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Abstract: This paper presents results of two different isentropic analysis types: conventional isentropic analysis which considers the whole
steam turbine cylinder and segmental isentropic analysis which considers all cylinder parts (segments). In conventional isentropic analysis
is obtained that isentropic efficiency of the analyzed turbine is 73.39%, what is in a range of expected isentropic efficiencies for such
steam turbines (in the mechanical power range around 60 MW). Segmental isentropic analysis shows that the last two segments (fifth
and sixth segment) of the analyzed turbine did not show proper operation (especially the fifth turbine segment which isentropic efficiency is
unacceptably low and equal to 26.73% only). Such isentropic efficiency results, related to the fifth and sixth turbine segment, indicate highly

problematic operation, or the most likely malfunction of at least some turbine stages in these segments. For the analyzed steam turbine can

be recommended that it should be stopped as soon as possible and that turbine stages mounted in the last two segments should be checked,
repaired or replaced.
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1. Introduction while the last segment is placed between last steam extraction and
turbine outlet.

The most of mechanical power used for the electric generators drive Isentropic analyses performed in this research will involve entire

worldwide is produced by various kinds of steam turbines [1, 2] steam turbine (observed by conventional isentropic analysis) and will

Along with the mentioned, steam turbines have numerous other kinds involve each of six steam turbine segments (what will be observed

of application, such as in marine power systems [3, 4], in by segmental isentropic analysis). It will be interesting to present

cogeneration and combined cycle power plants [5, 6] as well as in which conclusions will derive each of two used isentropic analyses.
various other plants or systems.

High power steam turbines are composed of several cylinders
mounted on the same shaft [7, 8]. Medium or low power steam
turbines can be composed of only one cylinder used for the drive of
any mechanical power consumer or for various auxiliary purposes [9,
10].

Each steam turbine cylinder usually has at least few steam
extractions which lead a certain amount of steam to the components
of condensate/feedwater heating system [11, 12]. Extracted steam
from the turbine cylinders in the condensate/feedwater heating
system increases water temperature before its entrance to the steam
generator and in that way reduces fuel consumption and harmful
emissions. However, in the literature can also be found auxiliary
steam turbines which did not possess any steam extractions [13] but I T ligijcsonss
such steam turbines are surely not the dominant ones. L feedwater heaters

Steam extractions (along with cylinder inlet and outlet) divide I Tomain 1
steam turbine cylinder to several segments. That division allows r'_ro'd'ea:r;m 1 conaenge
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For a 60 MW one-cylinder steam turbine, in this paper are
performed two different isentropic analyses: conventional which
consider whole cylinder and segmental which consider each cylinder
segment. For the selected steam turbine, it will be very interesting to
compare obtained conclusions and operating performances obtained In this research will be performed two different kinds of the
in each of two used isentropic analyses. isentropic analysis: conventional and segmental. For both kinds of
the isentropic analysis, relevant steam specific enthalpy drops are
presented in Fig. 2.

The analyzed steam turbine has a nominal power of 60 MW and is The F:onventional ispntropic analysi§ consi.ders speciﬁ(; enthal.py
composed of only one cylinder, Fig. 1. Steam is delivered to the  drops (ideal and regl) in the entir‘e turbine cyhndgr, or entire tu?blne
turbine from steam generator [14]. The observed steam turbine has ~ (the analyzed turbine is one-cylinder steam turbine). Conventional
five steam extractions: steam extractions the closest to the turbine ~ isentropic analysis is based on a comparison of real (polytropic)
inlet deliver steam with high pressure and temperature to high  Steam expansion process in the whole cylinder (represented in Fig. 2
pressure feedwater heating system [15]. Third steam extraction ~ With operating points 1-2-3-4-5-6-7) and ideal (isentropic) steam
delivers steam to the deacrator, while the last two steam extractions ~ €Xpansion process in the whole cylinder (represented in Fig. 2 with
(fourth and five extraction) deliver a certain amount of steam to the ~ Operating points 1-2IS-31S,C-418,C-5IS,C-618,C-71S,C).
low pressure condensate heating system [16]. Remaining steam Segmental isentropic analysis is based on a comparison of real
which expands until the end of the turbine cylinder is delivered to the ~ (Polytropic) steam expansion process in cach turbine segment
main condenser for condensation [17, 18]. As presented in Fig. 1, the ~ (represented in Fig. 2 with operating points 1-2 for the first segment,
analyzed steam turbine is used for the electric generator drive. 2-3 for the second segment, 3-4 for the third segment, etc.) and ideal

Steam inlet, outlet and extractions divide this steam turbine to six ~ (isentropic) steam expan'sion process in ) each turbine segment
segments. The first segment is placed between turbine inlet and first ~ (represented in Fig. 2 with operating points 1-2IS for the first

steam extraction, inner segments are placed between two extractions, ~ segment, 2-3IS,S for the second segment, 3-4IS,S for the third
segment, 4-51S,S for the fourth segment, etc.).

Fig. 1. General scheme of the analyzed 60 MW steam turbine along
with operating points necessary for the isentropic analyses (both
conventional and segmental)

2. Description of the analyzed 60 MW steam turbine
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Fig. 2. Specific enthalpy — specific entropy (h-s) diagram of real
(polytropic) and ideal (isentropic) steam expansion processes
through turbine and segments

3. Equations for the conventional and segmental
isentropic analyses

Isentropic analysis related to any steam turbine is based on a
comparison of mechanical power developed during the real
(polytropic) steam expansion process and mechanical power
developed during the ideal (isentropic) steam expansion process
which can theoretically be obtained if all the losses are neglected
[19]. Ideal (isentropic) steam expansion process is the process
between the same pressures and it uses the same steam mass flow
rates as real (polytropic) process, but during the ideal steam
expansion all the losses are neglected which means that steam
specific entropy remains always constant. In the real (polytropic)
steam expansion process steam specific entropy continuously
increases what represent losses which occur in such process.
Isentropic loss is the difference between ideal and real developed
mechanical power, while the isentropic efficiency is the ratio
between real and ideal mechanical power. Isentropic analysis can be
conventional (performed for the turbine cylinder or the whole
turbine) or segmental (performed for each steam turbine segment).
All the equations presented is this section will be related to turbine
operating points presented in Fig. 1 and Fig. 2 and are composed
according to the recommendations from the literature [20, 21].

It should be highlighted that an isentropic analysis of any kind is
actually a “black box” method. In any isentropic analysis
(conventional or segmental), the inner structure of the whole turbine
or the inner structure of each turbine segment is not required
(number, arrangement or type of turbine stages, inner leakages inside
the whole turbine or segment, steam flow characteristics, etc.) [22].

3.1. Equations for the conventional isentropic analysis of the
observed 60 MW steam turbine

Observed turbine is single flow steam turbine and it consists of
only one cylinder. Therefore, the equations for the developed
mechanical power calculation (both ideal and real) are the same for
the whole observed turbine as for one cylinder.

Real (polytropic) mechanical power of the whole observed turbine
is calculated by using an equation:

Prewr,c=rity (hy-ha)+Qiny-1ing ) (hy-hy) + (i -ring-ring ) - (h3-hy ) +(riny -
tivy=tiny=titg)- (hg-hs)+ (i, -tiy-tins-ty-ins) (hs-he)+ (v, -rny-tins -ting -
tits-tir)- (hg-h7), 1)

while ideal (isentropic) mechanical power of the whole observed
turbine can be calculated by using an equation:

Pid,WT,C=’h1'(h1'hzls)+(’h1-7h2)'(hzls-h3ls,c)+(’h1"hz"h3)'(h3ls,C'
h4lS,C)+("h1‘7h2‘7h3'm4)'(h4IS,C‘hSIS,C)+(7h1‘7h2'm3‘7h4‘7h5)'(h513,C'

heys,c )+ iy -tiny-riny-tirg-tins-ring) (hets c-hais c)- (2)
Isentropic loss of the whole observed turbine is:
ISt wr.c = Pigwr,c = Pre,wt,Co 3

while whole turbine isentropic efficiency is:
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Prewr,c

Mmswt,c =

Pigwrc @)

In the above equations and throughout the paper, P is mechanical
power, m is fluid mass flow rate, 4 is fluid specific enthalpy, index
re is related to real (polytropic) process, index id is related to ideal
(isentropic) process, index WT is related to the whole turbine, while
indexes C and L are related to the conventional isentropic analysis
and isentropic loss, respectively.

3.2. Equations for the segmental isentropic analysis of the
observed 60 MW steam turbine

Analyzed steam turbine, Fig. 1, has six segments. Equations for
the real (polytropic) and ideal (isentropic) developed mechanical
power calculation of each observed turbine segment are presented in
Table 1 (the equations are arranged by using operating points from
Fig. 2). In Table 1 and throughout the paper, index S is related to the
segmental isentropic analysis.

Table 1. Equations for the real (polytropic) and ideal (isentropic)
developed mechanical power calculation of each turbine segment

Seg. Real (polytropic) mechanical power Eq.
1 Pre seg1,571° (hy-h) (©)
2 Pre,Seg.Z,S:(’hl'mz)'(hZ'h3) (6)
3 Preseg.3,s= (i -1ity-it3)-(hy-hy) (7)
4 Pre sega,s=(iy-my-riz-rirg)-(hy-hs) (3)
5 Pre seq5,5= (i -1ity-1iz-rig-tis)- (hs-he) )
6 Pre seg 6,5~ (111 =1i1y-1it3-titg-tits-tit)- (hg-h7) (10)

Seg. Ideal (isentropic) mechanical power Eq.
1 Pig seg 1,571 (hy-hois) (11)
2 Pid seg2.5=(rity-12) (ha-h31s5) (12)
3 Pid seg3.s=(my-a-1n3)-(hy-hasss) (13)
4 Pid segas=(riy-my-tiny-iing)-(hy-hsss) (14)
5 Pig segs 5=t -ty -ting-tirs)-(hs-heiss) s)
6 Pid seq.6.5= (1 -1a-tiny-ting-tins-iing)-(he-h1s,5) (16)

For each segment from the observed steam turbine, isentropic loss
is the difference between ideal (isentropic) and real (polytropic)
developed mechanical power, while isentropic efficiency of each
segment is a ratio of real and ideal developed mechanical power.

4. Steam operating parameters

Observed steam turbine data of the real (polytropic) steam
expansion process are obtained by measurements, found in [23] and
presented in Table 2. Steam parameters in each operating point from
Table 2, which are not found in the literature, are calculated by using
NIST-REFPROP 9.0 software [24].

Ideal (isentropic) steam specific enthalpies, required for the
calculation of ideal mechanical power, are not obtained by the
measurements — they are obtained by numerical calculations.

In conventional isentropic analysis, each operating point on the
main turbine isentrope, Fig. 2, has the same steam specific entropy as
an operating point at the turbine inlet (operating point 1). Along with
known steam pressure in each operating point on the main isentrope,
these two parameters (pressure and specific entropy) were sufficient
to calculate all other steam parameters on the main isentrope. Steam
specific enthalpies of ideal (isentropic) steam expansion process in
the conventional isentropic analysis are presented in Table 3.

In segmental isentropic analysis, ideal steam expansions must be
defined from the inlet until the outlet of each turbine segment. From
Fig. 2 can be observed that in the ideal (isentropic) steam expansion
process related to each turbine segment, operating point at the end of
such expansion has the same steam specific entropy as at the segment
inlet. Again, by knowing steam pressures at each segment inlet and
outlet (as well as steam specific entropy), required data for each
operating point are known and other parameters for the ideal
expansion in each segment can be calculated. Steam specific
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enthalpies of ideal (isentropic) steam expansion process in the
segmental analysis are presented in Table 4.

Table 2. Steam operating parameters of real (polytropic) steam
expansion process

TemperaturePressure Mass | Specific | Specific
0. P.* ©C) (bar) flow rate|enthalpy| entropy Quality
(kg/s) | (kI/kg) | (kI/kg'K)
1 520.00 91.233 | 76.39 | 3436.3 6.7168  [Superheated|
2 345.40 24231 | 494 | 3118.1 6.8419  [Superheated
3 274.70 13.244 | 4.14 | 2986.9 | 6.8835 [Superheated
4 190.50 5.690 4.56 | 28314 | 6.9510 [Superheated
5 121.20 2.060 3.88 | 2707.7 | 7.1173 [Superheated
6 87.30 0.628 1.78 | 26552 | 7.5168 [Superheated
7 66.86 0272 | 57.09 | 2585.6 | 7.6979 0.985

* Q. P. = Operating Point (according to Fig. 1 and Fig. 2).

Table 3. Steam specific enthalpies of ideal (isentropic) steam
expansion process in the conventional analysis

Operating| Isentropic specific

Point* | enthalpy (kJ/kg)
1 3436.3
2IS 3042.8
31S,C 2898.8
418,C 27279
5IS,C 2549.8
61S,C 2367.0
71S,C 2252.0

* According to Fig. 2.

Table 4. Steam specific enthalpies of ideal (isentropic) steam
expansion process in the segmental analysis

Operating Isentropic specific

Point* enthalpy (kJ/kg)
1 3436.3
21S 3042.8
2 3118.1
31S,S 2964.3
3 2986.9
41S,S 2800.6
4 2831.4
5IS,S 2642.1
5 2707.7
61S,S 2511.3
6 2655.2
718,S 2524.0
7 2585.6

* According to Fig. 2.
5. Results and discussion

The results of conventional isentropic analysis related to the whole
observed steam turbine are presented in Table 5.

Conventional isentropic analysis of the observed steam turbine
shows that this turbine produces 58.97 MW of real mechanical power
(used for the electric generator drive), while in an ideal situation this
turbine can produce mechanical power of 80.35 MW. Therefore,
improvement potential of observed turbine related to the mechanical
power is equal to 21.38 MW (isentropic loss in conventional
isentropic analysis). The isentropic efficiency of the analyzed turbine
is 73.39%, what is in a range of expected isentropic efficiencies for
such steam turbines [25, 26]. Therefore, it can be concluded that
conventional isentropic analysis shows proper and expected
operation of the whole observed turbine. However, conventional
isentropic analysis cannot answer to the question did all segments of
this steam turbine operate properly, it can show only general picture
valid for the whole turbine.

Table 5. Results of the conventional isentropic analysis

Real (polytropic) mechanical power | 58971.17 kW
Ideal (isentropic) mechanical power | 80349.75 kW
Isentropic loss 21378.58 kW

Isentropic efficiency 73.39 %
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The results of segmental isentropic analysis are presented in Fig.
3, Fig. 4 and Fig. 5.

From Fig. 3 can be observed that in each turbine segment ideal
(isentropic) mechanical power must be higher in comparison to real
(polytropic) one, due to neglecting all the losses in ideal expansion.
However, for the analyzed turbine, produced mechanical power is not
proportionally distributed to each segment. The first segment of the
analyzed steam turbine produces notably higher mechanical power
(both real and ideal) in comparison to all other segments. The last
two segments (Seg. 5 and Seg. 6) produces very low real mechanical
power. Also, from Fig. 3 is clear that the differences between ideal
and real mechanical power of each segment notably vary, therefore,
isentropic losses will also notably vary from one turbine segment to
another.
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25000 + 2 Ideal (isentropic)
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10000 -
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0 4
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Fig. 3. Ideal (isentropic) and real (polytropic) mechanical power of
each turbine segment in the segmental analysis

Isentropic losses of each turbine segment are presented in Fig. 4.
It is clear that Seg. 5 has notably higher isentropic loss (equal to
8470.91 kW) in comparison to all other turbine segments. High
isentropic loss in the first turbine segment (Seg. 1), equal to 5752.08
kW, can be explained with a fact that the first turbine segment
produces high mechanical power, notably higher than other turbine
segments, Fig. 3 and Fig. 4.
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Fig. 4. Isentropic loss of each turbine segment in the segmental
analysis

Isentropic efficiencies of each segment from the observed steam
turbine are presented in Fig. 5.
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Fig. 5. Isentropic efficiency of each turbine segment in the
segmental analysis

From Fig. 5 can be clearly seen that the first three segments of the
analyzed turbine operate very well with isentropic efficiencies higher
than 80%. Fourth turbine segment can obviously be improved,
because its isentropic efficiency is quite low, equal to 65.35% only.
The fifth and sixth segment of the analyzed turbine did not show
proper operation (especially the fifth turbine segment which
isentropic efficiency is unacceptably low and equal to 26.73% only).
Such isentropic efficiency results, related to the fifth and sixth turbine

YEAR VII, ISSUE 2, P.P. 45-48 (2023)



INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING"

WEB ISSN 2603-2929; PRINT ISSN 2535-0986

segment, indicate highly problematic operation, or the most likely
malfunction of at least some turbine stages in these segments.

Final conclusion which can be derived from the performed
isentropic analyses is that conventional isentropic analysis shows
global operating parameters related to the entire cylinder which
cannot indicate problematic cylinder parts. So, it is necessary to
perform segmental isentropic analysis to observe operation of each
turbine segment. For the analyzed steam turbine can be
recommended that it should be stopped as soon as possible and that
turbine stages mounted in the last two segments should be checked,
repaired or completely replaced.

6. Conclusions

In this paper are presented results of two different isentropic
analysis types: conventional isentropic analysis which considers the
whole steam turbine cylinder and segmental isentropic analysis
which considers all cylinder parts (segments). In each analysis are
obtained produced mechanical power (ideal and real) as well as
isentropic losses and efficiencies. The most important conclusions
obtained from the performed research are:

- Conventional isentropic analysis shows that isentropic efficiency of
the analyzed turbine is 73.39%, what is in a range of expected
isentropic efficiencies for such steam turbines. Therefore,
conventional isentropic analysis shows proper and expected
operation of the whole observed turbine.

- Segmental isentropic analysis shows that produced mechanical
power in the observed steam turbine is not proportionally distributed
to each segment. The first segment of the analyzed turbine produces
notably higher mechanical power in comparison to all other
segments.

- The fifth and sixth segment of the analyzed turbine did not show
proper operation (especially the fifth turbine segment which
isentropic efficiency is unacceptably low and equal to 26.73% only).
Such isentropic efficiency results, related to the fifth and sixth turbine
segment, indicate highly problematic operation, or the most likely
malfunction of at least some turbine stages in these segments.

- For the analyzed steam turbine can be recommended that it should
be stopped as soon as possible and that turbine stages mounted in the
last two segments should be checked, repaired or replaced.
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