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Abstract: In this paper is performed an isentropic analysis of the entire Intermediate Pressure Cylinder (IPC) and all of his four Segments.
Obtained results show that the first Segment (Seg. 1) is the dominant mechanical power producer of all Segments and it produces 16816.70
kW of mechanical power in the real (polytropic) expansion process. Analyzed IPC produces more than half mechanical power of the entire
turbine in which he operates (in real expansion process IPC produces mechanical power equal to 58499.48 kW). Isentropic loss and
isentropic efficiency of IPC Segments are reverse proportional — Seg. 3 which has the highest isentropic loss simultaneously has the lowest
isentropic efficiency (equal to 82.44%), while Seg. 4 which has the lowest isentropic loss has the highest isentropic efficiency (equal to
87.26%). Entire IPC has an isentropic efficiency equal to 87.78%. Any improvements and modifications which can potentially be performed
in the observed IPC should firstly be based on the turbine stages mounted inside Seg. 3.
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1. Introduction

In the electricity production worldwide, steam turbines are
inevitable components [1, 2]. Steam turbines nowadays can be
found in many systems and processes, such as conventional [3],
supercritical [4], nuclear [5], cogeneration [6], combined [7],
marine [8, 9] and other power plants. In all mentioned power plants,
steam turbines can be composed of only one or more cylinders.

High power steam turbines are dominantly composed of several
cylinders mounted on the same shaft, while medium and low power
steam turbines can be composed of only one cylinder [10, 11]. In
addition, low power steam turbines are usually used for the
auxiliary equipment drive [12].

Steam turbine cylinders can be single flow or dual flow cylinders.
In single flow cylinders, steam expands throughout the cylinder in
one direction only (from cylinder inlet to outlet), while in dual flow
cylinders steam enters in the cylinder at the cylinder midpoint and
simultaneously expands in two directions. Dual flow cylinders have
many benefits, so they are dominantly used as the last (low
pressure) cylinders before main condenser [13].

Steam turbine cylinders usually have several steam extractions.
Each steam extraction from the turbine cylinder lead a certain
amount of steam mass flow rate to the components of
condensate/feedwater heating system, or for auxiliary heating
purposes [14].

Steam inlet, steam outlet and all extractions of the same turbine
cylinder defines cylinder Segments and make a clear division of the
entire cylinder into several parts. Cylinder Segments allow analysis
of the steam expansion processes not only in the entire cylinder, but
also in (at least) several cylinder parts [15]. Analysis of the process
inside each Segment of the same turbine cylinder allows more
precise detection of potentially problematic parts which cannot be
obtained considering entire cylinder as a whole.

In this paper is performed isentropic analysis of the entire
Intermediate Pressure Cylinder (IPC) and all of his four Segments.
Such analysis allows detection of the Segment with the lowest
isentropic efficiency and the highest isentropic loss, which should
be a baseline for any improvements and modifications.

2. Description and operating characteristics of the
analyzed IPC

The analyzed Intermediate Pressure Cylinder (IPC) is a part of a
complex three cylinder steam turbine from Kolubara A5 steam
power plant. All the cylinders of this turbine are connected to the
same shaft which drives an Electric Generator (EG). The entire
turbine has a nominal power of 110 MW [16].

General scheme of the IPC analyzed in this paper, along with
operating points necessary for his isentropic analysis is presented in
Fig. 1. IPC gets steam from steam Re-Heater (Re-Heater is mounted
inside the steam generator), operating point 1, Fig. 1. Analyzed IPC
is a single flow cylinder which means that steam expands through
the cylinder in only one direction — from the inlet until the outlet.

IPC has four steam extractions. The first steam extraction (operating
point 2, Fig. 1) delivers a certain amount of steam to High Pressure
Feedwater Heating System, second steam extraction (operating
point 3, Fig. 1) delivers a certain amount of steam to Deaerator,
while the last two extractions (operating points 4 and 5, Fig. 1)
deliver a certain amount of steam to the components of Low
Pressure Condensate Heating System. The remaining steam mass
flow rate at the IPC outlet (operating point 6, Fig. 1) is delivered to
the Low Pressure Cylinder (LPC).

Steam inlet, outlet and extractions divide analyzed IPC into four
Segments. As presented in the Fig. 1, the first Segment is IPC part
between steam inlet and first extraction, second Segment is defined
between first and second steam extraction, third Segment is defined
between second and third steam extraction, while the last fourth
Segment is defined between the last two (third and fourth) steam
extractions. Isentropic analysis performed in this paper will be
related to each of four IPC Segments as well as to the entire
cylinder (EC).

To High
Pressure
Feedwater
Heating
System

To Low Pressure
Condensate
Heating System

To
Deaerator

Fig. 1. General scheme of the Intermediate Pressure Cylinder (IPC)
along with operating points necessary for the isentropic analysis

Isentropic analysis of the entire IPC (EC) and each of his
Segments strongly differs. The most notable differences between
these two isentropic analyses are graphically presented in a specific
enthalpy/specific entropy (h/s) diagram which shows the difference
between real (polytropic) and ideal (isentropic) steam expansion
processes, Fig. 2.

It should be highlighted that real (polytropic) steam expansion
process in any Segment or in the EC is characterized by an increase
in steam specific entropy, which is related to losses during the
expansion process. In ideal (isentropic) steam expansion process, all
the losses which occur during the expansion are neglected, so steam
specific entropy remains unchanged. Therefore, in ideal (isentropic)
steam expansion process, any Segment or EC will develop the
highest possible mechanical power.
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Isentropic analysis of the entire IPC is based on a comparison of
real (polytropic) and ideal (isentropic) steam expansion processes in
the entire cylinder. In Fig. 2, real (polytropic) steam expansion
process of the EC is represented with operating points 1 —2 -3 -4
— 5, while ideal (isentropic) steam expansion process of the entire
IPC is represented with operating points 1 — 2is,EC — 3is,EC —
4is,EC - 5is,EC.

Isentropic analysis of each IPC Segment is based on a
comparison of real (polytropic) and ideal (isentropic) steam
expansion processes in each IPC Segment. For the first IPC
Segment, real steam expansion is represented with operating points
1 and 2, while ideal steam expansion is represented with operating
points 1 and 2is,Seg. In second IPC Segment, real expansion is
represented with operating points 2 and 3, while ideal steam
expansion is represented with operating points 2 and 3is,Seg. In
third IPC Segment, real expansion is represented with operating
points 3 and 4, while ideal steam expansion is represented with
operating points 3 and 4is,Seg. In the last, fourth IPC Segment, real
expansion is represented with operating points 4 and 5, while ideal
steam expansion is represented with operating points 4 and 5is,Seg.
Finally, it should be highlighted that, due to steam extractions,
steam mass flow rate through each Segment differs, what must be
considered in the equations for the real (polytropic) and ideal
(isentropic) mechanical power calculation of each Segment. The
operating points of the real (polytropic) steam expansion process
throughout the observed IPC in Fig. 2 are marked in accordance to
Fig. 1.

Fig. 2. Steam expansion process (ideal and real) throughout entire
IPC and all his Segments in specific enthalpy/specific entropy (h/s)
diagram

3. Isentropic analysis equations of the entire IPC and
his Segments

In an isentropic analysis of any steam turbine, turbine cylinder
and cylinder Segment are compared real (polytropic) and ideal
(isentropic) steam expansion processes [17], as presented in Fig. 2.
Steam operating parameters in real (polytropic) expansion process
are obtained by measurements during the turbine (and each turbine
cylinder) exploitation in the power plant. Steam operating
parameters in ideal (isentropic) expansion are obtained
mathematically. The ideal 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 expansion
steam specific entropy remains always constant.

The baseline for isentropic analysis is calculation of real and
ideal mechanical power (for the entire turbine, cylinder or cylinder
Segment). Isentropic loss is the difference between ideal and real
mechanical power, while the isentropic efficiency is the ratio
between real and ideal mechanical power.

It should also be highlighted that isentropic analysis must be
performed in a different manner for the entire turbine cylinder and
for the cylinder Segments [18]. For the cylinder Segments must be
used ideal (isentropic) specific heat drop from the Segment inlet
until the Segment outlet. Parts of the main isentrope (which is used
for the entire IPC) cannot be used in the isentropic analysis of
cylinder Segments (for all Segments except the first one) due to
isobars spread during the increase in steam specific entropy.

éf ) ,z;s,s'c=zis,seé ' ] Equations for the isentropic analysis of the entire observed IPC
- = 3 and all his Segments are composed according to the
§ —— g ¢ recommendations from the literature [19, 20]. Operating points used
E InEe- ~ 3is,Seg Seg-4 in the equations through this Section are related to Fig. 1 and Fig. 2.
'Lé 41s:E¢ ' 4.5,'“2' ) - 3.1. Isentropic analysis equations of the entire IPC
2 = 5=6

= Real (polytropic) mechanical power of the entire observed IPC is

5“5‘“_6“# . St n S calculated according to the equation:
Specific entropy (kJ/kg'K)
Preec=ry"(hy-hp)+(my-my)- (hp-hg ) +(my-my-rig )-(hg-hy ) +(my -p-g-my ) (hy-hs). (1)

Ideal (isentropic) mechanical power of the entire IPC is calculated by using an equation:

Pig.ec=M1("1-Nais ec ) + (M1 -M2)-(hais ec-Nais ¢ ) + (M -Mp-g)- (i ec-Nais ¢ ) +(My-Mp-g-y ) (hyis ec-hsis ec ). 2

Isentropic loss of the entire IPC is:
IS_ec = Pigec — Prec- 3
Entire IPC isentropic efficiency is:
Pre,
Nisec = ﬁ- 4

In the above equations and throughout the paper, P is mechanical
power, m is fluid mass flow rate, h is fluid specific enthalpy, index
re is related to real (polytropic) process, index id is related to ideal
(isentropic) process, index EC is related to the entire IPC, while
index L is related to isentropic loss.

3.2. Isentropic analysis equations of the IPC Segments

Real (polytropic) and ideal (isentropic) mechanical power of the
first IPC Segment (Seg. 1) are:
Pre;seg1=M1-(1-hy), (5)
Pid.seg1=MM1" (h1-Nais seq )- (6)

Real (polytropic) and ideal (isentropic) mechanical power of the
second IPC Segment (Seg. 2) are:

Pre.seg2=(M1-My)-(h2-h3), )
Pid,seg.2=(M1-M2)-(N2-Ngis seq)- (8)

Real (polytropic) and ideal (isentropic) mechanical power of the
third IPC Segment (Seg. 3) are:

Pre,seg3=(MMy-Mp-Mz)-(hg-hy), 9)
Pidseq.3=(M1-MMy-1M3)-(h3-hyis seq)- (10)

Real (polytropic) and ideal (isentropic) mechanical power of the
fourth IPC Segment (Seg. 4) are:

Pre,seg 4=y -p-Mg-r1y)-(hs-hs), (11)

Pid sega=(M1-Mp-M3-y)-(N4-sis seq)- (12)
The isentropic loss of each IPC Segment is:

IS seq.(i) = Pid,seq.i) — Pre,seq.i): (13)

while isentropic efficiency of each IPC Segment is:

Pre, eg. (i
Tis Seq.(i) = Ps—g() (14)

id,5e0.)

In Eq. 13 and Eq. 14, index i is equal from 1 to 4 and is related to
the IPC Segments numeration (according to Fig. 1 and Fig. 2).

4. Steam operating parameters required for the
isentropic analysis

The IPC operating parameters, obtained by the measurements, are
related to the real (polytropic) steam expansion process — they are
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found in the literature [16] and presented in Table 1. It should be
highlighted that all operating points presented in Table 1 contained
superheated steam. In the literature [20, 21] can be found that IPC
has optimal operating conditions in a three cylinder steam turbine,
because he is not influenced by the steam of the highest pressure
and temperature (as the High Pressure Cylinder) and
simultaneously, it is not influenced by additional losses related to
wet steam (as the last stages of Low Pressure Cylinder).

Steam specific enthalpies related to the ideal (isentropic) steam
expansion processes (for entire IPC and each of his Segments) are
obtained by numerical calculations, according to the previously
described procedure. For the entire IPC, steam operating parameters
in the ideal (isentropic) expansion process are presented in Table 2,
while for each IPC Segment, steam operating parameters in the
ideal (isentropic) expansion process are presented in Table 3. Steam
parameters in each operating point from Table 2 and Table 3, are
calculated by using NIST-REFPROP 9.0 software [22].

Table 1. Steam operating parameters in the real (polytropic)
expansion process

TemperaturelPressure Mass | Specific | Specific
O.P* ©C) (bar) flow ratelenthalpy| entropy
(kgls) | (kJ/kg) (kI/kg'K)

1 538.70 32.2 | 98.98 | 3542.1 | 7.3111

2 455.31 18.2 5.23 | 3372.2 | 7.3486

3 383.07 10.5 1.80 | 3227.6 | 7.3893

4 307.92 5.5 4.70 3079.7 | 7.4442

5 222.13 25 4.33 | 2913.2 | 7.4939

6 222.13 25 82.92 | 2913.2 | 7.4939

* 0. P. = Operating Point (in accordance to Fig. 1 and Fig. 2)

Table 2. Steam operating parameters in the ideal (isentropic)
expansion process for the Entire Cylinder

Isentropic - Entire Cylinder
Pressure Specific  |Isentropic spegific

O.P* (bar) entropy | enthalpy-Entire

(kJ/kg'K) | Cylinder (kJ/kg)
1 32.2 7.3111 3542.1
2is,EC = 2is,Seg| 18.2 7.3111 3345.1
3is,EC 10.5 7.3111 3177.2
4is,EC 5.5 7.3111 3004.8
5is,EC =6is,EC| 2.5 7.3111 2826.6

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

Table 3. Steam operating parameters in the ideal (isentropic)
expansion process for the cylinder Segments

Isentropic - Segments
Specific |lsentropic specific
O.P.* PEES;;J)"E entropy enthalpy-
(kJ/kg'K) | Segments (kJ/kg)
3is,Seg 10.5 7.3486 3201.2
4is,Seg 55 7.3893 3048.2
5is,Seg = 6is,Seg 2.5 7.4442 2888.9

* Q. P. = Operating Point (in accordance to Fig. 2)
5. Results and discussion

Real (polytropic) and ideal (isentropic) mechanical power of the
entire IPC (EC) and each of his Segments is presented in Fig. 3.

Due to neglecting all the losses during the expansion process,
ideal (isentropic) mechanical power of the EC and each Segment
must be higher in comparison to real (polytropic) one, what is
confirmed in Fig. 3. Observation of all Segments shows that the
first Segment (Seg. 1) is the dominant mechanical power producer
which produces 16816.70 kW of mechanical power in the real
expansion process and his potential in mechanical power production
(ideal expansion process) is equal to 19499.06 kW.

Entire IPC produces 58499.48 kW of mechanical power in real
(polytropic) steam expansion process, while it can produce
mechanical power equal to 66639.82 kW if the expansion process
through this cylinder is ideal (isentropic).

The entire turbine, which observed IPC is a constituent part,
produces nominal power equal to 110 MW, so it can be concluded
that IPC is the dominant mechanical power producer of all
cylinders, and that this cylinder produces more than half mechanical
power of the entire turbine in the real expansion process.
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66639.82
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50000 1 Ideal (isentropic) 58499.48
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~ 0 i mE WD
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Fig. 3. Mechanical power (ideal and real) produced in the entire
IPC and each cylinder Segment

Isentropic loss of the entire IPC and each of his Segments is
presented in Fig. 4.

The first Segment (Seg. 1) which produces the highest
mechanical power (both ideal and real) did not have the highest
isentropic loss. The highest isentropic loss of all Segments has Seg.
3, equal to 2896.43 kW. On the other side, the last, fourth Segment
(Seg. 4) has the lowest isentropic loss equal to 2120.17 kW.

Entire IPC isentropic loss is equal to 8140.33 kW, Fig. 4.
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Fig. 4. Isentropic loss of the entire IPC and each cylinder Segment

Comparison of Fig. 4 and Fig. 5 shows that isentropic loss and
isentropic efficiency of IPC Segments are reverse proportional —
Seg. 3 which has the highest isentropic loss simultaneously has the
lowest isentropic efficiency (equal to 82.44%), while Seg. 4 which
has the lowest isentropic loss has the highest isentropic efficiency
(equal to 87.26%). It should be highlighted that Seg. 1 which has
higher isentropic loss also has higher isentropic efficiency in
comparison to Seg. 2. Entire IPC has isentropic efficiency equal to
87.78%, Fig. 5.

Entire IPC has very high isentropic efficiency, while Seg. 3 can
be further improved with an aim to increase his isentropic
efficiency. Any improvements and modifications which should
potentially be performed in the observed IPC should firstly be based
on the turbine stages mounted inside Seg. 3.
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Fig. 5. Isentropic efficiency of the entire IPC and each Segment

Further analysis of the observed IPC will be based on the results
of this research. It can (and it will) be used various conventional
[23, 24] and artificial intelligence [25-27] methods and techniques
to find optimal operating regimes of this cylinder, in which the
efficiencies will be the highest (for the entire cylinder and each his
Segment).
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6. Conclusions

This paper presents isentropic analysis results of the entire
Intermediate Pressure Cylinder (IPC) and all of four his Segments.
The most important conclusions and obtained findings are:
- The first Segment (Seg. 1) is the dominant mechanical power
producer of all Segments and it produces 16816.70 kW of
mechanical power in the real (polytropic) expansion process.
- Entire IPC produces 58499.48 kW of mechanical power in real
(polytropic) steam expansion process. Analyzed IPC produces more
than half mechanical power of the entire turbine in which he
operates.
- The highest isentropic loss of all Segments has Seg. 3, equal to
2896.43 kW, while the last, fourth Segment (Seg. 4) has the lowest
isentropic loss equal to 2120.17 kW. Entire IPC isentropic loss is
equal to 8140.33 kW.
- Isentropic loss and isentropic efficiency of IPC Segments are
reverse proportional — Seg. 3 which has the highest isentropic loss
simultaneously has the lowest isentropic efficiency (equal to
82.44%), while Seg. 4 which has the lowest isentropic loss has the
highest isentropic efficiency (equal to 87.26%). Entire IPC has an
isentropic efficiency equal to 87.78%.
- Any improvements and modifications which can potentially be
performed in the observed IPC should firstly be based on the
turbine stages mounted inside Seg. 3.
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