effort
of the steam load on the blades to the propeller shaft directly
or through the pinion of the reduction gearing. When turbine
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rotors, of the reaction type, were larger in diameter, for the
comparatively slow speed imposed by a direct drive, the rotor
was built up. The rotor spindles at each end were shrunk and
bolted to large cast-steel spider wheels, and wrapped round
the periphery of the spider wheels and riveted to them was a
forged-steel cylinder. Grooves were cut in the periphery of the
cylinder for reception of the blades.

As speeds increased and diameters were reduced, the spiders
were dispensed with, and the rotor was made in two main
parts instead of five. One part was in the form of an open-
ended cylinder, with spindle included as part of the forging.
The other part was a forging incorporating the other end of
the spindle and a disc-shaped part to form the closing end of
the rotor cylinder. The disc part of one was shrunk into the
cylindrical part of the other, and a few rivets at the joint com-
pleted the construction (Figure 3.2).

IMPULSE
WHEEL

REACTION BLADING
AFT THROWERS

oumer 120033030000 roro remowees
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\
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CONICAL SEAT FOR
FLEXIBLE COUPLING U THRUST COLLAR

Figure 3.2 Drum rotor for impulse-reaction turbine

Smaller-diameter rotors (the H.P. rotor of a modern turbine
for a cargo vessel may be only about 400 mm diameter) are
solid forgings of high-quality steel with a hole about 50 mm
diameter bored axially through the spindle and rotor for the
entire length. This provides a means of inspection after the
rotor is completed and guards against internal flaws being
present, which might extend as fractures in later years. Grooves
are cut as before, in the periphery of the rotor, for the blades;
the type of groove depending on the method of fixture to be
employed. At one end or both ends of the rotor, depending on
the astern arrangement, there is a facing for the attachment of
a dummy piston. This dummy has brass or monel-metal rings
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caulked into grooves in its periphery to form part of the
labyrinth packing. It is bolted to the rotor end.

The rotor forging may be enlarged at the H.P. end to form
a disc, integral with the rotor, to take two rows of impulse
blades and, if the astern turbine is of the impulse type, a
similar disc at the other end.

On the spindle, which may be about 150 mm diameter in
way of the packed gland, there are raised circumferential rings
which form part of the labyrinth gland packing. These rings
may be part of the metal of the spindle, or they may be seg-
ments caulked into grooves. The rings or gland strips are
made of brass for use with saturated steam or low-pressure
steam and of monel metal for higher temperatures.

Next, along the spindle, there are again raised circumferen-
tial rings, the purpose of which is to throw oil which has
leaked from the bearing away from the spindle, preventing it
from mixing with the steam and reaching the boilers. Further
along the spindle, fore and aft, the diameter is reduced in way
of the bearing journals. Near one end, usually the forward
end, the diameter is further reduced at a point where there is
a collar about 300 mm diameter and 50 mm wide. This is the
thrust collar, which is used to keep the rotor in its correct
longitudinal position.

At the other extreme end, the spindle is tapered and
threaded for a nut. This is for the attachment of the flexible
coupling, where contact is made with the reduction-pinion
spindle.
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Figure 3.3 Built rotor for reaction turbine
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Larger reaction-turbine rotors are built up by the method
almost universally employed in impulse turbines. The spindle,
which has journals, oil-thrower rings and thrust collar as in
the type described, is stepped for the attachment of the forged-
steel discs which carry the blades. These discs are keyed to
the spindle and shrunk in place, or they are pressed on to the
spindle by hydraulic pressure while hot to give a combination
of force fit and shrink fit. Grooves are again cut in the periph-
ery to take the blades and, in a reaction turbine, the sides of
the discs abut one another until the outer appearance does
not greatly differ from the drum type (Figure 3.3.)

In the impulse type, spaces must be left between the discs
to make way for the diaphragms carrying the nozzles. As a
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Figure 3.4 Solid rotor for impulse turbine
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Figure 3.7 L.P. ahead and astern turbine rotor

safeguard against possible axial movement due to slackness in
service, the whole group of discs is secured by a nut at one
end. Figures 3.4 and 3.5 show sections of solid and built
rotors respectively for impulse turbines and Figures 3.6 and
3.7 photographs of these.
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Modern rotors are required to withstand high temperatures
(up to 500°C) and are made of forged carbon-molybdenum
or chrome-molybdenum steel.

TURBINE MAIN BEARINGS

The turbine main-bearing shells are made of gunmetal. They
are in halves for ease of removal and adjustment, and are lined
with good-quality white metal, dovetailed into the shells in
the usual way. The bearing shell is 15 to twice as long as the
shaft diameter. About 50 mm is left at either end uncovered
by white metal. These parts at the ends of the bearing are
called rubbing strips. The white-metalled surface of the bear-
ing projects not more than 0.25 mm above the level of the
strips. The arrangement represents one of the safety pre-
cautions in turbine work, in that, should the white metal ever
wear down or be run out by overheating so that the shaft
drops, allowing the journal to bear on the narrow gunmetal
strips, a warning will be given by the smoke and noise which
will ensue before the blade tips can make contact with the
inside surface of the turbine casing and cause great damage.

Lubrication

No oil-grooves are cut in the white-metal surface of the bear-
ing shells. The lubricating oil enters at the side, where the
white metal is washed away to allow the oil access to a larger
surface of the journal. It leaves the end of the bearing after
travelling longitudinally under pressure from the pump and
wedge action in the oil-clearance space. The clearance is much
greater than in a corresponding bearing of a reciprocating
engine, being about 0.5 mm. This allows the shaft or spindle
to float while running, and provides a greater opening for the
flow of the oil which performs the double role of lubricant
and coolant. From the bearing ends, the oil returns to the
sump. It must be remembered that, with superheated steam,
the journal attains a high temperature by heat conduction
alone, and a good flow of oil is required to keep the tempera-
ture from rising.

A small cock is fitted in the top of the bearing cover to
provide a means of checking the flow of oil or to allow air to
escape when starting up at any time when the cock is opened.
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Figure 3.9 Path of oil in turbine journal bearing

The bent pipe attached to it discharges oil into a funnel. It is
also useful for drawing off samples for testing the condition
of the oil.

These bearing bushes are easily removed when the weight
of the rotor is taken up. The turbine rotor, and with it the
journal, need be lifted only a fraction of a millimetre to allow



54 STEAM TURBINES

the bottom half to be pushed round the shaft and lifted out.
This can be done without disturbing the sealing glands. Figures
3.8 and 3.9 illustrate the bearing construction and the path
of the lubricating oil.

TURBINE BLADES AND BLADE FIXTURES

When a rotor is running at high speed there is a considerable
centrifugal force set up, tending to pull the blades out of the
grooves. A certain amount of vibration is set up due to varia-
tion of steam velocity at the blade, this effect being greater in
an impulse turbine, where the nozzles extend for only part of
the circumference, than in a reaction type, where the steam is
evenly distributed over the whole circumference. These effects,
combined with those of expansion and contraction, tend to
loosen the blade at its fixing to the rotor, and a great many
designs have been employed to secure the blade firmly in its
groove and, at the same time, make the work of fitting the
blades simple and effective. Figure 3.10 shows typical H.P.
blades and Figure 3.11 shows several types of blade fixing.
The original turbine blades were of brass and made from
strips. They were slightly curved with about 3 mm of the
length at the tip thinned to about 0.075 mm thickness. There
was a shaped brass root piece between the blades which was
caulked in place radially. Each blade had to be inserted indi-
vidually followed by a caulked root piece. The blading of a

]
]

1ST ROW 2ND ROW

Figure 3.10 Typical H.P. blades of normal marine size
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Figure 3.11 Turbine blade root fixings

large rotor was very slow by this method, and later types used
blades which were built-up in segments of about fifty blades,
secured and brazed to a common root piece. One edge of this
root piece was machined at about 30 degrees to the vertical,
while the other was vertical. The groove into which the seg-
ment fitted had one edge at 30 degrees, while the other edge
was vertical and serrated. The root piece entered easily into
the groove, and a side packing strip was caulked into the
vertical space and into the serrations in the groove. This
method is still used.

An alternative method is to have to root piece checked
into the groove and secured by a side packing strip or to have
individual blades with the root piece as an integral part and
deep serrations on both sides. In this type of fixture no side
packing strip is required, the blade being entered at an angle
and twisted round, then caulked circumferentially.

The most common root shape for impulse turbines is the
dove-tail. It fits into a groove of the same shape, and is entered
through a gate or cut-away place in the groove and pushed
round until all the blades but one are in position and caulked.
The final blade has a specially shaped root piece and a side
packing piece which is caulked into position, locking the
blade in place.

In the straddle root type, the blade is shaped to straddle
the circumference of the disc. The blades are secured by
rivets which pass through the root and disc.
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The search for the most suitable material for turbine blades
has been continuous throughout the development. Some
materials have a temperature limit, others have a tendency to
harden and fracture, others corrode, and all are subject more
or less to erosion, especially when water is present. Among the
materials used are brass, phosphor bronze, manganese copper,
monel metal, nickel steel and stainless iron which contains
chromium. Figure 3.12 is a close-up view of a H.P. rotor,
showing the blades.

Figure 3.12 H.P. rotor; close-up view showing blades

The gradually increasing blade heights towards the exhaust end should be noted,
and the expansion cuts in the shroud ring. Note also that the blade tangs pass
through holes in the shroud ring and are riveted over on top. The finishing blades
are clearly seen in the fourth and ninth stage wheels.

The properties required in modern turbine blades are very
exacting due to the higher speeds and temperatures at which
they operate. These are detailed in a paper to the Institute of
Marine Engineers by J. H. G. Monypenny, F.Inst.P., thus:
tensile and fatigue strength, toughness and ductility at the
working temperature, resistance to corrosion and erosion
(caused by priming of the boilers and the effects of chlorides
and air while at rest), rate of expansion almost equal to that
of the casing and rotor, easy to machine during manufacture
and as light as possible to reduce centrifugal force.



STEAM TURBINES 57

Low tensile stainless iron is generally preferred to high ten-
sile stainless iron on account of the superior fatigue-resisting
qualities of the former material. The composition of low ten-
sile stainless iron is as follows: carbon 0.1 per cent max.,
silicon 0.5 per cent max., manganese 0.5 per cent max.,
chromium 12.5-14.5 per cent, nickel 0.5 per cent max,
sulphur 0.04 per cent, phosphorus 0.04 per cent max. The
ultimate tensile strength is 45.0-60.0 kN/cm?.

High tensile stainless iron has the same composition except
that the carbon content is 0.14 per cent maximum, and the
heat treatment is different. The ultimate tensile strength is
67.5 kN/cm?.

Care must also be taken with the selection of blade materials
where lacing wires have to be brazed in, as trouble may be
experienced with intergranular penetration at the braze.

Figure 3.13 shows the blading of a rotor for double casing
H.P. casing.

Figure 3.13 Blading rotor for double casing H.P. turbine

GLANDS

Where the rotor spindle or shaft passes through the turbine
casing, some sort of packing must be provided just as the
piston-rod of a reciprocating engine requires packing to pre-
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vent steam escaping at the H.P. end, and to prevent air being
drawn in at the L.P. end. An ordinary stuffing-box and gland
with soft steam packing would seal the space between the
casing and the spindle, but the packing would wear away the
surface of the spindle and there would also be a friction loss.
Changes in temperature would cause expansion and contrac-
tion, sufficient to cause leakage, and this leakage would be
most undesirable at the L.P. end. The leakage at the L.P. end
is, of course, from the atmosphere into the turbine, due to
the pressure inside the turbine being lower than atmospheric.
When the condenser pressure is low it requires only a small
opening for leakage of air to make it impossible for the air-
pump to cope with it, with the result that the condenser
pressure increases. In a turbine installation an increase of
condenser pressure from say 0.035 bar to 0.07 bar results in
about 5.0 per cent loss of power and efficiency.

Carbon glands

In small turbines the glands may consist of two rings of a
carbon-composition material at each end. The rings are of
square section and in halves, with a garter spring holding the
two parts firmly together and pressing them lightly on the
surface of the spindle. This is called a carbon gland.

At higher pressure and powers the gland must be made
longer to prevent serious leakage. It is usually arranged in two
or three sections, e.g., four rings next the inside of the casing,
a space which is connected to the L.P. gland steam supply by
a pipe, then four rings at the outside position. On account of
the larger diameter of the spindle, these rings are made up of
four or six segments, secured as before with a garter spring
(Figure 3.14).

To minimise leakage, the radial clearance between the
shaft and the carbon ring when hot should be small—of the
order of 0.005 mm. Now the coefficient of linear expansion
of steel is greater than that of carbon, approximate values
being: carbon 0.0000072 mm/mm°C, steel 0.0000108
mm/mm°C.

Therefore assuming a rise in temperature from cold of say
166.6°C, a steel shaft of 152.4 mm dia. when cold will expand
to 152.4 +(152.4 x 0.0000108 x 166.6) = 152.6742 mm dia.
when hot. To give a radial clearance of 0.005 mm when hot,
the bore of the carbon ring when hot must be 152.6742 +
0.01 =152.6842 mm.
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Figure 3.14 Carbon gland for turbines

Now, the hot diameter = cold diameter [1 + (coefficient of
expansion x temperature rise)]

" 152.6842 = cold diameter [1 + (0.0000072 x 166.6)]

.. cold diameter = —IE)M =152.5103 mm

1.0011995

Hence when cold, radial clearance between shaft and carbon
ring

_ 152.5103 — 152.4 _ 0.05515 mm

2

Because of the difference in working temperature at each
turbine, separate dummies are provided for each end of each
turbine, on which to fit the assembled carbon ring segments.

Labyrinth packing glands

There is also a type of gland packing called labyrinth packing.
As the name implies, the steam is made to enter a labyrinth
or maze of winding passages. These, in their simplest form,
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consist of projecting rings or fins, half of the number being
attached to the casing, and the other half to the spindle. The
tips of the spindle fins project to within 0.5 mm of the inside
bore of the stuffing-box in the casing, and those projecting
from the stuffing-box towards the spindle project to within
0.5 mm of the surface of the spindle. These glands may, as in
the carbon type, be composed of two or three sections, and
are usually longer (Figure 3.15).
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Figure 3.15 Labyrinth gland for turbines

H.P. steam entering the labyrinth box from the casing tends
to flow outwards towards the atmosphere and, while in
motion, it must pass through the 0.5 mm openings alternately
between casing and spindle. This results in throttling, and the
pressure of the steam drops at each fin until, at the space
between the two sections of packing, the pressure may have
dropped from an initial 20.0 bar to 1.3 bar. The outer set of
packing-rings reduce this pressure to very nearly atmospheric,
and very little leakage takes place. Formerly, it was common
practice to have labyrinth packing next to the casing and a
short box of carbon packing at the outside, Figures 3.16 and
3.17. Carbon glands are not now much used, modern marine
steam turbines generally having all-labyrinth glands.
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Figure 3.17 Carbon gland and springs

Gland steam system for simple turbine

Consider now a simple turbine in which the steam is expand-
ed from a high pressure to exhaust at under atmospheric
pressure. When the turbine is being warmed through before
going on load, steam is admitted to the glands by opening the
gland steam-control valve 4, Figure 3.18. The low condenser
pressure draws the steam into the casing.
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CONDENSER
CONDENSER

Figure 3.18 Gland steam system for simple turbine

Under running conditions, valve A4 is closed. The steam in
the space between the two sets of packing in the H.P. gland,
which may be, as stated, at about 1.3 bar, now passes through
the connecting pipes to supply the L.P. gland, which requires
steam at above atmospheric pressure filling the outer laby-
rinth spaces to prevent air being drawn into the casing and
raising the pressure. Should the leakage from the H.P. end be
insufficient to do this, the valve 4 may require to be eased to
make up the deficiency; but should the leakage from the H.P.
gland be in excess of that required to seal the L.P., then a
valve B, which connects the gland steam-line to the condenser,
may be opened to draw off the surplus. A pressure of 1.15
bar is usually sufficient to seal the L.P. gland.

Gland steam system for two-cylinder turbine

An arrangement of gland steam connections for a two-cylinder
installation could be as shown in Figure 3.19. Valve 4 is in
control of the supply of steam to the steam-collector or
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Figure 3.19 Gland steam system for two-cylinder turbine
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steam-bottle. The steam to and from the H.P. glands may be
controlled by separate valves, and the leak-off to the conden-
ser from the forward- and after-end glands of the L.P. casing
is controlled by valves on the respective pipe-lines.

When warming though the turbine, valves C and C; are
closed, while 4, B, B, are open. When running, 4 is closed
and C, C, opened sufficiently to keep the gland steam-line
pressure at 1.15-1.3 bar. B, B, are open.

Gland steam system for three-cylinder turbine

A possible arrangement for a turbine installation with H.P.,
M.P. and L.P. casings is as shown in Figure 3.20. The leak-off
pipe is led to the exhaust-pipe opening from M.P. to L.P.
turbine. This could be arranged to go to the condenser as
shown in the simplified arrangement in the lower sketch,
Figure 3.21.

A
{3 28
i l — )
H.P L.P. - | M.P.

Figure 3.20 Gland steam systems for three-cylinder turbine

:
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TO CONDENSER

L.P. M.P.

Figure 3.21 Simplified gland steam system for three-cylinder turbine
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Note that the valves on the gland steam-bottle have been
dispensed with. Valve 4 now controls the steam supply to all
glands. Leak-off valves regulate the pressure when more
steam is leaking from the H.P. glands than is required to seal
the others.

The diagram in Figure 3.22 illustrates the gland steam
arrangement in the old “Nestor” class of vessels in the Blue
Funnel Line.

It will be observed that control of the pressures is at the
hand of the engineer on duty at the panel of the manoeuvring
cubicle; also that no vapour now escapes to the engine-room.

STEAM EJECTOR

GLAND STEAM
S.0mm

VAPOUR PIPES 5L.Omm

r 254 mm - 13‘8
. EXPANSION

BELLOWS

N
GLAND STEAM HANDWHEELS ON
RECEIVER MANOEUVERING
CUBICLE
NOTE :-

PIPE JUNCTIONS ONLY

MARKED THUS - 8.0 BAR STEAM

U TO CONDENSER

Figure 3.22 Gland steam arrangement in S.S. Nestor (Blue Funnel Line)
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The vapour is drawn off by a steam ejector placed above the
gland steam condenser. This arrangement prevents loss of
water in the form of vapour, which is good for the boilers;
prevents loss of heat energy, which is good for the general
efficiency, and prevents that heat from raising the engine-
room temperature, which is good for the engineer’s comfort.

Note that faulty adjustment of the gland steam pressure
during manoeuvring periods has at times allowed air to be
absorbed by the condensate, causing increased condenser
pressure at the time and eventual corrosion in water-tube
boilers.

Gland steam pressure control is made very simple with the
Cockburn-De Laval automatic gland steam seal regulator
(Figure 3.23).

Tanks A and B are filled with water and connected by a
hand-adjusted needle valve, the pressure in B compressing the
bellows. This action raises the right-hand end of the floating
lever against the pull of the spring, which at the same time
raises the valve of the oil-relay cylinder. Oil under pressure
now enters the cylinder, above the piston, forcing it down.
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Figure 3.23 Cockburn-De Laval steam seal regulator (Cockburns Ltd.)
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This has the effect, through the linkage, of opening valve C
and closing D partly, so that the pressure in the steam seal line
is reduced. At the same time the floating lever on its down-
ward path has closed the oil relay valve. Should the pressure
become too low in the steam seal line, the bellows will ex-
tend. Actions are now all reversed so that valve D is opened,
admitting high-pressure steam while valve C closes. While
maneouvring, the turbine may be at reduced or full power
without any hand adjustment of gland steam pressure being
required, except perhaps the needle valve between 4 and B,
which is used for damping purposes only, i.e., to prevent
hunting.

THE TURBINE CASING

The general construction of an impulse turbine casing may be
seen in Figures 3.24 and 3.25 which show respectively a fore
and aft section through a complete H.P. and L.P. ahead and
astern turbine. The casing is made in four main parts:

1. The Bottom Half. If all nozzles are contained in the top,
the bottom half is subjected only to steam at the wheelcase
pressure and temperature, and is therefore of cast iron. The
bottom half in this case extends from end to end and, reading
from the forward end, contains the following sections (see
also Figures 3.26 and 3.27):

(a) the thrust bearing housing;

(b) the forward journal bearing housing;

(c) the forward gland housing;

(d) the ahead turbine casing proper;

(e) the ahead exhaust belt;

(f) the astern turbine casing and exhaust belt;
(g) the aft gland housing;

(h) the aft journal bearing housing;

(i) the flexible coupling housing.

2. The Ahead Nozzle Box, which contains all the ahead
nozzles, and is therefore subjected to steam at the boiler pres-
sure and temperature. It is, in consequence, made of cast steel.

8. Turbine Casing Cover, which is not subjected to H.P.,
high-temperature steam, and is therefore of cast iron.
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Figure 3.26 H.P. ahead and astern turbine casing, bottom half, with rotor removed
showing the bearing housings, the gland pockets, with diaphragms and diaphragm
glands. Note the windage hoods in the bottom half, and the diaphragm between
ahead and astern sections. The top half lifting guide pillars are in position

Figure 3.27 H.P. turbine opened up; locking from aft end. The guide pillars and
supporting columns for the top half are in position
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4. The Astern Nozzle Box of cast steel, similar to the
ahead nozzle box.

Items 2, 3 and 4 when bolted together at the vertical joints
X and Y (Figure 3.24) may be regarded as the top half of the
turbine casing.

All the stationary parts of a steam turbine, i.e., the casing,
diaphragms, gland sleeves, etc., are split at the horizontal
joint throughout the length. This enables the top half to be
lifted completely clear of the bottom half and rotor (Figure
3.27).

When the top and bottom halves are bolted together at the
horizontal joint, the various compartments in each half
correspond.

Housings of thrust and journal bearings

In the illustration (Figure 3.24) a separate combined cover is
fitted to the thrust and journal bearings at the forward end,
and to the journal bearing and flexible coupling at the aft end.
Separate covers are also fitted to the gland housings at each
end.

The bearings, thrust block, glands and flexible coupling
may therefore be opened up without disturbing the heavy
turbine casing proper.

At the forward end, the thrust-bearing housing is bored to
cylindrical form to receive the retaining rings and thrust pads.
Holes are drilled through into the housing to conduct oil to
the pads from the forced-lubrication supply. Oil passes over
the thrust surfaces, drains into the bottom of the turbine
casing and thence to the pump and cooler, for recirculation.

The thrust- and journal-bearing cover is provided with in-
spection plug, thermometer boss for oil temperature leaving
bearing and a restriction plug to ensure that the oil pressure is
maintained in way of the thrust collar.

The journal-bearing housing is also bored to cylindrical
form to receive the bushes. Oil enters through a hole cast in
the frame and passes into the oil belt surrounding the bush.
The oil passes into the journal through slots in the brass,
spreads along the shaft and drains to the bottom of the casing
over the ends of the bush. A brass oil-scraper cleans oil off
the shaft.

The forward end of the bottom half of the turbine casing
rests on the turbine seating, the latter being part of the ship’s
structure. The turbine is not rigidly bolted to the seating here,
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Figure 3.28 Sliding foot

but is held down by clamps forming a sliding foot (Figure
3.28) to allow for expansion.

A cavity is formed in the bottom half between the journal-
bearing housing and the gland housing, by means of which oil
escaping from the former and water escaping from the latter
are conducted to the bilge.

A connection leads steam to or from the gland pocket,
depending on the gland steam system.

Nozzles

Ahead steam enters the steam belt and passes through the
nozzle control valve(s) to the nozzle box(es) and thence to
the first-stage nozzles. The latter are formed in bronze or steel
nozzle plates, bolted to the nozzle box. The nozzles may be
machined from the solid, or they may be formed by casting
steel partition plates into the nozzle plate casting.

NOZZLE
CONTROL
VALVES

STEAM

Figure 3.29 Nozzle grouping BOX
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In the present instance, the nozzles are divided into four
groups with nozzle control valves as shown, each nozzle group
having its own nozzle plate (Figure 3.29).

To minimise pumping and windage losses, that part of the
blade annulus not covered by nozzles is screened by a hood.
This hood takes the place of the fixed blades and their carrier
ring.

Metals used

Not only do turbine materials have to withstand the stresses
due to pressure and centrifugal force, but have to be suitable
to withstand high temperatures. This is particularly important
at the high-pressure end, where, in modern designs, pressures
up to 60.0-70.0 bar and temperatures up to 480.0-535.0°C
are now commonplace.

The application of the reheat cycle means that the I.P.
turbine too could be subjected to similar temperatures at its
high-pressure end. Pressures and temperatures in L.P. turbines
are quite low, and generally do not require the use of special
materials.

Formerly, cast iron was used for the stationary parts of
steam turbines up to temperatures of 230.0°C, but its use has
now become very limited, even in this temperature range, and
in most modern designs has been replaced by fabricated steel.

Plain carbon steels may be used up to 400.0 or 425.0°C
and may be of the electric furnace or acid open-hearth types,
having carbon content not more than 0.25 per cent and
manganese content not more than 0.9 per cent. Above 400.0-
425.0°C, the phenomenon of creep is encountered, necessitat-
ing the use of special steels. Creep is a permanent plastic
deformation which occurs when the material is under stress
at high temperatures, and a creep-resisting material must
meet the following requirement: the stress which will produce
a creep deformation of 0.1 per cent in 100,000 working
hours at 510° C must be not less than 4.65 kN/cm?.

Thus, above 400.0°C molybdenum steel is used, and for
temperatures of 480.0-510.0°C and above, molybdenum-
vanadium steel is used, giving further improvement in creep
properties. An average molybdenum steel has a composition:
carbon 0.35 per cent max., silicon 0.25 per cent max.,
manganese 0.5-0.8 per cent, sulphur 0.04 per cent max.,
phosphorus 0.04 per cent max., molybdenum 0.5 per cent
min., nickel 0.5 per cent max., chromium 0.5 per cent max.
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An average chrome-molybdenum steel has a composition:
carbon 0.2-0.35 per cent, chromium 2.8-3.5 per cent, molyb-
denum 0.45-0.8 per cent, nickel 0.5 per cent max., mangan-
ese 0.4-0.7 per cent, silicon 0.35 per cent max., sulphur 0.04
per cent max., phosphorus 0.04 per cent max. The creep-
resisting properties of this steel are superior to those of
molybdenum steel.

Diaphragms

The ahead turbine casing proper is bored to cylindrical form
and stepped to receive the diaphragms. The latter consist of
circular, cast-iron plates with a central circular hole through
which the shaft passes. The periphery of the diaphragm fits
into the grooves in the casing and has a ring of nozzles cast
in (Figures 3.30 and 3.31).

The central role in the diaphragm is fitted with fins form-
ing a diaphragm gland designed to reduce steam escaping
from one stage to the next without passing through the noz-
zles and doing work on the blades. Two types of diaphragm
gland are shown in Figure 3.32. Note that the H.P. turbine is
fitted with a diaphragm between the ahead and astern stages
(Figure 3.33) to prevent H.P. ahead exhaust steam passing to
the L.P. astern turbine.

Figure 3.30 Typical half diaphragms, showing cast-in nozzle division plates, and
diaphragm gland fins
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Figure 3.31 H.P. ahead turbine casing, part view of top half, showing three
diaphragms in position with their locking screws. Each diaphragm is hooded in
way of the rotor blades to minimise dead spaces and windage losses. Note the
labyrinth fins in the diaphragm glands

Drain holes are provided at the bottom of any pockets in
which water might lodge.

The aft end of the turbine casing is rigidly fixed to the gear-
case bracket. The turbine casings are provided with the neces-
sary branches to permit the H.P. turbine to exhaust direct to
the condenser or the L.P. turbine to receive steam at reduced
pressure from the main stop valve in case of emergency.

In the latter case, the Aspinall governor is taken off the
H.P. and fitted to the L.P. turbine.
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Figure 3.32 Diaphragm glands for impulse turbines
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Reaction tubing casings

While the foregoing remarks apply directly to the impulse
turbines shown in Figures 3.24, 3.25 and 3.34, a reaction
turbine casing is generally similar, but with rows of fixed
blades instead of diaphragms and nozzles and with suitable
modifications to accommodate dummies, etc. Figures 3.35
and 3.36 illustrate all-reaction H.P. and L.P. turbines with
stepped casings such as might be fitted in an average cargo
steamer.

Figure 3.37 illustrates an impulse-reaction H.P. turbine and
Figure 3.38 a modern double-flow L.P. turbine with coned
casing and drum rotor.

Figures 3.35-3.38 arc taken from papers read to the Insti-
tue of Marine Engineers by S. S. Cook, F.R.S., and S. A.
Smith, M.Sc.(Eng.). They are reproduced here by kind per-
mission of the Institute.
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Figure 3.35 All-reaction H.P. turbine
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Figure 3.36 All-reaction L.P. turbine
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Figure 3.37 Impulse-reaction H.P. turbine

Figure 3.38 Double-flow L.P. turbine

Turbine casing, pipes and valve-chest drainage

In earlier steam turbines the H.P. drain, while manoeuvring,
could be opened to the tank top just as with reciprocating
engines. The purpose now in using steam traps for taking the
water away to gland-steam condensers, the main feed tank
and the condenser is to retain as much heat as possible to
prevent loss of boiler water and to avoid excessive rise of
temperature in the engine-room, which would occur if super-
heated steam was released to the tank top.

It must never be possible for feed water to be sucked back
into the turbine casing, and for this reason non-return valves
and pipe loops are used.

Figure 3.39 shows the drainage lay-out and Figure 3.40
shows detail of the L.P. lower casing of a 5968 kW three-
cylinder turbine installation.
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Double-casing turbines

In a paper by E. L. Denny, B.Sc., read to the Institution of
Mechanical Engineers on Machinery for Cross-channel Passen-
ger Ships, the author gives for these ships: average full-power
steaming per year, 1000 hours (i.e., little more than forty
days); average full-power steaming per voyage, four hours.
Obviously, the conditions are very different from the
ordinary cargo-ship, and with short runs of from two to six
hours the turbine will spend a very small proportion of its
useful life under steady temperature conditions. A robust
simple turbine is obviously required, and the answer has been

found in the single-cylinder, double-casing impulse turbine
(Figure 3.41).
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Figure 3.41 Basic plan of single-cylinder double-casing impulse turbine

It consists of a casing within a casing, the outer casing only
having end-glands, so that the exhaust steam from the inner
casing surrounds the inner casing and is confined by the outer
casing.

In this way the outer casing temperature is always very
slightly above the engine-room temperature and the casing
does not require to be lagged. It may be constructed of weld-
ed mild steel.

Mr. Denny lists the following advantages:

Lower first cost than ordinary design.
Easy to inspect and maintain.
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It has no cross-over pipes to produce heavy thrusts on
the turbine.

A short time is required for warming through, and it can
be shut down quickly.

Easy to operate for rapid manoeuvring.

The gland control requires only one setting for all powers
of operation, as the glands are under sub-atmospheric
pressure at all times.

Having the outer casing at sub-atmospheric pressure eliminates
radiation loss under full power, as the casing temperature is
the same as the saturation temperature of the exhaust
steam. This also leads to a cool engine room.

Figure 3.42 Double-casing H.P. turbine

Figure 3.42 illustrates a double-casing turbine made by GEC
Turbine Generators Ltd., Rugby, by whose courtesy it is
included in this chapter. It clearly shows the sliding feet
supports of the inner casing within the outer casing.

Figure 3.43 is a simplified sketch made from a drawing of
a marine double-casing turbine supplied by the same company.
The arrangement will be found interesting, with two astern
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Figure 3.43 Double casing marine L.P. turbine

turbines, but the main purpose of the sketch is to show how
the inner casing, which is supported by feet resting on the
outer casing, is free to expand in relation to the astern steam
inlet pipes, inlet-pipe for ahead steam and the outer casing.

EXPANSION ALLOWANCE IN ROTOR AND CASING

In all turbines allowance must be made for free expansion of
rotor and casing, for both expand and contract with varying
temperature.

The rotor is positioned by the thrust collar, usually placed
at the forward end, and any expansion of the metal must
take place from that collar towards the stern, i.e., towards
the gearing.

Flexible coupling

If the rotor spindle was directly connected to the pinion, a
heavy end load would be put on the helical teeth, because
they, in turn, are kept in their position by the main thrust
bearing on the intermediate propeller shafting. Complete free-
dom of movement in a longitudinal direction is afforded by
fitting a flexible coupling, usually of the claw type (Figure
3.44). This coupling is not intended to make accurate align-
ments of the rotor spindle and pinion unnecessary, although
any effect of mis-alignment may be minimised by its presence.
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Figure 3.44 Flexible coupling, claw type

Its function is much the same as that of the ordinary muff
coupling. The muff in this case has about twelve inwardly
projecting teeth at each end, and it is made in two or three
pieces with circumferential flanges securely bolted together.
This is done for convenience in removal.

A boss with outwardly projecting teeth is secured to the
turbine spindle end, the spindle being tapered and keyed to
suit the boss, which is held in position by a large nut. A simi-
lar boss is fitted to the pinion spindle, the teeth engaging the
teeth in the muff with a small working clearance of about
0.25 mm. The fore-and-aft movement permitted is about
9.5 mm. These claws take the full torque while running, and
to avoid excessive wear they must be lubricated. This is
generally accomplished by catching some oil coming from the
main bearing and pinion bearing by a ring secured to the
coupling. Centrifugal force carries the oil through the spaces
between the teeth and projects it through small holes in the
muff to drain away with the rest of the lubricating oil.

Sliding feet

The after flange of the turbine casing is secured to the seat-
ing, which may be a projection from the forward end of the
gearcasc. The forward end of the casing is made free to ex-
pand longitudinally by fitting sliding feet or some flexible
fitting, which will allow end movement but no vertical or
thwartship play. Sliding feet are similar to the guide-and-shoe
arrangement for single guides in a reciprocating engine, as
seen from Figure 3.28. Again, provision must be made for
lubrication. A turbine casing was once fractured because the
lubrication of the sliding feet had been neglected. They
became firmly held with rust, preventing end movement and
thereby putting a heavy stress on the casing.
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A tell-tale pointer is sometimes fitted at the sliding feet to
indicate the relative movement between the casing and the
seating. The position of the pointer is used as a guide to the
thorough warming up of the turbine before starting.

Gauging internal clearances

The relative longitudinal position of rotor and casing is of
great importance because of the finer clearances, such as
dummy clearance and tip clearance in an end-tightened
arrangement of reaction turbines. The problem is to gauge
the internal clearances without actually seeing them. This is
done by pulling the rotor forward against the rings in question,
preferably while the turbine is opened up in the first instance.
The position of some mark on the rotor spindle, external to
the casing, is then noted. The rotor is now moved endways
until the dummy clearance is as required (about 0.5 mm)
when the external mark is gauged relative to some fixed point
on the turbine casing. When the turbine is assembled, the
clearance, as indicated from these two marks, will also be the
internal clearance.

The simplest arrangement is to have a machined collar on
the spindle and a finger plate secured to the casting at the gap
between the main bearing and the gland at the forward end.
When the rotor is pulled hard up against the dummy rings,
the clearance, taken with feelers, between the finger plate
and the collar, may be 0.65 mm. When the rotor has been run
back so that the feelers show a clearance of 1.15 mm, we
know that inside the turbine the clearance at the dummy
rings is as required. This method is not very convenient for
gauging while the turbine is running.

Poker gauge

A poker gauge, i.e. a small-diameter rod with a collar at its
end, is used by some makers. It may pass through the turbine
casing, having a gland to keep it steam-tight, at a point where
it can engage with the end of the dummy piston. As before,
when the rotor is drawn forward, the clearance between the
collar of the poker gauge and the casing is noted with feelers.
The rotor is runback until the clearance, measured externally,
shows that the internal clearance is 0.5 mm.

Naturally, the nearer to the internal clearance point that
the external reading is taken, the more accurate will be the
reading. The types mentioned have that advantage.
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Some makers take the reading from the forward end of the
rotor spindle, using a graduated wedge to take the clearance.
This is most convenient, and in many shipping companies it is
usual practice to record or log the dummy clearance each
watch at sea.

LUBRICATING-OIL SYSTEM

All marine steam-turbine bearings, including the gearwheel
and pinion bearings and teeth, are lubricated by oil under
pressure.

A drain tank or sump in the double bottom of the ship
contains about 2.25 m?® gallons of lubricating oil. It is fitted
with a float gauge, i.e., a float in the tank with a long rod
attached which projects upwards into a slotted pipe. In the
slot, a pointer, attached to the end of the rod, indicates to
the engineer on watch, at a glance, how much oil is in the
sump. There is also an air-vent pipe.

The lubricating-oil pumps—which are in duplicate, and are
usually operated one at a time, the other being held as spare—
draw the oil from the sump through a magnetic strainer and
discharge it at about 2.75 bar. An air vessel on the discharge
line prevents shocks (Figure 3.45). The oil then passes from
the pump, through a tubular cooler in which sea-water passes
through the tubes and the oil over the outer surface of the
tubes. There are two coolers so that one can be in use while
the other is being cleaned, or both may be required for cool-
ing in hot climates where the sea temperature is high, 30.0°C
or more. Another occasion on which both may be required is
when the cooler tubes have become dirty.

Gravity tank

From the coolers, the oil is discharged to a gravity tank at the
top of the engine-room. There are two gravity tanks, each
capable of holding about 2.25 m3. The oil enters at the top,
and leaves through a valve in the bottom of the tank. The
tanks also have pipe connections for filling from deck; for
drainage of the contents to a dirty oil tank; vent pipes of the
goose-neck type, with copper gauze covering the open end,
and a float arrangement which operates a level indicator out-
side the tank as well as making contact with an electrical
warning signal when the oil level falls to about half-way down
the tank.
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Distribution

From the gravity tank, the oil falls by gravity (hence the
name) to the distribution headers supplying the main bear-
ings and gearing. The oil pipes vary in size, becoming smaller
according to a reduction in flow required. The individual
pipes to the bearings have shut-off valves and generally also
some sort of flow indicator, operated by the flow of the oil
acting on an impeller, the rotation of which is made visible
through a glass and showing without doubt whether oil is
flowing or not. It is the flow which is required, not pressure
only.

On top of each bearing a pipe with a small cock attached is
used to let air escape when priming and to test for flow or
sample the oil. The oil enters the side or bottom of the bear-
ings and passes out of each end to fall into a small sump and
leaves by a pipe to join a return to the main drain tank. The
overflow pipe has a sight glass about floor-plate level, and the
speed of the lubricating-oil pump is regulated to allow a small
overflow while the turbines are running at sea.

For a medium-sized vessel the quantity of oil in the system,
including pipes, drain tank and gravity tank is from 4.5 to
9.0 m3. The reserve tank may hold about 13.5 m?®. The make-
up required due to vaporization and loss at the bearings varies
a great deal, depending on the quality of the oil. A very good
unit may require only 4.5 litres per day make-up, while others,
using oil which is forming sludge, may require 25.0 litres or
more per day.

Separator

An oil separator or centrifuge is incorporated in the system,
receiving oil from the gravity tank and returning it, cleaned
and with water removed, to the main drain tank. Three small-
bore pipes from top, middle and bottom positions in the
gravity tanks are led to small jets on a gauge board at the
starting platform. These jets should show a steady flow while
the pumps are running. Any water in the oil has the effect of
breaking the continuity of the flow, the effect being so
obvious that it may be used as a guide to the amount of
water present in the oiling system. When the water content is
excessive, the centrifuge is started up and kept running for a
day or more until the flow from the jets is normal again.
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Procedure at a terminal port

It is usual at a terminal port to shut the outlet to the turbine
and gearing bearings from the gravity tank and open the valve
to the dirty oil tank. The pumps are started up, and all the
oil is discharged to the dirty ozl tank. While the settling tanks
are emptying, the external-level indicator should be checked
and also the electric low-level alarm. While the main drain
tank is empty it may be examined for signs of rust which
forms on the steel plates due to the water present. This rust
must be removed, as it may dislodge and be carried round the
system to the bearings. Sludge lying in the bottom of the
drain tank should be removed at the same time.

The lubricating-oil supply should be maintained while a
turbine is cooling down. If the flow is stopped too quickly
there is a danger of a varnish-like film being left on the bear-
ing surface. The pump is generally kept running for three to
four hours after finished with engines. On the other hand,
while running, the temperature of the oil to the bearings
should not be allowed to get too low. At low temperatures
the oil becomes viscous and the rate of flow is reduced so
that a bearing may become overheated and the white metal
may run. A minimum of 24.0°C is common for the oil supply
to the bearings. The pressure at the bearings is about 1.7 bar.

SAFETY DEVICES

The turbine rotor runs at high speed. Heat is transmitted by
conduction from the steam along the spindle. The spindle in
way of the bearing is therefore hot. It follows that any failure
in the supply of lubricating oil (which must cool as well as
lubricate) will be serious. It is usual for this reason to have
some sort of device to give the alarm in case of failure and a
valve which automatically shuts off the steam supply to the
turbine.

Bulkhead stop valve

This valve is called the bulkhead stop valve and is situated
between the boiler stop valve and the manoeuvring valves. In
its simplest form it consists of a valve attached to a spindle,
at the other end of which is a piston in a separate cylinder.
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The piston is not intended to be steam-tight; it must allow
steam to leak slowly past it. A small pipe connects the steam-
supply side of the valve to the back of the piston.

In this pipe is a valve which is kept closed by the pressure
of the lubricating oil on a small piston (Figure 3.46). There-
fore, as long as there is sufficient oil pressure to keep the
small valve closed, no steam can get to the back of the piston,
so that when the regulating screw has been moved back and
released the valve, steam flows past the valve to the turbine.

EXHAUST TO
CONTROL VALVE, ORAIN OR CONDENSER 7o
CONN.FROM T-HANDLE ()
UNDERSIDE OF ‘\J ‘
EMERGENCY RELAY VALVE SPRING SET
SELF -CLOSING AT DESIREQ CUTTING OUT |
VALVE PISTON PRESSURE WATER DRAIN
RELAY VALVE SPINDLE ik
OIL CYLINDER _—
PISTON
TESTING LEVER 1 ?
OIL CYLINDER PIN [E) AR PLUG
DRIP TRAY _

DIRAlN FROM PISTON

CONNECTION TO
PRESSURE GAUGE CHAMBER TO TRAY

TO OILRETURN SYSTEM —

OiL FROM GOVERNOR

Figure 3.46 Oil operating cylinders (Cockburns Ltd.)

The principle of operation is that of a needle valve held in the shut position by
otl pressure on the cylinder piston. In the event of the oil pressure failing, the
needles valve opens under the steam pressure to allow the steam to exhaust from
the emergency valve piston. The relay valve on the oil cylinder is of the spring-
loaded type, and can be set to lift at any required pressure. When the oil pressure
in the forced-lubrication system fails, the relay valve operates and thus restricsts
the passage of oil to the piston, the oil in the oil cylinder being discharged to the
return system

Should the oil pressure fail, steam passes along the small pipe
to the back of the piston, which is of sufficient area to give a
force in excess of the steam load tending to open the valve.
The valve therefore closes. It is also arranged that the valve
will close when the turbine speed is excessive.

The bulkhead stop valve is made by Cockburns, Ltd.,
and the governing and emergency controls by Aspinall’s
Patent Governor Co.

Turbines are now also stopped if the rotor moves endways
because of failure of the white metal in the thrust pads or if
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there is a serious increase of condenser pressure. When fittings
for these duties are incorporated, the operation of the bulk-
head stop valve is not as explained above.

In another type of Cockburn bulkhead stop valve (Figure
3.47) the back of the piston is opened to boiler steam pressure
through a passage in the valve-chest casting. A supply valve in
this passage is controlled by a lever, one end of which is
engaged by a collar on the end of the regulating screw as that
screw is moved to open the bulkhead stop valve. The supply
valve is pushed inwards, and steam is admitted to the back of
the valve. The first effect of this is to prevent the valve open-
ing too quickly. A ball valve in the passage also prevents the
return of steam and gives sufficient cushioning to ensure the
gradual opening of the valve.

SUPPLY LEVER SUPPLY VALVE  PISTON  BALL VALVE

REGULATING SCREW HEXNUT
TEE HANDLE -
INLET
1
— d ]
CROSSHEAD
GLAND
COVER N
EXHAUST FROM UNDERSIDE OF -
PISTON TO OIL CYLINDER OPERATED DRAIN CONNECTION

CONTROL VALVE

Figure 3.47 Valve opening against boiler steam (Cockburns Ltd.)

On moving back the regulating screw the collar on this screw has an inclined
plane action on the supply valve lever, thus opening the supply valve which in
turn admits steam to the piston. The accumulated steam applied to the top of
this piston then leaks past the piston-rings and the valve opens.

As steam leaks past the piston, it reaches the control valve,
which is closed when there is sufficient lubricating-oil pres-
sure. Steam pressure therefore builds up on this side of the
piston until it balances the load on the other side. The bulk-
head valve is now free to open.

Should the oil pressure drop, the control valve opens and
allows steam on the underside of the piston to escape to
atmosphere. The steam load on the back of the piston now
closes the valve sharply. Steam is, therefore, normally on
both sides of the piston when the turbine is running, and if
the underside steam is released to atmosphere, the valve shuts.
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Condenser pressure control

The arrangement is most suitable for adapting to a condenser
high pressure control and a deck control. The condenser con-
trol consists of a diaphragm in a casing, the top of which is
connected by a pipe to the condenser (Figure 3.48). By suit-
able linkage, the absence of pressure on the top of the
diaphragm keeps the valve closed. Increased condenser
pressure acting on top of the diaphragm causes the valve to
open and release the steam pressure on the underside of the
bulkhead-valve piston as before. As shown in Figure 3.48, the
turbines may be stopped from deck by simply opening a cock.

CONNECTION TO AIR COCK
AT DECK AND CONDENSER
TOP :

DIAPHRAGM LOADING
SPRING

GAGGING GEAR TO
SECURE VALVE OPEN OR
SHUT,REMOVE PIN AND

TURN HANDLE UP OR DOWN

MAIN VALVE SPRING

SUPPORTING
BRACKET
STEAM CONTROL VALVE

Figure 3.48 Condenser high pressure control.

If the condenser pressure rises, the pressure of air, assisted by the disc-loading
spring, deflects the metallic disc, and moves the lever, thus opening the steam-
control valve. Steam is then allowed to exhaust from the underside of the emer-
gency valve piston, causing the main valve to close down. This unit can be set to
operate at a pre-determined pressure by adjusting the disc-loading spring.

By so doing, air pressure is allowed on top of the diaphragm,
opening the valve and closing the bulkhead valve. Atmospheric
pressure is quickly established in the condenser, and thus
helps to bring the turbines to rest quicker.

On the lubricating-oil side of the control system, there is a
valve at the level of the manoeuvring platform. By pulling a
lever this valve opens and releases the oil pressure, so closing
the bulkhead stop valve. It is useful to the engineer on watch

as a means of stopping the main turbines quickly (Figure
3.49).
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Figure 3.49 Hand emergency control.

This control is fitted for the purpose of operating the emergency valve from
the starting platform and from the deck, by means of the deck gear. An adjusting
device is fitted so that a desired pressure, emergency control may be effected at
any bearing, or at any point in the forced-lubrication control system. An adjust-
able orifice is provided on the discharge side of the hand control to limit the flow
of oil to the governors and oil cylinder and to effect a quicker emergency control.

Excessive speed

When the revolutions of the turbine exceed the normal maxi-
mum, due to racing or in the extreme case of a broken
propeller shaft or loss of a propeller, there is danger of com-
plete breakdown. To avoid this, a centrifugal governor is
fitted and arranged to close the bulkhead stop valve. The
governor is normally fitted to the end of the H.P. turbine
spindle.

In one type of Aspinall governor, two cylinders are arrang-
ed, bore in line, one on either side of the centre line. The end
faces are ground so that the two form a valve and are pressed
together by external springs. The outside surface of the
cylinders is in communication with the lubricating-oil supply,
while the inside is open to the oil return to the sump at
atmospheric pressure.

When the speed becomes excessive, the cylinders separate
due to centrifugal force and allow the oil to drain away,
reducing the pressure in the lubricating-oil pipe under the
oil-operating valve. This has the effect of closing the bulk-
head stop valve as described before.
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Figure 3.50 Emergency trip governor with fore-and-aft movement indicator and
control

The revolving head of this fitting is attached to the turbine rotor, the governor
valve being of one piece and held in position by a spring. The valve is slightly un-
balanced, and when the head is revolving, centrifugal force is set up which is
counter-balanced by the spring. As the speed of the turbine approaches the pre-
determined revolutions, the centrifugal force tends to overcome the spring load,
thereby addini further compression to the spring; on reaching full permitted
revolutions, the valve flies out, the catch spindle contacts the landing, thus
holding the valve in the ser position. As the oil now has a discharge area of
approximately ten times the area of the supply, the forced-lubrication pressure
is dropped and the main valve then closes down.

To reset the governor the catch spindle is pulled out, thus allowing the spring
to return the valve to place. In order to alter the cutting speed it is only neces-
sary to adjust the spring adjusting nut either up or down to raise or lower the
speed.

In addition, this governor also closes down the emergency system when any
excessive end movement of the turbine rotor takes place

The illustrations give details of the safety arrangements.
Note that the governor shown in Figures 3.50 and 3.51 and
described is of the unbalanced-piston type. A diagram of the
steam and governor connections is shown in Figure 3.52.

Cockburns 127 mm streamline parallel slide emergency
isolating valve for ahead turbine

The action of the valve is as follows:

1. Normal opening and closing by direct hand-wheel opera-
tion.
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Figure 3.51 Emergency trip governor with fore-and-aft movement indicator and
control, arranged for turbines with end-tightening gear

When the indicator is at the zero mark on the index, the control bush has a
pre-determined overlap on each face relative to the index bush. If and when wear
takes place on the turbine blocks, either in the fore and aft direction, the resultant
movement is shown by the indicator lever, this movement being in the ratio of 4
to 1 with the actual movement. When the movement exceeds the overlap, the oil
escapes, thus cutting out the system.

It should be noted that where end tightening is covered for in the governor,
the effecting of the contacts does not alter the setting of the control bush, as the
adjustment for both control and contact is synchronized.

If for any reason, the governor does not permit the index pointer to be brought
into position by the adjusting screw, this adjustment may be carried out by the
following simple procedure: the nut holding the control lever to the adjuster
spindle should be slackened back and the lever lifted clear of the saw toothed
serrations on this spindle. The spindle now clearing the control lever, the hand-
wheel adjusting screw can now be rotated without imparting this movement to
the other parts. When the adjusting screw nut has been moved sufficiently to give
free screw in the required direction, the control lever should be replaced on the
serrations and the nut hardened down. Any adjustment required to bring the
pointer to the zero position can then be carried out

2. Emergency Control.—The main valve will shut auto-
matically in the event of:

Overspeed

Axial movement of a main turbine rotor
Failure of lubricating oil pressure

Increase of condenser pressure

Operation of hand emergency control lever.

Details.—When the valve is open and closure is required,
owing to one of the above causes, steam is admitted to the



94 STEAM TURBINES

BULKHEAD STOP VALVE

| S
J " BOILER
——STEAM

spmphame_ Ll
E
STEAM STRAINER ™~

TURBINE .

CASING GOVERNOR REEeR 5
e

TURBINE

SPINDLE

l HAND CONTROL
OIL RELEASE — VALVE
TO SUMP

( éLUBRlCATING OIL LINE

Figure 3.52 Diagram of turbine steam and governor connections

operating cylinder (supplied from the control valve on the oil
operating cyclinder). Steam pressure then acting on the piston
and its rod, attached to the emergency lever, pushes the lever
over from open to shut position. An inclined plane on the
emergency lever now comes in contact with the release-valve
rod, thus opening the release valve and exhausting steam
pressure from the underside of the main valve piston. The
out-of-balance steam load now being on top of the piston
and the catches on the screwed sleeve having been released
from the catches on the emergency lever, the slecve is free
and, with the spindle, slides down a key in the dash-pot
closing the valve.

In order to bring the gear back to normal position the
hand-wheel is rotated in the direction to shut.

Details of the isolating valve are shown in Figures 3.53 and
3.54).

STEAM SUPPLY TO TURBINE

Steam is brought to the turbine through a steel pipe now
generally of all-welded construction. Terminal flanges, where
fitted, are also welded to the pipe. The pipe is bent to a large



STEAM TURBINES 95

VALVE LID__]

VALVE . CHEST
SEAT
PISTON I L
. COVER AND
LINER PISTON CHAMBER
2
3 vawveT e
SPINDLE
1% |

C"'\AL'\TE BY-PASS VALVE

HANDWHEEL ~CONNECTIONS

AN PLAN VIEW OF CLUTCH

AND STEAM OPERATING
CYLINDER

STEAM SUPPLY CONNECTION
TO EMERGENCY CONTROLS

SKETCH SHOWING ARRANGEMENT
OF BRANCHES

Figure 3.53 Details of the Cockburn parallel-slide, ahead turbine emergency and
isolating valve

radius so that it can expand and contract without exerting
force on the turbine which would distort the casing.
Interposed between the bulkhead stop valve and the man-
oeuvring valves is a steam-strainer (Figure 3.55), the purpose
of which is to catch scale which might be carried over {from
the superheater elements of the boiler, and any loose object,
such as a nut, which would damage the turbine. One form of
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Figure 3.55 Turbine steam-strainers

()

steam-strainer consists of a cylindrical, cast-steel frame on
which is secured a steel plate perforated with 5.0 mm holes
(Figure 3.55a). Another arrangement consists of a number of
flat steel, perforated plates secured together by bolts with
distance pieces between the plates (Figure 3.55b).

In case of complete breakdown of either H.P. or L.P. tur-
bine it is usual to provide steam- and exhaust-pipe connections
to allow either H.P. or L.P. to run as a single-cylinder turbine,
enabling the ship to proceed at reduced speed. Figure 3.56
shows the arrangement of emergency steam and exhaust.

Figure 3.57 shows a useful diagrammatic arrangement of a
geared-turbine installation, illustrating most of the foregoing
points.

EXAMPLES OF MODERN MARINE STEAM TURBINES

Figure 3.58 shows a cut-away view of a single cylinder turbine
together with its condenser and reduction gear, and Figure
3.59 shows a sectional arrangement of the turbine. The tur-
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Figure 3.57 Diagrammatic arrangement of gear turbine installation

bine develops 13 000 kW at 86.7 rev/s with steam conditions
59.7 bar, 504.0°C and condenser pressure 0.05 bar. The
propeller speed is 2.0 rev/s. This installation was designed and
manufactured by the Industrial and Marine Steam Turbine
Division of Messrs G.E.C. Turbine Generators Ltd, Manchester,
by whose courtesy it is illustrated and described below.

The ahead turbine has fourteen single-row pressure stages
and the astern turbine has one two-row Curtis stage followed
by one single-row pressure stage. At the H.P. ahead end, the
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Figure 3.58 Part cut-away view of 13 000 kW single-cylinder geared turbine and
condenser

= U Py
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Figure 3.59 Sectional arrangement of 13 000 kW single-cylinder turbine

blading is of the impulse type with a moderate degree of
reaction, the reaction gradually increasing towards the exhaust
end, so that in the latter stages, the blading is in the reaction
class. The blades subjected to the highest temperatures are of
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molybdenum vanadium rustless steel and the remainder are
of stainless steel. With the exception of the last or last two
stages, all blades are shrouded to minimise leakage losses. The
last stage blades are fitted with stellite shields to minimise
erosion by the wet steam. The shields are attached to the
blades by brazing, or more recently, by electron beam weld-
ing. All blades are carefully designed to avoid any serious
vibration, and the long blades of the last stage are laced with
wire to provide safe vibration characteristics.

Both the ahead and astern first stage nozzles are of molyb-
denum vanadium steel, and are welded into annular segments
which are fitted into nozzle boxes of similar material. The
separately cast nozzle boxes are welded into the ahead and
astern cylinders before heat treatment.

The diaphragms, other than those at the exhaust end, are
of welded construction. Those for the higher temperatures
are made entirely of molybdenum vanadium steel, while the
others have low-carbon stainless steel nozzle division plates
and spacer bands with mild steel rims and centres. The
diaphragms towards the exhaust end are of cast construction
with low-carbon rustless'steel nozzle division plates. Location
of the diaphragms and diaphragm carriers ensures alignment
co-axially with the cylinder, while providing ample radial
clearance for thermal expansion under all operating conditions.

The turbine rotor is a one-piece steel forging, the discs
being integral with the shaft. The turbine coupling and thrust
block are at the H.P. end which is located aft. Thermal ex-
pansion of the rotor is therefore in the forward direction,
which relieves the flexible coupling of any major expansion
effects. The major critical speed is well below the maximum
running speed, but above 50.0 per cent maximum speed. This
gives a well-proportioned rotor, having smooth running
characteristics and low gland losses.

Spring-backed shaft and diaphragm glands are used
throughout, as illustrated in Figure 3.60. The segmental gland
fins at the H.P. end are of 13.0 per cent chromium stainless
iron, but where the maximum working temperature does not
exceed 425.0°C they are machined from nickel leaded bronze.
This segmental design and material are now virtually standard
practice for marine turbines—they have been well-proven by
long experience. The gland segments are supported by light
leaf springs which maintain concentricity, but should contact
occur, they deflect and prevent damage to the shaft. On
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Figure 3.60 Construction of typical gland

starting up, all glands require to be steam-sealed, but with
increasing load, the H.P. glands cease to require sealing, and
will in fact leak steam back to the gland steam receiver, from
which it is used to seal the astern cylinder gland.
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The high pressure part of the turbine casing is of cast steel,
and the exhaust chamber and astern casing are fabricated
from boiler quality steel plate. The high pressure cylinder is
designed to ensure ease and quality of casting, and to avoid
any danger of thermal distortion in service, the diameter of
the horizontal joint bolts is kept to a minimum, and the use
of heavy flanges avoided, since these cause high thermal
stresses and distortion during heating and cooling.

The supporting arrangements are designed to maintain
internal alignment and so to ensure smooth running of the
machinery unaffected by the hull movements which take
place in service. Basically, the structure of the turbine—for an
underslung condenser—is as shown in Figure 3.61. The ahead
and astern cylinders are supported at their exhaust ends by
the vertical joints, and at their steam ends at the horizontal
joint by supports which are built on to the exhaust casing
“legs”. The two longitudinal beams, to which the ahead and
astern vertical joints are rigidly secured form the main strength
members, and as they are entirely surrounded by exhaust
steam, they are not subjected to temperature variation, and
therefore remain straight. The aft supporting feet of the
beams are fixed in the fore-and-aft direction. Lateral align-
ment is maintained by keys on the vertical centre line at the
forward end. This latter feature is illustrated very clearly in
Figure 3.58.

Provision is made on the turbine casing for up to four
bleeding points from which steam may be extracted for feed
heating. Steam deflector hoods are fitted between the last
ahead and last astern stages to minimise the windage loss of
the idle running stages.

The turbine thrust bearing is of the Michell tilting-pad type,
mounted in a spherical housing. The thrust collar is a separate
shrunk-on item with hardened and ground faces. The collar
to shaft shrink fit is designed to give a minimum interference
of 0.025 mm at maximum speed to prevent any risk of fret-
ting corrosion between the collar and shaft. Oil is introduced
to the centre of the bearing, and flows outwards over the
pads. The oil outlet is at the top of the bearing to ensure that
the pads are always submerged in oil. The journal bearings
have steel shells with white metal linings, and are mounted in
adjustable housings, so that alignment can if necessary be
adjusted in service.

The condenser is underslung and is placed axially i.e. with
the tubes parallel to the turbine rotor. It has two water flows
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and the shell is integral with the exhaust casing of the turbine.
The condenser is carried on spring feet which support its
mass and control the vertical forces due to thermal expansion.

SUPPORT FEET

FLEXING PLATES

VERTICAL JOINT FOR AHEAD
CYLINDER

SUPPORT FEET \ . MAIN SUPPORT BEAMS

Figure 3.61 Supporting structure for single-cylinder turbines and for the L.P.
turbine of cross-compound turbines

i
A

Figure 3.62 Two-cylinder cross-compound geared turbines with transverse under-
slung condenser
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The double-reduction gear is of the dual-tandem locked-
train type generally as described in Chapter 4, except of
course that there is only one primary pinion and only two
intermediate shafts.

Figure 3.62 shows a partly cut-away view of a two-cylinder
cross-compound turbine installation arranged with transverse
underslung condenser, and Figure 3.63 the same type of tur-
bines arranged with an “in-plane” condenser, i.e. condenser
located at the same level as, but forward of, the turbines.

These turbines, designed and manufactured by the Indust-
rial and Marine Steam Turbine Division of G.E.C. Turbine
Generators Ltd, Manchester, are in the power range 28 000
to 35000 kW with steam conditions 62.0 bar, 513.0°C and
condenser pressure 0.1-0.05 bar. The range of double-
reduction gears available enables a variation in propeller
speed from 1.333 to 2.333 rev/s to be accommodated.

Figure 3.63 Two-cylinder cross-compound geared turbines with ‘In-plane’condenser

Typical sectional arrangements of the H.P. and L.P. turbines
are shown in Figures 3.64 and 3.65 respectively. The features
of these turbines are generally similar to those already
described for the single-cylinder turbine, with the additional
points mentioned below which are relevant mainly to the dif-
ferent arrangements, and to developing technique.
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The H.P. turbine has eight, and the L.P. ahead turbine
seven single-row pressure stages. Compared with the single-
cylinder turbine therefore, not only is there an extra stage,
but the H.P. and L.P. turbines run at different speeds, which
gives more flexibility in choosing values of u/Cy commensur-
ate with higher efficiency (see Chapter 10). The cross-com-
pound arrangement is therefore more efficient than the
single-cylinder arrangement.

Following on the concept of higher efficiency, the detail
design of the stages includes some interesting features.

Figure 3.65 Sectional arrangement of L.P. turbine

Figure 3.66 Bull-nosed blades
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Increased use hasbeen made of “‘tear drop” or “bull-nosed”
blades as illustrated in Figure 3.66. This blade section, because
of its form at entry, is capable of accepting a wide range of
steam angles (6, in the velocity diagrams) without serious
increase of the blade loss. This, of course, is ideal for marine
turbines which have to operate at varying speeds. Also, the
generous cross-sectional area renders the blade more robust,
less prone to vibration, and makes possible the use of circular
section blade tangs for fastening the shrouding. The shroud-
ing material can then be jig-drilled, which is not only more
economic than the punching which would otherwise be
required, but with correct radiusing, it eliminates any risk of

Figure 3.67(a) Shrouding being fitted to astern element of a low
pressure monobloc rotor (G.E.C.)

residual stresses, work-hardening, or micro-cracking in the
shroud ring. Figure 3.67(a) shows an L.P. rotor of this type,
and clearly illustrates the shroudmg ring being fitted. All stages
except the last, or last two in the L.P. turbine are shrouded
to minimise leakage losses and so to contain the reaction.
Figure 3.67(b) shows the blades and labyrinth gland rings.

In Chapter 10, we show how the application of some re-
action to an impulse-type stage could materially increase the
diagram efficiency, provided that the degree of reaction does
not cause a large increase in thrust loss, and provided that the
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Figure 3.6 7(b) L.P. rotor block and labyrinth gland rings showing fin
form and backing spring (G.E.C.)

reaction pressure drops can be contained within the nozzles
and moving blades, i.e. any severe tip or root leakage can
completely nullify any theoretical gain in efficiency.

In the first four ahead stages of the L.P. turbine, where the
blade heights are still relatively small but the degree of re-
action is significantly increasing, radial tip seals have been
introduced in addition to the “‘end-tightened’ shroud ring, as
shown in Figure 3.68. The axial clearance between the sharp
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edge of the shroud ring and the face of the diaphragm is made
sufficiently large as not to impose any operation limitations
(on rapid power changes or ahead and astern running), and
the radial clearance of the secondary seal is set to a practical
minimum making due allowance for centrifugal blade stretch.
The radial sealing strips are of annealed and softened chrome
iron, and are caulked into carriers that are virtually integral
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Figure 3.69 H.P. turbine first stage nozzle plate arrangement
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with the diaphragm, thus minimising any differential expan-
sion effects. It is likely that the use of radial tip seals will, in
the future, be extended to H.P. turbine stages also.

The first stage nozzle box of the H.P. ahead turbine is
illustrated in Figure 3.69. It is designed to limit parasitic leak-
age losses although three separate nozzle box castings are
used to give flexibility and economy in operational power
requirements, i.e. three nozzle groups. Although the three
segments of nozzles facing the blades are fairly well isolated
from one another, the T-section nozzle plate gives virtually
860° cover of the moving blades on the disc. The nozzle plate
is made from one continuous ring which is split into three
segments. The segments are entered circumferentially into
the T-slots in the nozzle box castings, leaving circumferential
gaps between the segments to accommodate differential ex-
pansion. Parasitic leakage in the circumferential direction
between the T-section nozzle plate and the T-slot in the nozzle
box casting is greatly reduced by copper end seals let into
radial recesses in the T-slot, while the practically continuous
nozzle plate minimises tip leakage over the blades—two of the
major sources of loss in a stage having partial admission. The
convergent-divergent astern nozzles are shown in Figure 3.70.

THROAT OPENING=5.39 MEAN DIA=
1066 8
t
N |
T
64.262 PITCH
MEAN NOZZLE ANGLE =20° A NOLZE:EJIGHT
CIRCUMFERENTIAL SECTION AT MEAN DIAMETER NozaLE
SECTION ON AA

Figure 3.70 Convergent-divergent nozzles for astern Curtis stage

The last row of ahead blading is a most important factor in
any turbine design. Indeed it has been said that in all turbine
designs, the selection of proper staging begins at the exhaust
end! When dealing with steam turbine theory in Chapter 10,
we show how the large specific volume of the steam requires
a large area through the nozzle and blade passages. A large
area can be obtained only by a learge mean diameter and a
large blade height, which means increased centrifugal stress,
or by increasing the nozzle angle, which means reduced
efficiency. Equally important is the need for absolute certain-
ty that the vibration characteristics of the long last blades



110 STEAM TURBINES

will not produce any destructive resonances, and that any
vibration-excited stresses are sufficiently low as to prevent
excessive fatigue damage to the blade material. Marine tur-
bines have to be capable of running at various speeds, and
hence with various steam forces on the blades and this renders
the vibration aspect even more complicated. The blade root
fixing too has a profound influence on the integrity of the
last blades, and indeed of all blades.

The last L.P. stage of these turbines has a mean diameter
of 1613 mm and a blade height of 470.0 mm, and when
running at the maximum speed of 58.33 rev/s, the centrifugal
load on each blade root is of the order of 270.0 kN. Not only
must the blade root be capable of sustaining this load, but its
behaviour under load must be such that the design prediction
of the blade vibration characteristics will be achieved with
the blade in its actual running condition. The last blades have
multi-fork pinned roots which have excellent all-round
mechanical and vibration-damping characteristics. These
blade roots are shown in Figure 3.67.

An even more recent root fixing is shown in Figure 3.71,
which promises further improvement, particularly for long
last blades. The root is a curved, serrated fixing, approximately
following the blade form. It makes use of the optimum
amount of blade and disc material, and can be produced quite
readily on blades and on solid rotors by milling techniques.

In Chapter 10, mention is made of the need—particularly
in the long blades of the last or last few stages-—to ensure that
there is no radial flow of steam due to centrifugal force, and
that there is unifom mass flow of steam through the blade
passage at all sections between the root and the tip. The
design of these long blades is not therefore based on the
mean diameter, but on a series of diameters between root and
tip, taking into account the velocity diagrams, the centrifugal
force and the passage area. This results in the “twisted and
tapered” type of blades which are clearly seen in the last
stages in the illustrations. The design calculations are support-
ed by extensive testing, using aerodynamic techniques.

It is the last stage blades which suffer most from erosion
due to wet steam. The lower the exhaust pressure the greater
is the amount of water in the steam (see Chapter 9), and the
larger the mean diameter and blade height, the higher is the
blade tip velocity as the water droplets strike the blades, and
the more serious the erosion.
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Figure 3.71 Curved serrated root for long L.P. turbines

It is of particular interest that in these turbines, centre line
or near-centre line support is adopted. This feature on both
the H.P. and the L.P. turbines is shown very clearly in Figure
3.63. This principle eliminates undesirable moments being
imposed on the turbines, which could cause misalignment.
Referring to Figure 3.63, the L.P. turbine exhausts to the
condenser through twin trunks arranged to give complete
access to the L.P. forward bearing, and allowing the bearing
pedestal to be centre line supported in recesses machined
into palm supports built out from the ahead and astern
cylinders. The ship’s seatings extend right up to the turbine
cylinder palms, giving maximum support rigidity and free-
dom from moments and vibration.

Manbholes are provided on the top wall of each trunk which
allow practically ‘“‘walk in”"access to the L.P. cylinder exhaust
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and condenser, thus enabling thorough internal inspection to
be made without lifting the top half of the L.P. cylinder or
opening up the condenser shell access points.

The twin trunk entries to the condenser are adequately
designed to withstand the very considerable forces imposed
due to the sub-atmospheric condenser pressure, and to give
efficient steam coverage of the condenser tube surface while
sweeping the air and non-condensible gases towards the air
pump suction take-off. Each trunk is constructed in one
piece, and their strength enables the fore-and-aft anchor
point of the L.P. turbine and condenser assembly to be
located at the ship’s seating, shared by the aft end of the
condenser and the forward end of the L.P. forward bearing
pedestal. In this way, the thermal expansion of the condenser
and L.P. turbine are not additive, thus avoiding the problems
associated with excessive axial movement at the flexible
coupling.

Both the H.P. and L.P. turbines are self-contained and can
be transported and installed as units. The H.P. turbine ex-
haust pipe is balanced by a tied bellows piece arrangement so
that thrust loads from the cross-over exhaust pipe are entirely
climinated. Appropriate bleed belts are provided in both
turbine cylinders, the L.P. cylinder being so arranged that
bleed points can be selected from one or more than one of all
the ahead stages after the first.

The turbine control valve assembly is illustrated in Figure
3.72. It consists of an integral steam chest and strainer
mounted on substantial palm supports in such a manner as to
resist forces and moments imposed by the steam piping. The
steam inlet can be at either end of the strainer chamber (the
latter is at the back of the chest in the illustration), the other
end being access to the strainer. Steam flows outwards from
the centre, through the strainer and into a common chest
containing both the ahead and astern manoeuvring valves.
The steam outlet from the ahead manoeuvring valve passes to
the H.P. ahead turbine through three nozzle control points,
two of which have individual hand-operated shut-off valves.
With these three separate nozzle groups it is possible to select
and to operate at any one of four discrete powers without
throttling, or at any power from zero up to the maximum of
the selected group or groups with minimum throttling. The
maximum available powers are, typically as follows:
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Figure 3.72 Control valve assembly

Group 1 20136.5 kW
Groups 1+2 26 848.6 kW
Groups 1+3 29 831.8 kW
Groups 1+2+3 32810.8 kW

The principles of this combined throttling and nozzle con-
trol are explained in Chapter 10.

Steam from the astern manoeuvring valve passes through
an astern guardian valve before passing to the astern turbine.
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The astern guardian valve has an automatic open/shut opera-
tion, opening being initiated by the first opening movement
of the astern manoeuvring valve gear, and completed before
steam is passing through the astern manoeuvring valve.

The ahead manoeuvring valve is of the single-seated Venturi-
profile type with a pilot valve to reduce the out-of-balance
steam force on the valve at initial opening. The valve steam
path is designed to give a linear lift/flow characteristic. The
valve is opened hydraulically by oil at a pressure of 12.0 bar
supplied by an electric motor-driven positive displacement
pump; astandby pump is also provided. A trip piston provides
rapid closure of the valve when the trip cylinder is drained of
oil by the action of overspeed trip, high condenser pressure
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Figure 3.73 Typical section through obturated manoeuvring valve
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trip, low lubricating oil pressure trip, etc. A speed-sensitive
pilot valve operated by sensitive oil pressure partially closes
the valve if the turbine speed rises above any desired value.
This control can be preset to operate at any speed between
about 75.0 to 100.0 per cent. The manoeuvring valve control
gear has a cam-operated feedback to give an approximate
linear relationship between the movement of the controller
and the propeller speed.

The astern manoeuvring valve is similar to the ahead valve,
but without the speed-sensitive element and without the trip
valve mechanism.

The astern guardian valve also is a single-seated Venturi
valve, but without linear lift/flow characteristic. Opening is
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initiated from the astern manoeuvring valve, and as the
guardian valve has no feedback, it opens fully once initiated.
Figure 3.73 shows a typical section through the manoeuvring
valve. The valves are operated by a pneumatic or electric
positional control from a remote control system, alternatively
by a local handwheel directly connected to the hydraulic
pilot valve sleeve. A normally-locked hand gear is also pro-
vided, acting directly on the valve spindles, for emergency use
in the event of loss of electricity supply or failure of both
pumps. Referring to the control system in Figure 3.74, the
operation is as follows:

Ahead valve gear

With the manoeuvring valves closed, relay oil pressure avail-
able, and all the protective devices in the safe to run con-
dition, the trip piston is seated and the governor applies full
sensitive oil pressure to the receiver piston so that the pilot
valve is raised to its full lift position. In this condition the
manoeuvring valve remains closed until a control air signal is
applied to the linear pneumatic actuator. When the signal to
the ahead valve setting actuator increases above 1.22 bar the
actuator moves downwards and by means of levers pivoting
about an instantaneous fulcrum depresses the pilot valve
sleeve, admitting relay oil to the underside of the spring
loaded power piston. As the pressure under the power piston
builds up the piston lifts and raises the valve. As the valve
lifts a cam at the top of the spindle causes the linkage to lift
the sleeve to cancel the input signal and hold the valve at its
new lifted position. Further increase in the control air pres-
sure increases the valve lift and as the valve lift increases the
feedback movement reduces so that the amount of valve lift
for a given change in control signal increases.

Should the low bearing oil pressure trip or the solenoid trip
valve (which is operated by overspeed, high condenser pressure
etc.) operate, then the oil to the trip piston is put to drain and
the pressure of the relay oil under the main power piston lifts
the trip piston and dumps the oil from under the main piston
to the top of the piston, allowing rapid valve closure.

When the turbine speed approaches the desired control
band the sensitive oil pressure starts to fall progressively with
speed increase until the spring load on the sensitive oil piston
overcomes the oil pressure on the piston. The piston then
moves upward to achieve a new balanced position as the
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spring load is reduced, and this movement through a linkage
depresses the pilot valve and so allows oil to drain from under
the main power piston. The power piston moves down,
reducing the valve opening, and the cam gear causes the pilot
valve sleeve to move down until a new balanced position of
the pilot valve and sleeve is attained.

The spring load on the sensitive oil piston, and hence the
speed at which the turbine is controlled can be adjusted by
operation of the speed setting linear actuator operated by a

1.22 to 2.05 bar air signal.

Astern valve gear

A single pneumatic linear actuator controls the opening of
the astern manoeuvring and guardian valves. The ratio of
lever movements and the overlap of the pilot valves is so
arranged that initial movement of the pneumatic actuator
allows oil to flow to the astern guardian valve, and since this
valve has no feedback the valve opens to full lift. Further
increase in the control air signal will cause the pilot valve to
be depressed, admitting oil to the astern manoeuvring valve
power piston. As the astern valve lifts, the cam gear at the
top of the valve is arranged to lift the pilot valve to cancel the
input signal. As with the ahcad gear, the valve lift obtained
for a given change in control signal increases as the valve lift
increases, thereby giving accurate control at low powers.

Arrangement of turbines

Figures 3.75 and 3.76 shows several ways in which these
types of turbines may be arranged.

The single-cylinder arrangement has the advantages of
being smaller and less massive, lower initial cost, fewer rotat-
ing parts in both the turbine and the gearing suggesting
increased reliability and reduced maintenance. Reduced width
may be attractive for twin-screw or stern jobs. A possible dis-
advantage, at least in single-screw ships, is the need for
emergency ‘‘get home” power in the unlikely event of major
breakdown of the main turbine. This could be a small emer-
gency turbine driving through the aft end of the primary
pinion. The two-cylinder cross-compound arrangement how-
ever is more efficient, and with fuel economics as they are
now, there can be no doubt that the efficiency of the turbine
will have a much greater influence on the overall economics
than in the past. Indeed this aspect may even in some cases
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Figure 3.75 Comparison of alternative machinery arrangements

T (left) Single-cylinder with turbine with transverse underslung condenser

2 Tl (centre) Two-cylinder cross-compound turbines with transverse underslung condenser
(right) Two-clinder cross-compound turbines with transverse in-plane condenser
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Figure 3.76 Comparison between cross-compound and single-cylinder turbine
arrangements for twin-screw machinery of 14 920 kW/shaft at 2.0 rev/s

justify a three-cylinder cross-compound arrangement with or
without reheat, and having either separate H.P., I.P. and L.P.
turbines, or a combined H.P./L.P. turbine and an L.P. turbine.

Whether an axial or transverse underslung condenser, or an
in-plane condenser is used depends on the ship’s lines, the
location of the engine room in the ship, and whether length,
width or height is the more critical.

Tables 3.1 and 3.2 show the composition and physical
properties of the major components of the H.P. and L.P.
turbines.



Table 3.1 H.P. Turbine materials

021

Chemical properties Physical properties
Red Izod
0.2% of  impact 2
Components C Si  Mn P S Cr Ni Mo Va Cu Tensile proof Elongation area test Hardness %
kg/mm? kg/mm? % Gauge % Nm  Brinell %
Turbine casing 0.15 0.45 0.40 0.05 0.05 0.25 0.30 0.5 0.22 0.29 52 min. 31.5 14 L=5D — - - E
max. max. max. max. max. max. min.  min. 5
0.80 0.50 0.7 0.30 5
Nozzlesand 0.08 0.30 0.60 0.030 0.030 0.25 0.30 0.50 0.220.20 47 min. 31.5 Transverse
guide vanes max. max. max. max. max. min. min.  =15min. L=5D — - 131 min.
stages 2-4: 0.13 0.80 0.50 0.70 0.30 Longit-
H.P. udinal
20 min.
Guide vanes  0.08 0.50 0.50 0.03 0.03 12.0 0.5 44 min. - 20 min. L=5D — 123
stages 5-8 max. maxX. 1.00 max. max. 14.0 max. 55 max. 163
Nozzles plates 0.10 0.30 0.40 0.040 0.040 0.25 0.30 0.5 0.220.20 47 min. 31.5 15 trans  L=5D — 131 min.
diaphragms  0.15 max. 0.60 max. max. 0.50 max. 0.7 0.30 max. min. 20 long
2-4 min.




Diaphragms 0.20 0.30 1.50 0.045 0.050 0.40 0.40 0.40 39 20.5 22 min. L=5D
5-8 max. max. max. maxX. maX. maxX. max. max. 47 (yield)
Rotor 0.24 0.030 0.70 0.030 0.030 0.9 0.65 0.65 0.30 Long 71 55 16 L=5D
0.29 max. 0.90 max. max. 1.2 0.85 0.85 0.35Tang 71 55 14
Rad 71 55 14
Blades stage 1 0.07 0.60 0.30 0.035 0.035 11.5 1.0 0.4 0.10 Long) 79 min. 63 15 L=5D 48 min. 227
0.15> max. 1.00 max. max. 13.0 max. 0.8 0.25 Tang} 94 max. min. 15 270
Rad 79 15
max.
Blades stages 0.18 0.50 1.00 0.045 0.045 12.0 0.50 71 min. 55 18 min. L=5D 34.2 207
2-8 0.25 max. max. max. max. 14.0 max. 86 max.  min. min. 255
Labyrinth 008 1.0 10 0.05 0.05 11.5 0.5 0.15 0.40 20.5 217 max.
rings (highest max. max. max. max. max. 13.5 max. max. max. min.
temp. only)
Labyrinth Sn=1.5 - 2.0 Zn=17.5 -20.0 12.0 62.0 14.2 10.0 4
rings Pb=4.5 - 5.0 12.5 63.0 min. min.

SANIFINL WVILS
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Table 3.2 L.P. and astern turbine materials

Chemical properties Physical properties
Red Izod
0.2% of impact
Components C Si  Mn P S Cr Ni Mo Va Cu Tensile proof Elongation area test Hardness
kg/mm? kg/mm? % Gauge % Nm  Brinell

L.P. turbine 0.22 0.10 0.65 0.050 0.050 0.25 0.30 0.10 0.20 41 23.3 24 L=200
casing and max. max. 1.20 max. max. max. max. max. max. 50 min. min.
astern turbine (yield)
casing
L.P. turbine 0.20 0.30 1.5 0.045 0.050 0.40 0.4 0.4 39 20.5 22 L=5D
diaphragms  max. max. max. max. maxX. maX. max. max. 47 min. min.
stages 1-4 (yield)
Diaphragms 3.40 1.70 0.50 0.10 0.30 22
stages 5-7 3.60 2.00 0.70 0.12 0.50
and last astern
Nozzlesand 0.08 0.50 0.50 0.03 0.03 12.0 0.5 44 min. — 20 L=5D 123
guide vanes max. 1.00 max. max. 14.0 max. 55 max. min. 163
Rotor 0.25 0.30 0.50 0.025 0.025 1.0 2.25 0.50 0.05/ Long)78 min. Core 14 L=5D

0.35 max. 0.80 max. max. 1.8 3.00 0.70 0.15 Tang}gl max. 60 min. 12

Rad 63 min. 10

Blades 0.18 0.50 1.00 0.045 0.045 12.0 0.50 71 min. 55 min. 18 min. L=5D 34.2 207

0.25 max. max. max. max. 14.0 max. 86 max. min. 255
Last stage 0.08 0.60 0.40 0.030 0.030 11.0 2.0 1.0 0.05 94 min. 79 min. 12 min. L=5D 48 271
ahead blade  0.15 max. 1.00 max. max. 13.0 3.0 2.0 0.40 110 max. 321
Labyrinth Sn=1.5-2.0 12.0 62.0 14.2 min. 10.0 4
rings Zn=17.5 —20.0 12.5 63.0 min,

Pb=4.5 -5.0

63l
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Feed heating and auxiliaries

On the grounds that simplicity of operation and mainten-
ance is contributory to overall efficiency, these turbines have
only two L.P. surface feed heaters and one high-level direct-
contact deaerating heater—there are no H.P. heaters. Auxiliary
heat recoveries in the feed heating system are limited to gland
condenser, evaporator-distiller, boiler air preheater and
domestic steam-steam generator. The separate turbo-generator
can exhaust either to the main condenser or to an inter-
mediate stage of the main turbines, the latter mode of opera-
tion giving a very worthwhile gain in efficiency. A separate
auxiliary condenser, working at atmospheric pressure, is
provided for use when the main engines are not operating,
and in the case of tankers, the cargo oil pump turbines would
also exhaust to the auxiliary condenser. In the case of ships
not requiring auxiliary steam in port, e.g. container ships
with electrically-driven auxiliaries, diesel generators could be
provided as an alternative, for port working.

APPROACH TO AUTOMATIC CONTROL

Extensive instrumented testing of these types of turbine has
shown that they are quite capable of accepting the tempera-
ture variations associated with normal operation and normal
manoeuvring without distress or adverse effect on the smooth-
ness of operation. The tests have also shown that from the
vibration aspect, no undue sensitivity exists which would
place any limitation on normal operation.

When considering automatic control therefore, a turbine
supervisory scheme would be devised which will continuously
monitor certain critical readings, and in the event of one or
more of these becoming abnormal, will bring up a visual and
audible “first alarm” in time for appropriate corrective action
still to be effective. In the event that this corrective action is
not taken, then the control would bring up a second alarm
which also trips the combined control and emergency valve
and stops the machinery. Even if an alarm is accepted by a
responsible engineer, visual indication of the fault would
remain until it is located and cleared. This is particularly
important for unmanned engine rooms.
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Any turbine supervisory system must have at least these
major alarm and trip facilities:

1. Turbine overspeed

2. Low lubricating oil pressure
3. High condenser pressure

4. High condensate level

In addition, a cross-compound turbine unit should monitor
the following, and incorporate them into the turbine trip
system:

. H.P. turbine rotor eccentricity or rotor vibration
. L.P. turbine rotor eccentricity or rotor vibration
. H.P. turbine thrust wear

. L.P. turbine thrust wear

. H.P. turbine differential expansion

. L.P. turbine differential expansion

. Main thrust wear

O O Wl OO N =

Figure 3.77 shows a typical monitoring system for the
latter seven items.

Automatic turbine control is itself a large and complicated
subject, involving a thorough knowledge of highly specialised
equipment including electronic, electrical, pneumatic and
hydraulic devices, any extensive treatment of which is
beyond the scope of a book of the present nature.

It is hoped however that these brief notes will show the
principles as they apply to the turbines themselves, and will
at least identify the starting point and the ultimate object of
each item of protection.

The subject of automatic centralised control is dealt with
in considerably more detail in Marine Auxiliary Machinery, a
companion volume in this series.

Three-cylinder reheat turbines

Figures 3.78 and 3.79 show the turbines for a 22 380 kW
installation having initial steam conditions 70.0 bar, with one
intermediate reheat to 538.0°C. These illustrations and rele-
vant information are from a paper by Mr. T. B. Hutchison,
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Figure 3.77 Typical monitoring system for turbine rotor protection. The diagram
excludes the overspeed, high condenser pressure, relay oil, lubricating oil and
other protective trips normally included in the complete turbine supervisory
system

read to the Institute of Marine Engineers and reproduced
herein by courtesy of the Institute.

The H.P. turbine (see Figure 3.78) has eight single-row
impulse stages, running at 99.93 rev/s, and is of the double-
casing design.

As this installation is designed for continuous full-power
operation, nozzle control is not provided. The steam inlet
and nozzle box are consequently of relatively simple and
robust design, having approximately 120° of nozzle arc at
the first stage in both the top and bottom halves. The remain-



126 STEAM TURBINES

Figure 3.78 H.P. ahead turbine

Figure 3.79 LP. ahead and H.P. astern turbines



STEAM TURBINES 127

ing stages have full all-round admission. Note the inter-casing
gland pocket leak-off to in front of the sixth stage, and the
temperature shields round the steam inlet pipes between the
outer and inner casings. These shields prevent loss of heat
from the high-temperature steam in the inlet pipes to the
lower-temperature steam in the outer casing.

The main feed pump is driven from the forward end of the
H.P. turbine rotor.

The L.P. turbine (see Figure 3.79) has eight single-row
impulse stages running at 83.93 rev/s. It is also of the double-
casing design with full all-round admission to all stages. The
H.P. astern turbine, consisting of one two-row Curtis stage
housed in a separate casing, is overhung from the forward end
of the L.P. turbine rotor. The combination of full admission,
double casing and separate astern casing render the I.P. ahead
turbine casing design simple, symmetrical and robust, which
are important advantages, particularly as the I.P. ahead tur-
bine receives reheated steam at 538.0°C.

The L.P. turbine has six single-row impulse stages and four
reaction stages and runs at 52.87 rev/s. The L.P. astern tur-
bine, consisting of one two-row Curtis stages followed by one
single-row impulse stage, is housed in the forward end of the
L.P. turbine. The main electric generator is driven from the
forward end of the L.P. turbine rotor through an epicyclic
gear.

At full power of 22380 kW the propeller speed is 1.334
rev/s and the power distribution between H.P., I.P. and L.P.
turbines is 26.8, 29.8 and 43.4 per cent respectively. The
astern turbines develop 12 090 kW.

The H.P. and L.P. turbines each drive through a single-
tandem gear, and the L.P. turbine through a dual-tandem
gear. The main wheel is located by the main thrust block and
each primary train by integral thrusts. Each secondary pinion
is driven by a quill shaft fitted with fine-tooth flexible coupl-
ings, to provide both torsional and axial articulation between
the first and second reductions. This arrangement of turbines
and gears facilitates full access to all parts (see Figure 3.80).

Figure 3.81(a), (b) and (c) shows the machinery arrange-
ment for these turbines as applied to a large tanker. Note that
the main and auxiliary boilers are arranged on a flat above
the main turbines, but that the main boiler is located aft, and
the auxiliary boiler to the port side, thus permitting full lift-
ing access to the turbines.
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1.
12,
13.
14.
15.

16.
17.

18.
19.
20.
21,
22.
23.
. Pump-room entrance trunk
25.
26.
27.
28.
29.
30.
31

Somuonsws~

Main boiler

Auxiliary boiler

H.P. turbine

L.P. turbine

I.P. turbine

Retractable soot blower

Main boiler F.D. blower

Diesel generator exhaust silencer

Air-heater

Steam/steam generator

Economiser

Main boiler steam drum

Lubricating-oil storage tank

Auxiliary de-aerator

Diesel generator lubricating-oil
storage tank

750-kW diesel generator

Machinery control room and switch-
board room

Engineers’ workshop

Electrical workshop

Auxiliary boiler F.D. blower

Main condenser vacuum pump

Fuel-oil unit

Fuel-oil settling tank

Ballast tank

Cargo pump turbine fiat
Cargo pump room

Main boiler-feed pump
Main extraction pump
Auxiliary extraction pump
Auxiliary condenser

Key to Figures 3.81(a), (b) and (c)

32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
s0.
S1.
52.
53.
54-
55-
56.
57-
58.
59.
60.
61.

62.

Auxiliary condenser air ejector

750-kW engine-driven generator

Auxiliary condenser sea-water cir-
culation pump

Auxiliary feed transfer pump

Main condenser

Auxiliary boiler feed pump

Lubricating oil centrifuge

Main reduction gearing

Main thrust block bearing

Shaft bearing

Main line shaft

Drain cooler

Steam;steam generator/feed tank

Lubricating-oil sludge tank

Dirty lubricating-oil tank

Lubricating-oil drain tank

Lubricating-oil pump

Sea-water service pump

Bilge pump

Diesel-oil transfer pump

Stern-tube lubricating-cil pump

Combined observation and filter tank

Fresh-water tank

Distilled-water storage tank

Main feed heater

Fire tower

Main de-aerator and storage tank

Lubricating-oil gravity tank

Elevator

Ship's service and control air com-

pressors . X
Ship’s service air reservoir

63.
64.
65.

66.
67.
68.
69.
70.
71.
72.
74.
75
76.
77.
78.
79
8o.

8r.

82.
83.

84.
8s.

86.
87.
88.
89.
90.

Control air reservoir

Bunker tank

L.P. heater and gland vapour con-
denser

Evaporating and distilling plant

Demineralising plant

L.P. heater drain pump

Fuel-oil transfer pump

Feed transfer pump

Main circulating pump

Bilge injection

Steam/steam generator feed pump

General service pump

Fire pump

Lubricating-oil coolers

Lubricating-oil filters

Centrifuge equipment

Auxihary distilled-water storage
tank

Air-conditioning machinery com-
partment

Auxiliary lubricating-oil centrifuge

Emergency diesel-driven air com-
pressor

Starting-air reservoir

Diesel generator lubricating-oil sump
tank

Diesel generator heat exchanger

Diesel-oil daily service tank

Auxiliary drain tank

Main drain tank

Lubricating-oil heater
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TURBINE OPERATION, MAINTENANCE
AND OVERHAUL

In a book of this nature, it is not possible to lay down detail-
ed procedures which would be applicable to the many
different makes, types and ages of turbines which are at sea.
The following notes attempt to describe certain general
principles which apply in some degree to all turbines. It s
emphasised however, that for any particular installation, the
engine builders’ operating and maintenance instructions must
always take precedence.

Preparing the turbines for sea

Assuming that the turbines are initially cold, the general
procedure is as follows:

1. Check that all drain valves and all pressure gauge isolat-

ing valves are open.

2. Check the main and standby gravity oil tank levels.
Remove any water that may have settled at the tank
bottoms, and top up the tanks with clean oil if neces-
sary. Start the lubricating oil pump and check that oil is
flowing at each bearing and at the gear sprayers. Check
the oil pressure, and if necessary adjust by means of the
relief valves. Assuming that the auxiliary circulating
pump is already running, vent the water side of the
lubricating oil cooler and establish a flow of circulating
water through the cooler. (In very cold weather, the oil
is viscous and circulation of water through the air cooler
should not be started until the oil has heated up to about
50.0°C as indicated by the bearing oil thermometers).

. Engage the turning gear and start turning the machinery.

. Start the main circulating pump, vent the main condens-
er water boxes and establish circulating water flow
through the condenser. Pass condensate into the con-
denser steam space until a level is showing in the conden-
ser gauge glass. Start the condenser extraction pump
drawing from the condenser bottom and recirculating
back to the condenser. Start the condenser air pump.

B 0o
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5. Open up the gland steam on the auxiliary supply and
adjust the control to give a pressure of approximately
1.1 bar in the gland steam reservoir, so as to establish
and maintain a condenser pressure not less than 0.35
bar.

6. Ease the ahead and astern manoeuvring valves and re-
close them lightly--this is to test if working freely.

7. Check the turbine protections, i.e. overspeed, low
lubricating oil pressure, automatic start of standby
pumps, etc., according to maker’s instructions.

8. Open the bulkhead stop valve.

WARMING THROUGH

1. If the turbines are initially cold, continue turning the
rotors, with sealing steam on the glands, for the period
required by the maker’s instructions (this may vary
from one to four hours). During this period, lubricate
the turbine sliding feet and longitudinal keys and check
the movement at these points due to thermal expan-
sion. Crack the main boiler stop valve (or open the small
bypass round the valve) and warm through the main
steam piping, using the drain on the upstream side of
the turbine manoeuvring valves as a ‘“bleed”. At the
end of this period, the turning gear should be stopped
and disengaged.

2. Ensure that the main steam at the turbines has at least
50.0°C of superheat and that the turbine control gear is
on “Manual”’; slowly open the ahead manoeuvring valve
sufficiently to just turn the rotors, then close the valve.
Allow the rotors to come to rest, then slowly open the
astern valve, again just sufficiently to break the turbine
rotors from rest. Repeat this steam blasting cycle con-
tinuously for 15 minutes. The L.P. turbine casing
temperature should not exceed 75.0°C.

Note that, with sealing steam on the glands, the turbines
should not be left standing stationary for more than 3 minutes.
Note also that if the turbines are initially hot, i.e. if they
are required within a limited period (possibly 8-12 hours)
after shut-down, during which the rotors have been con-
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tinuously turned, then it is likely that no warming through
period will be required.

STANDBY

After the warming through period, the turbines are ready to
be started on load. If the engines are not required immediately,
but remain on standby, then the steam blasting cycle should
be continued throughout the standby period. If the delay is
extended, then after a period of about one hour, steam blast-
ing should be stopped (to prevent over-heating), the turning
gear engaged and the turbines turned until the normal stand-
by is again rung.

UNDER WAY AT SEA

After full-away is received, the engines are gradually worked
up to full power. Starting drains are closed, the main circulat-
ing water and the air pump are adjusted to give the optimum
condenser pressure. Normally, the initial gland steam setting
will be adequate for any running condition, but regular
observation should be made, and immediate attention to the
gland steam sealing system should be the first step following
indication of rising condenser pressure.

As soon as the turbines are developing any appreciable
power, the condenser recirculating valve should be gradually
closed, and simultaneously the condensate isolating valve to
the feed heating system gradually opened, to maintain
constant water level in the condenser.

The oil tank level should be regularly checked as a pre-
caution against loss of oil through leaking joints. In the event
of a rise in level being observed, check that no leakage of
water into the oil system has occurred.

Regularly observe the bearing oil supply and the oil tem-
perature leaving the bearings. If any journal or thrust bearing
shows excessive heat, the engines should he slowed down
immediately, and an investigation made.

The axial location of the rotors should be checked by the
movement indicator.

Auxiliary exhaust steam should not be discharged to the
main condenser unless the main turbines are on the turning
gear and the condenser pressure normal, or when under way,
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running at not less than 60.0 per cent of full propeller speed
with normal condenser pressure.

If the ship is a large modern job, the engines will ultimately
be put on fully automatic control, with monitoring in the
remote control room.

SHUTTING DOWN
As soon as the engines are stopped, the procedure is as des-
cribed above for normal standby.

On receipt of “Finished with engines”, engage the turning
gear and start turning the machinery. Close the bulkhead stop
valve and all drain trap byepasses. Open all drain valves and
drain trap isolating valves. Close all pressure gauge isolating
valves. Open the condenser recirculating valve and regulate as
necessary.

Shut down the circulating pump, and when atmospheric
pressure is established in the condenser, shut off the gland
steam. Keep the air pump and the extraction pump working
until the turbines are thoroughly drained.

Continue turning for at least 4 hours, and preferably 12
hours, then shut down the lubricating oil pump. Open up and
clean the oil strainer. When the oil in the tank has completely
settled, draw off a small sample from the bottom. If the
sample shows deterioration, the oil supply should be renewed.

Every second day while shut down, start the lubricating oil
pump and circulate clean oil through all the bearings and the
gearing sprayers to prevent rusting and pitting while standing.
While the oil is being circulated, turn the machinery through
one and a half propeller revolutions in order to oil all the gear
teeth and to make the rotors come to rest in a new position.

Unless the shut-down is to be of short duration, drain the
condenser tubes and water boxes.

PROLONGED OPERATION AT LOW POWERS

No problems should occur at low ahead powers, but in the
event of prolonged astern running in an emergency, distor-
tion of the turbine casing could occur if the exhaust chamber
temperature is allowed to exceed about 250.0°C. This con-
dition will not be reached provided that the design limitation
of the astern turbine is observed (see Chapter 10, page 549),
e.g. if the astern turbine is specified to maintain 70.0 per cent
of full ahead propeller speed for 30.0 minutes, then after this
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period, the propeller speed must be reduced probably to
40.0-50.0 per cent of full ahead speed. The condenser pres-
sure must be maintained at not more than 0.07-0.1 bar.

BLACK-OUT

In the case of a ship having electrically driven auxiliaries,
failure of the electric supply will cause all pumps to stop. The
manoeuvring valve should be closed, (this will occur auto-
matically if the engines are on automatic control). Check
immediately that oil is being supplied from the gravity tank
to the bearings and gear sprayers. Establish atmospheric
pressure in the condenser by admitting air to the steam space,
then shut off the gland sealing steam. When the rotors have
come to rest, start to turn manually and continue until the
electricity supply is restored.

FAULTS IN TURBINE ENGINES
The following notes attempt to list the symptoms and pos-
sibility of some faults which could occur.

1. Excessive vibration
This could be caused by:

(a) A bent rotor due to water carry-over from the boiler or
the feed heating system, or by the engines being left
standing with sealing steam on the glands, or by the
gland steam being shut off while the condenser pressure
is still sub-atmospheric thus drawing in relatively cold
air over hot glands.

If either of these has occurred, then the propeller
speed should be reduced to about 0.1 rev/s, and the
rotors allowed to “soak” for at least one hour or until
the eccentricity is back to normal. Every effort should
be made to establish the cause of the bend, so as to
prevent arecurrence of what could be a serious incident.

(b) Loss of balance, most probably due to mechanical
damage to rotor(s).

(c) Damaged bearing, or bearing instability due to exces-
sive wear, or inadequate oil pressure or quantity.

(d) Turbine casing distortion due to a too rapid build up
of power having caused over-heating. In general, the
rate of increase of steam temperature from the boiler,
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and at any part of the turbines should not exceed
220.0°C per hour.

(e) Uneven or restricted expansion of turbine casing(s) due
to lack of maintenance and lubrication of sliding
pedestals and longitudinal keys. Also check that the
holding-down bolts at the sliding end are not too tight
—there should be slight clearance under the nuts.

(f) Failure of a flexible coupling membrane pack.

2. Low o1l pressure
Possible causes are:

(a) Main oil filter choked.

(b) Leaking pipe joint(s).

(c) Jointing material partly blocking pipe bore after re-
making a joint.

d) Oil pump suction partly blocked.

e) Relief valve set pressure too low.

f) Defect in oil pump or its driving unit.

g) Damaged gear sprayer or choked sprayer strainer.

h) Damaged or faulty pressure gauges on bearings and
sprayer manifolds.

(
(
(
(
(

3. High bearing temperature
Possible causes are:

a) Low oil pressure.

b) Bearing clearance insufficient.

c) Bearing damage due to dirt in oil supply.

d) Bearing joint in wrong position after examination or
replacement of bearing.

(
(
(
(

4. High condenser pressure
Possible causes are:

(a) Inadequate gland sealing steam. If pneumatic regulator,
check for dirt or moisture in the operating air supply.

(b) Abnormal air leak into condenser or other sub-atmos-
pheric part(s) of system.

(c) Condenser flooding following extraction pump failure
or maloperation of condensate system valves.

(d) Inadequate quantity of circulating water due to circu-
lating pump failure, or blocked C.W. suction or scoop,
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or failure of internal condenser water box division
plates, or blocked condenser tubes.

(e) Fouled or scaled condenser tubes.

(f) Faulty air pump.

(g) Damage to condenser steam side baffles.

5. Impure condensate
Possible causes are:

(a) Condenser tube failure.
(b) Condenser tube fixing failure.

LIFTING THE TOP HALF OF A TURBINE CASING

Compared with lifting the cover of a reciprocating engine
cylinder, lifting the top half of a turbine casing presents
difficulties only because it has to be guided to ensure that it
does not foul the rotor at any point during the lift, otherwise
damage to the blades, shroud rings, etc. could result. The
blades are so finely finished and balanced that any pressure
or knock from a heavy cover would bend them and probably
necessitate re-blading. Included in the overhaul equipment
therefore are four guide pillars, one to each corner, and their
purpose is to prevent the cover swinging or rotating on to the
blades while it is being lifted. The bottom ends of the guide
pillars are secured into the bottom half of the casing, and pass
through holes in the top half flange in which they are a sliding
fit at the bottom. The pillars are sufficiently high to keep the
top half in line until its horizontal joint face is well clear of
the blades.

In most turbines, the first operation is to remove the clead-
ing and the lagging in way of the horizontal joint, then to
break the steam pipe joint(s), remove a length of the main
steam piping and all other pipework attached to the top half.
Wait until the turbine metal has cooled down, then slacken
and remove the horizontal joint bolts, including those of the
steam and exhaust end glands. In some casings, particularly
those of large L.P. turbines, a few of the main horizontal
joint bolts may be internal, in which case an engineer has to
gain access through a door or manhole in the exhaust cham-
ber to get at these bolts and remove them. Such a peculiarity
may be well-known to the ship’s engineers, or it may be
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called to attention by a warning notice plate on the turbine
casing itself, or by a warning note in the overhauling and
maintenance instructions. Either way, it is a reminder that
force in lifting should be applied with great care.

After all the joint bolts have been removed, mount and
lubricate the guide pillars, and ensure that the joint starting
screws are clean, free and lubricated. Screw down the starting
screws until the horizontal joint is parted uniformly by about
10.0 mm, and check that the top half diaphragms have
separated at the tongue and groove joints from the bottom
half. If this separation is found not to be complete, alternate
lifting and lowering of the top half cover by the starting
screws will force the diaphragm joints apart.

The cover lifting gear proper—provided when the ship is
new—is now assembled in accordance with the maker’s
instructions. Usually there are brackets secured to the cover
for the attachment of shackles, and chain blocks from over-
head beams provide the means of lifting. Adjust the sling(s)
of the lifting gear by a process of trial and error to transfer
the mass load of the cover from the starting screws to the
chain blocks (or crane) so that the cover is freely suspended
without lateral displacement in any direction. During this
process, the joint should be kept approximately 10.0 mm

Figure 3.82 H.P. turbine opened up, looking from forward end
(Scott’s Shipbuilding & Engineering Co. Ltd.)



STEAM TURBINES 141

open, and any ‘“out-of-level” should not exceed approximately
3.0 mm measured at the joint gap. When in this condition, it
is prudent to make records of the sling adjustment, by
measurement at the respective shackles, to facilitate future
lifts.

The cover is now lifted in small steps, the whole being
closely observed to ensure that no binding occurs, and no
fouling of the wheels and diaphragms, and that a level lift is
maintained. Before lifting the cover clear of the guide pillars,
ensure that there is no ‘“side pull”. When clear of the guide
pillars, the cover may be run clear on the chain blocks (or
crane), or it may be secured above the rotor on the cover
support columns. The latter, four in number, are flanged at
each end, with bolt holes for attachment to the horizontal
joint flanges of the top half and bottom half casings.

Figure 3.82 shows an H.P. turbine opened up and illustrates
the guide pillars and supporting columns in position.

Lifting the turbine rotor

The first essential is to disconnect from the rotor any attach-
ment or component which cannot be lifted with it, e.g. the
main bearing covers, the flexible coupling, the thrust bearing
cover (removing the pads), the governor gear, etc. The details
will vary with the different makes of turbine, and the maker’s
instructions should be adhered to rigidly.

The next essential is to ensure that the rotor, while being
lifted, will not come in contact with the bottom half casing
or diaphragms. To prevent fore-and-aft or athwartship move-
ment, four rotor guides are fitted and secured to the bottom
half casing horizontal joint flange. When in position, the
guide faces are just clear of the shaft diameter thus preventing
athwartship movement of the rotor, while the inner edges of
the guides are shaped to fit into fillets in the shaft thus pre-
venting fore-and-aft movement.

A wire-rope sling is used at either end, passing round the
shaft, the upper end being attached to chain blocks (or crane).
The rotor is lifted slowly and carefully, and when well clear
of the bottom half casing, it may be suspended by passing
steel bars through holes specially provided in the upper part
of the rotor guides. Wood is placed on top of these bars and
the rotor islowered on to that. Alternatively, if space permits,
the rotor may be run clear and landed on trestles, with the
journals resting on V-blocks, and with soft material, such as
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sheet lead or copper between the journal and the V of the
support. The journals should be covered, to prevent grit or
dirt settling thereon, which could cause abrasion if the rotor
is turned. The lifting of turbine casing cover and rotor is
illustrated in Figure 3.83.
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Figure 3.83 Lifting turbine casing and cover

Internal inspection of rotor and casing

When the turbine has been opened up as described, inspec-
tion of the blading, etc., in the rotor and casing is carried out.
The following are some of the faults to be found: loose
blades, shrouding or lacing wire; fractured blades or blades
missing; erosion or corrosion of blades and casing, particularly
at the L.P. end; loose dummy strips or labyrinth gland fins;
cracks in rotor, especially near the flexible coupling; nozzle
passages and passages between blades choked by deposit;
casing drain passages between diaphragms choked by deposit;
loose discs or fractured discs; loose, or distorted, or damaged
nozzle division plates; blades severely thinned and distorted
by long usage.

The axial and radial clearances of the blading, glands, etc.
should be examined, and where possible, checked dimension-
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sionally. It is important that all parts where measurcments
are being taken are clean, in order to avoid false readings. If a
diaphragm (or diaphragms) has been removed from the casing
to permit of more detailed inspection, then before the dia-
phragm is replaced, it should be given a thin polished coating
of graphite.

Replacing the rotor and casing cover

This is carried out generally in the reverse order to lifting.
The main horizontal joint of the casing is of some importance.
A variation—amounting to 1.5 mm-—in the thickness of an
asbestos joint for a cylinder cover of a reciprocating engine
would not be noticed in the running of the engine. Internal
clearances in a turbine however are small—the radial blade tip
clearance of a reaction turbine may be only 0.5 mm-—there-
fore the joint is made almost face to face, and should be
made with materials which will render the separation of the
joint comparatively easy, even after an interval of say, one
year, i.e. the material should not adhere to the joint surfaces
too firmly.

A suitable jointing material is a mixture of three parts by
weight of manganesite to one part of graphite made up to a
thick cream consistency with boiled linseed oil, and applied
sparingly to the joint surfaces. Alternatively, a mixture of red
lead and copal varnish may be used. Some makers recommend
that, in addition, a thin asbestos string should be laid on the
joint face just inside the bolts.

For modern turbines, it is likely that most makers’ instruc-
tions will call for controlled tightening of the horizontal joint
bolts, by the use either of torque spanners or bolt heaters.
Depending on the dimensions and the detail design of the
joint, on the bolt and joint materials, and on the maximum
working temperature, the cold bolt load is calculated by the
designer, from which follows the bolt extension required
when the bolts are tightened in the cold condition. This ex-
tension corresponds to a certain maximum tightening torque
applied to the cold bolt, and a torque spanner is so designed
that it will slip once this maximum torque is reached. Altern-
atively, the bolts are made with a central axial hole through-
out the length, into which a powerful electric heater is
inserted. As the bolt Iength increases, due to thermal expan-
sion, up to a predetermined length, the nut is progressively
screwed up, with little effort. When the heat is removed, the
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bolt cools down and contracts, so that when cold, it exerts
the design cold load on the joint.

During overhaul, it is desirable to polish the screw threads
of all bolts, particularly those subject to high temperature, by
rubbing them with dry flake graphite. This prevents corrosion
and reduces considerably the possibility of seizure.

Before replacing a rotor and casing cover, it is absolutely
essential to check that without doubt, no tools, bolts, or
other foreign bodies have been left inside the turbine.

Steam chests, strainers and manoeuvring valves

These should be opened up, in accordance with the maker’s
instructions, for examination, cleaning and, if necessary,
adjustment. They should be replaced with the same main
jointing material as described for the turbine casing horizontal
joint.

Journal bearing

Remove the bearing housing cover and the top half bearing
shell. Fit the appropriate bearing bridge gauge and check the
gap against the previous bridge gauge reading. An increase of
the gap dimension indicates sinking of the journal due to
bearing wear. Bearing wear should be checked by comparing
the actual bore against the original, and if the diametral clear-
ance between the journal and the bearing exceeds 0.002 mm
per 1.0 mm of diameter, the bearing should be remetalled, or
a spare bearing fitted. Worn bearings should not be adjusted
at the joint to reduce the bore.

Rotor easing gear is usually provided for each turbine to
assist in turning out the bottom half bearing shells if neces-
sary. Should any adjusting shims need to be replaced between
the bearing housing and the bearing pedestal, care must be
taken that the shims covering the oil inlet passage are drilled
to permit entry of oil. Ensure also that any orifice plates in
the oil passages are properly replaced.

Thrust bearings

The design axial ‘“float” of the rotor, and the permissible
maximum float will be given in the record of turbine clear-
ances in the maker’s instructions. Excessive float, caused by
wear of the thrust pads, should be corrected by replacing the
worn pads with a complete new set of pads of the correct



STEAM TURBINES 145

uniform thickness. With the thrust bearing and cover assembl-
ed, bedding marks should be taken on the thrust and surge
faces of the shaft collar to prove uniform distribution of load
on the thrust and surge pads. On final assembly of the thrust
bearing, ensure that all oil passages are clean and unobstructed.

General

Governor gear, lubricating oil pump and drive (if m.e. driven)
should be cleaned, and examined for mechanical damage,
worn joint pins, loose or missing split pins, etc.

Steam and exhaust, bled steam and drain lines should be
inspected with particular attention to:

(1) Open up all drain traps to check that the internals are
not damaged, and that the flow path is clear and un-
obstructed.

(ii) Check that all non-return valves operate freely, and
do not “pass” when in the closed position.

(iif) Inspect all relief valves and check that they are free
to operate. If it is necessary to dismantle a relief valve,
it must be reset to the correct pressure before refitting.

(iv) Where any turbine or pipe joints are broken during
overhaul, they should be re-made with the type and
thickness of jointing material specified by the makers.
This is important, since the different services, e.g.
steam, condensate, oil, etc. may require different
materials and thicknesses. Ready-cut joints for all
services are usually included in the spare gear, but if a
joint has to be made on board, it should be properly
cut with shears and the bolt holes cut with a punch of
the correct size. The practice of cutting a joint by
hammering against the flange should not be used. The
diameter of the central hole should be made about
6.0 mm greater than the pipe bore to avoid the pos-
sibility of encroachment on the latter.

Taking over a watch on a modern “‘turbine-water-tube boiler”
vessel

Before entering the engine-room look at the funnel top to
ascertain the condition of the gases with regard to smoke and
also for feathering of the safety valves. Inspect the steering
gear. If it is of the electric-hydraulic type, sec that the level
of oil in the sump is correct.
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On entering the engine-room, if the feed system is fitted
with a direct-contact heater, check the water level and pres-
sure of the exhaust-steam inlet (about 1.7 bar). Down below,
check all the turbine bearing temperatures (50.0°C) and note
the flow of lubricating oil to and from the bearings.

The turbo-generator may be of the self-contained type,
with separate condenser, extraction pump and air-ejector.
Inspect the bearings as you have done on the main unit,
steam pressure, gland pressure (1.1 bar) and condenser
pressure.

Inspect the various pumps; main and auxiliary circulating
pumps, main and auxiliary extraction or condensate pumps,
lubricating-oil pumps and others in operation, special atten-
tion being given to the turbo-feed pumps, the governor
spindle of which should be tested for freedom of action by
the forked lever sometimes provided (see notes on break-
downs).

In the stokehold the boiler water-gauge should be blown
through and the water level checked, uptake temperatures
noted, fuel-oil temperatures and pressures checked (the pres-
sures before and after the filters give a guide to the condition
of these items). The size of the tips fitted to the spare oil-fuel
burners, which have been cleaned by the previous watch,
should be noted. If automatic-feed check valves are fitted
with testing levers test them.

On the main turbine-control panel, H.P., I.P. and L.P.
pressures and temperatures are noted, strict attention being
given to the L.P. astern turbine temperatures. From these, a
good indication of the condition of the astern manoeuvring
and isolating valves, as regards steam tightness, may be
obtained. Note the main condenser pressure and inlet and
outlet circulating-water temperatures, the gland-steam and
bled-steam gauge pressures, axial clearance, if possible, and
the flow of oil to the main reduction gearing.

A good indication of the condition of the feed water can
be had from the electric salinometer, and a reading must
definitely be taken when taking over the watch and frequently
during the watch. The maximum reading, as specified in the
boiler maker’s instructions must not be exceeded. Distilled
water is usually kept in a reserve feed tank which is normally
a double-bottom tank, but to avoid contamination with sea-
water it may be placed high up in the engine-room. It con-
tains about 20 tonnes, and the level in the sight glasses or by
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test cocks, should be noted when coming on watch. By check-
ing frequently, a check is kept on the amount of distilled
water made by the evaporator or used during the watch. All
these duties must be carried out when taking over a watch on
a modern ship of this type and repeated frequently during
the watch to ensure efficient running of the machinery.

Spare gear

The same remarks regarding the quantity and care of spares
as have been made for reciprocating engines apply equally to
those for the main engines of a turbine-driven vessel. An ex-
ample of the spares carried for a turbine is as follows:

One set of bearing bushes for each size of rotor shaft; studs
and nuts.

One set of bearing bushes for each size of pinion with
studs and nuts.

One bearing bush for gear-wheel shaft with studs and nuts.

A number of bolts and nuts for the main turbine-casing
joint.

A number of bolts and nuts for the gearcase joint.

One set gland segments and springs for each size fitted.

One main-gear pinion for each size, with claw piece or
membrane pack for flexible coupling.

One set of pads for Michell-type thrust block on rotor
spindle and some liners in halves for adjustment of same.

One set thrust pads for the main thrust block.

One escape-valve spring for each size fitted.

One set bolts and nuts for main-shaft coupling.

Several condenser tubes, ferrules and packing as for
reciprocating engines.

A few spare thermometers.

An assortment of bolts and nuts for general use; iron bars
of varying sizes and a few plates of iron sheet.

At least one complete set of joints for the engine room,
and/or a quantity of jointing material of the correct
types and thicknesses.

BREAKDOWN

The turbine is sturdy and most reliable when run in accord-
ance with the maker’s instructions; lubricating oil used of the



148 STEAM TURBINES

best quality, kept clean and in good condition; pressures and
temperatures to and from the bearings correct; properly
warmed through before starting and drained thoroughly. The
steam supply should be as pure as possible. This requires care-
ful attention to feed and boiler water.

The following examples of trouble with turbine machinery
will illustrate the sort of things to expect if great care is not
taken.

Example 1

A turbine was kept running at slow speed for a lengthy
period, when, without warning, there was heavy vibration
and the whole engine shuddered. The manoeuvring valve was
closed and the engine stopped. On examination of the main
bearings it was found that they had run out and the rotor
spindle had dropped on to the safety strips. This had caused
the vibration, but had saved the turbine from further damage.
The rotor was eased up with the special gear provided for
such an eventuality and the damaged bearings removed. The
spindle journals were examined and honed where marked by
the bronze strips. The spare bearing shells were fitted, with-
out lifting the turbme-casing cover, and the rotor lowered on
to them. The turbine was ready to start within 12 hours of
the stoppage. It was suspected that a quick drop in the sea
temperature cooled the lubricating oil and increased its
viscosity so much that the quantity passing through the bear-
ings was insufficient to prevent overheating. It will be observed
that, in this case, the bulkhead stop-valve emergency gear
would not act because the pressure of oil was correct; only
the temperature was low.

Example 2

In a doublereduction geared-turbine installation, while in
port, the lubricating-oil cooler by-pass had been opened to
allow of the cooler being cleaned out. The fact that the by-
pass was open was later overlooked when the vessel left port,
and in a short time a grinding noise came from the reduction
gear-case. The engine was stopped, and it was found that the
L.P. pinion had stripped some teeth and fractured others.
The second reduction gear-wheel teeth were badly marked
and grooved. The after L.P. pinion bearing had been over-
heated and the white metal had run out. The resulting mis-
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alignment of the pinion was probably the cause of the break-
down of the teeth.

The damaged pinion was removed, the oil supply to its
bearings shut off and the bearing ends blanked off. The H.P.
emergency steam connections for exhausting directly to the
condenser were fitted and the steam supply to the L.P. tur-
bine blanked off so that the L.P. was out of commission. The
superheated-steam temperature was reduced by opening the
mixing valve, and the engine ran to the next port on the H.P.
turbine only.

On reaching port, the second reduction wheel was removed
and taken ashore to an engine works. The very badly damaged
width of the teeth was turned off, leaving a reduced but
workable width of sound teeth, which were honed as smooth
as possible. The spare pinion was fitted, and the vessel com-
pleted the voyage at slightly reduced power. The condenser
pressure was not allowed to get below 0.14 bar. This was
intended to relieve the load on the L.P. pinion, which was
running with reduced tooth width.

Example 3

On examination of the magnetic strainer in the lubricating-oil
system a number of metal chips and flakes were observed.
The inspection doors of the gearcase were removed and a
few pinion teeth were found to be fractured at the root and
the ends of a few actually broken off. The fractured teeth
were removed in way of the fractures, and the damaged teeth
dressed up with a hone. The engine completed the voyage at
reduced speed.

When fitting the new pinion, special care was observed to
ensure that the alignment was correct, since it was suspected
that misalignment had been the cause of the breakdown.

Example 4

While warming up a turbine, it was the usual practice to ease
the ahead and astern manoeuvring valves and gland steam to
give a steam pressure of 1.7 bar on the ahead H.P. and 1.35
bar on the astern. At the same time the vacuum breaker was
eased to keep the condenser pressure about 0.88 bar, just
enough to keep a steady flow of steam.

On one occasion, before leaving port, the turbine was
warmed through in the usual way and the telegraph rang
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stand-by. The vacuum breaker was closed, the astern
manoeuvring valve closed and the condenser pressure brought
down to 0.07 bar. Due to some hitch on deck, the stand-by
order remained for over half an hour, during which time the
turbine was kept ready to move. When slow ahead was rung
and steam was opened to the turbine, a screech came from
the L.P. turbine casing. The turbine was stopped immediately.
It was suspected that the rotor had warped during the long
waiting period under low condenser pressure and that the
blade tips had made contact with the inside of the casing.
The condenser pressure was lowered again and the whole
process of warming through was repeated for about an hour.
When tried again everything appeared in order, and the tur-
bine ran without further incident. On opening up at the
home port there was evidence of contact at the blade tips but
no real damage.

Example 5

A turbine installation, with a closed-feed system, was running
normally at sea when the pressure governor spindle on the
turbo-feed pump stuck. Thisreduced the output of feed water
to the boilers, and the water level dropped. There were two
boilers, and when the level in one got too low for safety the
oil-fuel burners to that boiler were shut off and the feed
check valves closed down. The other boiler now got all the
feed water and, having to supply the turbine with steam
alone, its pressure dropped.

When this was observed, the engine stop valve was shut in
to reduce the speed of the turbine. Being in a hurry, the en-
gineer omitted to adjust the gland steam, and in consequence,
there was not sufficient to seal the L.P. turbine glands. Air
was drawn in in sufficient quantity to cause a big drop increase
in condenser pressure. This had the effect of reducing the speed
of the turbo-generator, and the voltage on the switchboard
dropped until the main automatic circuit-breaker tripped out.
The electrically operated lubricating-oil and condensate
pumps now stopped for want of power, and the whole plant
of the engine-room came to a standstill.

This last example shows the necessity for careful watch-
keeping, especially when the various items in the engine-room
are interconnected.
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Future developments

It seems likely that automatic control with its necessary
accompaniment of data logging will be increasingly used in
the future. Features of automatic control are dealt with in
Marine Auxiliary Machinery, a companion volume in this
series.

MEASUREMENT OF TURBINE POWER

In a turbine installation, it is not possible to estimate the
power bemg developed by taking indicator diagrams from the
cylinder as is done in reciprocating engines. The most usual
method is by some form of torsion meter which measures the
amount of twist of the propeller shaft. Various devices, both
mechanical and electrical, have been employed to measure
the angle of twist of the shaft while it is running.

The Hopkinson-Thring torsion meter is one example of
the mechanical-optical type. Two discs are fixed to the shaft
at a distance apart of about 1.5 m. One of the discs carries a
cylindrical sheath which extends towards the other disc, and
the angular movement of the end of the sheath and the disc is
amplified by a lever and link gear connecting the two. The
simplified diagram in Figure 3.84 shows the principle.

As the shaft twists under load, the angular movement of
disc A relative to disc B is reproduced by the movement of
disc C relative to disc B. This relative angular movement is
magnified by the bell-crank lever, which through a suitable
linkage mechanism alters the angular position of the mirror,
thus altering the position of the reflected point of light on
the scale. The distance moved by this point of light along the
scale is proportional to the angle of twist of the shaft.

For a circular shaft, the torsion equation is 7/] = G /L,
where

T = applied, torque, Nm
J = polar moment of inertia of the shaft, m*
G = modulus of rigidity of the shaft material, N/cm?
(8.3 x 105 for steel)
= angle of twist, radians
L = twisting length, m.
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The shafting usually is designed so that the angle of twist
does not exceed 1.0° in a length of 6.0 m. The polar moment
of inertia of a solid circular shaft, / = 7D*/32, and of a hol-
low circular shaft, J = (m,/32) (D* —d*), where D and d are
the external and internal diameters respectively.

Thus, if we have for example a solid circular steel shaft
254.0 mm dia. with the discs A and B 1.525 m apart, then

4
7= Tx0:2547 _ 00040865 m*

32

L =1.525 m, and the maximum allowable angle of twist over
the length L would be,

L.OX 1525 = 27 _ ) 004436 radians
360

6.0

g =

From the torsion equation the maximum torque would be

JGO _ 0.00040865 x 8.3 x 10° x 100* x 0.004436
L 1.525
=98 660 Nm

T=

Now for any given shaft and torsion meter, /G/L is constant,
and the torque T is directly proportional to the angle of
twist 6. Hence if the torque of 98 660 Nm is made 100 on
the torsion meter scale, then at any other scale reading,

Torque = SHCreading o4 660 Nm

100
and if the shaft speed is n rev/s

Scale reading « 98 660
100 1000

= 6.199 x Scale reading x n

Power transmitted = X 2nn

The term 6.199 is called the torsion meter constant

ie. if the speed at maximum torque 98 660 Nm is 1.667 rev/s,
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then

power = 98660 X 667 x 2 o

At this condition the torsion meter reading would be 100,
hence

Power = 6.199 x 100 x 1.667 = 1033.6 kW as before

If at another power, the torsion meter scale reading was
65.0 at 1.334 rev/s, then the power = 6.199 x 65.0 x 1.334
=537.5 kW.

Depending on the type of steel of which the shaft is made,
the value of G can vary between 7.6 x 10° and 9.0 x 10°
N/cm?, hence in graduating a torsion meter scale, the shaft is
tested for actual angle of twist under load by supporting it on
trestles, and with one end fixed, the other end is made to
deflect by applying a torsional load. For this purpose, a long
steel bar is bolted to the free end flange, and weights are
hung from the end of it to give a known torque. The torsion
meter scale readings are then adjusted to represent the actual
torque valves for that particular shaft.



4 Turbine reduction gears

All marine steam turbines are now invariably geared to the
propeller shaft. The gearing is the means by which both the
turbines and the propeller may run at their respective econ-
omical speeds—the turbines at high speed and the propeller
at low speed. Turbine gears have to provide speed reduction
ratios of the order of 30:1 up to 80:1, depending on the con-
ditions, e.g. if a turbine runs at 50.0 rev/s and the required
propeller speed is 1.667 rev/s, then the total speed reduction
ratio required is 50.0/1.667 = 30:1. In order to limit the
overall dimensions of the gearing in the thwartship plane,
reduction ratios of this order require two stages of reduction,
i.e. require double-reduction gearing.

Turbine gears invariably have helical teeth, i.e. the gear
teeth are not parallel to the shaft axis as they are in ordinary
spur gears, but each tooth is part of a helix on the periphery
of the wheel, the majority of helical gears having a helix angle
of 30° to the axis of the shaft. If one ordinary spur gear
drives another, the forces between the teeth act entirely in
the plane of the gears, i.e. there is no end thrust on either of
the shafts. If a single helical gear drives another, the forces
between the teeth act in a plane which is inclined to the
plane of the gears, consequently there is a transverse compon-
ent causing rotation, and an axial component causing end
thrust. In order to balance the end thrust, turbine gears are
almost invariably double-helical, i.e. there are two sets of
teeth on each wheel, the helix of one set being of opposite
hand to that of the other. The resultant end thrusts therefore
cancel one another (see Figures 4.1 and 4.2).

This arrangement gives smooth running, the teeth sliding
on to one another without impact, and several teeth being in
mesh at any instant.

The smaller of two gears which mesh with one another is
called the pinion, and the larger, the wheel.

The pinion is integral with the pinion shaft, being of forged

155
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Figure 4.1 Main gearwheel
Note the cast-iron wheel centre with steel rim shrunk on, and the double
helical teeth having opposite hand of helices

alloy steel. In the older turbines the main gear wheel was
generally of cast iron with a forged low-carbon steel rim about
100.0 m thick, shrunk on and pegged. In the latest designs,
both primary and secondary wheels are of fabricated steel
construction, the wheel centre being integral with the shaft,
the wheel side plates being of mild steel and the rim of alloy
steel. This type of construction is not so massive and is less
expensive than the cast iron wheel. Being thinner and less
massive, the wheels require some internal stiffening—usually
in the form of welded-in steel ribs or tubes—to reduce any
tendency to vibration, noise and fatigue.

Once a wheel of this type (see Figure 4.17) is welded up
and finished, it is in fact a sealed chamber, and care must be
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Figure 4.2 Gear pinions
This shows clearly the pinion clawpieces and part of the sleeve for the flexible
coupling. The oil gutters on the claws should be noted

taken that no foreign matter, solid or liquid, is inadvertently
left inside the fabrication, otherwise unbalance and severe
vibration can occur when running at speed.

Experience with turbine reduction gears, and extensive
testing over the past ten years has shown that tooth wear is
influenced quite markedly by the nature and the extent of
the hardening process which it is possible to apply to the teeth
during manufacture. We will refer to this subject again later
when dealing with specific examples of modern turbine gears.

Formerly the gearcase was of cast iron, but nowadays is
invariably of fabricated steel. Here again, this means that
being thinner and less massive, the modern gearcase would
require additional ribbing to minimise vibration and noise.
The earlier gearcases, almost invariably, were split at the
horizontal centre line of the main (secondary) wheel, i.e. in
the same manner as a turbine casing, but in modern gears, as
described later in this section, this concept is now changing.

The gear teeth (which are dealt with rather more fully
later in this section) are relatively small, the size depending
on the size of the gear and on the power transmitted. The
teeth are very carefully cut from the solid in a hobbing
machine, housed in a room which is kept at constant tem-
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perature to ensure correctness and uniformity of the tooth
form and pitch, which is essential for smooth and quiet
operation. In the early gears, very slight variations in pitch
were found to be the cause of noise, and to be a contributory
factor to flaking of the teeth, in which the surface of the
tooth comes off in flakes due to slogger between the teeth.
Slogger is a hammer-like action which can be set up by
variation of tooth pitch, or by torsional vibration, either
from the propeller alone, or due to the natural torsional
vibration characteristics of the whole system—turbines, gears,
shafting, propeller. Early faults due to this cause were greatly
reduced by the introduction of the nodal drive, this being
designed so that the plane of contact of the gears, somewhere
between the turbines and the propeller, was positioned at a
node, i.e. a natural point of zero vibration. Flaking has also
been attributed to an insufficient supply or an unsuitable
quality of lubricating oil, and again to maladjustment or wear-
down of the bearings putting the meshing wheels out of line
with one another.

After cutting in the hobbing machine, the teeth go through
an operation called shaving, which is rather the equivalent of
scraping in that a very fine lamina is removed from the surface,
giving the teeth a much finer finish. As distinct from the hob-
bing cutter, the shaving cutter is free to follow the contour
of existing teeth. After shaving, the face of each tooth for
about 12.0 mm from the end of the tooth is honed down,
tapering from zero to about 1.0 mm. This prevents any exces-
sive loads coming on the ends of the teeth which might cause
fracture.

If the speed ratio of two meshing gears is to be say 10:1
and the pinion is to have 25 teeth, the number of teeth in the
wheel is not made exactly 250, since if it is, the same tooth
of the pinion wheels would engage with the same tooth of
the wheel at every revolution of the wheel. If the number is
made 251, then it will require 25 revolutions of the wheel
before the same pair of teeth engage, thus ensuring that every
tooth of the wheel engages in turn with every tooth of the
pinion. This gives better running and more even wear.

Between a turbine rotor and its pinion shaft, some form of
flexible coupling is fitted, of which the claw type has already
been described. There is another type, with interlaced springs,
called the Bibby coupling, and in more recent years, another
type called the membrane flexible coupling has been increas-
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ingly used. The membrane coupling is dealt with in more
detail later in this chapter.

The gears are lubricated from the main oil supply, the
lubricating points being the pinion and wheel bearings, the
flexible coupling if of the claw type, and each line of contact
between the pinion and wheel teeth. The oil is introduced
into the gear bearings in much the same manner as for the
turbine journal bearings, but in such a radial position as does
not coincide with the resultant ahead or astern bearing loads
(see Figure 4.21c). A claw-type flexible coupling is usually
lubricated by catching some of the oil leaving the adjacent
bearing (see Figure 3.25, Chapter 3).

The pinion and wheel teeth are lubricated by oil sprayers.
Oil at a pressure of 2.0-2.75 bar is projected through the
sprayers into the mesh of the teeth, the tips of the sprayers
being situated only 25.0-50.0 mm from the point at which
the teeth mesh. There may be three or more such sprayers on
each face of a double-helical arrangement, and on the astern
as well as on the ahead side. Figure 4.3 shows various forms
of gear oil sprayers, and Figure 4.4 shows the arrangement of
a single-reduction gear in which the position of the sprayers
can be seen.

NN
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FLATTENED
COPPER PIPE

Figure 4.3 Gear oil sprayers
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Figure 4.4 General arrangement of single-reduction gear

Ventilators are fitted at the top of the gearcase and, at sea
in heavy weather, abnormal loading of the gear teeth heats
the oil at the point of contact causing increased vapourisation
of the oil which can be seen at the vent outlets.

The successful operation of a properly installed reduction
gear is mainly a matter of attention to alignment and lubrica-
tion. Inspection should be made at regular intervals particu-
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larly when the gear is new, and records kept of the conditions
observed.

While running, the flow of oil may be checked by a glance
in the inspection windows if fitted. Alternatively each inlet
pipe may be fitted with a “revolving flag’ flow indicator, by
which the condition of flow may be observed instantly. If the
flow of oil to any one sprayer stops the inlet pipe becomes
warmer than the others. The condition of the oil should be
regularly observed.

When stopped, the condition of the teeth should be
inspected. Correct tooth contact is indicated by uniform
marking over the entire length of both the pinion and wheel
teeth helices. Any abnormal marking on any part of the
tooth faces may indicate incorrect alignment, which could
ultimately cause pitting of the teeth and irregular bearing
wear. All likely causes should be investigated and steps taken
to correct them. The condition of the teeth as regards wear
may be tested by taking a wax impression from both pinion
and wheel, or by turning the gears while a lead wire is allow-
ed to enter between the teeth. On removal of the wire, its
thickness will show the clearance or ‘“backlash’ between the
teeth. When examining this condition, the original form and
clearance of the teeth must be borne in mind, and on no
account should any attempt be made to alter the profile of
the teeth. Should an inspection show that a tooth is fractured,
the correct procedure is to remove as much of the tooth as
contains the fracture—the whole tooth if in doubt.

Care should be taken when approaching a newly opened
gear case with a naked light as there could be an accumulation
of inflammable oil vapour.

If a reduction gear is to be out of use for an extended
period of time, it may be necessary to protect the gears
against internal condensation particularly if the atmosphere
is humid.

Arrangement of gearing

The diagrams in Figure 4.5 show the various arrangements of
double-reduction gearing, with the appropriate names.

Interleaved, split secondary means that the right-hand and
left-hand helical teeth faces of the secondary reduction are
placed sufficiently far apart in the fore-and-aft direction that
the entire primary reduction can be accommodated between
them.
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Figure 4.5 Various arrangements of double reduction gearing

1. Interleaved, split secondary 2. Interleaved, split primary 3. Tandem

4. Articulated tandem 5. Locked train dual tandem 6. Articulated locked train
(dual tandem)
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Interleaved, split primary is the same in principle, but
having the secondary reduction located between the right
hand and left hand helical teeth faces of the primary reduc-
tion.

In either of the above two cases, the primary and secondary
reductions are symmetrical about one thwartship plane.

Tandem means that the primary and secondary reductions
are in two separate thwartship planes, the secondary reduc-
tion being usually, but not necessarily, aft of the primary
reduction.

Articulated means that there is a flexible coupling, and
also usually a quill shaft, between the primary and secondary
reductions.

Single tandem means that one primary pinion gears with
one primary wheel.

Dual tandem means that one primary pinion gears with
two primary wheels.

Compared with the single tandem arrangement, dual tan-
dem has the outstanding advantage that for each primary
pinion there are two primary gear contacts instead of one,
and two secondary gear contacts instead of one. For any
given torque therefore, the individual tooth loads are reduced,
and a greater proportion of the total number of teeth in the
pinions and wheels is usefully employed. This offers the
possibility of using a reduced tooth face width and a smaller
tooth pitch, the latter allowing smaller diameter pinions and
wheels to be used for any given reduction ratio.

This advantage however, can be obtained only if it is
certain that the driving load is equally shared among all the
gear contacts. Between every pinion and wheel there is
always—however small it may be—some backlash, i.e. some
difference between the thickness of a pinion tooth at the
pitch line and the width of the space between two adjacent
teeth on the mating wheel, and if one gear contact is in proper
contact while the other is floating in the backlash, then the
former will carry all the load and the latter will do nothing.
Means must therefore be provided, so that when the gear has
been set up with one gear contact in correct contact, the
other members may be given slight relative rotation to ensure
that all other gear contacts too are properly made, and then
locked up so that they will remain so. It was this necessary
feature which, in history, led to dual tandem gears being
described by the rather unfortunate title of locked train. One
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means of achieving locked train is described in principle later
in this chapter.

Otherwise, each of the gearing arrangements shown in
Figure 4.5 has its own advantages and disadvantages as
regards number of wheels and bearings, bearing centre
distances, tooth loads, total mass, space occupied. A review
of modern turbine gears appears to indicate that the dual
tandem arrangement is most favoured, but that single tandem
gears may show an advantage where extra height between the
propeller shaft and the turbine shaft(s) is dictated by the
preferred machinery arrangement.

The gear teeth

For the moment consider ordinary spur gears, i.e. gears in
which the teeth are parallel to the wheel shaft.

The gear teeth are almost invariably of involute form, i.e.
the working face of the tooth is part of an involute curve. An
involute curve is the path described by the end of a string as
it is unwound from a cylinder, the string always being kept
taut—see Figure 4.6, which is self-explanatory. The cylinder
is called the base circle, and the diameter d is the base circle
diameter. It will be immediately obvious that, instantaneously,
any tangent to the base circle is normal to the involute, e.g.
the tangent 33’ is instantaneously at right angles to the
direction of motion of the involute.

Now imagine the base circle to be a wheel carrying a tooth
of the involute form 01'2'3'4’. Let this wheel rotate in the

Figure 4.6 Involute curve
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Figure 4.7 Basic principle of involute
teeth in gear, pinion driving BASE CIRCLE,PINION

counter-clockwise direction, and gear with another generally
similar wheel, the distance between the wheel centres being
AB (Figure 4.7). The involute tooth ab will drive its counter-
part on the other wheel so as to cause the latter to rotate in
the clockwise direction, the involute faces of the two teeth
in contact rolling on one another such that the point of
contact always lies on the transverse common tangent CD to
the two base circles, and that the direction of the force
applied by the driving tooth to the driven tooth is always
along CD. At any instant, CD is normal to the tooth faces in
contact. The transverse common tangent to the two base
circles is called the line of action of the teeth. The point P at
which the line of action intersects the line of centres of the
two wheels is called the pitch point, and the angle ¢ which
the line of action makes with the perpendicular to the line of
centres at P is called the tooth pressure angle.

Let us redraw the diagram in Figure 4.8 exactly the same
as Figure 4.7, but for clarity, omit the involute curves. Refer-
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Figure 4.8 Relationships between base circles and pitch circles of involute gears

ring to Figure 4.8, the circle with centre A and radius AP is
called the pitch circle of the pinion, and the circle with
centre B and radius BP is called the pitch circle of the wheel.
The two pitch circles touch one another at the point point P,
and the perpendicular XPY to the line of centres at P is the
common tangent to the pitch circles.

Now a tangent to a circle is at right angles to a radius
drawn to the point of contact, hence in Figure 4.8, the angles
BDP and BPX are right angles, and since the sum of the
angles of a triangle is two right angles, it follows that the
angle DBP is equal to the tooth pressure angle ¢. For the
same reasons, the angle PAC is also equal to ¢.
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By definition, cos ¢ = BD/BP and cos ¢ = AC/AP, hence
BD=BPcos¢ and AC= AP cos¢

BD and AC are the radii of the base circles; BP and AP are
the radii of the pitch circles, hence follows the relationship

Base circle diameter = pitch circle diameter x cos ¢

Base circle diameter

Conversely, pitch circle diameter =
cos ¢

The circular pitch is the distance between two adjacent
teeth of a wheel, measured round the circumference of the
pitch circle. Any two wheels which gear together must have
the same circular pitch, hence if the pitch circle diameters
are d, and d,, and the numbers of teeth are N; and N,
respectively, then

mdy _ ndy circular pitch,

Hence d,/d, = N,/N,, i.e. the pitch circle diameter of any
wheel of given circular pitch is directly proportional to the
number of teeth in the wheel.

If two wheels gear together, their pitch lines have a com-
mon linear velocity, hence if the wheels have speeds n; and
n, rev/s, respectively, then

ndyn, =ndyn,
) M dl IVI

i.e. the speeds of the two wheels are inversely proportional to
the pitch circle diameters (or to the numbers of teeth.)

The addendum and the dedendum respectively, are the
radial distances from the pitch circle to the tip and to the
root of the pinion or wheel tooth, from which follows the tip
circle and the root circle. The total tooth depth is the differ-
ence in radius between the tip and root circles, and the
working depth is equal to the total depth minus the root
clearance.
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Figure 4.9 Root circles and tip circles of involute gears

Figure 4.9 has been purposely drawn exaggerated and out
of proportion in an attempt to illustrate these definitions
clearly. The actual magnitudes of the addendum and deden-
dum are chosen from consideration of tooth strength and
tooth action, and are quite independent of the fundamental
relationship between base circle, pitch circle and tooth
pressure angle.

In Figure 4.9, the root circles of both pinion and wheel are
greater in diameter than the respective base circles, hence the
entire working face of each tooth consists of an involute
curve. By definition, the involute curve cannot continue
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below the base circle, hence if the root circle diameter is
smaller than the base circle diameter, that part of the tooth
face between the base circle and the root circle is not an in-
volute curve, but is of some other form which, due to the
gear cutting process, results in undercutting of the teeth, i.e.
the thickness of the tooth diminishes below the base circle.

It will be noted from Figure 4.8 that the teeth will work
with the same speed ratio if, within the limits of the tooth
depth, the centre distance between the wheels is altered. This
is equivalent to altering the pitch circle diameters without
altering their ratio. The line of action will still pass through
the appropriate pitch point, but the tooth pressure angle will
be increased with increased centre distance, and vice versa.
This is an important property peculiar to involute gears.

Note: Instead of being defined as circular pitch (C.P.), the
pitch is sometimes defined as diametral pitch (D.P.), which is
the number of teeth per unit of diameter. Alternatively the
pitch may be defined as the module pitch (m) which is the
reciprocal of the diametral pitch.

Hence if d is the pitch circle diameter and n the number of
teeth, then in consistent units,

n m

nd
C.P.=-~ P.=- D.P. =- )
. and D.P P hence CP.
1 C.P.
and m=-—- = ——
D.P. ™

For our purpose, to avoid confusion we will use circular
pitch throughout.

Forces acting between the gear teeth

The purpose of areduction gear is to transmit a certain power
which is developed by the turbines at high speed, to the
propeller which absorbs that power at low speed. Consider
the simple gear shown in Figure 4.10. Suppose the pinion, of
pitch circle radius r,;, m, to be on the turbine shaft, and to
run at a speed of n;, rev/s.

The turbine develops at certain torque, which by defini-
tion, is the product of the force 7, N, and the perpendicular
distance r;, m, between the line of action of T and the centre
of the pinion, i.e.

Pinion torque = 77;, Nm
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Figure 4.10 Simple gear

If the pinion makes one revolution, the force T acts
through a distance 2nr;, hence the work done = 2777,
Nm/rev. If the pinion runs at n; rev/s, then the work done =
2nTryny, Nm/s, and since 1.0 Nm/s = 1.0 W, the power trans-
mitted by the pinion = (27 Tr;n;)/(1000), kW, i.e.

Turbine power = 2nlnm » kW (1)

1000

Basically, the wheel must transmit the same power, and
the force T is common to both the pinion and the wheel,
hence

2nlryny

, kW 2)
1000

Turbine power =

i bi 1000
From 1, Pinion torque, Tr; = trlfl’thonwer X . Nm
mny

i 000
From 2, Wheel torque, 77, = turbine power x 1 » Nm

2mn,

. . T
Equating 1 and 2 gives anlnn, _ 2nlnm

1000 1000
c. Trl ny = TT2 Ny
()



TURBINE REDUCTION GEARS 171

The torques are inversely proportional to the speeds, i.e.
the pinion transmits the power with a low torque at high
speed, and the wheel transmits the same power with a high
torque at low speed. It is the torque that determines the shaft
strength required, and it is for the above reason that in any
reduction gear, the high speed shafts are always smaller in
diameter than the low-speed shafts.

Knowing the turbine power and speed and the pitch diam-
eters of the pinion and wheel, the force T in the line of the
common tangent between the pinion and wheel may be
found from the expressions given above.

Now, because of the necessary form of the gear teeth, the
pinion cannot apply a force to the wheel along the line of the
line of the common tangent, but it applies a force P along a
line which is inclined at an angle ¢ to the common tangent.
For the moment, consider ordinary spur gears, i.e. gears
having the teeth parallel to the axes of the shafts.

Referring to Figure 4.11, the force P acts normal to (i.e. at
right angles to) the surface of the teeth at the point of contact.
The angle ¢ is of course the tooth pressure angle. For spur
gears, the three forces P, T and § are all in the same plane, viz.
the diametral plane. The actual force P applied by the pinion
to the wheel may thus be considered to consist of two com-
ponents, viz, a component 7T acting along the line of the

A’»PINION
N\
~1. I[a// T

Figure 4.11 Forces applied to wheel tooth by pinion tooth (spur gears)
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common tangent causing rotation of the wheel, and a com-
ponent S at right angles to the common tangent tending to
cause separation of the pinion and wheel along the line
of their centres. From Figure 4.11, it will be seen that
P = T/cos ¢, hence we can consider the two forces T and S
to be replaced by the single force P.

P is the resultant of T and S, and once P is determined, the
forces T and S need be considered to exist only for the
purposes of the present explanation.

In Figure 4.11, the forces shown are those applied to the
wheel. Now action and reaction are equal and opposite,
hence there are equal and opposite forces 77, P’ and S’, say,
applied to the pinion. The resulting state of affairs is shown
in Figure 4.12(a) in which 7, P and S are the forces applied
to the wheel and T, P’ and S’ are the reaction forces applied
to the pinion.

If the direction of rotation is changed, i.e. from ahead to
astern, with the same torque, the forces on the pinion and on
the wheel are reversed, as shown in Figure 4.12(b).

T

(a) AHEAD (b) ASTERN

Figure 4.12 Effect of changing the direction of rotation on the forces between
the teeth

Now, turbine reduction gears do not have straight spur
teeth, but have helical teeth, i.e. each tooth is part of a helix
on the pinion or wheel diameter (see Figure 4.13).

The angle a between the shaft centre line and the tangent
to the helix at the mid-point of the wheel face is called the
helix angle.

Now in a spur gear, the diametral plane, in which the
forces T, P and S act, coincides with the plane normal to the
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Figure 4.13 Spur teeth and helical teeth

tooth. In a helical gear, the normal plane, in which T, P and
S act, is inclined to the diametral plane at an angle equal to
the helix angle. This introduces an additional component
force in the line of the shaft axis, i.e. it introduces end thrust.
Turbine gears however are almost invariably made double-
helical, i.e. each wheel is, in effect, two wheels mounted on
the shaft, the helices of the two adjacent wheels being of
opposite hand. With such an arrangement, the two end
thrusts cancel one another, hence we need consider only
the forces in the diametral plane.

The tooth pressure angle ¢ is in the normal plane, hence in
a helical gear, the force P acts in the normal plane. If how-
ever, we attempt to observe the forces in the normal plane,
the pitch circle of the wheel becomes an ellipse, and since by
definition, the tangential force T, calculated from the power,
speed and pitch circle diameter, must act in the diametral
plane, and we must calculate all the forces as if they were in
the diametral plane. To do this, we use quite a simple artifice,
which consists of one operation only, viz, we first convert the
tooth pressure angle ¢ in the normal plane into an equivalent
pressure angle ¢' in the diametral plane, and we can thence
proceed as if all the forces P and S were acting in the dia-
metral plane.

¢' is called the tooth pressure angle referred to the diamet-
ral plane or simply the tooth pressure angle in the diametral
plane.

Referring to Figure 4.14, let « = helix angle of teeth in
plane of common tangent, ¢ = tooth pressure angle in plane
normal to tooth, ¢' = tooth pressure angle in plane of wheel.
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Figure 4.14 Tooth pressure angle referred to the diametral plane

From the plan, 0b = oa cos a. From the view looking in
direction of arrow ‘A’,

ac = oa tan ¢
In the view looking in direction of arrow ‘B’,

ac oa tan ¢

tang' = —- =
ob  oa cos«
. tan
Sotang' = tan ¢
Ccos

Thus the tooth pressure angle in the diametral plane is ¢’
such that tan ¢’ = tan ¢/cos «, where ¢ is the true pressure
angle in the normal plane, and « is the helix angle. (Alternat-
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ively, we can write this relationship in the form ¢’ = tan™!,

tan ¢/cos a, which has the same meaning.)

Since cos o < 1.0, tan ¢' is always greater than tan ¢, and
since ¢ increases as tan ¢ increases, the pressure angle in the
diametral plane is always greater than the pressure angle in
the normal plane. Thus the force diagrams for a helical pinion
and wheel will have the same appearance as shown in Figure
89, but the angle between T and P will be ¢’ instead of ¢.
For the same power, speeds and pitch circle diameters, the
tangential force T is the same whether the gears are spur or
helical.

If for example, the helix angle is 30° and the tooth pressure
angle in the normal plane is 20°, then

Tooth pressure angle in diametral plane =

_ tan 20° 0.36397

= tan LTI = R i

-~ a
cos 30° 0.86603
=tan~! 0.42027 = 22°48’

Gear bearing loads

Referring to Figure 4.12, the force P applied to the wheel has
to be carried by the wheel shaft bearings, and the reaction
force P’ on the pinion has to be carried by the pinion shaft
bearings. In addition, the wheel shaft bearings have to carry a
vertically downward force G due to the mass of the wheel
and its shaft, and the pinion bearings a vertically downward
force G' due to the mass of the pinion shaft.

By drawing two triangles of forces for the pinion shaft
therefore, we can find the magnitude and direction of the
resultant reaction load R’ which has to be carried by the
pinion bearings for ahead and for astern running.

Depending on the arrangement of the turbines and gearing,
there may be two or more pinions engaging with the same
wheel. Each pinion is treated as described, to find the magni-
tude and direction of its bearing loads, due regard being had
to its relative position around the wheel and to the direction
of rotation.

The several forces applied by the pinions to the wheel, and
the vertically downward force due to the mass of the wheel,
are then applied in a polygon of forces at the wheel centre to
determine the resultant ahead and astern loads on the wheel
bearings.
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The most satisfactory way of illustrating the procedure for
determining gear bearing loads is to consider an actual
numerical example. This we will do when considering an
actual example of modern gearing.

|

Figure 4.15 (a) Double-helical double-reduction articulated dual-tandem locked-
train gear

Figure 4.15 (b) Double-helical double-reduction articulated locked-train gear
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Examples of modern turbine reduction gears

Figure 4.15(a) shows a modern double-helical double-reduc-
tion gear at an advanced stage of erection, and Figure 4.15(b)
shows an outside view of the completed gear together with its
turbines. This gear was designed and manufactured by
Messrs G.E.C. Marine and Industrial Gears Ltd, Rugby, by
whose courtesy it is illustrated and described below.

The gear is of the articulated, dual-tandem, locked-train
type, transmitting 23 872 kW at a propeller speed of 1.3333
rev/s.

The technical particulars of the gear, relevant to our present
purpose, are as follows.

H.P. H.P. L.P. L.P. H.P. L.P. Second-
Gear primary  primary primary primary sec. sec. ary
pinion wheel pinion  wheel pinion  pinion wheel

Power, kW 11936 5968 11936 5968 5968 5968 23972
Speed,

rev/s 108.4 12.137 58.498 12.137 12.137 12.137 1.3333
Number

of teeth 29 259 50 241 39 39 356
Circular

pitch mm 23.34 23.34 23.34 23.34 36.858 36.858 36.858
Pitch circle

dia, m 0.21264 1.899 0.3666 1.767 0.4575 0.4575 4.164
Helix angle 30° 30° 30° 30° 30° 30° 30°
Tooth

pressure
Angle in 20° 20° 20° 20° 20° 20° 20°

normal

plane
Face width (2 X 209.55) + 76.2 gap (2 X 460.375) + 101.6 gap

Each turbine shaft is connected to its primary pinion shaft
by a hollow spacer shaft or torque tube, the latter having at
each end a flexible coupling of the membrane type, the
principle of which is illustrated in Figure 4.16. The driving
unit consists of a pack of thin steel plates clamped between
two special washers at each bolt hole. The membrane pack is
solidly bolted to the driving member at every second bolt,
and to the driven member at each alternate bolt. There is
thus no connection between the driving and driven members
except through the membrane pack. The load is transmitted
from the driving to the driven member by the membrane
pack in tension between the bolt centres. The bolts are pre-
tightened to a controlled torque to ensure that, in the plane
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MEMBRANE PACK OUTLINE OF MEMBRANES

c D DRIVING
HOLLOW
SPACER SHAFT| [ DOWEL
ACER St <y COUPLING BOLT
TUBE) = . OVERLOAD

\ || wasHER
ADAPTOR
L1 PLATE

EMERGENCY

CENTRING\
—
— e
C
D

SECTION ON ACB

HALF SECTION ON
cc

i HALF SECTION
ON DD

SPLIT RING

SECTIONONEE  phoivinG DOWEL

Figure 4.16 Membrane type flexible coupling

of the membrane pack, the driving load is transmitted by
friction in way of the membrane washers, thus ensuring that
no bending stresses are induced in the bolts. In this condition,
when cold, the torque tube and adaptor plate assembly is
slightly shorter than the distance between the turbine and
pinion coupling flanges when cold. When the setscrews (at
section EE) are tightened up therefore, the torque tube and
adaptor plate assembly as a whole is given a pre-stretch, so
that in the cold condition, the membranes are deflected
axially in the sense opposite to that in which they are deflect-
ed when the job is hot and the turbine shaft length is increased
by thermal expansion. The aim is to ensure that the mem-
branes are not over-stressed by bending as a result of undue
deflection in one direction when hot.

The use of adaptor plates between the torque tube and the
turbine and pinion coupling flanges enables the torque tube,
membrane packs and adaptor plates to be assembled as a
unit, bolts torque-tightened, and the unit dynamically
balanced before fitting into place.

Since the driving and driven members are centred by the
membranes themselves, emergency centring is provided
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between the hollow shaft and the adaptor plate to keep the
coupling rotating reasonably concentrically while the shaft is
brought to rest in the unlikely event of catastrophic failure
of the membrane pack.

Couplings

Claw-type flexible couplings suffer from unpredictable
friction forces between the teeth. Not only does this acceler-
ate wear and necessitate adequate and continuous lubrication,
but it can cause undesirable bending effects on the pinion
shaft, and thus interfere with the tooth action. Membrane-
type flexible couplings do not suffer from such friction
forces, nor do they require any lubrication. Any relative axial
movement between the shafts or any transverse misalignment
is accommodated by flexing of the membranes. They have a
high capacity for misalignment such as might be caused, for
instance, by seating movement due to flexing of the ship’s
structure, and axial loading is readily controllable to safely
accommodate turbine thermal expansion. It is for these
reasons that membrane-type flexible couplings are being
increasingly used.
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Gear wheels and pinions

The primary wheels are of fabricated construction as
illustrated in Figure 4.17, the wheel centre being forged
integral with the shaft. The wheel is stiffened by eight axial
steel tubes welded to the side plates. This type of construc-
tion gives a strong and rigid wheel, which is not prone to any
major structural vibration. As the fabricated wheel is a
“sealed” cavity it is important that it should not contain any
foreign matter, either solid or liquid, otherwise unbalance can
result when running at speed.

Each primary wheel is connected to its secondary pinion
by a quill shaft and flexible coupling arrangement which is
illustrated in Figure 4.18.
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Figure 4.18 Intermediate quill shaft and flexible coupling

The forward end of the central shaft is solidly coupled to
the intermediate wheel shaft, and the aft end is flexibly con-
nected to the co-axial hollow shaft which is integral with the
secondary pinion(s). The flexible coupling is of the membrane
type, generally as already described. In the application shown
in Figure 4.18, the driving member is carried on a conical seat
on the central shaft. The cones have a taper of 1 in 16 on the
diameter with an interference of 0.002 mm per 1.0 mm of
diameter, which when the driving member is finally assembled
on the shaft, is adequate to transmit the torque from the
shaft to the driving member without the use of keys. If,
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during assembly, the driving member were to be directly
pressed on to the shaft against this interference, the axial
force required would be very large—in this particular case, it
would be 5500 kN. Mention has already been made of the
need to provide for some small relative rotation of the inter-
mediate shaft during erection to ensure that all the gear
contacts are properly made so that the load will be correctly
shared among them. This relative rotation must actually take
place between the shaft and the driving member of the flexible
coupling, and with all the gear components in position. In
Figure 4.18, the driving member of the flexible coupling is
provided with a connection whereby very high-pressure oil
can be injected, thus temporarily relieving the force fit
between the cones and allowing the driving member to be
pressed on or off the shaft by an axial force of about one
tenth of the above ‘“‘dry” axial force, i.e. a force which can
be readily exerted by a portable hydraulic jack.

When assembling the gears, the driving member of the
flexible coupling is initially mounted on the shaft with the
cones in only very light contact with one another. This allows
(a), the primary wheel to be rotated relatively to the primary
and secondary pinions, thus to obtain correct gear contact
between the primary pinion and primary wheel, and (), the
secondary pinion to be rotated relatively to the primary and
secondary wheels, thus to obtain cor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>