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Abstract: This paper presents an analysis and comparison of three steam turbines and its cylinders: from the conventional steam power
plant, from nuclear power plant and from the marine propulsion plant. The best parameters for the comparison of whole turbines and its
cylinders are: energy loss per unit of produced mechanical power, exergy destruction per unit of produced mechanical power, energy
efficiency and exergy efficiency. Steam turbine from marine propulsion plant shows the worst performance, regardless if observing each
cylinder or the whole turbine — it has the highest losses per unit of produced mechanical power and the lowest efficiencies (both energy and
exergy). Such results can be explained by a fact that marine steam turbine must be much more dynamic in operation in comparison to other
two turbines. Also, marine steam turbine analyzed in this paper did not possess steam reheating between the cylinders as the other two

observed steam turbines, what has a dominant impact on the obtained results.
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1. Introduction

Steam turbines are nowadays inevitable components of various
power plants: conventional [1], nuclear [2], combined [3],
cogeneration [4], marine [5] and many others. In the most of the
cases, steam turbines are used for electrical generator drive and
producing of electrical power [6], but also it can be used for various
other purposes in various plants, processes and industries [7, 8].

In the literature can often be found analysis of various power
plants inside which are mounted steam turbines as its constituent
components [9]. However, a direct comparison of various steam
turbines and its cylinders, from various steam power plants is rare.

In order to fulfill a literature gap, in this paper is presented
analysis and comparison of three steam turbines and its cylinders:
from the conventional steam power plant, from nuclear power plant
and from the marine propulsion plant. Parameters selected for direct
comparison of observed steam turbines and its cylinders are: energy
loss per unit of produced mechanical power, exergy destruction per
unit of produced mechanical power, energy efficiency and exergy
efficiency.

2. Description of the analyzed steam turbines

In this paper were analyzed three steam turbines along with its
cylinders, presented in Fig. 1.

In Fig. 1 (a) is presented scheme of a steam turbine from the
conventional steam power plant. HPC has one steam extraction,
while the steam mass flow rate which remains after expansion in
HPC (operating point 3) is delivered to steam reheater which
increases steam temperature. After reheater (operating point 4),
steam is delivered to LPC. LPC of this turbine has four steam
extractions. After expansion in LPC, remaining steam mass flow
rate is delivered to steam condenser [10] for condensation.

Second analyzed steam turbine, from nuclear power plant, is
presented in Fig. 1 (b). In comparison to other analyzed steam
turbines, this steam turbine dominantly operates with wet steam.
HPC of this turbine has two steam extractions. After HPC, it is
performed process of steam reheating, which in the case of nuclear
power plant consists of moisture separation and reheating [11]. LPC
of steam turbine from nuclear power plant has three steam
extractions. After LPC, remaining steam mass flow rate is delivered
to steam condenser.

Third steam turbine analyzed in this paper is a steam turbine from
the marine propulsion plant, presented in Fig. 1 (c). Each cylinder
of this turbine (HPC and LPC) has one steam extraction, while the
third steam extraction can be noted between two cylinders. In
comparison to other analyzed steam turbines, this turbine did not
possess steam reheating between cylinders what can be a significant
disadvantage. After expansion, steam is delivered to marine steam
condenser [12].

First two steam turbines — Fig. 1 (a) and Fig. 1 (b) are used for
the Electrical Generator (EG) drive, while marine steam turbine,
Fig. 1 (c), drives ship propulsion propeller through the gearbox.
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Fig. 1. Observed steam turbines and operating points required for

the analysis: (a) From the conventional power plant; (b) From
nuclear power plant; (c) From the marine propulsion plant

3. Equations for efficiencies and loss calculation

In this paper will be performed calculation of energy and exergy
efficiencies and losses for each cylinder and the whole turbine for
all three steam turbines presented in Fig. 1. It should be highlighted
that an energy analysis of any system or a control volume did not
take into consideration any parameter of the ambient in which
system or a control volume operates [13], while exergy analysis
takes into consideration parameters of the ambient [14].

3.1. Base energy and exergy balances and principles

YEAR XV, ISSUE 1, P.P. 10-14 (2021)



INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

The first law of thermodynamics is a baseline for energy analysis,
while the second law of thermodynamics is a baseline for exergy
analysis [15, 16]. The general energy and exergy balance equations
valid for any system or a control volume are [17, 18]:
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@

In the above equations, P in (kW) is used or produced
mechanical power, @ in (kW) is the energy transfer by heat, X, in
(kW) is the exergy transfer by heat at the temperature T in (K) and
Exges In (KW) is exergy destruction (exergy loss). En in (kW) is a
total energy of fluid flow, while Ex in (kW) is a total exergy of
fluid flow. A total energy and exergy of fluid flow are defined as
[19, 20]:

+X Eninput = Qoutput +X Enoutput )

+ 2 Exinput = Poutput + 2 Exoutput + Exdes *

©)
)

In Eq. (3) and Eq. (4), h in (kJ/kg) is fluid specific enthalpy, ¢ in
(kd/kg) is fluid specific exergy, while m in (kg/s) is the fluid mass
flow rate. The overall definition of energy or exergy efficiency is:

®)

In any system or a control volume during standard operation,
fluid mass flow rate leakage did not occur, so the valid mass flow
rate balance is [21]:

En=1m-h,

Ex=1m"e.

__ cumulative energy (exergy ) output

Nen (ex) —

cumulative energy (exergy ) input
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Above presented base equations and principles will be used in the
calculation of energy and exergy losses and efficiencies of all
turbines from Fig. 1 as well as of each cylinder.

Z minput = Zmoutput .

3.2. Energy and exergy efficiencies and losses of the
observed steam turbines and cylinders

Equations for the calculation of energy and exergy efficiencies
and losses of the whole turbines and each cylinder from Fig. 1 will
be presented for steam turbine from the conventional steam power
plant (Fig. 1 (a)). For the other observed steam turbines, equations
will be defined in accordance to the presented ones. All of the
equations are defined according to recommendations from the
literature [22-24].

The baseline for the calculation of cylinder or the whole turbine
energy losses and energy efficiencies is the comparison of steam
expansion process throughout the cylinder or whole turbine. In Fig.
2 is presented comparison of real (polytropic) steam expansion
process and ideal (isentropic) steam expansion process between two
same pressures. Data of any cylinder or whole turbine real
(polytropic) steam expansion process are obtained by measurements
inside the power plant. Ideal (isentropic) steam expansion process is
obtained mathematically by assuming always the same steam
specific entropy during the expansion process, Fig. 2.

In the following equations, operating points for ideal (isentropic)
steam expansion will have index IS.
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Fig. 2. A comparison of real (polytropic) and ideal (isentropic)
steam expansion processes in h-s diagram

All required equations are as follows (operating points
numeration is defined in accordance to Fig. 1 (a)):

High Pressure Cylinder (HPC) - conventional steam power
plant

- Real (polytropic) mechanical power:

Preype =1y (hy = hy) + (g —1hy) - (hy — h3). (7)
- Ideal (isentropic) mechanical power:
P]D,HPC =1, (h1 - hZIS) + (my —my)- (hZIS - hBIS)' (8)
- Energy loss:
Enloss,HPC = PID,HPC - PRE,HPC N (g)
- Energy loss per unit of produced mechanical power:
” En loss
ETyoss wpc jw = % - 100. (10)
RE ,HPC
- Energy efficiency:
Nen,Hpc = l;l:s—'::cc +100. (1)
- Exergy destruction (exergy loss):
Exdes,HPC = Exl - Exz - Ex3 — Preec - (12)
- Exergy destruction per unit of produced mechanical power:
EXges HPC kW = ?des& +100. (13)
RE ,HPC
- Exergy efficiency:
P,
Nex,HPC = Exli{;:;iEh - 100. (14)

Low Pressure Cylinder (LPC) - conventional steam power plant

- Real (polytropic) mechanical power:

PRE,LPC =1y, (h4 - hs) + (r'n4 - ms) ! (hs - hs) + (m4 —Thg — ma) '

(hg — hy) + (i, — 1ig — 1 — 1) - (hy — hg) + 100y - (hg — ho).  (15)
- Ideal (isentropic) mechanical power:
Pippe =My (hy = hgg) + (i, — 1) - (hgg — hgs) + (i, — 15 —
1ig) * (hgis — hys) + (i, — Mg — g —1,) * (hyg — hgg) + 1y -
(hgs — hois)-

(16)
- Energy loss:
ENygssire = Pinrrc — Pre Lec - 17)
- Energy loss per unit of produced mechanical power:
EMygss pc s = EPLETL:C -100. (18)
- Energy efficiency:
Ten Lpc = i:—:: - 100. (19)
- Exergy destruction (exergy loss):
Exgespc = Exy— Exg — Exg — Ex; — Exg — Exg — Ppg 1o - (20)
- Exergy destruction per unit of produced mechanical power:
EXges 1pc iy = Ep:ﬁﬁ 100. (21)
- Exergy efficiency:
Mex,Lpc = Ex4—ExS—EPJI::—’I:;—Exa—Exg +100. (22)
Whole Turbine (WT) - conventional steam power plant
- Real (polytropic) mechanical power:
Prewr = Prenrc + Preec - (23)

- Ideal (isentropic) mechanical power:
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PID,WT = PID,HPC + PID,LPC . (24)

- Energy loss:

Enloss,WT = Ppwr — Pre,wr- (25)

- Energy loss per unit of produced mechanical power:

” E" loss

Enloss,WT kw = ﬁ -100. (26)

- Energy efficiency:

Nen,wr = CRENT . 100). (27)
en Pip wr

- Exergy destruction (exergy loss):

Exgeswr =Ex, —Ex; —Ex; + Ex, — Exs — Exg— Ex, — Exg — Exo—

Py wr - (28)
- Exergy destruction per unit of produced mechanical power:

EXges s = EP:E—WVYT 100. (29)
- Exergy efficiency:

Mewwr = - 100. (30)

Ex —Ex,—Ex3+Ex,—Ex5—Ex¢—Ex;—Exg—Exg
4. Steam operating parameters for each turbine

Table 1. Steam operating parameters of the turbine from the

conventional power plant [25]
Steam Steam Steam Steam
O.P.* | massflow | temperature | pressure -
rate (kg/s) O (bar) quality
1 119.25 556.45 148.96 Superheated
2 15.51 370.00 38.90 Superheated
3 103.74 362.78 36.67 Superheated
4 103.74 512.17 35.80 Superheated
5 6.97 480.53 23.53 Superheated
6 6.86 360.00 10.50 Superheated
7 7.12 248.20 2.50 Superheated
8 4.87 160.00 1.10 Superheated
9 77.92 42.94 0.08625 0.94
* O.P. = Operating point; in accordance with Fig. 1. (a)

Table 2. Steam operating parameters of turbine from nuclear power

plant [26]
Steam Steam Steam
O.P.* | mass flow | temperature | pressure Stea_m
rate (kg/s) (°0) (bar) quality
1 1543.58 274.63 59.130 0.994
2 129.95 225.11 25.550 0.925
3 64.63 185.280 11.306 0.885
4 1349.00 163.33 6.724 0.865
5 1057.27 240.60 6.650 Superheated
6 46.72 128.19 1.961 Superheated
7 43.55 93.72 0.807 0.964
8 45.73 73.32 0.360 0.931
9 921.27 40.63 0.076 0.898

* 0.P. = Operating point; in accordance with Fig. 1. (b)

Table 3. Steam operating parameters of turbine from marine
propulsion plant [27]

Steam Steam Steam Steam
O.P.* | massflow | temperature | pressure -
rate (kg/s) O (bar) quality
1 26.798 500.00 58.99 Superheated
2 0.908 350.00 15.65 Superheated
3 25.891 256.00 5.93 Superheated
4 22.110 256.00 5.93 Superheated
5 0.932 153.00 121 Superheated
6 21.178 34.94 0.0561 92.100

* O.P. = Operating point; in accordance with Fig. 1. (c)

Steam operating parameters (temperature, pressure, steam quality
and mass flow rate) in each operating point of each observed
turbine from Fig. 1 are presented in Table 1 for turbine from the
conventional power plant, in Table 2 for turbine from nuclear power
plant and in Table 3 for turbine from the marine propulsion plant.
Other steam operating parameters are calculated by using NIST
REFPROP 9.0 software [28]. In this analysis, the base ambient state
is defined by the ambient pressure of 1 bar and the ambient
temperature of 25 °C.

5. Results and discussion

In comparison to turbines from conventional and nuclear power
plant, the highest energy loss per unit of produced mechanical
power has steam turbine from the marine propulsion plant
(conventional = 20.74%, nuclear = 23.24% and marine = 31.02%),
Fig. 3. When observing the whole turbines, turbine from the
conventional steam power plant has the highest energy efficiency
(82.82%), followed by turbine from nuclear power plant (81.14%),
while the lowest energy efficiency has a turbine from marine
propulsion plant (76.33%).

Obtained results can be explained by a fact that marine steam
turbine must be much more dynamic in operation in comparison to
other two turbines. Also, marine steam turbine did not possess
steam reheating between the cylinders — a newer version of marine
steam turbines have three cylinders with steam reheating between
HPC and IPC (Intermediate Pressure Cylinder) [29].
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Fig. 3. Energy analysis parameters of three observed steam
turbines and its cylinders

Exergy destruction per unit of produced mechanical power for
the whole turbines is equal to 15.18% for turbine from the
conventional steam power plant, 18.62% for turbine from nuclear
power plant and 23.78% for the turbine from the marine propulsion
plant, Fig. 4.

Turbine from the conventional steam power plant has the highest
exergy efficiency (86.82%), followed by turbine from nuclear
power plant (84.30%), while the lowest exergy efficiency has a
turbine from marine propulsion plant (80.79%).

As in comparison of energy analysis parameters, Fig. 3,
comparable exergy analysis parameters of all turbines and its
cylinders, Fig. 4, show again that the steam turbine from the marine
propulsion plant has the worst performance.
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Fig. 4. Exergy analysis parameters of three observed steam
turbines and its cylinders
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Further analyses will be performed by using various artificial
intelligence methods [30-33].

6. Conclusions

In this paper is performed analysis and comparison of three steam
turbines and its cylinders: from the conventional steam power plant,
from nuclear power plant and from the marine propulsion plant. The
most important conclusions of the performed analysis are:

- Comparison of the whole turbines show that the lowest energy
loss per unit of produced mechanical power has steam turbine from
the conventional steam power plant (20.74%), followed by steam
turbine from nuclear power plant (23.24%), while the highest
energy loss per unit of produced mechanical power has steam
turbine from the marine propulsion plant (31.02%). Exergy
destruction per unit of produced mechanical power for the whole
turbines is equal to 15.18% for turbine from the conventional steam
power plant, 18.62% for turbine from nuclear power plant and
23.78% for the turbine from the marine propulsion plant.

- Turbine from the conventional steam power plant has the highest
energy efficiency (82.82%), followed by turbine from nuclear
power plant (81.14%), while the lowest energy efficiency has a
turbine from marine propulsion plant (76.33%). Also, turbine from
the conventional steam power plant has the highest exergy
efficiency (86.82%), followed by turbine from nuclear power plant
(84.30%), and turbine from marine propulsion plant (80.79%).

- The worst performance shows steam turbine from the marine
propulsion plant because it did not possess steam reheating between
the cylinders as the other two observed steam turbines.
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