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Abstract: In this paper are presented isentropic analysis results of a steam turbine and each of its cylinders which operate in Municipal
Solid Waste (MSW) power plant. Low Pressure Cylinder (LPC) which produces the highest real mechanical power has the lowest isentropic
loss of all cylinders equal to 4344.75 kW, while High Pressure Cylinder (HPC) which produces the lowest real mechanical power has the
highest isentropic loss of all cylinders equal to 5204.54 kW. Isentropic losses and isentropic efficiencies are reverse proportional, because
the cylinder with the lowest isentropic loss (LPC) has the highest isentropic efficiency equal to 88.92%, while the cylinder with the highest
isentropic loss (HPC) has the lowest isentropic efficiency equal to 84.58%. Surprisingly, isentropic efficiency of the Intermediate Pressure
Cylinder (IPC) is equal to 86.80% only, which is higher in comparison to HPC but notably lower than LPC. The observed turbine strongly
differs from other comparable steam turbines from the literature where IPC has notably higher isentropic efficiencies than both HPC and
LPC. Whole observed steam turbine produces real mechanical power equal to 97513 kW, while its isentropic efficiency is equal to 86.87%.
KEYWORDS: ISENTROPIC ANALYSIS, COMPLEX STEAM TURBINE, TURBINE CYLINDERS, MUNICIPAL SOLID WASTE (MSW)

1. Introduction

Steam turbines are nowadays the dominant mechanical power
producers worldwide [1, 2]. Produced mechanical power by the
steam turbines is dominantly used for the electrical generators drive
and electricity production [3, 4]. However, steam turbines can also
be used in various power plants as auxiliary turbines for the direct
mechanical power consumer’s drive [5, 6].

High power steam turbines are dominantly composed of several
cylinders (usually three to five cylinders) mounted on the same
shaft [7, 8]. Medium and low power steam turbines are usually
composed of two, or only one cylinder [9, 10].

In complex steam turbines, each cylinder usually has several
steam extractions [11, 12]. Each steam extraction delivers a certain
amount of steam to the components of condensate/feedwater
heating system which increases water temperature before its
entrance to the steam generator and in that way reduces fuel
consumption [13, 14].

In addition, complex steam turbines dominantly possess steam re-
heater which additionally increases steam temperature after its
expansion in the first cylinder [15, 16]. Steam re-heater can be
mounted in the power plant independently of steam generator, but
the most usual arrangement is that steam re-heater is mounted inside
steam generator and uses the same fuel as other steam generator
components [17].

This paper presents an isentropic analysis of a complex three
cylinder steam turbine which operates in Municipal Solid Waste
(MSW) power plant. Isentropic analysis is simultaneously
performed for the whole observed steam turbine as well as for each
of its cylinders. The obtained results are compared to the isentropic
analysis results of various similar steam turbines. It is concluded
that isentropic efficiencies of the analyzed steam turbine cylinders
show some notable differences in comparison to similar turbines
from other power plants.

2. Description and characteristics of the analyzed
steam turbine

Analyzed steam turbine operates in a power plant which uses
Municipal Solid Waste (MSW) as a fuel [18]. Steam turbine
consists of three cylinders (High Pressure Cylinder — HPC,
Intermediate Pressure Cylinder — IPC and Low Pressure Cylinder —
LPC) connected to the same shaft which drives an electric
generator, Fig. 1. As can be seen from Fig. 1, HPC has only one
steam extraction (at the end of the cylinder), IPC has four steam
extractions, while LPC has three steam extractions. HPC extraction
and first two steam extractions of the IPC deliver a certain steam
mass flow rate to high pressure feedwater heating system [19, 20],
while third IPC extraction delivers steam to the deaerator. Last IPC
extraction and all three LPC extractions deliver a certain steam
mass flow rate to low pressure condensate heating system [21, 22].
After expansion in LPC, the remaining steam mass flow rate is
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delivered to the main condenser. It should be highlighted that this
power plant also possesses steam re-heater, traditionally mounted
between HPC and IPC inside steam generator. Steam re-heater
increases steam temperature and prepare it for the expansion in IPC
and LPC. Steam re-heating process has many benefits not also in
this, but also in many other steam power plants [23, 24].
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Fig. 1. General scheme of the analyzed steam turbine along with
operating points required for the isentropic analysis

This paper presents the isentropic analysis results of the whole
observed steam turbine and each of its three cylinders.

Isentropic analysis is based on a comparison of real (polytropic)
and ideal (isentropic) steam expansion processes in each cylinder
and whole turbine. Real (polytropic) steam expansion process is
defined by operating points presented in Fig. 1 and Fig. 2 (points
defined by numbers only) and its main characteristic is an increase
in steam specific entropy during expansion. From Fig. 2 can be
clearly seen that steam specific entropy increases from operating
point 1 to 2 (HPC), from operating point 4 to 8 (IPC) and from
operating point 9 to 13 (LPC). Increase in steam specific entropy
during expansion is proportional to losses which occur in the
turbine stages. Data in each operating point for real (polytropic)
steam expansion process can be obtained only by the measurements
during turbine exploitation.

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 in ideal process steam specific entropy
remains constant during the expansion in each turbine cylinder.
Ideal (isentropic) steam expansion process in each cylinder is
defined using operating points with additional index — is, Fig. 2.
Therefore, from Fig. 2 can be seen that steam specific entropy
remains constant in the ideal expansion related to the HPC
(operating points from 1 to 2is), IPC (operating points from 4 to 8is)
and LPC (operating points from 9 to 13is). For each turbine
cylinder, data related to the ideal (isentropic) steam expansion
process are obtained mathematically, by knowing the steam
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pressure in each operating point and by knowing steam specific
entropy at the cylinder inlet. In comparison to real steam expansion
process, ideal (isentropic) steam expansion process did not consider
any losses which occur in turbine stages, what means that
mechanical power developed in each turbine cylinder (as well as in
the whole turbine) will always be higher in ideal than in real
expansion process [25]. The ideal steam expansion actually
represents maximal potential which can be used in any turbine
cylinder and in the whole observed turbine.

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
each cylinder of the observed turbine
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The isentropic loss of each cylinder and whole turbine is

calculated according to the equation:

ISy = Pig,) — Pre.ciy )
while isentropic efficiency (again of each cylinder and whole

turbine) is calculated by using an equation:
Pre.i)

MO = pyy (10)

In Eq. 9 and Eq. 10 index i is related to each turbine cylinder and
to whole turbine (i = HPC; IPC; LPC; WT).

4. Steam operating parameters

Steam operating parameters of the real (polytropic) steam
expansion process, which are obtained by the measurements during
the turbine exploitation, are found in [18] and presented in Table 1.
Other steam operating parameters presented in Table 1 which are
not found in the literature, are calculated from known data in each
operating point by using NIST-REFPROP 9.0 software [30].

Parameters of the ideal (isentropic) steam expansion process in
each cylinder of the observed turbine are obtained by the
calculations, according to previously described procedure, Fig. 2.
Along with steam mass flow rates, in ideal (isentropic) mechanical
power calculation the most important steam parameters are
isentropic specific enthalpies, which are presented for each cylinder
of the observed turbine in Table 2.

Table 1. Steam operating parameters required for the isentropic
analysis of the observed steam turbine and each turbine cylinder —
real (polytropic) steam expansion process

[Temperature| Pressure Mass | Specific | Specific .
O.P.* ©0) (bar) flow rate| enthalpy | entropy | Quality
(ka/s) | (kI/kg) |(kI/kg-K)
1 440.0 130.00 | 90.20 | 3162.2 | 6.2047 | Sh.**
2 240.5 26.50 | 88.22 | 2845.8 | 6.3190 Sh.
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3. Isentropic analysis equations

Isentropic analysis of any steam turbine is actually a comparison
of mechanical power developed during the real (polytropic) steam
expansion process and mechanical power developed during the
ideal (isentropic) steam expansion process. Ideal (isentropic) steam
expansion process is theoretical one and it can be obtained if all the
losses are neglected [26].

Isentropic analysis is a “black box” method because the inner
structure of the whole turbine and each turbine cylinder is not
known and it is not required. The required elements for this kind of
analysis are all fluid flow streams to and from the observed
component [27].

All equations presented is this section are related to turbine
operating points presented in Fig. 1 and Fig. 2. Equations used in
the isentropic analysis are composed according to the
recommendations from the literature [28, 29]. Developed
mechanical power (both real and ideal) of each cylinder and whole
turbine are calculated according to the following equations:

HPC

Prespc=ry-(hy-hy) @
Pig ppc=riy(h1-hai) @
@)
4)
®)
(6)
3 240.5 26.50 | 1.98 | 2845.8 | 6.3190 | Sh.
4 440.0 25.00 | 88.22 | 3329.3 | 7.1458 | Sh.
5 415.2 20.83 | 3.38 | 3280.5 | 7.1581 | Sh.
6 360.8 13.66 | 3.88 | 3174.1 | 7.1872 | Sh.
I 290.8 7.52 3.76 | 3038.7 | 7.2306 | Sh.
8 224.4 4.00 0.92 | 2911.7 | 7.2770 | Sh.
9 224.4 4.00 | 76.28 | 2911.7 | 7.2770 | Sh.
10 206.4 3.33 140 | 28775 | 7.2901 | Sh.
11 178.6 2.48 1.90 | 2824.7 | 7.3106 | Sh.
12 138.7 1.57 7.15 | 2749.3 | 7.3436 | Sh.
13 51.03 0.13 | 65.83 | 2402.8 | 7.4698 | 0.92

* Q. P. = Operating Point (in accordance to Fig. 1)
** Sh. = Superheated

Table 2. Steam operating parameters required for the isentropic
analysis of the observed steam turbine and each turbine cylinder —
ideal (isentropic) steam expansion process

Isentropic specific enthalpy

O.P.* Pressure (bar) (KJ/kg)
1 130.00 3162.2
2is 26.50 2788.1

3 26.50 -

4 25.00 3329.3
5is 20.83 3272.0
6is 13.66 3148.1
7is 7.52 2991.9
8is 4.00 2848.5

9 4.00 2911.7

10is 3.33 2871.2
11is 2.48 2809.7
12is 1.57 2722.3
13is 0.13 2340.3

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

Ideal (isentropic) and real (polytropic) mechanical power of each
cylinder and whole analyzed turbine are presented in Fig. 3.

From Fig. 3 is clear that for each cylinder and whole turbine ideal
(isentropic) mechanical power is higher than real (polytropic) one
due to neglecting all losses which occur in the real steam expansion
process. Observing all cylinders, it can be concluded that the
dominant mechanical power producer is LPC which produces real
mechanical power equal to 34875.23 kW. However, real
mechanical power produced in LPC is only slightly higher than real
mechanical power produced in IPC (which is equal to 34098.50
kW). The lowest real mechanical power is produced in HPC
(28539.28 kW), which is notably lower in comparison to both IPC
and LPC.

Whole observed steam turbine (WT) produces real mechanical
power equal to 97513 kW, while its potential in mechanical power
production (in ideal, isentropic scenario) is equal to 112246.91 kW.
Whole turbine will never be able to produce ideal (isentropic)
mechanical power in real exploitation, but ideal mechanical power
can be used as a guideline (not only for the whole turbine, but also
for each cylinder) for any improvements.
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Fig. 3. Ideal (isentropic) and real (polytropic) mechanical power of
each cylinder and whole analyzed turbine
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Isentropic losses of each turbine cylinder and whole observed
turbine are presented in Fig. 4.

Observing turbine cylinders, from Fig. 4 can be seen interesting
fact related to this steam turbine — LPC which produces the highest
real mechanical power has the lowest isentropic loss of all cylinders
equal to 4344.75 kW, while HPC which produces the lowest real
mechanical power has the highest isentropic loss of all cylinders
equal to 5204.54 kW. It is also interesting that IPC which real
mechanical power is very close to one produced in LPC has
isentropic loss only slightly lower than HPC (IPC isentropic loss is
equal to 5184.62 kW), Fig. 3 and Fig. 4.

Isentropic loss of the whole observed steam turbine is equal to
14733.90 kW.

16000

14733.90
14000

12000
10000
8000

Isentropic loss (kW)

6000 5204.54 5184.62
434475

4000

2000

HPC IPC LPC WT

Fig. 4. Isentropic loss of each cylinder and whole analyzed turbine

Isentropic efficiencies of each cylinder and whole observed steam
turbine are presented in Fig. 5.

By observing results related to all three cylinders, it can be
concluded that isentropic losses, Fig. 4, and isentropic efficiencies,
Fig. 5, are reverse proportional, because the cylinder with the
lowest isentropic loss (LPC) has the highest isentropic efficiency
equal to 88.92%, while the cylinder with the highest isentropic loss
(HPC) has simultaneously the lowest isentropic efficiency equal to
84.58%. Surprisingly, isentropic efficiency of the IPC is equal to
86.80%, which is higher in comparison to HPC but simultaneously
lower than LPC. Finally, isentropic efficiency of the whole
analyzed steam turbine is equal to 86.87%.
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In the literature can be found many comparisons of a various
steam turbines. Observing literature [31], it can be stated that this
steam turbine shows some differences related to isentropic
performance in comparison to the steam turbines from marine,
conventional and ultra-supercritical steam power plants. For steam
turbine analyzed in this paper can be seen that LPC has higher
isentropic efficiency in comparison to IPC, while for other
comparable steam turbines IPC has notably higher isentropic
efficiencies than both HPC and LPC. Also, while observing
isentropic efficiencies of all cylinders and whole steam turbine
analyzed in this paper, it can be concluded that they show isentropic
performance very close to the turbine from the conventional steam
power plant. Obtained isentropic efficiencies of the cylinders and
whole turbine in this analysis are higher in comparison to steam
turbine from marine propulsion steam power plant, but still lower in
comparison to steam turbine from ultra-supercritical power plant.
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Fig. 5. Isentropic efficiency of each cylinder and whole analyzed
turbine

Further analysis of this steam turbine will be based on the
investigation of its improvement possibilities and possible
optimization (for each cylinder and whole turbine) using various
conventional [32] and machine learning methods and techniques
which are often used for similar kind of problems [33-36].

6. Conclusions

In this paper is presented an isentropic analysis of a steam turbine
and each of three turbine cylinders from Municipal Solid Waste
(MSW) power plant. Obtained results lead to several interesting
conclusions:

- The dominant mechanical power producer in the observed turbine
is LPC which produces real mechanical power equal to 34875.23
kW. Whole observed steam turbine produces real mechanical power
equal to 97513 kW.

- LPC which produces the highest real mechanical power has the
lowest isentropic loss of all cylinders equal to 4344.75 kW, while
HPC which produces the lowest real mechanical power has the
highest isentropic loss of all cylinders equal to 5204.54 kW.

- lsentropic losses and isentropic efficiencies are reverse
proportional, because the cylinder with the lowest isentropic loss
(LPC) has the highest isentropic efficiency equal to 88.92%, while
the cylinder with the highest isentropic loss (HPC) has the lowest
isentropic efficiency equal to 84.58%.

- Surprisingly, isentropic efficiency of the IPC is equal to 86.80%,
which is higher in comparison to HPC but notably lower than LPC.
The isentropic efficiency of the whole analyzed steam turbine is
equal to 86.87%.

- For the steam turbine analyzed in this paper can be seen that LPC
has higher isentropic efficiency in comparison to IPC, while for
other comparable steam turbines from the literature IPC has notably
higher isentropic efficiencies than both HPC and LPC.

- lIsentropic performance of the observed steam turbine and its
cylinders is very close to the turbines from conventional steam
power plants. Obtained isentropic efficiencies of the turbine and
cylinders in this analysis are higher in comparison to steam turbines
from marine propulsion power plants, but still lower in comparison
to steam turbines from ultra-supercritical power plants.
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