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PREFACE

The desire for technical information at a fundamental level has been
proved by demands of operators and others interested in turbines. This
book is in response to the enthusiastic reception given Power’s special
sections, Steam Twrbines, December, 1945, and Gas Turbines, October,
1946.  Naturally, the much greater space available in a hook allows a
more extensive explanation of all phases of turbine operation and selection.
However, mathematics and advanced theory have been minimized as
much as possible.

A studied effort has been made to explain fundamental relationships in
terms of effects and causes that can be appreciated on the basis of every-
day experiences.  This type of approach has proved helpful also to engi-
neering students studying turbines.

Readers will recognize some of the illustrations as having first appeared
in the original sections of Power.  Much more new material, however, has
been added, some of it original with the authors and some contributed by
various manufacturers.

The theme of the book centers about the understanding of turbine
behavior as applied to stationary power generation. From a simplified
consideration of the forces that make a windmill turn, the operating
method of the turbine has been derived.  With an elementary under-
standing of the basic working forees and parts involved, the turbines are
classified according to mode of application, and then typical constructions
are examined.

After the general-assembly methods have been reviewed, attention is
given to the arrangement and design of individual turbine parts. This is
followed by a discussion of the nature of the lubricating requirements and
how they are met in turbines. A brief introduction to steam funda-
mentals lays the groundwork for an appreciation of the variation in heat
performance of turbines. Short-cut methods show how to estimate
expected performances of turbines under different controlling conditions.

The chapter on Operation and Maintenance highlights some of the
problems in running, starting, and stopping a turbine. Practical require-
ments concerning turbine operation are discussed in the chapters on
Governing and Turbine Auxiliaries.

The final chapter on Gas Turbines recognizes the rapid rise of these
units to a practical status over the past 10 to 12 years. Before many
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years pass, the practical operating and plant designing engineer will have
to be well versed in the fundamentals of these prime movers. The review
of the performance characteristics and the many forms that gas-turbine
plants are now taking should be of great help in this respect.

The authors gratefully acknowledge the cooperation of manufacturers
in supplying information and illustrations., We are also indebted to the
publishers of Power for permission to use their original material. The
able direction and coauthorship of the original special sections by L. N.
Rowley, Executive Editor of Power, have been of value in the preparation
of this book.

BerNHARDT G. A. SKROTZKI
WiLLiam A. Vorar

NEw York, N. Y.
January, 1950
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CHAPTER 1
TURBINE TYPES

An overwhelming number of the stationary prime movers in use today
are steam turbines. Anyone who has had the opportunity to visit even
a few power plants will be impressed by the wide variety of forms that
steam turbines take. They vary in rating from less than 1 hp to over
200,000 kw; their working speeds range from a few hundred rpm to over
10,000; they are built to run on steam from less than atmospheric pressure
to over 2,400 psi; they can run at variable speeds as well as speeds held
to a value that won’t vary by more than about 0.1 per cent from the
specified rpm. Steam turbines are versatile in many respects, and this
has made their acceptance well-nigh universal for the production of
stationary power by fuels.

How does a turbine work? We know that steam passes through,
entering at high pressure and temperature and leaving at lower pressure
and temperature, and that as a result the shaft turns. That, of course, is
merely an observation of facts but doesn’t tell us much of what’s happen-
ing inside the unit.

Evolution of a Turbine. To understand what's going on inside a
turbine, we shall have to review what takes place in some common every-
day experienees.  Consider the wind for example: we know that when it
blows effort is required to walk against it.  In high winds we occasionally
have found it impossible to walk, because of the immense force exerted
on our bodies. In extreme cases, such as hurricanes, the wind has
uprooted trees and carried'buildings from their foundations.

Some of our smart aheestors, appreciating the usefulness of the force
created by the wind, put it to work. The wind has sailed ships and
turned windmills for centuries. The amount of human labor the wind
has saved is enormous, but, more important, it has made it possible to
accomplish things that would be practically impossible with the human
and animal labor available.

Just how does the wind make a windmill turn? There are many forms
of windmills, but let’s examine a very simple one, such as shown in Fig. 1-1.
We wouldn’t be far wrong in saying that the windmill was the first form of
turbine, so it becomes important to our discussion. The sails or arms of
the windmill are turned at an angle to the direction from which the wind

1



2 STEAM AND GAS TURBINES

is coming. The axle on which the sails are mounted faces directly into
the wind.

Why are the sails turned at an angle?  Well, let’s look at two extremes.
If the sails were turned edgewise to the wind, the force exerted would be
negligible (Fig. 1-1b). If the flat side were faced directly into the wind,
there would be an enormous force, but it would be in the wrong direction
(Fig. 1-1¢). The sail would bend backward along the length of the shaft
and tend to snap in two. Now, if the sail were turned at an angle between

F1g. 1-1. Windmills probably were the first form of turbines. Wind produces the moving
force by sliding over the inclined sail surface and momentarily compressing itself.

these two extremes, perhaps somewhere around 15 deg, the wind would
slide over the face of the sail as in I'ig. 1-1d.  In doing this, the wind piles
up on the windward side of the sail and compresses itself; simultaneously
the air behind the sail will be somewhat lower in pressure because of the
way in which the wind is sliced. Hence, the sail is dividing two areas of
different pressure and will be pushed in the direction of the lower foree, in
this case downward toward the left in the diagram. Since it is free to
rotate only with the shaft, it moves directly downward, as we look at it in
Fig. 1-1d. It always maintains this same angle to the wind as it rotates;
hence, so long as the wind blows constantly, it will have the same force
acting on it.

How fast will the shaft rotate? That depends on the wind speed, the
angle of the sails to the wind, and the amount of resistance offered against
the turning moment by the load that the shaft is carrying.

We see that the force of the wind can do very useful work when the
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proper equipment is built to utilize it. However, the windmill is at the
mercy of the weather; the most efficient one built is useless in a calm.
What can we do to get steadier use out of this equipment? Create an
artificial wind. Sounds silly! But wait and see. This is a process of

evolution. Remember the old teakettle on the fire? The more heat we
< Jot__
. 7] Closed
== Rotation vesse!
I Vo Fire
= L
1. 1-2.  Artificial wind to run a windmill can be produced by boiling water over a fire

and directing a steam jet against the sails.

put under it, the faster the steam shot out of the spout, as shown by the
louder hissing and the increasing cloud of condensation.
the lid was even blown off.  There’s our artificial wind.

As shown in Fig. 1-2, we'll just set up a boiler some distance in front
of our windmill, put in enough water, aim the spout at the shaft, light
the fire, and as steam pressure builds up in the
boiler above the water, the steam leaves in a
jet from the spout (nozzle, if you want to be
technical) at higher and higher speeds, as we
make a hotter and hotter fire.  As the jet
passes over the sails, the windmill rotates.
There’s the solution to better utilization of
our windmill.  Of course, it will take effort
and money to get fuel for the fire, so it isn’t
free by any means; but at least we can get

In some cases,

1-3. Better utilization

Fra.

out our production.

After a while the cost of the fuel in labor or
dollars becomes a problem, and we must look
for means of improvement. First let's look
at the steam jet.
it gets farther and farther from the nozzle.

of the steam jet can be real-
ized by bringing it up closer

to the sails. Between the
sails, the jet is blowing free
and doing no work.

We notice that its speed and force drop off rapidly as
Because its energy seems to

dissipate as it hits the air, let’s move the nozzle up close to the sails as in
Fig. 1-3. We do get much better performance, but notice that the jet
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only acts on the sails, one at a time, for only about half the time in one
revolution, because of the gap between the sails. We need more sails,
so that none of the jet energy will be wasted. We notice also that the jet
acts on only part of the sails, so we proceed to redesign the entire rotor,
making the sails smaller and more numerous and mounting them on a
disk carried by the shaft, as in Fig. 1-4b.

The sails don’t look much like windmill sails any more, so we'll call
them ““blades.” Figure 1-fa shows how the steam jet acts on the blades.

Steam jet.

N

,Steam jet

(a)

F16. 14. Redesigning a windmill to keep the jet always blowing against a surface takes
form as in (b) with blades mounted on the rim of a wheel or disk. Developed periphery of
wheel and blades appears as in (a).

The blades deflect the jet and make its pressure on the upper side of the
blades higher. The steam jet will be deflected in the direction shown
when the blades are at standstill.  Once the blades are in motion (down-
ward on the diagram), the amount of jet deflection is less, and of course
the force exerted by the steam jet will be correspondingly less. The
speed will settle to a constunt value where the amount of energy given up
by the jet equals that needed by the load on the shaft.

Something doesn’t look quite right with this arrangement. The jet
enters on the blade abruptly, sets up turbulence, and still has considerable
speed when it leaves the wheel or blades. So let’s experiment. We'll
set up a blade so that it can be rotated about its vertical axis and so that
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we can measure the force exerted on it in only one direction, as in Fig. 1-5.
Then we’ll play a constant-sized steam jet on it and measure the force
developed. In (a) the blade is parallel with the jet, and we find that the
force exerted toward the left is zero. Now we’ll turn the blade through
15 deg, and we find the force has increased to a bit less than 0.31h. When
the blade turns its flat side to the jet, the force has increased to a bit less
than 1.0 1b, at which point the maximum force is developed for a flat
blade.

(g)
Fra. 1-5. Fxperimenting with a flat blade in constant-velocity steam jet, no force is
developed on the blade as in (a); maximum force appears when placed as in (¢). When
curved blades are used, maximum force develops by turning the steam jet back upon itself.

On investigation, we find that considerable turbulence is set up in the
steam jet as it hits the flut blade in almost all positions except (a). This
obviously wastes energy- —which we wish to minimize. So let's round off
the blade, as in (d), so that the steam jet is turned more smoothly. For
the same leaving angle as in (b), we find slightly more force developed,
because of the reduction in jet turbulence. In (¢) we turn the jet through
the same angle, 90 deg, as in (¢), and again find an improvement with
the round-edged blade.

Now we have a new tool and are curious. Let’s turn the leaving edge
of the blade another 45 deg, as in (f). We find that the force has now
increased to 1.7 Ib. This is remarkable! The more we turn the jet out
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of its original path, the more force it exerts on the blade that compels it
to take a new path. Well! Then let’s turn the jet back on itself, as in
(9). The force jumps up to 2 Ib. FEvidently, to develop the greatest
force, the jet should travel initially in the same direction as the blade and
then be turned around a full 180 deg. But wait! All these forces are
being developed with the blades at a standstill. To do work, the blades
must move while the jet plays on them. The force developed will not
be so great, but the main point is that the curved blade will produce more
work than the flat blade.

A little reflection will show there are two extremes in relative blade
and jet motion: the one at blade standstill, as in Fig. 1-5¢, developing

Pulley (blade) Rope standing still, equivalent to
moves af Jet leaving blade at zero speed
équivalent ) 2

blade speed

from nozzle .
Loop equivalent
to nozzle — - - -

Rope moving at twice blade (pu//a//,/
speed equivalent /o jet speed
approaching blade

0 Z L AR ¥ 4 //;
Fra. 1-6. Analogy to demonstrate that a steam jet leaving a semicircular blade has zero
speed when the jet approaches the blade with twice the velocity of the blade.

maximum force; the other, when the blade travels at the same speed as
the jet. For this condition, the jet cun’t move through the blade and
therefore no force develops. The ideal condition arises when the jet
gives up all its energy to the blade and leaves it with zero speed.* This
takes place when the blade speed equals one-half the jet speed. This
condition can be easily visualized by setting up an analogy, as in Fig. 1-6.
A rope is tied to a wall and led through a pulley and then back through a
loop. When the pulley is pulled away from the wall, the tied end, as it
pays out of the pulley, remains stationary in space; the part entering the
pulley moves with just double the speed of the pulley as it passes through
the loop. The loop is equivalent to the nozzle, the pulley equivalent to
the blade, and the upper part of the rope equivalent to the jet as it leaves
the blade at zero speed in relation to the nozzle (loop).

* When the jet moves it has energy, called “kinetic energy ”’; when its speed reduces
to zero, the kinetic energy is zero.
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After discovering this very fundamental principle of impulse turbines,
we cxperiment, place curved blades on the edges of disks or wheels, and
finally come up with an arrangement such as shown in Fig. 1-7a. This
is how the edge of the wheel would look if it were unrolled with the blades
and nozzle in place. We can’t get the jet to enter in exactly the same
direction as the blade motion, because the nozzle has to be set off to one

i
K

\
\

L

L

(o) ()

FiG. 1-7.  (a) Single row of impulse blading with simple nozzle. The steam jet moves
faster than the blading, causing the jet to compress itself and exert a force on the blading.
The jet follows a curved path as it passes between blading and loses a large part of its
speed.  (B) A given row of blades can be made to do more work by passing greater steam
flows through it. ‘The multiple nozzle at the right passes more steam and can be made to
cover the entire wheel periphery.

side, but we make the entrance angle as sharp as mechanical limitations
will allow.  Space has to be left between the exit edges of the blades for
the steam jet to leave; hence the full curve in the blade is less than the
half circle we should like to make it.  As in many machines we have to
compromise between theory and practice.  Now when we start the
steam jet through the blades, put the design load on the shaft, and get the
speed up to its most cconomical point, let’s take a high-speed snapshot
of the jet passing through the blades.



8 STEAM AND GAS TURBINES

We'll see something like that in Fig. 1-7a. But what’s this? It seems
that the jet is passing right through the blades. This is an illusion, of
course. We must remember that both blade and jet are moving, but
the blade moves slower than the jet and therefore the jet path is deflected
because the steam compresses itself against the blades. But here we find
the jet leaving the blades at right angles instead of at zero speed. IHow-

Moving Srationary Moving

i

Lk

Q

Fi1c. 1-8. Velocity-compounded impulse stage with two rows of moving blades. Steam
jet gives up only part of its energy by partly slowing down in the first row of moving blades.
Stationary blades direct steam flow into the second row of moving blades where the steam
jet gives up its remaining energy. Steam pressure after the nozzle exit remains constant

pt for tary compression against the blading. Velocity compounding allows the
use of slower blade speeds.

ever, the jet exit velocity is much less than the speed at which it entered
the blades, indicating that it has given up a large part of its energy. The
exit speed cannot drop to zero, because the jet must keep moving to get
out of the way of the steam following it. So again we have compromised
theory for practical considerations.

With only one nozzle working, the blades are idle a large part of the
time during one wheel revolution. We can get much more work out of a
wheel by having more jets passing through the blades, as in Fig. 1-7b.



TURBINE TYPES 9

Here the jets are ganged up to form a solid wide stream of steam flowing
through the blades. We can easily arrange this so that the nozzles are
opposite the full periphery of the wheel, and all blades have a continuous
force exerted on them during the full revolution.

Under some conditions we may want to use a very high jet speed, but
we find this will require a comparably high blade speed and high rpm if
we want to absorb a maximum of the jet energy. As the rpm may be
higher than we can comfortably
use, we'll have to devise means of
reducing it to a usable level and
still absorb most of the jet energy.
One method is called “velocity
compounding,” in which the steam
passes through two rows of mov-
ing blades, as in Fig. 1-8. The
first row doesn’t absorb all the
jet energy, as indicated by the
amount that the jet is turned
back on itself. The intermediate
row of stationary blading merely
redirects the steam jet at a proper
angle into the second row of
moving blading, from which it
exhausts at low velocity and at
right angles to blade motion.

The second method of reducing

blade speed is by pressure com-

pounding. Why do we have u dtages also allow the use of slower blade
. . | specds for given availablo steam-pressure drop
high jet speed?  Only because than a single impulse stage. Iere two impulse

we'ee wing a higher steam pres- Sees i seis dp the e, prosare
sure in the boiler.  To reduce jet  moving row of blades.

speed, we can arrange two nozzles

in series, as shown in Fig. 1-9, each nozzle followed by a row of
blades. It should be eclear that the pressure of the region in
which the blades revolve remains constant at both entering and exit
edges of the blades. Of course, as the jet passes through the moving
blades, there is a momentary compression which creates the working
force, but this disappears as the jet leaves the blade. Steam pressure
ahead of the first row of nozzles is highest; it drops as it passes
through the nozzles into the first row of blades; it drops a second time
as it passes through the second row of nozzles; and it reaches its lowest
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pressure as it enters the chamber where the second row of blades revolves.
With the lower jet speeds we’ll have lower rpm.

All the foregoing schemes are different arrangements of impulse blad-
ing, the force being created by a high-speed jet impinging on a slower
moving surface. lHowever, there are other ways of creating a working
force on moving surfaces by means of stcam jets.

Reaction Blading. Another common means of turning turbine shafts
is by the so-called ‘““‘reaction” force. The term isn’t strictly accurate
because it makes many tend to misinterpret what takes place. The
most familiar everyday application
H, = of the reaction force is in some

, types of gardensprinklers, arranged
“ “ L \Rafahon as in Fig. 1-10. As the water jets
L / leave the nozzles at the end of the

arms, the latter rotate backward,

’ /7\ opposite to the direction of the

/,’ ” ”i jets. l’op}llur misconcc[')ti(m says

) i, // | :!, they do this because th?‘Jc.ts “kick
E——— $~U,,ba/,,,“4 oft” from the nozzle. This hardly

pressure causing rotation  explains the real state of affairs.

Suppose we plug up the four
nozzles tightly and turn on the
water pressure or air pressure.
(They will turn also when com-
pressed air passes through them.)
Nothing takes place.  Why? Be-
cause the fluid under pressure
presses on all parts of the sprink-
F1a. 1-10. Unbalanced-pressure forces act- ler and the plugs cqually. Th.e
ing in a direction opposite to jet flow in a  pressure that acts on the plugs is
lawn sprilzkler mak? it rotate. This is the  })y3]lanced })y the pressure on the
so-called “‘reaction " force. . .

curved wall leading into the nozzles.

When the plugs are removed, the water can flow out under its pressure.
But now the pressure on the curved walls directly behind the nozzles is
not balanced by the pressure on the plugs, and since the arms are free to
move, these unbalanced forces proceed to make them rotate. In this
way work can be done by these unbalanced or ‘“reaction” forces. It’s
the same sort of force that moves a rocket. The high pressure created
in the rocket’s combustion chamber by the burning gases presses equally
on all parts of the wall of that chamber. But the outlet where the jet
issues cannot balance the pressure on the opposite wall, and hence this
pressure creates the foree that moves the rocket.
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Again after experimenting, we come up with a blade and wheel arrange-
ment like that shown in Fig. 1-11. Noazzles are formed on both moving
and stationary rows with the result that the steam pressure drops through
hoth. Again, a high-speed snapshot would look like the streamlines in
Fig. 1-11 and give the peculiar impression that the steam is flowing

“through’ the moving blades. As a >
steam pressure drops in a nozzle, ? g > N
the steam jet speeds up. In the §1 3 '§I )
stationary nozzles, the jet speedsup o b 2 , by
enough to smoothly enter the inlets  F=
of the moving blades, or nozzles. = =
There may be a moderate amount  ZE% S
of “impulse” pressure helping to IF=—=
create the working force, but the =F S =
main part of the foree is created by £ A
the unbalanced pressure of the jet = =
leaving the moving blading. The = N
direction of thismovingforceisindi- 3 g
cated by the arrows on each blade. 3
The blades of course can move only 3 = B
downward. R

Again this scems queer. From 3 / S ==
our viewpoint on solid carth, the ==X W 4 / y-
steam accelerating through the =~ //{// / s 7 7
moving nozzles (blading) is moving 3 ) ’f 7
from right to left, but the reaction EE/J/ == g =
force is acting almost directly down- ) )
ward in the direction of blade :u':’e' ;;L;‘s iIIl",fg:‘f;f:‘;ﬁg‘,‘l‘,’;.gf;:';a::oﬁf;
motion. It’s all in the point of blading (or stationary and moving noszles).
view, Tn Fig. 1-12h, we again e foving rough moving bader, st

reproduce the moving blades and
the steam streamlines as they
appear from a stationary position.
But suppose you were riding on one
of the blades. How would things

unbalanced forces act on the blading in the
direction shown by the arrows. Blades can
move ounly directly downward because of
mounting on the revolving drum. Note
that steam fills all space between blading,
a characteristic of reaction turbines.

look? This is shown in (a). The steam would appear to be coming
in parallel, or almost parallel, to the blade (moving nozzle) entrance at
a moderate speed and then speeding up as it passes between the blades.
The unbalanced pressure must be in the direction opposite to that in
which the jet leaves. Now we can see why the reaction force acts in the
direction shown in Fig. 1-11.

While we’re on the subject, let’s make the same investigation for
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moving impulse blading.

Fia. 1-12.
point of view! To a person
standing on solid ground,
reaction blading moves in
the direction shown in (b)
and steam flows in the direc-
tion shown by the stream-
lining, leaving the blading
at practically right angles to
the direction of the blade
motion. However, if he
rode on the blading, it would
appear to be stationary and
the steam would appear to
flow as shown in (a). The
same relations hold for
impulse blading; as things
would appear to one stand-
ing on the ground (d) and as
they would look to one riding
on the blades (c).

It's all in the

In Fig. 1-12d, we see how the blading and
steam flow appear from a stationary view-
point, while (¢) shows how it would appear if
we were riding with the blades. The steam
would appear to enter from the right parallel
with the sides of the blade, flow through at o
constant rate, and leave with the saume speed
at the exit edges of the blades to the left. To
keep the record straight, you will often hear
impulse blading on the moving wheel referred
to as ‘‘buckets.” Through this book we occa-
sionally use this term.

Turbines. We have discussed the action
taking part in the heart of a turbine in a very
elementary way. A more technical discussion
will be given in Chap. 5, when we talk of steam
fundamentals and go into calculations con-
cerning turbine behavior.  Also, we have talked
of a very few elements in the turbine, the most
vital ones, but there arc many other parts
needed to make the turbine practical. Figures
1-13 and 1-14 show cross sections of impulse
and impulse-reaction turbines, respectively.
Let’s look at these pictures carefully. There
must be a rotor, shaft, or spindle to carry the
blades or buckets and a shell, casing, or cylinder
to confine the steam, support the stationary
nozzles or blades, and provide a structural
frame.

The casing supports the main bearings and
the thrust bearings, which maintain the shaft’s
axial position. Reaction turbines, character-
ized by greater end thrust (because of pressure
difference across moving blading), use dummy
or balance pistons to counterbalance most of
this thrust. Seals and glands at the points
where the shaft emerges through the casing
minimize steam leakage out of the unit or air
leakage into the unit. A lubrication system
supplies oil to the bearings and other moving
parts.

To control steam admission requires a throttle or stop valve, a steam chest,
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steam-admission valves, valve gear, and a governor. An overspeed governor
and trip mechanism usually complete the control equipment. To with-
draw steam from an intermediate point in the turbine for feed-water
heating or process use, a bleed or extraction connection must be provided.
An extraction valve controls extraction steam pressure. Fully expanded
steam leaves the turbine through an exhaust hood. In Chaps. 2, 3, and 7,
ve - e e

* Governor- controlled Valve-toading spring
valve cams

Turning gear motor

" Admission valve Wlocity
Governor linkage Pressure staging
Governor Exhaust hood
handwhee!.
Governor \

Starting
hand -
whee/

Thrust
bearing

Main bearing
Steam chest bearing
Governor linkage ;

Volve cams
Exhaust l
Volve loading springs casing steam
(Courtesy of General Electric Co.)
Fi6. 1-13. Typical impulse turbine arrangement with first stage built as a velocity-
compounded impulse stage. Note the wheels carrying buckets or blades, and the dia-
phragms carrying nozzles,

we shall talk about these various parts, how they are constructed, and
what they are supposed to do.

Turbine Types and Applications. Steam turbines can be fitted into a
wide variety of applications in point of size, speed, steam flow, load, and
other considerations. Smooth or constant torque characteristics simplify
the operation and maintenance of turbines, as compared with reciprocat-
ing engines. The nature of the metals of which turbines are made repre-
sents a real limitation on the pressure and temperature of the steam that
turbines can use; temperature being the critical factor. But as metal-
lurgy produces improved materials, higher and higher temperatures are
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being used; the highest at this writing is 1050 F, and it is only a matter
of time before 1200 F and higher may be put to work.

Ability to take part of the steam from a turbine at an intermediate
point (stage) proves a big advantage in favor of the turbine. Since
steam, in most instances, is generated by a boiler at one pressure, lower

[
Straight condensing Condensing bleeder Low- pressure condensing

“
%

Single - extraction condensing Double-extraction condensing Mixed -pressure

) ‘. I
i |
E xtraction - induction Reheat Noncondensing,or superposed
Noncondensing bleeder, Single-extraction noncondensing  Double -extraction
or superposed bleeder noncondensing

Fia. 1-15. Diagrammatic chart of the principal types of turbine arrangements in regard
to steam flow through the unit. Because the diagrams illustrate principles, superposed
units are included with the broad class to which they belong, noncondensing turbines,
although they are commonly thought of as a separate type. Dual-pressure units, machines
designed to operate at two different pressures or to be converted later to another pressure,
might be considered an additional class.

pressure steam can be taken from an appropriate stage of a turbine, thus
being made to do work in the pressure-reducing process. This proves
more economical than just throttling high-pressure (h-p) steam in order
to obtain low-pressure (1-p) stcam. Such lower pressure steam, at any
level, can be used for process heating work in factories, for space heating
in almost any establishment, and for feed-water heating in a straight
power-producing turbine plant.

Arrangements of steam flow in and out of turbines are diagrammatically
shown in Fig. 1-15. All turbines may be divided into two broad classes:
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(1) condensing units which operate with back pressures (pressure at
exhaust) less than atmospheric pressure (14.7 psia) and (2) noncondensing
units with back pressures at atmospheric pressure and above.

Each class may be subdivided according to whether full throttle flow
continues through the machine to exhaust or whether part of the steam
leaves at an intermediate stage on its way through the machine. Units
of the latter type are called bleeder or extraction turbines. These terms
are used loosely and more or less interchangeably, but for our purpose we
will use bleeding to refer to steam withdrawal in minor amounts, without
pressure control, as applied in feed-water heating layouts; extraction will
be used for steam withdrawal in small to large amounts at a controlled
constant pressure.

In a bleeder turbine, one or more stages have openings of fixed size
through which steam may be taken or bled. Since stage pressures vary
with total steam flow through the turbine (rising with increasing flow),
the bleed steam pressure will vary. This will be discussed at greater
length in Chap. 5, Figs. 5-27 and 5-31.

When steam taken from a turbine must be at a constant pressure, as in
process work, some automatic pressure control must be provided. Such
turbines are called automatic-extraction turbines. In this type of unit,
the section or stage following the extraction opening is separated from the
section ahead, and steam flow between them is regulated by a valve under
automatic control. The action will be described in detail in Chap. 6,
Figs. 6-15 to 6-17.

The number of bleed points used, ranging from one to eight, is deter-
mined in most cases by an economic analysis of alternate arrangements.
Besides fixing the number of points, heat-balance requirements determine
the approximate pressure levels.

Extraction turbines are built with one or two extraction openings, the
number and pressure levels being determined by process needs.

In some cases, l-p steam is available from process lines in addition to the
h-p steam generated in a boiler. Such I-p steam can be put to work in a
mized-pressure turbine, by introducing it at an intermediate stage.
Whenever it becomes available, the h-p steam entering the throttle is
backed off until load requirements are met. When a condition arises
where l-p steam is needed sometimes from an extraction turbine and at
other times excess is available for introduction to the turbine, an extrac-
tion unit is used and called an extraction-induction turbine.

A number of other special designs have been developed. Where high
throttle pressures have heen employed with relatively low temperatures
(and in some modern cases with high temperatures) to gain high thermal
efficiency, all steam is taken from the turbine at an intermediate stage
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and resuperheated before being led back into the following stage. Sucha
unit is called a reheat turbine.

Topping or superposed turbines have been applied in some instances.
Since old moderate-pressure turbines are nearly as efficient as the l-p
sections of modern h-p turbines, it sometimes pays to install h-p boilers
feeding h-p turbines that exhaust at original station pressures into the
existing moderate-pressure turbines. This combination operates at

HIGH-PRESSURE SUPPLY

HIGH - OR INTERMEDIATE - PRESSURE SUPRLY

LOW-PRESSURE
PROCESS LINE

Fru. 1-16.  Relative hookups of typical turbine types in regard to steam pressure. Shows
how available turbine types fit various heat-balance arrangements. No definite values
are assigned to the pressure levels shown as it is intended that they be purely relative and
illustrative.

nearly the same efficiency as a complete new h-p plant and salvages invest-
ment in existing turbines, condensing systems, and structures. These
turbines are similar to standard noncondensing units but operate at
higher initial and back pressures.

What might be called subposed turbines have been used in some plants
where large amounts of exhaust stcam became available from engines or
process equipment. Working from atmospheric pressure to alow vacuum,
an l-p condensing turbine does about the same work per pound of steam
as a unit expanding steam from 200 psig to atmospheric pressure.

Where plant development plans may later call for higher operating
pressure or where two pressures may be available, a dual-pressure turbine
may be applied. Such a unit may differ from the conventional only in
that its design represents a compromise between best performance at
each pressure level. Where the difference between two pressures is
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substantial, the unit may be designed so that the h-p stages may be

added later. .
Figure 1-16 summarizes the relations between common types of turbine

in terms of pressure levels and division ¢f steam flow.
When a turbine is built for higher capacities, it is often found impossi-

iRy

Triple-tandem, double- flow

Cross - compound
Single-casing double - flow E%E
Q Vertical - compound
| Cross -compound, double - flow
Tandem - compound F% !

Tandem, double - flow Vertical,double - flow

Single-casing single-flow

Triple -compound,double - flow
F1e. 1-17. Casing and rotor arrangements for large-capacity turbines. There is a limit
to the capacity that can be obtained from the basic single-casing single-flow design. For
larger capacities it is necessary to use the double-flow principle and various forms of com-
pounding diagrammed here.

ble to provide it in a single rotor and casing. Figure 1-17 shows various
casing and shaft arrangements used in the larger sized units up to 200,000-
kw capacity. Actual turbine cross sections for units normally driving
electrical generators are shown in Figs. 1-18 to 1-30.

Mechanical-drive Turbines. Turbines thus far described are intended
for generator service, usually direct-connected. To meet the varied
needs of industry for prime movers to drive fans, pumps, compressors, and
other machinery, mechanical-drive turbines have been developed.  In this
service the turbine offers these advantages: (1) easily controlled variable-
speed operation, (2) ability to start quickly and without electrical power

(Continued on p. 31.)
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supply, (3) freedom from spark hazard, and (4) suitability for damp or
otherwise adverse conditions.

Even more important, in most cases, is the turbine’s flexibility from the
heat-balance viewpoint. Throttle steam can be supplied at boiler pres-
sure, or process pressure in a multilevel plant, and exhaust steam can be
used for heating and process, or it can be condensed. Turbines can also
be arranged for extraction and high back pressure or topping service.
Where extraction or exhaust steam can be utilized, the economical advan-
tages of steam drive may prove substantial.

High-pressure

steom inlet

fic e i

i

REHEATER

(Courtesy of General Electric Co.)
Fra. 1-29b. Reheat bleeder condensing turbine with h-p steam inlet adjacent to reheated
steam inlet.

Mechanical-drive service calls for units of relatively small size, occa-
sionally up to about 2,000 hp, but usually below 500 hp. Since most
such units operate noncondensing and since exhaust steam is used for
heating, maximum efficiency is not essential. In many cases, the best
speed of driven equipment is high; where it is not, gearing or belting
may be used. Thus, relatively high turbine speeds, up to and above
5,000 rpm, are permissible.

These service conditions dictate designs that feature simplicity and
ruggedness to give low first cost, reliable operation, and minimum mainte-
nance. These considerations, in turn, lead to choice of few pressure
stages, usually only one. Because impulse wheels operate satisfactorily
with partial steam admission and for a given speed take a large pressure
drop with good efficiency, virtually all mechanical-drive turbines are of
impulse design, frequently velocity-compounded.

Most mechanical-drive turbines have a single pressure stage, containing
either a single wheel with velocity-compounded buckets, or a number of
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wheels. Units of this type are built for capacities up to about 25,000 hp
at 1,500 psi and 950 F, but the great majority are designed for capacities
of from 5 to 500 hp and maximum steam conditions of 400 to 600 psi and
750 F. Most operate noncondensing at back pressures up to 50 psi,
but units can be obtained for high back pressure or topping service.
Maximum speed ranges up to 5,000 rpm, although some turbines have
been built to operate at much higher speeds. Both horizontal and verti-

(Courtesy of L. J. Wing Manufacturing Co.)
Fia. 1-31. Mechanical-drive turbine with single impulse wheel having reentry-type

velocity compounding causing several passes of steam through the rotor blading (see
Fig. 2-2a).

cal designs are available. Typical single-pressure-stage units are shown
in Figs. 1-31 to 1-33.

Velocity compounding may be obtained by use of the reentry principle
or by conventional velocity staging. The various reentry designs are
discussed in Chap. 2. In Fig. 1-31, steam flows axially, and a chamber
cast into the casing redirects the steam back through the buckets. In
Fig. 1-32, nozzles direct steam into buckets milled into the rim of a solid
wheel, and reversing chambers redirect the steam into following buckets.
Because steam flows radially, there is no axial thrust in this design.

Units of Fig. 1-33 employ conventional velocity staging, steam from
the nozzles flowing axially through a row of moving buckets and then
through fixed buckets which redirect it into another moving row. The
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most common arrangement features two velocity stages on a single wheel,
but a number of designs utilize two or more wheels, each carrying a row
of moving buckets, with fixed rows between them supported from the
casing.

General-purpose Turbines. Small multipressure-stage turbines,
designed primarily for mechanical drive but suitable, with appropriate

Q

(Courtesy of Terry Steam Turbine Co.)
F1a. 1-32. Mechanical-drive turbine with solid rotor carrying milled-out circular-blade

passages. Velocity compounding is arranged by reversing the chambers adjucent to each
nozzle (see Fig. 2-2d).

governors, for generator service, are often considered as a separate class
between the mechanical-drive units and those called industrial units,
which are designed for generator service and usually built in capacities
ranging from 500 to 7,500 kw. Pressure staging permits the attainment
of higher efficicney than is possible in a single stage. The designs are
essentially simple and more or less standardized. Normally used straight
condensing or noncondensing, the multistage design permits extraction.
Units may be built for high back pressure or topping service. They are
usually of impulse design, for the reasons previously given, and one or
two of the pressure stages are often velocity-compounded. Figure 1-34
illustrates typical general-purpose machines.
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(Courtesy of General Electric Co.)

(a)

it

I

(Courtesy of Worthington Pump and Machinery Corp.)
®)

Fia. 1-33.  Various types of mechanical-drive turbines with velocity-compounded impulse
stages. Most mechanical-drive turbines have a single-pressure stage, which is usually
velocity-compounded. A common arrangement features two velocity stages on a single
wheel, with the multiwheel construction used less frequently. Single-pressure-stage units
are built for capacities up to 2000 hp at 1500 psi and 950 I, but the great majority are
designed for capacities of less than 500 hp and maximum steam conditions of 400 to 600 psi
and 750 F. Most units operate noncondensing at back pressures up to 50 psi but units
can be obtained for higher back pressures. For most units, maximum speed runs about
5,000 rpm; some have integral gears. (¢) Single-wheel unit with two velocity stuges.
(b) Multiwheel unit with built-in reduction gearing.
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(Courtesy of Coppua Engineering Corp.)

©)

(Courteay of Westinghouse Electric Corp.)

d)
¥re. 1-33. (Continued.) (c¢) Another single-wheel velocity-compounded unit. (d) Single-
wheel two-velocity-stage unit for high back pressure.

Many of the construction elements discussed in Chap. 2 apply to
mechanical-drive and general-purpose turbines. Depending on pressures
and temperatures, casings are of steel or close-grained cast iron, or a com-
bination of these metals. In the customary design, the casing consists of
upper and lower halves bolted together at a horizontal joint, made
steamtight without use of gaskets by careful machining of flange surfaces.
Making pipe connections to the lower half of the casing permits the upper
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(Courtesy of De Laval Steam Turbine Co.)

(e)

(Courtesy of Elliott Co.)

6)]
Fia. 1-33. (Continued.) (e) Velocity-compounded single wheel. (f) Turbine with three
wheels and three velocity stages.

half to be lifted for internal inspection and maintenance without breaking
joints.

Buckets, usually of chrome iron and fitted with shroud rings, mount
on a forged-steel disk shrunk or keyed to an alloy-steel shaft. Both
dovetail and T-root blade fastenings are used. For high expansion
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ratios, individual nozzles or drilled and reamed nozzle rings fit into the
side of the casing in the nozzle chamber. Cast or assembled curved-vane
nozzles serve for low expansion ratios.

Bearings and Seals. Most shafts run in babbitted journal bearings,
usually with some provision, such as a babbitt-lined face, to take the
normal thrust load. Ball bearings, of both normal and thrust types, are
also used.  Oil rings handle lubrication on many machines, while pressure
systems are used on others. In many units, cored passages surround

(Courtesy of Carling Turbine Blower Co.)
@]
Fic. 1-33. (Continued.) (g) Single-wheel velocity-compounded unit.

the bottom and sides of the bearing brackets, so that cooling water can be
circulated if required. Where the shaft passes through the casing, carbon
packing rings are usually installed, and a space for removing leakoff stcam,
or supplying sealing steam, is provided. Both labyrinth and carbon
diaphragm seals are used in multistage turbines.

In most units a single governor valve controls stecam flow, the valve
being directly actuated by the governor through a short linkage. Steam
passes through a strainer before the governor valve. Hand-operated stop
valves for each nozzle or nozzle group permit changing the number of
nozzles to meet loads above normal rating or to give higher efficiency at
partial loads. To meet the desired speed characteristics of driven equip-
ment, a number of different governor arrangements are used, as described
in Chap. 7.

The method of connection to driven equipment depends on speed
characteristics. High-speed machinery, such as fans, pumps, and other
centrifugal or rotary machinery, is often direct-connected. Some
builders offer complete units comprising both turbine and driven equip-
ment. For many other applications, speed reduction is essential. This
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(Courtesy of Worthington Pump and Machinery Corp.)

(@)

(Courtesy of Westinghouse Electric Corp.)

)

F1a. 1-34. Mechanical-drive or general-purpose turbines for larger capacities with pres-
sure-compounded impulse stages. Although there is no clear-cut distinction, small multi-
stage turbines (up to about 2,000 hp), designed primarily for mechanical drive but suitable
for generator service, are often classed as general-purpose units. They are characterized
by a relatively small number of pressure stages and more or less standardized design of an
essentially simple and rugged nature. Normally straight condensing or noncondensing,
they may be equipped for extraction and for high-back-pressure or topping service. They
are usually of the impulse type, with one or two velocity-compounded stages. (a) Unit
with seven stages, first velocity-compounded. (b) Of five pressure stages, the first two are
velocity-compounded.
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(Courtesy of General Electric Co.)
(e
Fi6. 1-34. (Continued). (c) Turbine has five pressure stages.

is most commonly obtained by gearing, but V- and flat-belt drives are
also used. A number of turbines are built with reduction gearing as an
integral part of the unit, offering compactness and insuring correct and
permanent alignment. Gears are usually cut helically from forged steel
with low tooth pressures and pitch-line velocities for quietness and long
life.



CHAPTER 2
CONSTRUCTIONAL DETAILS

Nozzles. There are two basic types of nozzle: (1) the converging.
diverging design for high steam-expansion ratios, and (2) the converging
design for low expansion ratios. These may be built in a number ol
ways, depending on whether they are to be used in the first or later stages.
The nozzle material is selected for use under specified operating condi-
tions and is often a chrome-iron alloy, or at times of bronze. Nozzles
for single-stage impulse turbines are usually of the converging-diverging
type. Figure 2-1 illustrates such
a nozzle. A number of these are
generally placed at intervals around
the turbine wheel. The nozzle
shown is integral with a set of sta-
tionary reversing blades. These, as
indicated, are required when the
single-stage units are velocity-com-
pounded. In the conventional
arrangement, steam from the nozzle (b) Velocity
passes through a row of moving compounding
buckets or blades, then through a F‘: oL dHi“h'e".p““g{‘;'&"”‘ti° nozzle
fixed row, and then through another and aitachod revorsing blace.
moving row. Reversing blades are required only in the vicinity of the
nozzles and do not extend all the way around the blade-wheel periphery.

Velocity compounding may be obtained with a single row of moving
blades, by use of the reentry principle. The nozzles for these designs are
commonly part of a reversing chamber assembly, which redirects the
steam back through the blades. In Fig. 2-2a, such a chamber is shown
with the steam flow in an axial direction. In Fig. 2-2c and d the turbine
has a solid wheel, and buckets are milled out of the rim. Steam flows
from the nozzle radially and is redirected by reversing chambers, as
shown in phantom. Figure 2-2d shows another design with a reversing
chamber for a similar type of turbine wheel.

In smaller units with a single governor valve, the nozzles placed around
the wheel are commonly designed with individual hand- or automatic-
operated nozzle valves, as in Fig. 2-3. This permits changing the number

41

(a) Nozzle and blades
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(¢) Radiq) reentry (d) Radia) reentry stegm action

Fig, 2-2, Simple noszjes used in reentry designg,
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(a) Round nozzles (b) Curved vane nozzles
Fia. 2-4. Nozzle designs for large turbines.

nozzles for part-load and normal stcam pressure reduces the effect of
throttling through the main gover-
nor-controlled valve and so pro-
vides practically full-load economy
at partial loads.

In some single-stage units and
the first stage of multistage tur-
bines, nozzles are grouped to form
segments of a circle. These are
assembled in the casing with blanks
between.  The nozzles oceupy only
enough of the circumference to
provide the area neceded for steam
flow. For converging-diverging
designs, as in Fig. 2-4a, the blocks
or rings are usually drilled and
reamed in a solid block of steel to
the correct size. Nozzle blocks or
rings may be bolted or welded in blades
the casing. Converging nozzles
are generally formed as a vane
type of nozzle block, as in Fig.
2-4b. Nozzles of the vane type are
constructed of accurately machined
segments and are commonly se-
f:?rfsd to support rings by welding. Vane 1ype ]
I'his type of nozzle may be cast nozzle block”
when used in the diaphragms of the layout
EOWGI‘ pressure stages of a turbine. Fig. 2-5. Noszzle block in relation to gov-
The arrangement of nozzle blocks erning valve and first-stage blades.

Governing
valve
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/
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(a) Nozzie row (b) Fixed and moving (c) Fixed and moving
segments blading
() ®) ©

Fra. 2-6. Typical reaction nozzles.

(a) Assembled diaphragm (b) Diaphragm halves
showing joint

(d) Olaphragm nozzies

(¢c) Diaphragm vanes
Fig. 2-7. Diaphragm structural features.



CONSTRUCTIONAL DETAILS 45

in an impulse turbine is shown in Fig. 2-5. Here, inlet steam enters
through the governor valves in the steam chest and flows to the nozzle
blocks. The nozzles, as shown below, direct the high-velocity steam to
the first-stage blades.

In reaction turbines the alternating fixed and moving blades are in
effect all nozzles. Reaction blad-
ing requires that steam be admitted "",'”P’" g!"'i‘

to 100 per cent of the periphery. \ /’m'“l
The fixed blades are virtually a § ’

ring of vaneformed nozzles, as N

shown in Tig. 2-6. Blade roots " ‘/"M”

may fit directly into the casing or

into blade rings supported from

the casing. The blades or vane  steam
nozzles may be individual or  sea/s—~
grouped in sections with a common

root and shroud ring.

Diaphragms and Seals. The stages of an impulse turbine are formed
by stationary diaphragms and rotating turbine wheels. Nozzles for
stages following the first are built into the diaphragms. As shown in
Fig. 2-7, the diaphragms are split horizontally at the center line. The
upper and lower halves of the diaphragms are commonly fitted into
grooves machined into the turbine
casing. The upper half is usually
arranged so that it will lift with the
upper half of the turbine casing.
Correct alignment is assured, and
interstage leakage prevented, by the
tongue-and-groove joint shown in
Fig. 2-7b. Diaphragms are made of
close-grained cast iron or cast steel,
depending on the temperature and
pressure of the steam and the pres-
sure drop across the diaphragm.
The nozzles are formed of vanes
Fia. 2-9.  Relation of diaphragm nozzles commonly of chrome-iron alloy in
and turbine blades. . v

the higher pressure stages. These
nozzle vanes, as in Fig. 2-7¢, are machined to exact shapes and are
commonly welded into inner and outer bands; then the assemblies are
welded into an outer ring and inner web. In the lower pressure stages,
the nozzles are formed by casting nozzles or vanes into the diaphragm,
which is then annealed and machined.

lllldlmlnuugl
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The rotating shaft carrying the turbine wheels, as in Fig. 2-8, passes
through the stationary diaphragm. Shaft packing or seals are required
to prevent steam leakage from one stage to the next lower one. The
type of packing depends on steam conditions and may consist of carbon
rings, metallic labyrinth, or a combination of both. The relation of the
diaphragm nozzles and turbine wheel is clearly indicated in Fig. 2-9.
Nozzle passageways direct the steam into the blades of the succeeding
impulse wheel.

Blades or Buckets. The moving elements which are directly subjected
to steam action are known commercially as ‘“blades” or ‘“buckets.”

« Absoute
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F1a. 2-10. Steam action in impulse and reaction blading.

Figure 2-10 illustrates the basic action of steam on the average impulse
and reaction type of blade. The moving impulse blades form passage-
ways through which high-velocity steam passes and gives up the major
part of its kinetic cnergy to the blades, as will be seen by the decrease in
the absolute velocity of the steam leaving the blades. This action is
generally studied in terms of the velocity diagrams shown. Reaction
blades, because of their shape, allow the steam to expand while passing
through them. Both the kinetic encrgy that the steam had at entrance
and the work done by the steam while expanding are in great part
delivered to the blades and cause them to move. All blades must be
carefully made to have accurate cross section and entrance and leaving
angles. They must also be smooth to reduce friction losses as the steam
passes over them. The materials used in their construction must be
selected for their strength and resistance to corrosion and erosion. Some
of those commonly used are chrome-alloy steel, nickel steel, cupro-nickel,
stainless steel, and bronze.

In cross section, impulse blades are more or less crescent-shaped and
may not always be symmetrical, as in Fig. 2-10. Modern reaction
blades have a blunt-nosed teardrop shape. Blades or buckets may be
forged and milled, milled from solid stock, or drawn. Precision casting is
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contemplated for small turbine blades. Blades are made in various
lengths to accommodate the steam volumes, as expansion continues
