STEAM TURBINE DESIGN *

INTRODUCTION

A steam turbine is a heat engine in which the gnefghe steam is transformed into work. First,
the energy in the steam expands through a nozdlésaronverted into kinetic energy. Then, thaekin
energy is converted into work on rotating blades.

The usual turbine has four main parts. The risttine rotating part which carries the blades or
buckets. The stator consists of a cylinder andhgasithin which the rotor turns. The turbinestebase
or frame, and finally there are nozzles or flowgaages which expand the flow. The cylinder, casimgl,
frame are often combined. Other parts necessampyréper operation would include a control system,
piping, a lubrication system, and a separate caaten

There are many different types of turbines. Tise below is taken from Church

I) Classification of Steam Turbines

Steam turbines may be classified in the followirays
A)  With respect to form of steam passage betweenltues
a) Impulse
(1) Simple, or single-stage
(2) Velocity-stage, Curtis
(3) Pressure stage, Rateau
(4) Combination pressure- and velocity-stage
b) Reaction, Parsons
c) Combination impulse and reaction
B) With respect to general arrangement of flow:
a) Single-flow
b) Double-flow
c) Compound, two-or-three cylinder, cross- or tandemrected
d) Divided-flow
C) With respect to direction of steam flow relativeplane of rotation:
a) Axial-flow
b) Radial-flow
c) Tangential-flow
D) With respect to repetition of steam flow throughd#s:
a) Single-pass
b) Reentry or repeated flow
E) With respect to rotational speed:
a) For 60-sysle generators
b) For 50-cycle generators
c) For 25-cycle generators
d) For geared units and for direct-connected or etedtive marine units, no special speed
requirements
F)  With respect to relative motion of rotor or rotors:
a) Single-motion
b) Double-motion
G) With respect to steam and exhaust conditions:
a) High-pressure condensing
b)  High-pressure non-condensing
c) Back-pressure
d) Superposed or topping
e) Mixed-pressure
f)  Regenerative
g) Extraction, single
h)  Extraction, double
i) Reheating or resuperheating
j)  Low-pressure

For a thorough discussion of each type, pleas&sam Turbines®.

! Adapted from E. F. Church, J&eam Turbines, McGraw-Hill, 1950.
21d., pg 2.
%1d., pg 3.



CONVERSION OF KINETIC ENERGY OF THE GAS/STEAM INTO BLADE WORK

Consider a frictionless blade that turns the stehrough 180 and exits with zero absolute
velocity. This condition represents the greatessible conversion of kinetic energy of the entgijet
into blade work. We proceed to develop a relabetwveen the absolute velocity of the jet enterimg t
blade,V,, and the blade speed, For a given blade speed, this relation will piens to design a nozzle
such that the exiting velocity will provide for mimum energy conversion, or, in different words,
maximum efficiency.

Vi W,
; ’

Let W be the velocity of the jet relative to
the blade. The positive direction is to the
right.

Vi =W, +V,
V2 :WZ +Vb 4—\/; 4_WL

Because the blade is frictionled&/, = -W,. Furthermore, because energy conversion in theebis
complete,V, = 0. Substituting and combining equations we get:

Vi + V% = W+ W, + 2V,
V=V, 0

As we shall see later, the centrifugal force oétioh and the strength of the blade material ltinit blade
speed. Given the blade speed, however, we camuatethe ideal absolute velocity entering the blad

ACTUAL NOZZLE ANGLE

We must now modify this result to account for geometry restrictions of a real turbine. In our
derivation, the acute angle betweéénand the tangential direction, called the nozzlgl@nis zero. In an
actual turbine, because of physical constrainesnibzzle angle must be greater than zero but ngtesat
as to cause an appreciable loss in efficiency. stould the angle be so small as to cause an éxelyss
long nozzle that would increase friction and deseeefficiency. "The values used in practice raingm
10 to 30 deg., 12 to 20 deg. being common. Tlgelaangles are used only when necessary and usaally
the low-pressure end of large turbindsEquation (1), corrected for a finite nozzle angiebecomes:

V,cosa = 2/, (2)

Because of disk friction and fanning lossés,is usually increased somewhat, say 10%, over the
theoretical value.

“1d., p.91.



BLADE WORK AND POWER

First write the Reynolds transport theorem for dagmomentum:

D(?/XFTV\\/I)S/s _ a(yxm\\//

Dt ot

Jov [ (v mh) = 3 (5F)

TShaft

Assuming steady state and steady flow with oneaent (1) and one exit (2) , the equation
reduces to:

Torare = r&[(PéX\}/z) _(MX\Z)]

For the turbine blade, the mean radius is condiatween entrance and exit. Furthermore, the
tangential component of velocity is the only cdmiitor to torque. The radial and axial componeffeca
bearing loads but have no effect on torque, thus:

Tt = r&(rvez - rVel)

The shaft work then is:

W, = T = (V,, =V,
ButV, =ar , therefore, W =@V, (Vy, =Vy) ®)

On a unit mass basis: Wy =V, (ng _Vgl) 4)

This result is most easily visualized by constngtntering and leaving velocity triangles.

IMPULSE BLADING VELOCITY TRIANGLES AND BLADE WORK
Having determined blade speed from strength cenaibns; nozzle angle from fabrication and
efficiency considerations; and from equation (2); we proceed to construct the sigjdriangles. From
these triangles we can find the change in abstdmigential velocity and calculate the shaft work.

Entrance Triangle

We first draw a horizontal line representing thegential direction. Then we construct a vector
representing/; at anglex, after which we complete the entering trianglengghe vector relation:

V=W,

The angle between the relative velocity and the
tangential direction is designatgd Vi

Wal




The Exit Triangle

Draw W, at angle y to the tangent Reducingy
somewhat from the calculated value f6rwill result in Y
increased blade efficiency. "Values jofin use vary from 15 W, Al \V2
to 30 deg. at high and intermediate pressures am 80 to W,
40 deg. at the low-pressure end of the turbine, esiomes
reaching 40 to 50 deg. in large turbines where mari flow A 4
area is needed." W, is found by multiplyingW, by the
velocity coefficient, k,, which accounts for friction and ‘ Wez | Vo2
turbulence. The velocity coefficient is a functiofithe total

|_ vb_.|

change of direction of the steam in the blad8® (B +y)];

the blade width to radius ratio; and the relatiedogity and
density at blade entrance. Because sufficient daganot
available at the beginning of the design, the fwilg
empirical formula, adapted from Church for a onehiblade
width, is suggested.

1/2

k, =(0.892- 6.0& 10W,)

The triangles are easily solved for needed valadslbws:

V,, =V, cosa W, = kW,

V, =W, =V,sina (axial component) V,, =W,siny

W,, =V,, -V, W,, =W, cosy
W, = W + W, Vo =V, tW,

B= tan_lv% v, = \ ;azz +V922

g1

The Reheat Factor and the Condition Curve

Only a portion of the available energy to a stagerned into work. The remainder, termed
reheat (g, ), shows up as an increase in the enthalpy oftéeem. Because the constant pressure lines on an
h-s chart (Mollier chart) diverge, the summation of ithdividual isentropic drops for the total stages
greater than the isentropic drop between the Iratid final steam conditions. We account for this
variation using a reheat fact®, which has been pre-calculated by various invatiig.

2. (ah)

(Ahs )total

®|d. p. 153.
®1d. p. 168,69.



For preliminary desigriR can be estimated from the following chart takemfiChurch’

i
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Fig. 208.—Reheat factors for various enthalpy drops and i_nitial auperhgat.a‘ and
for an infinite number of stages of 80 per cent stage efficiency. (Robinson.)

The value from the chart must be corrected foratttaal number of stages and stage efficiency.

R, =1+(R—1)(1—1j(1_—’78j (4)

n 0.2

A line connecting the initial and final states, pthe intervening states found by adding the redeat
constant pressure, is called tuadition line.

"1d. p. 240.



EXAMPLE STEAM TURBINE DESIGN °®

"The design of a steam turbine, like that of anlyeotimportant machine, involves a judicious
combination of theory with the results of experigngoverned to a great extent by the commerciaheni,
cost. The progress of a particular design involresntinuous series of compromises between what is
most efficient, what will operate most reliablydawhat will cost the least.”

The following example design is for a pressurgetanpulse turbine. This is one of the most
simple and straightforward to design. All of steam expansion for this turbine takes place irfixesl
nozzles, not in the passages with the moving terblades. The turbine is multi-stage. Each stagea
chamber with a single impulse turbine in it, withveheels on the same shaft. Each individual chemalp
stage receives the steam through groups of nozZles.pressure drop for the turbine is divided Bwo
many steps as there are chambers, and each islemtsio be a pressure stage. The last stage of th
turbine discharges to the condenser.

[
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%
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Fic. 17-1. Pressure-stage impulse turbine, (De Laval Steam Turbine Company.)
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The client will usually specify steam conditioeendenser vacuum, rotational speed and capacity
in kilowatts or horsepower. The client may alsed@fy a maximum cost and minimum efficiency.

Calculate the principal dimensions of the nozaed blading of a turbine given the following
specifications:

Power delivered at the shaft coupling 5000 kwW
Revolutions per minute 2400 rpm
Maximum blade speed 570 ft/s
Initial steam pressure 150 psia
Initial steam temperature 548
Condenser pressure 1inHg

Constant mean blade diameter for all stages

81d., Chapter VIII.



Blade Work

Select a nozzle angle equal t&2hen:

- M
(M) = cosog 1213t Is

Increase this value by about 10% (the example 1&86% to follow Church) to account for disk franti
and fanning.

V, =13571ft /s
The Entrance Triangle
V,, =V, cosa =1357c0s20° =1275ft/ s
W,, =V,, -V, =1275- 570= 705t ¢

W, =V,, =V,sina = 1357sin20= 46& ¢ Ver

W, = W, 2 +W, > =464 + 705 = 844t &

Wal

B= tan‘lW—: = taﬁl% = 33.3¢
The Exit Triangle
k,=(0.892- &¢10°W,)" =( 0.892 % Ibx 844 = 0.9
W, =kW, =(0.917)( 844 = 774t ¢
Assume thay= £ = 33.35 A A -
W,, =W, cosy = —774c0s3335° = —647ft/s 5 Vay
V,, =W,, +V, = 647+ 570=— 76.5t % W, Wz
W, =V, =W, siny = 774sin33.35= 4286 ¢ v il
0= tan‘lv#2 —ant— 220 _ 790 V—bNV_OZ
-V,, ~ (-765)



Blade Work Per Unit Mass

(570) j (-76.5- 12754 Bt g, [3°
$ 8 (778) ¥ 0K, b, (32.9 ft

w, =30.7Btu b,

W, = _Vb(Vez _Vel) ==

Actual Energy Available to Blade

V2 _(1857° Y Btu ly 08" _
T o (7%, |bm(32.;\@_36'753tu Mo,

Blade Efficiency

(AE.)

b-actual

W 30754 g3
AE.) 36.75

b—-actual

’7b:(

Nozzle Velocity Coefficientk,

The followingempirical formula based on experimental results agepted from Church.

k,=1.021- 0.164+ 0.166 - 0.06%1+ 0.008t

where X =V, /1000.

1.00

095 ~

Velocity Coefficient

090

.kn

0.85
Isentropic Velocity =3V,

F1a. 3-20. Nozzle velocity coeflicient for.superheated steam.

°1d., p. 82, Fig. 79.

500 1000 1500 2000 2500 3000 3500



Examining Figure 3-28 above, it can be seen that a good starting valuk, is 0.965, which is
confirmed by the calculation below.

Ideal (Isentropic) Nozzle Exit/Blade Entrance Veloity

Nozzle Efficiency

_V2I2_KAVEI2
V22 V22

n, =k? =(0.969" = 0.93

Combined Nozzle and Blade Efficiency

N =7, =(0.93)( 0.83%= 0.77

Stage Efficiency

Assume an average loss from disk friction and fagmif 4% and from leakage of 1.5 %. Correcting for
these effects gives:

Ny =1,,(1~(Friction/ Fanning + Leakage)) = (0.779[ +( 0.04 0.01§= 0.7

Let 77, =0.73. This is a provisional value. It will be modifi@s the design proceeds and more
precise information becomes available.

Number of Stages

Ideal Available Energy to Blade

v2 (1406t I5)" 9 , 5*Bru

2 (2)(32.2fgb.)( 778Ha8 )

Use the enthalpy at the given inlet conditionshturbine and that of the inlet to the condenseget the
total isentropic drop in enthalpy:

Ah, = =39.58tu /b,

(Ah),, =(1293.7- 902.9= 3908t Ii,

R, =1.0465 (Reheat from above graph)

91d., pg.87.



Trial Number of Stages,n

(Am )total R“ =
Ah, (39.5 Btu /by,
Select 10 stages; then correct for actual valuelwdat:

(390.8 Btu Abn(1.046p_, . .

R=1+(1.0465- ;l( }ij[l_ 0'73j= 1.056
10)l 0.2

Trial Isentropic Drop Per Stage

The enthalpy drop per stage is the total amouattfal enthalpy change in the turbine, includirg th
reheat, divided by the number of stages.

Ah, = (390.8 Btl(‘ll(l);)m( 1'()56;6: 41.3Btu b

The trial value is 1.8 Btu/lpgreater than 39.5 and will cause a slight incréast which will be
accounted for later.

Stage Reheatg,

Here we determinghe amount of heat leak at each stage.
g, =Ah -Ahg, =(41.3(1- 0.73= 11.1Btu Ib,

If the desired final pressure (0.491 psia) is maiched, a new trialhs and corresponding are found and
additional iterations run as needed. To estinfeeequired change, divide the error in enthalpyhiey
number of stages and by the stage efficiency agwl dlald or subtract this quantity fraths to get a new
trial value. After the correct value fdihs is found, the final velocity triangles can be domsted and
corresponding values calculated.

The corrected value fafy is given by:

=1438.49t k

V. = J3Ar = 2(41.3Btu Aby,)( 778t b, )( 32.2t (byy)
B ) Btu b, &2

V, =k.V 4 =(0.969[1438.4¢ 138 ¢

from the velocity triangleW; is 873 ft/s and the blade velocity coefficient is:
1/2

k, =|0892- (6x10°)(873]"* = 0916

This value is close enough to the previously cal@d value of 0.836. Proceeding:

10



Total Internal Work Per Pound of Steam
W =n[{Ah, —q,) = (0)0413-1115Btu/lb_ = 3015Btu/lb

Internal Efficiency of the Turbine

_ 301.3tu /b,

n = =0.771F
390.8tu Ab,

Mechanical Losses

Church states the following rough rule for totaahanical losses, including bearing friction and
gland, pump and governor resistances:

Mechanical loss in per cent at normal ratngkW/lOOO = N 5004(‘;/1000= 1.8

Assume a radiation loss of about 0.2 %, the coatbmechanical and radiation losses amount to
about 2 %.

Engine Efficiency, 7.
n.=(0.7719( 0.98= 0.75

Ideal Steam Rate

The ideal steam rate represents the mass of stxguited to produce a single kilowatt of power.

3413Btw  Ib,

_(
SR (390.9 Bty

=8.73h, /KWh

Brake Steam Rate

The brake steam rate corrects the ideal steanfiaiatiee inefficiencies of the engine (turbine).
BSR=ISR/n,=(8.73b,, /kWh) /0.756= 11.95, KWh

Turbine Mass Flow Rate

11.591b,, ( 5000 KinH

_
o (3600)s

=16.04b,, /s

11



Mollier Diagram

A Mollier chart, or arh-s diagram, offers a unique description of the thetymamic interactions occurring
within the turbine. The condition line details ttheermodynamic state progression and is usuallwara
superimposed on the Mollier chart. In order tostorct this chart, it is useful to detail the stateeach of
the various stages. This is most easily achieyerbhstructing a table of the stage properties.

To construct the table, and from there the Moltileart, one must understand how the thermodynaraie st
changes between stages. All the pertinent infdomdtas already been determined. It is simply estjan

of organization. The state table for the examplprbgress is given on the following page. Usirgtailar
format, we proceed in turn for each stage to subtih; from the entrance enthalpy and then add back the
reheat to determine the stage end point. The dettggmodynamic state properties, including specifi
volume, are found as the process proceeds. Ipjtidle state is fixed and set by the inlet steassgure
and temperature. It is possible to determine titeopy of the steam directly. Then as the steawdl
through the first stage nozzle, it goes throughsentropic expansion. It is here that the enthalpthe
fluid drops. The amount of enthalpy change at estalye is considered constant, and has already been
determined. Knowing the new value of the enthapy assuming isentropic expansion, it is possible t
determine the pressure at the end of the nozzle.

Steam then flows across the vanes on the wheelewhés reheated due to friction. This processucgc
under constant pressure, or isobaric conditiorntsusTthe increase in energy due to the heatinddedto
the previous value of the enthalpy. The constesggure assumption fixes the state, and the negutilue
of entropy can be determined at the entrance tmtkele for the next stage. This procedure isinaet
and the values are tabulated until the total nurobstages has been completed.

Once the values of the enthalpy and the entropydatermined at each stage, it is possible to plesd
values on the Mollier chart. These plotted valwesate the condition line and indicate the state
progression of the steam through the various terbtages. The appropriate Mollier chart for thiareple

is given on page 14. EES will produce a propelty automatically. The tabulated enthalpy and egnyr
values can then be superimposed on the plot usstQverlay Plot” option in the Plot menu.

12



Enthalpy Entropy Pressure
Stage Part (BTU/lb,,) (BTU/by R) (psia)
ol 1293.70 1.680 150
1 ozzle -41.30 Qhyia)
1252.40 1005
Wheel +11.15 §)
N 1263.55 1692
5 -41.30
W 1222.23 65.0
+11.15
N 1233.40 1.705
5 -41.30
W 1192.10 40.9
+11.15
N 1203.25 1719
A -41.30
W 1161.95 245
+11.15
N 1173.10 1.734
5 -41.30
W 1131.80 14.0
+11.15
N 1142.95 1751
. -41.30
W 1101.65 782
+11.15
N 1112.80 1.768
. -41.30
W 1071.50 4.07
+11.15
N 1082.65 1.786
o -41.30
W 1041.35 2.10
+11.15
N 1052.50 1.806
o -41.30
W 1011.20 102
+11.15
N 1022.35 1826
10 -41.30
W 981.05 1.00 (in-Hg)
+11.15
End Point ... 992.20 1.847

Thermodynamic state table for the stages of trensterbine.

13




Turbine Energy Distribution
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Mollier chart f-s diagram) showing energy distribution within thebine.
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