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Abstract: This paper presents an exergy analysis of a complex four-cylinder steam turbine, which operate in a coal-fired power plant.
Analyzed steam turbine consists of high pressure single flow cylinder (HPC), intermediate pressure dual flow cylinder (IPC) and two low
pressure dual flow cylinders (LPC1 and LPC2). The highest part of cumulative mechanical power (787.87 MW) is developed in IPC (389.85
MW) and HPC (254.67 MW), while both low pressure cylinders develop a small part of cumulative mechanical power (70.29 MW in LPC1
and 73.06 MW in LPC2). Cylinder exergy destruction (cylinder exergy power loss) continuously increases as the steam expands through the
turbine. The lowest exergy destruction has HPC (13.07 MW), followed by the IPC (20.95 MW), while the highest exergy destructions are
noted in low pressure cylinders (24.37 MW in LPC1 and 27.17 MW in LPC2). Cylinder exergy efficiency continuously decreases as the
steam expands through the turbine. The highest exergy efficiency has HPC (95.12%), followed by the IPC (94.90%) and LPC1 (74.25%),
while the lowest exergy efficiency of all cylinders is obtained in LPC2 (72.89%). Exergy efficiencies of LPC1 and LPC2 are much lower in
comparison to other low pressure dual flow cylinders from comparable steam power plants. The whole observed steam turbine has exergy

efficiency equal to 90.20%.
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1. Introduction

Steam turbines can nowadays be found in a variety of power
plants [1-3]. In the most of the cases, the dominant function of
steam turbines is electrical generators driving [4, 5]. However,
steam turbine can also be used for marine propulsion as a single
component [6, 7] or as a part of the complex marine propulsion
systems where is integrated with other propulsion elements [8, 9].
Also, steam turbine can be a constituent component of various
power systems in many facilities or industries with a several
different functions [10].

The most complex steam turbines can be found in conventional
land-based steam power plants. Such plants can be composed of
several blocks, where inside each block steam turbine is usually
composed of many cylinders connected to the same shaft [11]. Each
steam turbine can be considered as a complex one if it is composed
of two or more cylinders [12]. More complexity into any analysis
brings dual flow symmetrical or non-symmetrical cylinders in
which steam expands through both cylinder parts [13].

In this paper is analyzed, from an exergy viewpoint, a complex
four-cylinder steam turbine, which operates in a coal-fired power
plant. Analyzed steam turbine consists of high pressure single flow
cylinder, intermediate pressure dual flow symmetrical cylinder and
two low pressure dual flow symmetrical cylinders connected to the
same shaft. Analysis will be a baseline for further optimization
because it will detect cylinders which improvement will bring the
most benefits in the whole turbine operation.

2. Description of the four-cylinder steam turbine

Analyzed steam turbine, along with all of its connections to other
systems and with operating points required for the exergy analysis,
is presented in Fig. 1. Superheated steam from the steam generator
[14] is firstly delivered to High Pressure Cylinder (HPC). HPC is a
single flow cylinder and it has one steam extraction for steam
delivery to high pressure feed water heating system. After
expansion in HPC (operating point 3), one small part of the steam is
delivered again to high pressure feed water heating system
(operating point 4). The remaining steam mass flow rate is returned
to reheater (mounted inside the steam generator) which is used for
increasing of steam temperature before its expansion in
Intermediate Pressure Cylinder (IPC). IPC is a symmetrical dual
flow cylinder which means that steam after reheater (operating
point 6) enters into the cylinder and expands through both of its
parts (IPC-L and IPC-R). One half of the steam mass flow rate
expands through IPC-L (left part of the IPC), while the other half of
the steam mass flow rate expands through IPC-R (right part of the
IPC). Both IPC parts have three steam extractions for steam
delivering to high pressure feed water heating system, deaerator, to
Main Feed water Pump Turbine [15] and to low pressure feed water
heating system. In each extraction of both IPC parts is extracted the

same steam mass flow rate at the same pressure and temperature,
what confirms that this cylinder is symmetrical, Fig. 1. After steam
expansion through both IPC parts (operating point 10), steam is
delivered to both low pressure cylinders (LPC1 and LPC2). One
small part of the steam mass flow rate send from IPC to both LPC’s
is taken and delivered to low pressure feed water heating system
(operating point 15). Rectangles below or above each cylinder are
mixing chambers to which is delivered two or more steam mass
flow rates (or from which are taken steam mass flow rates in at least
two directions). Remaining steam mass flow rate from IPC
(operating point 16) is equally divided to both low pressure
cylinders. As IPC, both low pressure cylinders (LPC1 and LPC2)
are dual flow symmetrical cylinders, therefore each LPC cylinder
consist of two symmetrical parts (left and right). All steam
extractions of both LPC cylinders are used for steam delivery to low
pressure feed water heating system. However, it should be
highlighted that steam temperature and pressure in LPC1
extractions (operating point 19) is not the same as in LPC2
extractions (operating point 22). Therefore, LPC1 and LPC2 will
develop different mechanical power and will have different
efficiencies and losses, what will be confirmed in this analysis.
Remaining steam mass flow rates, after expansion through both
parts of each LPC are delivered to steam condenser [16].

All four cylinders of the observed steam turbine are connected to
the same shaft, as presented in Fig. 1, which drives an Electrical
Generator (EG). Due to the limited space, exergy analysis in this
paper will be performed for the whole cylinders, not also for its
parts. However, it should be highlighted that cumulative developed
mechanical power and cumulative exergy destruction (cumulative
exergy power loss) of IPC, LPC1 and LPC2 are equally divided on
both parts of each cylinder (left and right). Exergy efficiency of
IPC, LPC1 and LPC2 will be the same if it is calculated for each
part of each cylinder, or for the whole cylinder.
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Fig. 1. Analyzed complex four-cylinder steam turbine along with
operating points required for the exergy analysis
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The analyzed steam turbine is a complex one with four cylinders
where three of four cylinders are symmetrical dual flow cylinders.
Along with necessary knowledge of steam pressure and temperature
in each operating point from Fig. 1, special attention should be paid
on the proper calculation of steam mass flow rates through all
cylinders and in each extraction. Therefore, the mass flow rate
balances related to all required operating points in this analysis are
presented in Table 1 where m is the steam mass flow rate in (kg/s),
while the operating point numeration is related to Fig. 1. Also, it
should be mentioned that additional losses related to the whole
turbine and each cylinder are in this analysis neglected [17-19].

Table 1. Steam mass flow rate balances for the analyzed turbine

Mass flow rate balance Eq.
my = m, +ms. (1)
s = Mz — 1My, (2)
e =21y +2 Mg+ 2 -mg+2-1my.| (3)
My =2 1my. 4
Mg +1y3 = 2 - mg. (5)
iy = 2 - M. (6)
Mys + 1My = 2 - Myo. (7
iy + Mg = Mye. (8)
iy = 219 + 2 - Miyg. 9
My1 = 2 - My,. (10)
Mg = 2 -Myy + 2 - 1my3. (11)
Maq = 2 " Myy. (12)
Mys = 2 -y + 2 - 1My3. (13)

3. Exergy analysis equations
3.1. Overall exergy analysis balances and equations

The basis of exergy analysis is the second law of
thermodynamics [20, 21]. Second law of thermodynamics takes into
consideration the ambient state in which any component or the
entire system operates. The base exergy balance equation, valid for
any component or the entire system, according to [22] can be
defined as:

QEX + Pinput + Z Exinput = Poutput + Z Exoutput + EXD-
(14)

In the base exergy balance equation above, P is mechanical
power in (KW) and Exy is exergy destruction (exergy power loss)
in (KW). Qgyx is the exergy transfer by heat at the temperature T in
(kW), defined according to literature [23] as:

Gex =21 -9 Q.
(15)

In Eq. (15), T is temperature in (K), Q is the energy transfer by
heat in (kW) and 0 is the index related to the ambient state. The last
undefined element from the base exergy balance equation is Ex - a
total exergy power of fluid flow in (kW), which definition is [24]:

Ex=m-"¢,
(16)
where ¢ is fluid specific exergy in (kJ/kg), calculated as [25]:
e=(h—ho) =Ty (s— s0)-
a7

In Eq. (17), h is fluid specific enthalpy in (kJ/kg) and s is fluid
specific entropy in (kJ/kg-K). During standard operation of any
component or the entire system, fluid mass flow rate leakage did not
occur, therefore the valid mass flow rate balance is [26]:

X minput =) moutput .
(18)

The general definition of any component or the entire system
exergy efficiency is [27]:

cumulative exergy output

nx =
(19)

however, it should be highlighted that proper exergy efficiency
definition varies according to operating characteristics and type of
the analyzed component or the entire system.

Presented balance and equations will be used in exergy analysis
of the whole observed steam turbine and each cylinder.

cumulative exergy input !

3.2. Equations for the exergy analysis of the whole observed
steam turbine and each cylinder

Equations for the exergy analysis of the whole observed steam
turbine and each of its cylinders are defined by using operating
point markings from Fig. 1 and mass flow rate balances from Table
1. All the equations are defined according to recommendations from
the literature [28, 29]:

High Pressure Cylinder (HPC)
- Developed mechanical power:
Pypc =11y - (hy — hy) + g - (hy — h3). (20)

- Exergy destruction:

Expupc = Exy — Ex; — Exg — Pypc. (21)
- Exergy efficiency:
Pupc (22)

X = = .
"Xtipe Exp upc +Pupc

Intermediate Pressure Cylinder (IPC)

- Developed mechanical power:
Pipc =2 Ppc—, = 2 Pipc —g- (23)
Pipc— = Ppc—r = % (he — h7) + (%— m7) - (hy —hg) +

e 7

(%2 — 1y — 1ing) - (hg = o) + (5 = rity — 1t — 1ing) -

(hg — hyp).

(24)
- Exergy destruction:
EXD,IPC =2 ExD,IPC =2 ExD,IPC —R- (25)
Exppc-1L = EXxppc-r = % —Ex; —Exg — Exg — Exy9 —
Pipc -1 (26)
- Exergy efficiency:

Pipc (27)

X == .
ipe Exp ipc +Pipc

Low Pressure Cylinder 1 (LPC1)
- Developed mechanical power:
Pipc1 =2+ Ppc1-L =2 Prpci—r- (28)

Pipci-1 = Pipci-r = % (h17 - h19) + (% - m19) :
(h19 — hgo).

(29)
- Exergy destruction:
Expipc1 =2 Exprpci-, = 2 EXppci-r- (30)
. . E . .
Expipci-1 = EXppc1i-r = % — Exy9 — Ex9 — Prpci-1- (31)

- Exergy efficiency:

Pipc 1 (32)

Exp,1pc1+PLpc 1

Low Pressure Cylinder 2 (LPC2)

NXLpc1 =
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- Developed mechanical power:
Prpcz = 2 Prpca-1 = 2" PLpca-r- (33)

Pipca-L = Pipc2—r = % (hig — hy2) + (% - mzz) .
(haz — ha3).

(34)
- Exergy destruction:
Expipc2 = 2" Exppcz-1, = 2 EXppca—r- (35)
Exig

EXD,LPCZ—L = ExD,LPCZ—R == - Exzz - Ex23 — Pipca-1- (36)

- Exergy efficiency:
Prpc 2 (37)

X = = .
MXLpez Exp,Lec 2+PLpc 2

Whole Turbine (WT)

- Developed mechanical power:
Pwr = Pypc + Pipc + Prpc1 + Preca- (38)
- Exergy destruction:

Expwr = Expupc + Exppc + EXppc1 + Exppc2- (39)

- Exergy efficiency:

nxwr = Pt (40)

Expwr +Pwr
4. Steam operating parameters for the exergy analysis

Steam operating parameters required for the exergy analysis of
the observed steam turbine and each of its cylinders are steam
temperature, steam pressure and the steam mass flow rate in each
operating point from Fig. 1. These operating parameters are found
in the literature [30]. Steam specific enthalpy, steam specific
entropy and steam quality in each operating point of Fig. 1 are
calculated from known steam temperature and steam pressure by
using NIST REFPROP 9.0 software [31]. The base ambient state
required for the calculation of steam specific exergy is defined
through the ambient pressure of 1 bar and the ambient temperature
of 25 °C.

5. Exergy analysis results and discussion

While observing all cylinders, it can be seen that in IPC is
developed the highest mechanical power (389.85 MW), with a note
that half of developed mechanical power in IPC is developed in left
cylinder part (IPC-L), while the other half is developed in right
cylinder part (IPC-R). The lowest mechanical power of all cylinders
is developed in LPC1 (70.29 MW) — again, half of that mechanical
power is developed in LPC1-L and the other half in LPC1-R, Fig. 2.

Further observation of developed mechanical power related to all
cylinders shows that HPC develop a notable mechanical power
(254.67 MW), regardless of the fact that HPC is the only single
flow cylinder from the observed steam turbine. Also, from Fig. 2
can be clearly seen that both low pressure cylinders develop
significantly lower mechanical power in comparison to HPC and
IPC. LPC2 develop slightly higher mechanical power in comparison
to LPC1 (73.06 MW in comparison to 70.29 MW). The whole
observed steam turbine develop mechanical power equal to 787.87
MW, Fig. 2.
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Fig. 2. Developed mechanical power of the whole observed steam
turbine and each cylinder

Exergy destructions (exergy power losses) of each cylinder and
the whole observed steam turbine are presented in Fig. 3.

Observation of all cylinders shows that cylinder exergy
destruction continuously increases as the steam expands through the
turbine. Therefore, the lowest exergy destruction is calculated in
HPC (13.07 MW), followed by the IPC (20.95 MW), while the
highest exergy destructions are calculated for low pressure cylinders
(24.37 MW for LPC1 and 27.17 MW for LPC2). The whole
observed steam turbine has exergy destruction equal to 85.56 MW,
Fig. 3, which is obtained as a sum of exergy destructions in all
cylinders, Eqg. (39).
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Fig. 3. Exergy destruction of the whole observed steam turbine and
each cylinder

Exergy efficiencies of each turbine cylinder and the whole
observed steam turbine are presented in Fig. 4.

Comparison of all turbine cylinders shows that cylinder exergy
efficiency continuously decreases as the steam expands through the
turbine. Therefore, the highest exergy efficiency has HPC (95.12%),
followed by the IPC (94.90%) and LPC1 (74.25%), while the
lowest exergy efficiency of all cylinders is calculated in LPC2
(72.89%).

The whole observed steam turbine has exergy efficiency equal to
90.20%. The exergy efficiency of the whole observed steam turbine
is much closer to exergy efficiencies of HPC and IPC (which are
dominant mechanical power producers) than to exergy efficiencies
of LPC1 and LPC2 (which are not dominant mechanical power
producers), Fig. 4.
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Fig. 4. The exergy efficiency of the whole observed steam turbine
and each cylinder

From the observations above it can be concluded that LPC1 and
LPC2 have higher exergy destructions and much lower exergy
efficiencies in comparison to other cylinders from the observed
turbine. Also, exergy efficiencies of LPC1 and LPC2 are much
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lower in comparison to other low pressure dual flow cylinders from
comparable steam power plants [32].

6. Conclusions

In this paper is performed an exergy analysis of a complex four-
cylinder steam turbine, which operate in a coal-fired power plant.
Exergy analysis takes into consideration exergy parameters of each
cylinder and the whole observed steam turbine. The most important
conclusions from the analysis are:

- When observing all turbine cylinders, the highest part of
cumulative mechanical power is developed in IPC (389.85 MW),
followed by HPC (254.67 MW), while both low pressure cylinders
develop a small part of cumulative mechanical power (70.29 MW in
LPC1 and 73.06 MW in LPC2). A cumulative mechanical power
developed in the whole observed steam turbine is 787.87 MW.

- Cylinder exergy destruction (cylinder exergy power loss)
continuously increases as the steam expands through the turbine.
The lowest exergy destruction is calculated in HPC (13.07 MW),
followed by the IPC (20.95 MW), while the highest exergy
destructions are calculated for low pressure cylinders (24.37 MW
for LPC1 and 27.17 MW for LPC2). The whole observed steam
turbine has exergy destruction equal to 85.56 MW.

- Cylinder exergy efficiency continuously decreases as the steam
expands through the turbine. The highest exergy efficiency has HPC
(95.12%), followed by the IPC (94.90%) and LPC1 (74.25%), while
the lowest exergy efficiency of all cylinders is obtained in LPC2
(72.89%). The whole observed steam turbine has exergy efficiency
equal to 90.20%.

- Low pressure cylinders from the observed steam turbine (LPC1
and LPC2) have higher exergy destructions and much lower exergy
efficiencies in comparison to the other cylinders. Therefore, future
research and possible improvement of the analyzed steam turbine
should be based firstly on both low pressure cylinders.
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