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ABSTRACT

ARTICLE INFO

This paper presents an analysis and comparison of four steam turbines and their cylinders from four
different power plants (marine, conventional, ultra-supercritical and nuclear power plants). The main
goal was to find which steam turbine and their cylinders show the best performances, the highest
efficiencies, the lowest specific steam consumption and which turbine is the lowest influenced by the
ambient temperature change. The highest efficiencies, both isentropic and exergy, are observed in the
steam turbine and their cylinders from the ultra-supercritical power plant (whole turbine from ultra-
supercritical power plant has an isentropic efficiency equal to 88.36% and exergy efficiency equal
to 91.05%). Also, this turbine has the lowest specific steam consumption (7.32 kg/kWh) and exergy
parameters of this turbine are the lowest influenced by the ambient temperature change. The worst
performance (the lowest efficiencies, high specific steam consumption and the highest sensitivity
to the ambient temperature change) show the cylinders and whole turbine from marine propulsion
power plant. The same analysis and comparison are also performed for several other steam turbines
from four mentioned power plants, so the presented relations and dominant conclusions have
general validity. It can be concluded that steam turbines in ultra-supercritical power plants show the
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best performances in comparison to steam turbines from any other power plant.

1 Introduction

Today in an energy sector, steam turbines have been
dominantly used as mechanical power producers. Steam
turbines did not have any competition in other mechanical
power producers (such as internal combustion engines,
gas turbines and others) in the field of high amount pro-
duced mechanical power [1, 2]. For a lower amount of me-
chanical power production, along with steam turbines can
be used many other mechanical power producers [3-5].

Mechanical power produced by main steam turbines is
dominantly used in many power plants for the electrical
generator drive and for electricity production [6, 7]. Auxil-
iary steam turbines are usually low-power steam turbines,
which can be used for any mechanical power consumer
drive [8, 9]. Main steam turbines are dominantly composed
of several cylinders connected to the same shaft, while aux-
iliary low-power steam turbines are usually composed of
only one cylinder [10, 11]. Along with an electricity produc-

tion, in the marine sector steam turbines can be often found
in marine steam propulsion power plants where main
steam turbines are used for the ship propulsion [12], while
auxiliary steam turbines are used for electricity production
as well as for other purposes [13].

Steam turbines can be found nowadays in many types
of various power plants. They are essential components of
any conventional, supercritical or ultra-supercritical
steam power plants [14-16]. Also, steam turbines are es-
sential components of any nuclear steam power plant, re-
gardless of its origin (stationary or marine type) [17, 18].
In many complex power plants, such as cogeneration or
combined power plants, steam turbines are also inevitable
elements [19, 20].

In the analysis and operation observation of any steam
power plant can be used various methods and techniques
[21-23]. Literature review shows that, due its simplicity,
various researchers use isentropic and exergy analyses for
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that purpose [24, 25], regardless of the fact that both of
them require measured operating parameters from the
observed power plant during its real exploitation [26, 27].
Mentioned analyses allow detection of the problematic
components inside power plant or detection of compo-
nents which did not show expected performance [28].

In the scientific and professional literature, steam tur-
bines are rarely analyzed individually, dominantly they are
analyzed along with other components of any observed
power plant [29, 30]. Literature offers many interesting re-
lations related to the various steam power plants, for exam-
ple, it is well known that marine and nuclear steam power
plants have the lowest overall efficiencies, while supercriti-
cal and ultra-supercritical steam power plants have the
highest overall efficiencies [31, 32]. Combined power plants
have higher overall efficiencies in comparison to any steam
power plant [33], while the highest overall efficiencies (up
to 85%) can be found in the cogeneration power plants
(with high amount of steam delivered for a heating purpos-
es) [34].

At the moment, the authors of this paper did not find in
the literature any exact comparison of various main steam
turbines from different steam power plants. It is currently
unknown or hard to find which operating parameters are
preferable for any main steam turbine operation, which
main turbines produce the highest losses, destructions
and have the highest efficiencies. For complex main steam
turbines composed of several cylinders it is unknown
which cylinder operate in the best or optimal regimes.
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To resolve a literature gap, in this paper are analyzed
and compared four steam turbines from four different
steam power plants (marine, conventional, ultra-supercriti-
cal and nuclear power plants). According to steam operat-
ing parameters for each turbine during its exploitation, it is
performed a calculation of both isentropic and exergy effi-
ciencies, losses and destructions. Also, there are calculated
specific steam consumption and specific heat consumption
as additional operating parameters. All of the mentioned is
calculated for the whole turbines as well as for each cylin-
der of each observed turbine. Direct comparison, based on
the results of the performed analysis, shows that the best
performance is obtained for main steam turbine from ultra-
supercritical steam power plant, while intermediate pres-
sure cylinder of any steam turbine operates in an optimal
condition. The presented relations and dominant conclu-
sions have general validity because the same analysis and
comparison is performed not only for the steam turbines
presented in this paper, but also for at least one more steam
turbine from each observed steam power plant.

2 Description and operation characteristics of
the analyzed steam turbines

In the performed analysis are observed and compared
four steam turbines from four different steam power plants.
General schemes of all observed steam turbines, along with
operating points in which steam operating parameters are
required for the analysis are presented in Fig. 1.
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Fig. 1 General schemes of the observed steam turbines along with operating points required for the analysis:
(a) Marine propulsion steam turbine; (b) Steam turbine from the conventional power plant;
(c) Steam turbine from ultra-supercritical power plant; (d) Steam turbine from nuclear power plant

Source: Authors
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The first observed steam turbine, Fig. 1 (a) is a main
steam turbine from marine steam power plant [35]. This
turbine is composed of three cylinders (HPC, IPC and LPC)
connected to the same shaft, steam is reheated between
HPC and IPC, and the turbine is used for ship propulsion
(propulsion propeller drive). Observed main marine tur-
bine operates in a novel marine steam propulsion system
(older marine steam propulsion systems have main steam
turbines composed of only two cylinders, without steam
reheating [36]). HPC of this turbine has two steam extrac-
tions, IPC has only one steam extraction, while LPC has
two steam extractions, as presented in Fig. 1 (a). All steam
extractions lead certain amount of steam to the compo-
nents of regenerative condensing/feedwater heating sys-
tem [37, 38]. After expansion in the last cylinder (LPC),
remaining steam is delivered to the seawater-cooled main
condenser for condensation.

Second and third observed steam turbines are turbines
from conventional, Fig. 1 (b), and from ultra-supercritical
power plants, Fig. 1 (c). Both mentioned turbines have
three cylinders connected to the same shaft which drives
an electrical generator (turbine from ultra-supercritical
power plant has two identical low pressure cylinders,
which are presented in Fig. 1 (c) as one) [39, 40]. Also,
both turbines have steam reheating between HPC and IPC.
HPC and IPC of both turbines have two extractions each,
while the only difference in extractions can be seen in LPC
- LPC of the turbine from a conventional power plant has
only one, while each LPC of the turbine from ultra-super-
critical power plant have four steam extractions. Along
with the difference in operating parameters in each oper-
ating point, the main difference between turbines from
conventional and ultra-supercritical power plant is in
steam pressure at the HPC entrance - in conventional
power plant steam at the entrance of the HPC has a pres-
sure lower than critical (220.64 bar), while in ultra-super-
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critical power plant steam pressure at the HPC entrance is
around 250 bar or higher.

In comparison to other observed steam turbines, which
has three cylinders and steam reheating between HPC and
IPC, due to much lower steam pressure at the HPC en-
trance, steam turbine from nuclear power plant has only
two cylinders - HPC and LPC, what is the common steam
turbine arrangement in nuclear power plant [41]. Both
cylinders are connected to the same shaft which drives an
electrical generator [42], Fig. 1 (d). In a nuclear power
plant steam reheating process is placed between the HPC
and the LPC and the steam reheating process is completely
different in comparison to all other power plants. In a nu-
clear power plant steam reheating process is composed of
a moisture separator first (due to the wet steam, which is
dominantly used in the nuclear power plant process) after
which follows steam reheating in steam/steam heat ex-
changer (steam of the higher temperature transfers heat
to a steam of lower temperature which passes between
HPC and LPC). In this way, after reheating process, steam
before LPC in nuclear power plant can be slightly super-
heated. In all other power plants, steam reheating process
is performed by using combustion gasses obtained from
fossil fuel, so the steam reheaters are usually placed in the
steam generators [43, 44]. Each cylinder of the turbine
from nuclear power plant (HPC and LPC) has three steam
extractions which lead certain amount of steam to the
components of regenerative condensing/feedwater heat-
ing system. In comparison to other steam turbines, steam
turbines from nuclear power plants operate with much
higher steam mass flow rates [45], what is also the case for
the turbine observed in this analysis.

Real (polytropic) steam expansion processes of each
cylinder for all observed steam turbines are presented in
Fig. 2. Fig. 2 is obtained by using steam operating parame-
ters in each operating point of each turbine according to
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Fig. 2 Steam expansion and reheating process in h-s diagram through all cylinders of all analyzed steam turbines:
(a) Marine propulsion steam turbine; (b) Steam turbine from the conventional power plant;
(c) Steam turbine from ultra-supercritical power plant; (d) Steam turbine from nuclear power plant

Source: Authors
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Fig. 1 (data are presented in Tables from 4 to 7) and by us-
ing NIST-REFPROP 9.0 software [46].

From Fig. 2 can be clearly seen that turbines from the
marine, conventional and ultra-supercritical power
plants dominantly operate by using superheated steam
(only the last few stages of LPC operate with a wet
steam). In a nuclear power plant almost entire expansion
process in both cylinders is in the area of wet steam (the
only stages which operate with superheated steam are
first few stages of LPC, after steam reheating). Operation
with wet steam notably increases losses and destructions
in both cylinders of the turbine from nuclear power plant
due to water droplets collision with turbine blades [47].
The steam reheating process did not increase the steam
temperature (and consequentially developed mechanical
power) of each observed turbine only, the steam reheat-
ing process ensures that the last stages of LPC operate
with wet steam of the highest possible quality. In such
way, steam turbine stages will be protected as much as
possible and turbine blades replacement interval will be
prolonged [47, 48].

3 Equations used in the analysis of all steam
turbines and their cylinders

3.1 General isentropic and exergy equations and
balances

For the purpose of this analysis and comparison the
isentropic analysis and exergy analysis methods were se-
lected. The reason why both of these analyses were select-
ed is that each of them consider different kind of losses in
the observed turbines and their cylinders.

Isentropic analysis did not consider any parameter of
the ambient inside which steam turbine or its cylinder op-
erates [49]. The only possibility how the isentropic analy-
sis of any turbine or its cylinder can be performed is a
comparison of real (polytropic) and ideal (isentropic)
steam expansion processes through the turbine or cylin-
der [50]. In comparison to real (polytropic) expansion
process, ideal (isentropic) expansion process is the proc-
ess between the same pressures, with the same mass flow
rates, but it assumes always the same steam specific en-
tropy. The ideal (isentropic) steam expansion process ne-
glects any losses during expansion, so it will result with
the highest possible mechanical power which can be de-
veloped inside the turbine (or turbine cylinder). Real (pol-
ytropic) steam expansion process of any cylinder or whole
turbine considers various losses which occur during ex-
pansion, so in the real expansion process will be devel-
oped lower mechanical power [51].

Real (polytropic) mechanical power developed in each
turbine cylinder is:

Pcylinder,j,PT = Zlnzlmi *Ah, (1)

where n is the number of cylinder segments. The first seg-
ment of each turbine cylinder is placed between cylinder
inlet and first steam extraction, inner segments are be-
tween steam extractions, while the last turbine segment is
placed between last steam extraction and cylinder outlet.
If cylinder did not have steam extractions, then it has only
one segment - between inlet and outlet. Real (polytropic)
mechanical power of the whole turbine is:

— Vk
PWT,PT - ijl Pcylinder,]',PT' (2)

where k is the number of turbine cylinders. Ideal (isentro-
pic) mechanical power of each cylinder and whole turbine
is calculated by using the same above equations (Eq. 1 and
Eg. 2), but the ideal specific enthalpy drop of each cylinder
segment (4h) is placed on the main cylinder isentrope.
The isentropic loss of each cylinder and whole turbine is
the difference between ideal and real mechanical power,
while isentropic efficiency (of each cylinder and whole
turbine) is the ratio of real and ideal mechanical power.

Exergy analysis considers the parameters of the ambi-
ent (ambient pressure and temperature) in which turbine
or their cylinders operate because exergy analysis is based
on the second law of thermodynamics [52]. Therefore, in
the exergy analysis of any turbine or cylinder it is essential
to define the ambient temperature and pressure (base am-
bient state) [53]. In addition, exergy analysis also enables
the change in the ambient parameters (especially change
in the ambient temperature, which has a much higher in-
fluence on the component efficiencies and destructions in
comparison to the ambient pressure change).

The general exergy balance equation for any control
volume at steady state with negligible potential and kinet-
ic energy changes is [54]:

X —P=YExqu— Y Exi, + Exp,. (3)

Fluid total exergy flow (Ex) is [55]:

Ex=m-e. 4)

In Eq. 4, operating fluid specific exergy (&) can be de-
fined as [56]:

gz(h_ho)_To'(s_SO). (5)
Definition of exergy transfer by heat at the tempera-

ture T (X) can be found in [57] and presented with a fol-
lowing equation:

X=31-2-0. ©6)

Always valid mass flow rate balance for any component
is:

Z My, = Z Moyt- (7)
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3.2 Analysis equations - example of steam turbine
from conventional power plant

The equations used in the isentropic and exergy analy-
ses (as well as in the calculation of other operation param-
eters) for the observed steam turbines and their cylinders
are composed according to the recommendations and
processes from the literature [11, 12, 55, 58].

In this paper will be presented complete equations
used in the analysis of steam turbine (as well as turbine
cylinders) from the conventional power plant. For all the
other observed steam turbines equations are composed in
a same manner, according to their operating parameters
presented in Tables from 4 to 7 and in relation to operat-
ing points for each turbine from Fig. 1.

Ideal and real steam expansion processes for each cyl-
inder and a whole turbine from the conventional power
plant are presented in Fig. 3. According to operating points
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from Fig. 1 and Fig. 3 will be defined all equations used in
the analysis of the turbine from the conventional plant.

Equations for ideal (isentropic) and real (polytropic)
mechanical power calculation of each cylinder and whole
turbine from the conventional power plant are presented
in Table 1.

The isentropic loss of each cylinder and whole turbine
from the conventional power plant is the difference be-
tween ideal and real mechanical power, while isentropic
efficiency (of each cylinder and whole turbine) is the ratio
of real and ideal mechanical power.

Exergy destruction and exergy efficiency of each cylin-
der and the whole turbine from the conventional power
plant are calculated by using equations presented in Table
2. It should be noted that the variation in the ambient tem-
perature, performed at the end of this analysis, is done by
using the same equations from Table 2.

Specific entropy (kJ/kg'K)

Fig. 3 Comparison of ideal (isentropic) and real (polytropic) steam expansion processes through all cylinders of steam turbine
from the conventional power plant

Source: Authors

Table 1 Equations for ideal (isentropic) and real (polytropic) mechanical power calculation

Component Ideal (isentropic) mechanical power Eq. Real (polytropic) mechanical power Eq.
e O BN IR A s A
e ety | O TG Gy | O
e by | 00 ey 2
WT Pyris = ngsgj: Prpcs + (11) Pwrpr = PIP-I)LP]():;:F,’:T'F Prpcpr + (15)

Source: Authors
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Table 2 Equations for the exergy destruction and exergy efficiency calculation

Component Exergy destruction Eq. Exergy efficiency Eq.
Expupc = Exy — Ex, — Pypcpr
HPC e : 16 MexHPC = = | o 20
Ex3 — Exy — Pupcpr (16) - Expupc + Papcpr (20)
EXD IPC = ExS — Ex6 — PIPC,PT
IPC . - 17 NexIPC = 5 . 5 21
Ex; — Exg — Pipcpr (17) o Expipc + Precpr (21)
EXD LPC = Exs - EX9 - PLPC,PT
LPC e 18 NexLPC = &% . - 22
Ex10 — PLpcpr (18) - Expec + Pupcpr (22)
E =E Pwrpr
WT YDwT o ppc + (19) NexWT = =, 5 (23)
Exppc + EXxppc Expwr + Pwrpr
Source: Authors
Table 3 Equations for the specific steam consumption and specific heat consumption calculation
Component Specific steam consumption Eq. Specific heat consumption Eq.
my my - hy +mz - hy
HPC SSCypc = (24) SHCype = ——p—— (28)
HPC,PT HPC,PT
s e he + ;- h
SSCipc = SHCpe = ——— 77
IPC IPC PIPC,PT (25) 1PC P[pc,pT (29)
mg Mg * hg
LPC S§Cipc = 5—— (26) SHCipc =3 (30)
LPC,PT LPC,PT
1y + s + Mg SHCyr =
WT SSCWT = (27) My hy+mz-h3+meg-he+my-hy+mg hg (3 1)
Pwrpr PwT,pT

Source: Authors

With an aim of deeper comparison, in this research are
also used two additional operating parameters of each cyl-
inder and whole turbine. These parameters are specific
steam consumption (in kg/kWh) and specific heat con-
sumption (in k] /kWh). Specific steam consumption shows
how much steam mass flow rate (in kg) is used at the en-
trance of each turbine cylinder for the production of one
kWh of useful mechanical power. Specific heat consump-
tion shows how much heat (in kJ) is extracted from each
turbine cylinder and delivered to regenerative condens-
ing/feedwater heating system per one kWh of useful pro-
duced mechanical power. For turbine and each turbine
cylinder from the conventional power plant, specific steam
consumption and specific heat consumption are calculated
by using equations presented in Table 3.

4 Steam operating parameters of all observed
turbines and their cylinders

Steam operating parameters for each turbine in each
operating point presented in Fig. 1 are presented in Table

4 for marine propulsion turbine, in Table 5 for turbine
from conventional power plant, in Table 6 for turbine from
ultra-supercritical power plant and in Table 7 for steam
turbine from nuclear power plant. It should be highlighted
that turbine from ultra-supercritical power plant has two
low pressure cylinders - in Table 6 are presented cumula-
tive steam mass flow rates for both of them (in accordance
to Fig. 1 (c)).

In the literature are found just some steam parameters
in each operating point of each turbine, all the others are
calculated by using NIST-REFPROP 9.0 software [46]. Isen-
tropic specific enthalpies for all cylinders of all observed
turbines are calculated assuming always the same steam
specific entropy during the expansion process.

In all tables (from Table 4 up to Table 7) steam specific
exergies in each operating point are calculated at the base
ambient state. The base ambient state can be defined arbi-
trarily [49] and in this analysis the base ambient state is
defined by the ambient pressure of 1 bar and the ambient
temperature of 25 °C.
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Table 4 Steam properties in each operating point of marine propulsion turbine

Mass flow Specific Specific Isentr.o Plc Specific
Temperature | Pressure . specific
0.P.* C) (bar) rate enthalpy entropy Quality enthalpy exergy
(kg/s) (kJ/kg) (kJ/kgK) Kl /k (kJ/kg)**
(kJ/kg)
1 510.00 101.000 15.593 3399.7 6.6268 Superheated 3399.7 1428.50
2 398.00 38.700 1.055 3212.0 6.7821 Superheated 31111 1194.50
3 327.00 22.600 1.679 3079.7 6.8094 Superheated 2974.2 1054.00
4 327.00 22.600 12.859 3079.7 6.8094 Superheated - 1054.00
5 510.00 20.300 12.859 3490.0 7.4549 Superheated 3490.0 1271.90
6 341.95 5.600 0.421 3150.2 7.5538 Superheated 3090.7 902.54
7 341.95 5.600 12.438 3150.2 7.5538 Superheated 3150.2 902.54
8 249.92 2.400 0.808 2969.7 7.6236 Superheated 2933.8 701.31
9 126.97 0.600 0.683 2734.4 7.7462 Superheated 2661.0 429.42
10 32.87 0.050 10.947 2512.3 8.2354 0.980 2303.7 61.43
* 0. P. = Operating Point (in accordance with Fig. 1); ** Specific exergy at the base ambient state.
Source: [35] and calculation of the authors
Table 5 Steam properties in each operating point of turbine from conventional power plant
Mass flow Specific Specific Isentr.o Plc Specific
Temperature | Pressure . specific
0.P.* C) (bar) rate enthalpy entropy Quality enthalpy exergy
kg/s KJ/k kJ/kg-K K] /kg)**
(kg/s) | (d/ke) | (k/kgK) W/kg | (/K
1 540.00 171.0 272.22 3399.7 6.4068 Superheated 3399.7 1494.10
2 415.73 76.0 14.56 3190.0 6.4613 Superheated 3152.8 1268.10
3 317.86 36.0 22.76 3022.2 6.5118 Superheated 2961.3 1085.20
4 317.86 36.0 234.90 3022.2 6.5118 Superheated - 1085.20
5 536.00 31.0 234.90 3537.2 7.3222 Superheated 3537.2 1358.60
6 445.17 17.0 10.35 3351.6 7.3511 Superheated 3331 1164.50
7 308.20 6.0 21.15 3079.1 7.4035 Superheated 3032.7 876.28
8 308.20 6.0 203.40 3079.1 7.4035 Superheated 3079.1 876.28
9 188.59 2.0 15.16 2847.7 7.4589 Superheated 2822.5 628.43
10 46.63 0.1 188.24 2464.3 7.7738 0.95 2346.1 151.05

* 0. P. = Operating Point (in accordance with Fig. 1); ** Specific exergy at the base ambient state.
p g g p gy

Source: [39] and calculation of the authors
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Table 6 Steam properties in each operating point of turbine from ultra-supercritical power plant
Mass flow Specific Specific Isentr.o Pic Specific
O0.p* Tem;zf (1:';1 ture Pr((:)s::;re rate enthalpy entropy Quality esrll)t;callf;)‘;r exergy
(kg/s) (kJ/kg) (kJ/kgK) (k] /kg) (kJ/kg)**
1 566.00 242.000 532.000 3398.7 6.2659 Superheated 3398.7 1535.00
2 367.20 67.970 35.500 3073.0 6.3311 Superheated 3031.7 1190.00
3 315.10 45.670 48.100 2985.8 6.3510 Superheated 2936.4 1096.80
4 315.10 45.670 448.400 2985.8 6.3510 Superheated - 1096.80
5 566.00 41.100 448.400 3596.0 7.2661 Superheated 3596.0 1434.10
6 457.00 20.580 20.100 3372.8 7.2938 Superheated 3352.7 1202.80
7 362.90 10.650 53.400 3184.4 7.3159 Superheated 3153.1 1007.70
8 362.90 10.650 374,900 3184.4 7.3159 Superheated 3184.4 1007.70
9 253.60 4374 26.300 2970.6 7.3514 Superheated 2952.1 783.36
10 128.80 1.333 13.100 2731.2 7.3735 Superheated 2708.4 537.37
11 88.20 0.655 17.400 2656.6 7.5015 Superheated 2589.5 424.58
12 60.91 0.208 13.200 25223 7.6300 0.963 2417.4 252.02
13 35.85 0.059 304.900 2397.7 7.7900 0.930 2251.2 79.65
* 0. P. = Operating Point (in accordance with Fig. 1); ** Specific exergy at the base ambient state.
Source: [40] and calculation of the authors
Table 7 Steam properties in each operating point of turbine from nuclear power plant
Mass flow Specific Specific lsentr.o pic Specific
0.P.* Tem;Ef S" ture Pr(«;s:;re rate enthalpy entropy Quality esr:)t‘:lcz:lf;)cy exergy
(kg/s) (kJ/kg) (kJ/kg-K) (k] /kg) (kJ/kg)**
1 274.63 59.130 1543.58 2776.2 5.88 0.994 2776.2 1027.60
2 225.11 25.550 129.94 2663.9 5.97 0.925 2619.1 888.51
3 185.28 11.306 64.63 2551.3 6.04 0.885 24779 755.04
4 163.33 6.724 127.42 2481.4 6.08 0.865 2394.1 673.21
5 163.33 6.724 1221.59 2481.4 6.08 0.865 - 673.21
6 163.13 6.690 164.30 707.2 2.02 0.009 - 110.91
7 162.89 6.650 1057.29 2757.1 6.72 0.998 - 759.14
8 239.67 6.600 1057.29 2933.5 7.09 Superheated 2933.5 823.03
9 274.63 59.130 117.53 2776.2 5.88 0.994 - 1027.60
10 268.99 58.500 117.53 1180 297 Subcooled - 300.26
11 128.19 1.961 46.72 27238 7.18 Superheated 2689.7 587.64
12 93.72 0.807 43.55 2584.5 7.21 0.964 2541.8 439.40
13 73.32 0.360 45.72 2470.5 7.24 0.931 2420.0 316.46
14 40.63 0.076 921.30 2328.7 7.46 0.898 2213.2 109.06

* 0. P. = Operating Point (in accordance with Fig. 1); ** Specific exergy at the base ambient state.

Source: [42] and calculation of the authors
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5 Results and Discussion

Real developed mechanical power of each cylinder and
whole turbine for all observed steam turbines is presented
in Fig. 4.

HPC of marine and ultra-supercritical steam turbine
develops higher mechanical power in comparison to IPC,
while IPC of the steam turbine from conventional power
plant develops higher mechanical power in comparison to
HPC. In all observed steam turbines, the dominant me-
chanical power producer is LPC, regardless of the fact that
the LPC operates with low pressures and by using wet
steam (at least at the last few turbine stages before main
condenser). Also for the steam turbine from nuclear pow-
er plant which did not possess IPC (due to low steam pres-
sures and temperatures), LPC produces notably higher
mechanical power in comparison to HPC.

Comparison of whole observed steam turbines shows
that steam turbine from nuclear power plant produces no-
tably higher mechanical power in comparison to all other
observed steam turbines, regardless of the lowest heat

drop in each cylinder, Fig. 2. Steam turbines in nuclear
power plants have much higher steam mass flow rate in
comparison to all other steam power plants. In the ana-
lyzed case, steam turbine from nuclear power plant pro-
duces 1030.18 MW of mechanical power, followed by
666.69 MW produced in ultra-supercritical power plant
and by 324.35 MW produced in the conventional steam
power plant. Marine steam turbine, which is used for the
ship propulsion propeller drive, produces notably lower
mechanical power (equal to 16.63 MW) in comparison to
all other observed steam turbines.

When observing isentropic loss of each cylinder and
whole turbine, Fig. 5, it is evident that (for the most of the
turbines) the highest mechanical power producers are si-
multaneously the highest isentropic loss generators.

Considering all cylinders, for all observed turbines is
valid that LPC is the highest isentropic loss generator. The
only turbine which deviates from this conclusion is the
turbine from nuclear power plant, which HPC has a higher
isentropic loss in comparison to LPC (128.33 MW in com-
parison to 112.17 MW), regardless of the fact that in nu-
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clear power plant LPC produces notably higher mechanical
power, Fig. 4 and Fig. 5. For the turbines from marine, con-
ventional and ultra-supercritical power plants can be con-
cluded that from the isentropic aspect, IPC is the best
balanced cylinder which has the lowest isentropic loss in
comparison to the other cylinders.

Isentropic loss of the whole turbine is directly propor-
tional to the turbine produced mechanical power - higher
produced mechanical power results in the higher isentro-
pic loss and vice versa. Therefore, whole turbine from nu-
clear power plant has notably higher isentropic loss (equal
to 240.51 MW) in comparison to all other turbines consid-
ered in this analysis, while whole marine steam turbine
has the lowest isentropic loss (equal to 4.77 MW), Fig. 5.

The isentropic efficiency of each cylinder and whole tur-
bine for all observed steam turbines is presented in Fig. 6.

Fig. 6 shows that isentropic efficiency of whole steam
turbine (as well as of each cylinder) from ultra-supercriti-
cal power plant is higher in comparison to all other ob-
served turbines. It can be concluded that steam pressure
higher than the critical (water critical pressure is equal to
220.64 bar) is very beneficial to the isentropic efficiency
of steam turbine and turbine cylinders. That is one of the
reasons (along with fuel savings due to avoiding steam
evaporation process) why supercritical and ultra-super-
critical steam power plants have higher overall efficiencies
in comparison to conventional power plants [59, 60].

Marine steam turbine and all its cylinders have the
lowest isentropic efficiency, much lower than all other ob-
served steam turbines. Regardless of the fact that steam
turbine from nuclear power plant dominantly operates by
using wet steam, the isentropic efficiency of that steam
turbine is still higher in comparison to marine steam tur-
bine (what is also valid for all cylinders).

For all observed steam turbines can be seen that IPC
has an isentropic efficiency notably higher in comparison
to other cylinders (that conclusion is not related only to
steam turbine from nuclear power plant which did not

possess the IPC), Fig. 6. As the IPC of any steam turbine did
not operate with the highest steam pressures and temper-
atures (which causes higher losses in HPC) and did not op-
erate by using wet steam (which increases losses in at
least last stages of LPC), it is clear that IPC of any steam
turbine operates in the best possible conditions.

Exergy destruction in the cylinders of marine, conven-
tional and ultra-supercritical steam turbine show the
same trend as isentropic loss (the highest destruction oc-
cur in LPC, followed by HPC while the lowest exergy de-
struction occurs in IPC), Fig. 7.

In the cylinders of steam turbine from nuclear power
plant occur reverse proportional trend of exergy destruc-
tion in comparison to isentropic loss - exergy destruction
is notably higher in LPC than in HPC. For a steam turbine
from nuclear power plant is obvious that exergy destruc-
tion related to wet steam (which occur in LPC) is notably
higher in comparison to exergy destruction related to the
steam of the highest pressure and temperature (which oc-
cur in HPC).

Considering whole analyzed turbines it can be conclud-
ed that both isentropic losses and exergy destructions are
directly proportional to produced mechanical power -
higher produced mechanical power results with higher
isentropic losses and exergy destructions (and vice versa).

Trends in exergy efficiency for the cylinders of steam
turbines from marine, conventional and ultra-supercritical
power plants are identical as trends in isentropic efficien-
cy - the highest exergy efficiency is achieved in IPC, fol-
lowed by HPC, while the LPC has the lowest exergy
efficiency, Fig. 8. As concluded for the exergy destruction,
Fig. 7, exergy analysis is notable sensitive to the turbine
cylinders which operates by using wet steam at low steam
pressures and temperatures - their exergy efficiency nota-
bly decreases in comparison to the other cylinders. Exergy
analysis also shows that exergy efficiency of HPC is lower
for steam turbine from nuclear power plant in comparison
to HPC from marine power plant (due to wet steam opera-
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tion in nuclear power plant), while isentropic analysis
shows reverse proportional ratio.

Considering each analyzed steam turbine as a whole, it
can be seen that the same trends obtained for isentropic
efficiency are also obtained for exergy efficiency - the
highest exergy efficiency of 91.05% can be observed for a
steam turbine from ultra-supercritical power plant, fol-
lowed by steam turbines from the conventional and nucle-
ar power plants, while the lowest exergy efficiency (equal
to 82.61%) is obtained for the marine steam turbine.

Specific steam consumption, for any cylinder and the
whole turbine, is a parameter which shows how much
steam (in kg) is used for production of one kWh of me-
chanical power. Each cylinder and the whole turbine
should have the value of specific steam consumption as
low as possible.

Specific steam consumption results of each cylinder
and whole turbine for all observed steam turbines ana-
lyzed in this paper are presented in Fig. 9. If observing tur-
bine cylinders, it can be concluded that the highest specific

steam consumption has turbine cylinders from nuclear
power plant. Slightly lower specific steam consumption
(in comparison to turbine cylinders from nuclear power
plant) has cylinders of marine steam turbine. The lowest
specific steam consumption of all observed steam turbines
has cylinders of the turbine from ultra-supercritical power
plant (the only deviation from this conclusion can be seen
in IPC where the turbine cylinder from a conventional
power plant has lower specific steam consumption in
comparison to the same cylinder from ultra-supercritical
power plant).

For the cylinders of all observed steam turbines in this
paper can also be concluded that HPC has the highest spe-
cific steam consumption, while in the IPC specific steam
consumption notably decreases in comparison to HPC.
The only turbine which deviates from this trend is turbine
from ultra-supercritical power plant where IPC has slight-
ly higher specific steam consumption (8.93 kg/kWh) in
comparison to HPC (8.84 kg/kWh). In all observed steam
turbines LPC is the cylinder with the lowest specific steam
consumption (in comparison to other cylinders).
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Comparison of the whole turbines shows that steam
turbine from ultra-supercritical power plant has notably
lower specific steam consumption (7.32 kg/kWh) in com-
parison to all other observed turbines. Therefore, steam
turbine from ultra-supercritical power plant shows its
dominancy over other analyzed turbines not only in effi-
ciencies (both isentropic and exergy) but also in the spe-
cific steam consumption. The highest specific steam
consumption is observed in a whole steam turbine from
nuclear power plant (9.09 kg/kWh). Whole marine steam
turbine, along with the lowest isentropic and exergy effi-
ciencies in comparison to other analyzed turbines, also
show very high specific steam consumption, only slightly
lower than the turbine from nuclear power plant (8.85 kg/
kWh). Whole steam turbine from a conventional power
plant has isentropic and exergy efficiency slightly lower in
comparison to the turbine from ultra-supercritical power
plant, along with a slightly higher specific steam consump-
tion, equal to 7.89 kg/kWh.

In this analysis, specific heat consumption is a parame-
ter which shows how much heat (in k]) from each cylinder

and whole turbine per one kWh of produced mechanical
power is delivered to regenerative condensing/feedwater
heating system. Specific heat consumption of each cylin-
der and whole turbine for all observed steam turbines is
presented in Fig. 10.

Comparison of the cylinders of all analyzed turbines
shows that in the most of the cases HPC is the cylinder
with the highest specific heat consumption, mostly be-
cause of the highest steam pressures and temperatures (in
comparison to other cylinders). Only for the turbine from
ultra-supercritical power plant IPC has higher specific
steam consumption than HPC. Dominantly, the LPC has the
lowest specific steam consumption due to the lowest
steam operating parameters (pressure and temperature).
The turbine from marine power plant deviates from this
conclusion - for this turbine LPC has higher specific heat
consumption than IPC.

Observation of the whole turbines shows that the high-
est specific heat consumption has a turbine from nuclear
power plant (4123.47 kJ/kWh). Whole steam turbine from
ultra-supercritical power plant has notably higher specific
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heat consumption than turbines from marine and conven-
tional power plants, but still lower in comparison to the
turbine from nuclear power plant. The lowest specific heat
consumption is obtained in the whole turbine from con-
ventional power plant, equal to 2866 k] /kWh.

For the turbine from ultra-supercritical power plant
can be concluded that along with the highest efficiencies
and the lowest specific steam consumption, this turbine
delivers a high amount of heat per one kWh of produced
mechanical power to regenerative condensing/feedwater
heating system, comparable to steam turbines from nucle-
ar power plant.

In the last part of this analysis is observed how the am-
bient temperature change influences exergy efficiencies of
all observed turbines and their cylinders. During this vari-
ation the ambient pressure remains the same as at the
base ambient state (equal to 1 bar), while the ambient
temperature is varied from 5 °C up to 45 °C in steps of
10 °C. The main goal was to obtain which cylinder and the
whole turbine are the most sensitive in relation to the am-
bient temperature change.

The average change in exergy efficiency of each cylin-
der and whole turbine for all observed steam turbines
during the ambient temperature variation is presented in
Fig. 11. For any cylinder or whole steam turbine is always
valid following conclusion (it has a general validation for
all steam turbines, not only for the analyzed ones): an in-
crease in the ambient temperature decreases exergy effi-
ciency and vice versa [44].

From Fig. 11 can be concluded that the exergy efficien-
cy of cylinders from the marine steam turbine is the most
influenced by the ambient temperature change, more than
exergy efficiency of any other turbine cylinder (the only
deviation from this conclusion can be seen in HPC - HPC
exergy efficiency of turbine from nuclear power plant is
more influenced by the ambient temperature change than
exergy efficiency of HPC from marine turbine). Cylinders
exergy efficiency of steam turbine from ultra-supercritical

power plant is the lowest influenced by the ambient tem-
perature change in comparison to all other analyzed
cylinders.

It should also be highlighted that (in comparison to
HPC and IPC), exergy efficiency of LPC is much more influ-
enced by the ambient temperature change for all observed
steam turbines. The only deviation from this conclusion
can be found in steam turbine from nuclear power plant.

Finally, while observing whole analyzed turbines, it can
be concluded that exergy efficiency of whole steam tur-
bine from marine power plant is the most influenced by
the ambient temperature change, while simultaneously,
exergy efficiency of whole steam turbine from ultra-super-
critical power plant is the lowest influenced by the ambi-
ent temperature change. Steam turbine (and its cylinders)
from ultra-supercritical power plant show that their exer-
gy efficiency will not change significantly during the ambi-
ent temperature variation, what is another benefit of this
turbine in comparison to all other observed ones.

At the end of this analysis, it can be stated that ultra-
supercritical steam processes are beneficial from many as-
pects, while steam turbines in such processes operate with
the highest efficiencies, lowest specific steam consump-
tion and such turbines are low influenced by the ambient
temperature change. Therefore, steam turbines from ul-
tra-supercritical steam power plants show better per-
formance in comparison to steam turbines from other
comparable power plants. Along with a fact that ultra-su-
percritical steam processes have much higher overall effi-
ciencies in comparison to the conventional steam
processes [61], almost optimal turbine operation in that
power plants is one more reason why they have more and
more involvement in practical applications [62, 63].

6 Conclusions

In this paper is performed an analysis and comparison
of four steam turbines (and their cylinders) from four dif-
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ferent power plants. Comparison of the isentropic losses,
exergy destructions, isentropic and exergy efficiencies,
specific steam and specific heat consumption as well as
analysis related to the ambient temperature change sensi-
tivity results with the finding of optimal steam turbine
process. The most important conclusions are:

In all observed steam turbines, the dominant mechani-
cal power producer is LPC, regardless of the fact that
the LPC operates with low pressures and by using wet
steam (at least at the last few turbine stages before
main condenser).

Steam turbine from nuclear power plant produces no-
tably higher mechanical power in comparison to all
other observed steam turbines, due to much higher
steam mass flow rate.

For all observed turbines is valid that LPC is the high-
est isentropic loss generator.

Isentropic efficiency of whole steam turbine (as well as
of each cylinder) from ultra-supercritical power plant
is higher in comparison to all other observed turbines,
while marine steam turbine and all its cylinders have
the lowest isentropic efficiency. IPC has an isentropic
efficiency notably higher in comparison to other cylin-
ders because IPC of any steam turbine did not operate
with the highest steam pressures and temperatures
(which causes higher losses in HPC) and did not oper-
ate by using wet steam (which increases losses in at
least last stages of LPC).

Considering whole analyzed turbines it can be conclud-
ed that both isentropic losses and exergy destructions
are directly proportional to produced mechanical pow-
er - higher produced mechanical power results with
higher isentropic losses and exergy destructions.

The highest exergy efficiency of 91.05% is obtained for
a whole steam turbine from ultra-supercritical power
plant, followed by whole steam turbines from the con-
ventional and nuclear power plants, while the lowest
exergy efficiency (equal to 82.61%) is obtained for the
whole marine steam turbine.

In all observed steam turbines LPC is the cylinder with
the lowest specific steam consumption. The lowest
specific steam consumption of all observed steam tur-
bines has cylinders of the turbine from ultra-supercrit-
ical power plant.

Comparison of the whole turbines shows that steam tur-
bine from ultra-supercritical power plant has notably
lower specific steam consumption (7.32 kg/kWh) in
comparison to all other observed turbines. The highest
specific steam consumption is observed in a whole
steam turbine from nuclear power plant (9.09 kg/kWh).

In the most of the cases HPC is the cylinder with the
highest specific heat consumption, mostly because of
the highest steam pressures and temperatures. The
highest specific heat consumption has a whole turbine
from nuclear power plant (4123.47 k]/kWh).

- The exergy efficiency of cylinders from the marine
steam turbine is the most influenced by the ambient
temperature change, while simultaneously exergy effi-
ciency of cylinders from ultra-supercritical power
plant steam turbine is the lowest influenced by the am-
bient temperature change.

As a final result of this analysis and comparison, it can
be concluded that steam turbines in ultra-supercritical
processes operate with the highest efficiencies, lowest
specific steam consumption, sufficiently high specific heat
consumption and such turbines are low influenced by the
ambient temperature change. Therefore, steam turbines in
ultra-supercritical processes show the best performances
in comparison to steam turbines from any other power
plants.

NOMENCLATURE

Abbreviations

HPC High Pressure Cylinder

IPC Intermediate Pressure Cylinder
LPC Low Pressure Cylinder

WT Whole Turbine

Latin symbols

Ex total exergy fluid flow, kW
specific enthalpy, k] /kg
mass flow rate, kg/s
mechanical power, kW

energy transfer by heat, kW

v Qw3 >

specific entropy, k] /kg-K
SHC specific heat consumption, k] /kWh
SsC specific steam consumption, kg/kWh

T temperature, K or °C

b'¢ exergy transfer by heat, kW
Greek symbols

£ specific exergy, k] /kg

n efficiency, %

Subscripts

0 base ambient state

ex exergy

in inlet (input)

IS isentropic (ideal) steam expansion
k the number of turbine cylinders
D destruction

n the number of cylinder segments

out outlet (output)

PT polytropic (real) steam expansion
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