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Isentropic analysis of 320 MW steam turbine cylinders and segments
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Abstract: In this paper are presented results of the isentropic analysis related to the cylinders, segments and whole three cylinder steam
turbine from the conventional power plant. In the analyzed steam turbine Low Pressure Cylinder (LPC) is the dominant mechanical power
producer of all cylinders — it produces 130.16 MW of mechanical power in the real expansion process and it can produce 142.80 MW of
mechanical power if the expansion conditions are ideal. The satisfactory isentropic performance of the whole High Pressure Cylinder (HPC)
is a combination of two segment’s isentropic performance — one of these segments show extremely good isentropic performance (Seg2), but
another segment (Segl) shows very poor isentropic performance. Both Intermediate Pressure Cylinder (IPC) segments (Seg3 and Seg4)
show similar isentropic performance, what result with the balanced IPC operation. LPC has an isentropic efficiency of 91.15%, what is the
highest isentropic efficiency of all cylinders from the observed steam turbine. Whole observed steam turbine has an isentropic efficiency of
88.42% what is better isentropic performance in comparison to similar steam turbines from conventional power plants.
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1. Introduction heating system, while second IPC extraction (operating point 7, Fig.
. . . 1) deliver certain steam mass flow rate to the deaerator which

Steam turbines are the dominant mechanical power producers  dijvides condensate/feedwater heating system on the low pressure
worldwide [1]. Produced mechanical power is dominantly used for — and high pressure part [11]. LPC has three steam extractions
the electric generators drive and electricity production [2].  (gperating points 9, 10 and 11, Fig. 1) — all LPC extractions deliver

However, steam turbines can be used for many other purposes inall  certain steam mass flow rate to the components of low pressure
processes which require mechanical power production [3, 4]. condensate heating system [12]. In addition, from Fig. 1 is visible

In relation to produced mechanical power, steam turbines can be  that HPC get steam from the steam generator, between HPC and
divided into low power, medium power and high power steam  |pC steam is reheated in re-heater (re-heater is mounted in the

turbines [5]. Medium and low power steam turbines can be  steam generator), while after expansion in the LPC remaining steam
composed of one cylinder only, while high power steam turbines  mass flow rate is delivered to the main condenser for condensation.
are composed of several cylinders, usually connected to the same Segments of each cylinder are defined between the cylinder inlet
shaft [6, 7]. In the most of the cases, each cylinder of high power  (input), outlet (output) and each steam extraction. Therefore, HPC
steam turbines has one or more steam extractions which are used for  has two segments — Segl between HPC inlet and first HPC
sttam mass flow rate delivery to the components of  extraction and Seg2 between first HPC extraction and HPC outlet.
condensate/feedwater heating system [8]. To improve efficiency of  second HPC extraction (operating point 3, Fig. 1) is mounted at the
the whole turbine, high power steam turbines nowadays have a  HpC outlet, and this extraction did not define an additional
steam re-heater between high pressure and intermediate pressure  segment. IPC also possesses two segments (as HPC) — Seg3
cylinders [9]. between IPC inlet and first IPC extraction and Seg4 between first
In this paper is performed isentropic analysis of a complex three  |pC extraction and IPC outlet. LPC has three segments — Seg5
cylinder steam turbine from conventional power plant. The analysis  petween LPC inlet and first LPC extraction, Seg6 between first and
considers not the turbine cylinders and whole turbine only, analysis second LPC extractions (between operating points 9 and 10, Fig. 1),

is also performed for each segment of each turbine cylinder.  and Seqg7 between second LPC extraction and LPC outlet.
Isentropic analysis of cylinder segments must carefully be

performed and ideal (isentropic) expansion process in each segment Steam generator
must properly be defined. Isentropic analysis of each cylinder [ Re-heater 8 120+ Main
segment shows some interesting results which cannot be obtained if condenser

the turbine cylinder is observed as a whole.

2. Description of the analyzed steam turbine, turbine
cylinders and cylinder segments

General and simplified scheme of the steam turbine analyzed in
this paper is presented in Fig. 1.
The analyzed steam turbine is composed of three cylinders: High

¥

Pressure Cylinder (HPC), Intermediate Pressure Cylinder (IPC) and 7 1§
Low Pressure Cylinder (LPC). All cylinders are connected to the Tion T
. N . A gh pressure OW pressure
same shaft which drives an Electric Generator (EG). In Fig. 1 are feedwater heating condensate heating
also marked operating points in which are performed measurements system system
of steam operating parameters during the plant operation. Measured
steam operating parameters in each operating point define real Fig. 1. General scheme of the analyzed steam turbine (nominal
(polytropic) steam expansion process of each cylinder, cylinder power 320 MW) along with operating points in which are
segment and whole turbine. Ideal (isentropic) steam expansion performed steam operating parameters measurements

processes of each cylinder and segment is obtained mathematically,
and it represent the best possible expansion process (without losses)
which can occur in ideal circumstances.

From Fig. 1 is visible that HPC has two steam extractions
(operating points 2 and 3) — both of them deliver certain steam mass
flow rate to the components of high pressure feedwater heating
system [10]. As HPC, also IPC possess two steam extractions — first
IPC extraction (operating point 6, Fig. 1) delivery certain steam
mass flow rate to the components of high pressure feedwater

Isentropic analysis performed in this paper is related to all turbine
cylinders, each segment of each cylinder as well as whole turbine.
Isentropic analysis represents a comparison of real (polytropic) and
ideal (isentropic) steam expansion process in each turbine cylinder
and segment.

Real (polytropic) steam expansion of each cylinder and segment
involves all the losses which occur during the expansion process
(these losses are represented in a continuous steam specific entropy
increase) [13]. In Fig. 2 real (polytropic) steam expansion process in
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each turbine cylinder and segment is marked with the numbers only.
Steam operating parameters of the real (polytropic) expansion
process can be obtained from the measurements during turbine
exploitation.

Ideal (isentropic) steam expansion process is characterized with a
fact that steam pressures and mass flow rates remain the same as in
the real (polytropic) process, but in the ideal process steam specific
entropy remains constant during the expansion [14]. Steam
operating parameters in each ideal (isentropic) expansion process
are obtained by mathematical calculations using previously
described facts.

For each turbine cylinder and segment, in ideal (isentropic) steam
expansion process steam specific entropy remains constant from the
cylinder (or segment) inlet up to cylinder (or segment) outlet.
Therefore, ideal (isentropic) steam expansion processes will not be
identical for turbine cylinders and segments.

From Fig. 2 is clearly visible that ideal expansion in the HPC is
represented with operating points 1, 2IS,HPC and 31S,HPC, while
for both HPC segments ideal expansion is represented with
operating points 1 and 21S,Segl for the first HPC segment (Segl)
and with operating points 2 and 3IS,Seg2 for the second HPC
segment (Seg2). The same principle is visible for IPC and LPC
from Fig. 2. Along with an operating point number, in the ideal
(isentropic) expansion process for each operating point is used
additional index IS (for both cylinders and segments). With an aim
to make a difference between isentropic expansions related to the
cylinders and segments, operating points related to the isentropic
expansion in the cylinders have an additional index of the cylinder
(HPC, IPC and LPC), while operating points related to the
isentropic expansion in the segments have an additional index of the
segment (Segl, Seg2, Seg3, Seg4, Seg5, Segb and Seg7), Fig. 2.

Isentropic expansion in any turbine cylinder or segment did not
involve any losses, therefore the mechanical power which will be
produced in each cylinder and segment during ideal (isentropic)
expansion will be the highest possible.

Specific enthalpy (kJ/kg)

Specific entropy (kJ/kg'K)

Fig. 2. Specific enthalpy/Specific entropy (h/s) diagram of real
(polytropic) and ideal (isentropic) steam expansion process through
analyzed turbine cylinders and segments

3. lIsentropic analysis equations of the turbine
cylinders and cylinder segments

The equations used in the isentropic analysis of each cylinder,
segment and whole observed steam turbine are defined according to
recommendations from the literature [14, 15]. It should be
highlighted that isentropic analysis is actually a “black box” method
because it did not consider the inner structure of neither one
observed component (in this analysis observed components are
turbine cylinders, cylinder segments and whole turbine) [16]. All
isentropic analysis equations are defined according to operating
points presented in Fig. 1 and Fig. 2. Equations for real (polytropic)
and ideal (isentropic) mechanical power calculation of the cylinders
and whole turbine are presented in Table 1, while equations for real
(polytropic) and ideal (isentropic) mechanical power calculation of
all cylinder segments are presented in Table 2.
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Table 1. Equations for real (polytropic) and ideal (isentropic)
mechanical power calculation of the cylinders and whole turbine

Comp.* Real and ideal mechanical power** Eq.
Prenpc=ry-(N1-hp) + (My-my)-(hy-h3) 1)
HPC Pignpc=mM1(h1-hais upc) + (My-my)- @
(hais ppc-hais pc)

IPC Pre ipc=MMs (Ns-hg)+(ms-me)-(he-h7) (3)
Pidipc=rs"(Ns-heispc) + (Ms-rie)-(Neis ipc-haisiec) | (4)

Pre,Lpc=Mg* (Ng-hg)+(mg-Mg)-(hg-hyo)+
o et (he b (5)

(ma'm9'm10)( 10~ 11)
LPC . o
Pig,Lrc=MMg" (g-hgis Lpc )+ (Mg-Mho)- ©)
(hois .pc-haois e )+ (Mg-Mg-Mao ) (101 Lpc-Nitis Lpc)

Whole Pre whole turbine=PreHpc + Preipc + PreLrc (7)
turbine Pid.whole turbine=Pid,Hpc * Pid,ipc + Pid,Lrc (8)

* Comp. = Component (Cylinders and Whole turbine)
** Indexes: re = real (polytropic); id = ideal (isentropic)

Table 2. Equations for real (polytropic) and ideal (isentropic)
mechanical power calculation of all cylinder segments

Comp.* Real and ideal mechanical power** Eq.
Segl Pre,Seg1:m1'(h1'h2) 9)
Pidseg1 =M1 (h1-hais seg1) (10)

Seq? Presegz=(M1-My)-(h,-hg) (11)
Pid,seg2=(M1-M5)"(h2-hgis seg2) (12)

Seg3 Pre segz=Ms-(Ns-hg) (13)
Pid,seg3=Ms(N5-heis5eq3) (14)

Seqd Pre,Seg4=(m.5'm6)'(h6'h7) (15)
Pid,Seg4:(m5'm6)'(hs'h7ls,5eg4) (16)

SegB Pre,SegS.:mB'(hB'hQ) (17)
Pig,segs=Ms"(Ng-Nois seqs) (18)

Seq6 Pre,segs=(Mg-Mo)-(hg-hy1o) (19)
Pid,segs=(Mg-Mo) " (Ng-N1ors seqs ) (20)

Seg7 Pre,Se97=(m8'm9'm10)'(hlo'hll) (21)
Pid,seq7=(Mg-Mo-M10)"(h10-h1115,5e07) (22)

* Comp. = Component (Segments)
** Indexes: re = real (polytropic); id = ideal (isentropic)

Isentropic loss of all observed components (cylinders, segments
and whole turbine) is calculated as:

IS oss, iy =Pid,ciy — Pre, i) (23)

while isentropic efficiency of all observed components
(cylinders, segments and whole turbine) is calculated as:
_Preg)
0= . 24
s, (@) P (24)

In Eq. 23 and Eq. 24, index i is related to each observed cylinder,
segment and whole turbine (i = HPC; IPC; LPC; Segl; Seg2; Seg3;
Seg4; Seg5; Seg6; Seg7 and Whole turbine).

4. Steam operating parameters required in the
isentropic analysis of turbine cylinders and segments

Steam operating parameters for the real (polytropic) expansion
process in turbine exploitation are found in [17] and presented in
Table 3. Mentioned parameters in each operating point are steam
temperature, pressure and mass flow rate. Other steam operating
parameters from Table 3 are calculated by using NIST-REFPROP
9.0 software [18].

Every isentrope (related to each cylinder or segment) is obtained
by mathematical calculations following previously described
procedure. From Fig. 2 is clear that isentrope related to each turbine
cylinder is not the same as isentrope related to each segment of each
turbine cylinder. Therefore, steam operating parameters on the
isentrope of each cylinder and each segment are presented
independently. In Table 4 are presented steam operating parameters
for the ideal (isentropic) expansion process related to each cylinder,
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while in Table 5 are presented steam operating parameters for the
ideal (isentropic) expansion process related to each cylinder
segment.

Table 3. Steam operating parameters for the real (polytropic)

expansion process
Mass |Specific| Specific .
O'*P' T(%rg;) ' PEES:IEJ)W flow ratelenthalpy| entropy Quf,!'ty

(kals) | (kJ/kg) | (kI/kgK)
1 |537.85| 170.00 | 285.59 | 3394.7 | 6.4031 Sh.
2 [428.95| 79.53 | 32.39 | 3219.0 | 6.4841 Sh.
3 [325.70| 38.54 | 29.35 | 3035.3 | 6.5051 Sh.
4 [325.70| 38.54 | 223.85 | 3035.3 | 6.5051 Sh.
5 [537.85| 34.92 | 223.85 | 3537.5 | 7.2688 Sh.
6 [434.35| 17.17 | 13.82 | 3327.8 | 7.3132 Sh.
7 [322.85| 7.23 13.73 | 3106.8 | 7.3658 Sh.
8 [322.85| 7.23 | 196.30 | 3106.8 | 7.3658 Sh.
9 [213.15| 254 12.82 | 2894.8 | 7.4492 Sh.
10 |100.15| 0.77 7.34 | 2679.2 | 7.4892 Sh.
11 [45.81 | 0.10 8.31 |2401.1 | 7.5758 | 0.924
12 4581 | 0.10 | 167.83 | 2401.1 | 7.5758 | 0.924

* 0. P. = Operating Point (in accordance to Fig. 1 and Fig. 2)
** Sh. = Superheated steam; 1 = Dry saturated steam; 0 = Water

Table 4. Steam operating parameters for the ideal (isentropic)
expansion process related to each observed turbine cylinder

Specific Isentropic

COT P O,;*P' Pr%ssure estropy specific entphalpy
O3 \akeK)  (kikg)
1 170.00 | 6.4031 3394.7
HPC [2IS,HPC| 79.53 | 6.4031 3163.0
3IS,HPC| 38.54 | 6.4031 2975.4
5 34.92 | 7.2688 3537.5
IPC |6ISIPC| 17.17 | 7.2688 3296.7
71S,IPC | 7.23 | 7.2688 3050.3
8 7.23 | 7.3658 3106.8
LPC 9IS,LPC| 254 | 7.3658 2855.1
10IS,LPC| 0.77 7.3658 2633.9
111S,LPC| 0.10 7.3658 2334.1

* Comp. = Component (Cylinders)
** 0. P. = Operating Point (in accordance to Fig. 2)

Table 5. Steam operating parameters for the ideal (isentropic)
expansion process related to each cylinder segment

CoTp. O;*P. Pressure Sﬁfﬁ;gs Isentropic specific
(bar) (kJ/kg'K) enthalpy (kJ/kg)
Segl 1 170.00 | 6.4031 3394.7
21S,Segl| 79.53 | 6.4031 3163.0
Seg2 2 79.53 | 6.4841 3219.0
31S,Seg2 | 38.54 | 6.4841 3022.8
Seg3 5 34.92 | 7.2688 35375
61S,Seg3| 17.17 | 7.2688 3296.7
Seg4 6 17.17 | 7.3132 3327.8
71S,Seg4 | 7.23 7.3132 3075.8
Seg5 8 7.23 7.3658 3106.8
91S,Seg5| 2.54 7.3658 2855.1
Seg6 9 254 | 7.4492 2894.8
101S,Seg6| 0.77 7.4492 2664.4
Seg7 10 0.77 7.4892 2679.2
111S,Seg7| 0.1 7.4892 2373.5

* Comp. = Component (Segments)
** Q. P. = Operating Point (in accordance to Fig. 2)

5. Results and discussion

Real (polytropic) and ideal (isentropic) mechanical power of each
cylinder and whole observed turbine are presented in Fig. 3.

From Fig. 3 is clear that LPC is the dominant mechanical power
producer in the observed turbine — it produces 130.16 MW of
mechanical power in the real expansion process and it can produce
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142.80 MW of mechanical power if the expansion conditions are
ideal. In any cylinder and whole turbine ideal (isentropic)
mechanical power must be higher than real (polytropic) one because
the ideal mechanical power did not consider any losses.

Whole observed turbine produces 320.21 MW of real mechanical
power, and she can produce 362.13 MW of mechanical power in
ideal expansion conditions.

400

350 +

300 +
250 +
200 +

150 +

Mechanical power (MW)

100

50

Whole turbine

LPC

Fig. 3. Mechanical power (real and ideal) for the whole observed
turbine and each cylinder

Isentropic loss and isentropic efficiency of the HPC and each
HPC segment is presented in Fig. 4.

HPC is a good example of a cylinder which segments show much
different performance and offer additional interesting information
that cannot be obtained if the HPC is observed as a whole.
Observing whole HPC, its isentropic efficiency is equal to 85.06%
and isentropic loss is 16.98 MW, therefore the whole HPC shows
satisfactory isentropic performance. However, Segl of the HPC has
a very low isentropic efficiency (75.83%) and very high isentropic
loss (15.99 MW). Such low isentropic efficiency and high
isentropic loss of the Segl can be explained by a fact that through
Segl expands steam of the highest pressure and temperature in the
plant, what leads to increased losses and low efficiency. After
expansion in Segl, steam pressure and temperature notably drops,
so Seg2 of the HPC has very low isentropic loss (3.17 MW) and
very high isentropic efficiency (93.63%) in comparison to Segl.

Finally, it can be concluded that the satisfactory isentropic
performance of the whole HPC is a combination of two segment’s
isentropic performance — one of these segments show extremely
good isentropic performance (Seg2), but another segment (Segl)
shows very poor isentropic performance.

18
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12 1
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1 ’,‘/ ILoss
8
| Al
317

IET ,—-‘
2 4
0 +

Segl Seg2

95

15.99 P 16.98

+ 90
93.63

T 8§

8506 T 80

Isentropic loss (MW)
Isentropic efficiency (%)

T 75

70
HPC

Fig. 4. Isentropic loss and isentropic efficiency of the HPC and
each HPC segment

Isentropic loss and isentropic efficiency of the IPC and each IPC
segment is presented in Fig. 5.

Whole IPC has satisfactory isentropic performance — isentropic
efficiency of 88.36% and isentropic loss of 12.30 MW. Both IPC
segments show similar isentropic performance — Seg3 has a slightly
higher isentropic loss in comparison to Seg4, while Seg4 has
slightly higher isentropic efficiency in comparison to Seg3. Such
balanced isentropic performance of both IPC segments can be
explained by a fact that IPC operates in optimal operating
conditions (it is not influenced by the steam of the highest pressure
as HPC and is not influenced by wet steam which occur at least in a
last few LPC stages). Moreover, steam re-heater mounted between
HPC and IPC surely has beneficial influence on the balanced
isentropic performance of both IPC segments (Seg3 and Seg4).

Isentropic loss and isentropic efficiency of the LPC and each
LPC segment is presented in Fig. 6.
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From Fig. 6 is clear that the first LPC segment (Seg5) shows the
worst isentropic performance (the highest isentropic loss of 7.79
MW and the lowest isentropic efficiency of 84.23%) in comparison
to all other LPC segments. Seg6 has a very high isentropic
efficiency of 93.58% and a low isentropic loss of 2.72 MW only. As
the last LPC segment (Seg7) also has very high isentropic efficiency
of 90.97%, regardless of that fact that at least last few stages of
Seg7 operate with wet steam which increase losses, the whole LPC
shows excellent isentropic performance. Whole LPC has an
isentropic efficiency of 91.15% and isentropic loss of 12.64 MW. In
comparison to other analyzed turbine cylinders, LPC has the highest
isentropic efficiency.

Loss
-¢-Efficiency

90.0
12.30

- 89.5
89.0
t 88.5

8836 T 88.0

Isentropic loss (MW)
Isentropic efficiency (%)

9 i
8708 .- t 87.5
. * 87.0
74 6.96 e et
¢ 86.0
Seg3 Segd IPC
Fig. 5. Isentropic loss and isentropic efficiency of the IPC and each
IPC segment
" l.“» 90.97 12.64 %
12 1 2 0
93.58 B --@
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}/ 4.86
/
/! 2.72
84.23

Seg§ Seg7

86

Isentropic loss (MW)
Isentropic efficiency (%)

84

82

Seg6 LPC

Fig. 6. Isentropic loss and isentropic efficiency of the LPC and each
LPC segment

Whole observed steam turbine has an isentropic loss of 41.92
MW and isentropic efficiency of 88.42% what is better isentropic
performance in comparison to similar steam turbines from
conventional power plants [19].

6. Conclusions

In this paper are presented results of the isentropic analysis
related to the cylinders, segments and whole three cylinder steam
turbine from the conventional power plant. The most important
conclusions obtained in the performed analysis are:

- LPC is the dominant mechanical power producer in the observed
turbine of all cylinders — it produces 130.16 MW of mechanical
power in the real expansion process and it can produce 142.80 MW
of mechanical power if the expansion conditions are ideal.

- Satisfactory isentropic performance of the whole HPC is a
combination of two segments isentropic performance — one of these
segments show extremely good isentropic performance (Seg2), but
another segment (Segl1) shows very poor isentropic performance.

- Both IPC segments (Seg3 and Seg4) show very similar isentropic
performance, what result with the balanced IPC operation.

- The first LPC segment (Seg5) shows the worst isentropic
performance (the highest isentropic loss of 7.79 MW and the lowest
isentropic efficiency of 84.23%) in comparison to all other LPC
segments.

- Whole LPC has an isentropic efficiency of 91.15% and the
isentropic loss of 12.64 MW. In comparison to other analyzed
turbine cylinders, LPC has the highest isentropic efficiency.

- Whole observed steam turbine has an isentropic loss of 41.92 MW
and isentropic efficiency of 88.42% what is better isentropic
performance in comparison to similar steam turbines from
conventional power plants.
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