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ABSTRACT

This research presents isentropic and exergy analyses of marine steam turbine segments at three 
loads. Turbine segment is a part of any cylinder which is placed between the steam entrance to 
the cylinder and first steam extraction, between steam extractions and finally between last steam 
extraction and steam exit from the cylinder. Division of each cylinder to the segments allows insight 
into the various cylinder parts operation and an observation is the cylinder properly balanced. The 
analyzed marine steam turbine is composed of two cylinders – High Pressure Cylinder (HPC) and Low 
Pressure Cylinder (LPC), while each cylinder has two segments. The dominant part of real mechanical 
power produced in HPC is actually produced in the first HPC part (segment 1), while in LPC, the 
dominant part of real mechanical power is produced in the last LPC part (segment 4). Segments 
1 and 3 have the highest improvement potential (inlet segments of both HPC and LPC) due to the 
highest isentropic losses and exergy destructions. HPC is much better balanced cylinder because 
along with isentropic, also exergy efficiencies between its segments (segment 1 and segment 2) at 
all loads differ lower than 7%, while the same cannot be stated for the LPC which exergy efficiencies 
between segments (segment 3 and segment 4) at all loads differ more than 20%. Very low isentropic 
and exergy efficiencies of the segment 3, at all observed loads, indicate that this turbine segment is 
highly problematic and at least some of the turbine stages mounted in this segment have difficulties 
in operation or potential malfunction. In addition, segment 3 is also the highest influenced by the 
ambient temperature change in comparison to other segments. The ambient temperature increase 
from 5 °C up to 45 °C can decrease segment exergy efficiency between 1.31% and 3.17%, if all the 
segments and all loads of the analyzed marine steam turbine are observed.

1 Introduction

Marine propulsion systems are nowadays dominant-
ly based on the internal combustion engines which can 
be main propulsion engines (in the most of the cases 
slow speed two-stroke diesel engines) [1-6] or auxiliary 
engines (in the most of the cases medium or fast speed 
four-stroke diesel engines) [7-10]. In the literature can 
be found many numerical models for internal combus-
tion engine simulation as well as various kinds of their 
operation improvement [11-16]. In addition, current 
legislation results in a notable reduction of harmful 
emissions from marine diesel engines, what requires 

various systems and techniques [17-19]. In the future, 
more stringent legislation related to marine internal 
combustion engines can be expected, so further im-
provements, additional systems and processes are sure-
ly required [20, 21].

Parallel to internal combustion engines, many marine 
propulsion alternatives are under the development at the 
moment [22, 23]. These marine propulsion alternatives 
are highly complex and requires proper investigation and 
analysis in various operating regimes before its final im-
plementation [24-27]. Various complex numerical meth-
ods and processes for optimal propulsion alternative 
system selection can be found in the literature [28, 29].

https://doi.org/10.31217/p.38.1.8
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Steam propulsion systems have still at the moment 
notable share in the propulsion of LNG (Liquefied Natu-
ral Gas) carriers worldwide [30-32]. However, internal 
combustion engines (dominantly dual fuel engines) are 
the most popular selection for a newly built LNG carri-
ers, so it seems that in the future they will replace the 
most of steam propulsion systems [33-35].

In this paper are performed isentropic and exergy 
analyses of marine two cylinder steam propulsion tur-
bine segments. Isentropic and exergy analyses are wide-
ly applied methods for the power systems and various 
components observation and optimization [36-40]. So 
far in the literature can be found various analyses of 
steam turbines and their cylinders [41, 42], but in the 
literature is not found any analysis which will observe 
different parts (segments) of any turbine cylinder. 
Therefore, the analyses performed in this paper will 
represent a guideline how different parts of any steam 
turbine cylinder can be observed. Also, the analyses re-
lated to the turbine segments allow more exact detec-
tion of problematic parts inside the steam turbine, 
which cannot be obtained by standard analyses.

2 Marine propulsion steam turbine 
description and operating regimes

The observed marine steam turbine is the main pro-
pulsor of one commercial LNG carrier [31]. The whole 
marine steam propulsion plant in which this turbine op-
erates can be found in [43, 44]. Overall scheme of the 
steam turbine, turbine cylinders, segments and operat-
ing points required for the isentropic and exergy analy-
ses, is presented in Fig. 1.

Marine steam turbine analyzed in this paper consist 
of two cylinders: High Pressure Cylinder (HPC) and Low 
Pressure Cylinder (LPC) [45]. Cumulative steam mass 
flow rate produced in two identical marine steam gen-
erators is delivered to the HPC which has one steam ex-
traction. After steam expansion in the HPC, steam 
passes through the pipeline between HPC and LPC on 
which is mounted second steam extraction. A steam 
mass flow rate which is not extracted through first two 
extractions is delivered to the LPC through which ex-
pands again. As the HPC, LPC also has one steam extrac-
tion. The remaining steam mass flow rate expands 

Figure 1 General scheme of the analyzed marine propulsion steam turbine and operating points necessary for the turbine 
segments analyses

Source: Authors
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through the LPC outlet after which is delivered to the 
main steam condenser [46-48]. Each of three steam ex-
tractions on the observed turbine has regulating valves 
[49, 50] used for the exact extracted steam mass flow 
rate regulation. Both steam turbine cylinders are con-
nected to the gearbox, which drives propulsion propel-
ler [51, 52]. Inside the same cylinder along with the LPC 
is mounted steam turbine for the astern drive (AST, Fig. 
1) which is usually composed of two Curtis stages [53], 
but it was not in operation at any load observed in this 
paper.

Observed turbine has four segments, as presented in 
Fig. 1. Turbine segment is a part of any cylinder which is 
placed between the steam entrance to the cylinder and 
first steam extraction, between steam extractions and 
finally between last steam extraction and steam exit 
from the cylinder. As can be seen from Fig. 1, both HPC 
and LPC of the observed turbine have two segments 
(between the steam entrance to each cylinder and 
steam extraction from each cylinder as well as between 
steam extraction from each cylinder and steam exit 
from each cylinder). Complex steam turbine cylinders 
with more than one steam extractions also have seg-
ments between each two steam extractions – an exam-
ple of such cylinders can be found in [54]. Segments 
numeration is performed according to the steam flow 
through the turbine – the first segment is placed at the 
steam entrance in the HPC, while the last segment is 
placed at the steam outlet from LPC. Therefore, the tur-
bine observed in this paper has four segments – seg-
ments 1 and 2 are related to the HPC, while segments 3 
and 4 are related to the LPC. Standard isentropic and ex-
ergy analyses are dominantly performed for each tur-
bine cylinder and whole turbine [55], while division of 
each turbine cylinder into segments allows that isentro-
pic and exergy analyses can be also performed for at 
least two (or more) cylinder parts. The main goal of 
such division is to investigate the performance of vari-
ous cylinder parts and consider its operation dynamics.

A maximal mechanical power which can be pro-
duced by this turbine (and delivered to the propulsion 
propeller) is equal to 29420 kW. The analyses per-
formed in this paper are based on three turbine loads 
which correspond to around 80 – 85% of maximal load. 
During the LNG carrier exploitation, these were three 
the highest measured loads which correspond to the 
lowest specific fuel consumption in steam generators. 
Observed three loads are denoted throughout this pa-
per as LOAD 1, LOAD 2 and LOAD 3, where the LOAD 1 
is the lowest and LOAD 3 is the highest load. These three 
loads are not arbitrarily selected – only in these three 
loads all steam extractions are opened and through all 
extractions steam is delivered to steam consumers. At 
lower turbine loads, some steam extractions are closed 
(what depends on current plant operation dynamics). 
The closing of any steam extraction from HPC or LPC 
will result with a change of the cylinder segments, what 

was not an intention in the performed analyses (the in-
tention was to maintain always the same, the maximal 
number of cylinder segments). For example, if the steam 
extraction from HPC is closed (steam mass flow rate 
through operating point B is equal to zero, Fig. 1) then 
in the HPC will remain only one segment (from the HPC 
inlet to the HPC outlet).

3 Isentropic and exergy analyses

3.1 Overall equations and balances

In this research, the isentropic and exergy analyses 
were utilized for the observation of marine steam tur-
bine, its cylinders and cylinder segments. Both isentro-
pic and exergy analyses were selected because each 
analysis considers different kind of losses, while in the 
exergy analysis can additionally be performed the inves-
tigation related to the ambient temperature change. 

Isentropic analysis is completely independent of the 
ambient conditions [55]. Isentropic analysis of any tur-
bine, turbine cylinder or cylinder segment is basically a 
comparison between real (polytropic) and ideal (isen-
tropic) steam expansion processes [42, 56]. Real (poly-
tropic) steam expansion process considers various 
losses which occur during steam expansion through 
turbine stages, and it is based on the steam operating 
parameters measured in the power plant during turbine 
exploitation [57]. In comparison to real (polytropic) 
steam expansion process, ideal (isentropic) expansion 
process is the process between the same pressures, 
with the same mass flow rates, but it assumes always 
the same steam specific entropy. Ideal (isentropic) ex-
pansion neglects all losses which occur during real 
steam expansion, and it represents theoretical, the best 
possible expansion process [42]. Therefore, in ideal 
(isentropic) steam expansion process, any turbine, tur-
bine cylinder or cylinder segment will produce the high-
est possible (theoretical) mechanical power.

Real (polytropic) mechanical power produced in 
each turbine segment, turbine cylinder and whole tur-
bine, respectively, is:

∙ (ℎ − ℎ ), (1)

= ∑ , (2)

= ∑ . (3)

In the above equations, m. is the fluid mass flow rate, 
P is mechanical power, h is fluid specific enthalpy, while 
the index PT represent real (polytropic) expansion, in-
dex i represent each individual segment, index j repre-
sent each individual cylinder, index in represents inlet 
(input), index out represents outlet (output), n is the 
number of cylinder segments and k is the number of 
turbine cylinders.
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Ideal (isentropic) mechanical power of each turbine 
segment, turbine cylinder and whole turbine, respec-
tively, is:

∙ (ℎ − ℎ ), (4)

= ∑ , (5)

= ∑ , (6)

where index IS represents ideal (isentropic) expansion 
process. The isentropic loss of each segment, cylinder 
and whole turbine is the difference between ideal and 
real mechanical power, while isentropic efficiency (of 
each segment, cylinder and whole turbine) is the ratio 
of real and ideal mechanical power.

In comparison to isentropic analysis which did not 
consider parameters of the ambient, exergy analysis 
considers ambient pressure and temperature [58, 59]. 
Therefore, exergy analysis requires definition of the 
base ambient state, but it also enables the ambient pa-
rameters change [60, 61].

The overall exergy balance equation for any control 
volume at steady state with negligible potential and ki-
netic energy changes is [62, 63]:

∑ − ∑ . (7)

In Eq. 7,  
.

ExD is exergy destruction, 
.

X is an exergy heat 
transfer at the temperature T, which can be defined by 
the equation [64]:

= ∑(1 − , (8)

where T is temperature and  
.

Q is energy heat transfer. 
Fluid exergy flow , 

.
Ex is [65]:

, (9)

where fluid specific exergy ε is defined as [66, 67]:

(ℎ − ℎ ) ∙ ( ). (10)

In Eq. 10, s is fluid specific entropy and index 0 is re-
lated to the ambient state. Always valid mass flow rate 
balance for any control volume is [68]:

∑ = ∑ . (11)

Overall exergy efficiency equation related to any 
control volume is [69]:

= . (12)

3.2 Isentropic and exergy analyses of the observed 
marine steam turbine segments

Isentropic and exergy analyses of the marine steam 
turbine segments, cylinders and whole turbine are de-
fined in accordance to the literature [68, 70-72]. At each 
of three observed turbine loads all equations remain the 
same (the change occurs in the fluid operating parame-
ters only). Markings in the equations are defined accord-
ing to operating points presented in Fig. 1 and Fig. 2.

Figure 2 Ideal (isentropic) and real (polytropic) steam expansion processes in h-s diagram through each segment of the analyzed 
marine steam turbine

Source: Authors
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In Fig. 2 is presented ideal (isentropic) and real (pol-
ytropic) steam expansion processes through each seg-
ment of the analyzed marine steam turbine in specific 
enthalpy-specific entropy (h-s) diagram. The operating 
points of the real (polytropic) steam expansion process 
in Fig. 2 remains identical as operating points presented 
in Fig. 1. It should be highlighted that operating point at 
the end of ideal (isentropic) steam expansion in each 
turbine segment has additional index – is, Fig. 2.

Equations for ideal (isentropic) and real (polytropic) 
mechanical power calculation of each turbine segment, 
cylinder and whole turbine are presented in Table 1, 
while equations for the isentropic loss and isentropic ef-
ficiency calculation of each turbine segment, cylinder 
and whole turbine are presented in Table 2.

Equations for the calculation of exergy inlet to each 
turbine segment and exergy outlet from each turbine 
segment are presented in Table 3.

Table 1 Equations for ideal (isentropic) and real (polytropic) mechanical power calculation of each turbine segment, cylinder 
and whole turbine 

Ideal (isentropic) mechanical power Eq. Real (polytropic) mechanical power Eq.

Segment 1 ∙ (ℎ − ℎ ) (13) ∙ (ℎ − ℎ ) (20)

Segment 2 ∙ (ℎ − ℎ ) (14) ∙ (ℎ − ℎ ) (21)

Segment 3 ∙ (ℎ − ℎ ) (15) ∙ (ℎ − ℎ ) (22)

Segment 4 ∙ (ℎ − ℎ ) (16) ∙ (ℎ − ℎ ) (23)

HPC (17) (24)

LPC (18) (25)

WT , , , (19) , , , (26)

Source: Authors

Table 2 Equations for isentropic loss and isentropic efficiency calculation of each turbine segment, cylinder and whole turbine 

Isentropic loss Eq. Isentropic efficiency Eq.

Segment 1 (27) = (34)

Segment 2 (28) = (35)

Segment 3 (29) = (36)

Segment 4 (30) = (37)

HPC (31) =
,

(38)

LPC (32) =
,

(39)

WT (33) =
,

(40)

Source: Authors
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Exergy destruction and exergy efficiency of each tur-
bine segment are calculated by using the following 
equations:

, (49)

= , (50)

where index i is related to each turbine segment (for the 
observed marine steam turbine with four segments,  
i = 1 – 4).

4 Marine steam turbine measurement results 
and measuring equipment

For the observed marine steam turbine isentropic 
and exergy analyses are required steam pressures, tem-
peratures and mass flow rates in each operating point 
from Fig. 1 measured at each observed load during  
turbine exploitation. These operating points (and  
mentioned parameters) are also sufficient for both isen-
tropic and exergy analyses of all turbine segments. From 
the measured temperatures and pressures in each oper-
ating point are calculated steam specific enthalpies and 
specific entropies by using NIST-REFPROP 9.0 software 
[73], while steam specific exergies are calculated by  
using Eq. 10.

All required steam data for the isentropic and exergy 
analyses, in each operating point from Fig. 1 at all three 
loads, are presented in the Appendix A at the end of this 
paper. Steam data at the lowest observed load (LOAD 1) 

are presented in Table A1, at LOAD 2 steam data are 
presented in Table A2, while at the highest observed 
load (LOAD 3) steam data are presented in Table A3.

Measurement results were obtained in ship exploita-
tion, by using calibrated measuring equipment already 
mounted in ship engine room. Measuring equipment list 
is presented in the Table B1 placed in the Appendix B at 
the end of this paper.

The base ambient state for the exergy analysis can 
be selected provisionally, and there is no any rule for its 
selection [74]. In this paper, the base ambient state is 
defined with ambient pressure equal to 1 bar and ambi-
ent temperature equal to 25 °C.

5 Results and discussion

5.1 Results of the isentropic analysis

Real (polytropic) mechanical power produced in 
each turbine cylinder (HPC and LPC) as well as real 
(polytropic) mechanical power produced in the whole 
turbine (WT) at all three observed loads are presented 
in Fig. 3.

At each load, the sum of real mechanical power pro-
duced in segments 1 and 2 is real mechanical power 
produced in HPC, while the sum of real mechanical 
power produced in segments 3 and 4 is real mechanical 
power produced in LPC. Moreover, the sum of real me-
chanical power produced in both HPC and LPC at each 
observed load is real mechanical power produced in the 
whole turbine (WT).

Table 3 Equations for exergy inlet and exergy outlet calculation of each turbine segment 

Exergy inlet Eq.

Segment 1 (41)

Segment 2 = ( ) (42)

Segment 3 (43)

Segment 4 = ( ) (44)

Exergy outlet Eq.

Segment 1 + ( ) (45)

Segment 2 (46)

Segment 3 + ( ) (47)

Segment 4 (48)

Source: Authors
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From Fig. 3 can be seen that at all loads observed in 
this paper real produced mechanical power in the 
whole turbine is almost equally divided on both HPC 
and LPC, what is not the case for this turbine at lower 
loads [75]. At all observed loads, real mechanical power 
produced in the LPC is only slightly higher than real me-
chanical power produced in the HPC. 

As mentioned before, LOAD 1 is the lowest turbine 
load where real mechanical power produced in the 
whole turbine is equal to 23302.82 kW, while LOAD 3 is 
the highest load of all observed loads where real me-
chanical power produced in the whole turbine is 
24822.37 kW.

Real (polytropic) mechanical power produced in 
each turbine segment at all observed loads is presented 
in Fig. 4. 

From Fig. 4 can be concluded that HPC (segments 1 
and 2) and LPC (segments 3 and 4) completely differ in 
real mechanical power production. The dominant part 
of real mechanical power produced in HPC is actually 
produced in the first HPC part (in segment 1), while in 
LPC, the dominant part of real mechanical power is pro-
duced in the second LPC part (segment 4). The first LPC 
part (segment 3) produces the lowest real mechanical 
power of all segments, while the last LPC part (segment 
4) produces the highest real mechanical power of all 

Figure 3 Real (polytropic) mechanical power produced in each turbine cylinder and in the whole turbine at three observed loads

Source: Authors

Figure 4 Real (polytropic) mechanical power produced in each turbine segment at three observed loads

Source: Authors
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segments, what is valid for all three observed loads. 
Therefore, from Fig. 3 where can be seen that real pro-
duced mechanical power in the whole turbine is almost 
equally divided to both turbine cylinders (at all ob-
served loads), cannot be seen how the real mechanical 
power production is divided inside each cylinder (what 
is clearly presented in Fig. 4).

By observing all loads, in almost all segments real 
produced mechanical power increases from the lowest 
to the highest load (from LOAD 1 up to LOAD 3). The 
only exception can be seen in the segment 2, Fig. 4, 
where real produced mechanical power firstly increases 
during the load increase (from LOAD 1 to LOAD 2), 
while a further load increase (from LOAD 2 to LOAD 3) 
results with real produced mechanical power decrease.

For each turbine segment, at any observed load, ide-
al (isentropic) mechanical power is calculated accord-
ing to h-s diagram from Fig. 2 and presented in Fig. 5.

Comparison of Fig. 4 and Fig. 5 shows that the trends 
related to the ideal mechanical power are not the same 
as the trends related to real power if observing all seg-
ments and loads. The same trend related to ideal and 
real mechanical power can be seen in a fact that the first 
HPC part (segment 1) produces significantly higher me-
chanical power in comparison to second HPC part (seg-
ment 2) as well as that the second LPC part (segment 4) 
produces notably higher mechanical power in compari-
son to the first LPC part (segment 3). However, segment 
2 of the HPC is the segment in which can be produced 
the lowest ideal mechanical power of all segments (the 
lowest real mechanical power is produced in segment 
3) at all loads, while the highest ideal mechanical power 
of all segments can be produced in segment 1 of the 
HPC (the highest real mechanical power is produced in 
segment 4 of the LPC) at all observed loads. 

For all turbine segments, without any exception, is 
valid that the increase in load (from LOAD 1 up to LOAD 
3) results with an increase in ideal mechanical power, 
Fig. 5.

Isentropic loss is the difference between ideal and 
real produced mechanical power. Isentropic loss actual-
ly shows how much more mechanical power can be pro-
duced in any segment, cylinder of whole turbine in 
comparison to the real produced mechanical power. 

Isentropic losses of each segment from the observed 
marine steam turbine, at all three loads, are presented 
in Fig. 6. From Fig. 6 is clear that segments 1 and 3 have 
the highest improvement potential (inlet segments of 
both HPC and LPC) because in these segments occur the 
highest isentropic losses, much higher in comparison to 
the segments 2 and 4. From the isentropic aspect, any 
improvements which can potentially be performed in 
the observed marine steam turbine should be based 
firstly on the inlet parts of both cylinders. At all ob-
served loads, segment 1 has the highest isentropic loss-
es of all segments which are caused mainly by the steam 
of the highest pressure and temperature in the plant 
(produced in marine steam generators). At the HPC in-
let, before steam expands through the turbine, are 
mounted main and regulating valves, so it can be con-
cluded that improvements related to the regulating sys-
tem can be very beneficial in reducing segment 1 (as 
well as the entire HPC) isentropic losses.

Isentropic loss and isentropic efficiency of turbine 
cylinders and whole turbine are reverse proportional. 
The same conclusion is valid for turbine segments, what 
is clear from the comparison of Fig. 6 and Fig. 7. Seg-
ments 1 and 3 which have the highest isentropic losses 
also have the lowest isentropic efficiencies. Segment 4 
related to the last part of the LPC has the highest isen-

Figure 5 Ideal (isentropic) mechanical power which can theoretically be produced in each turbine segment at three observed 
loads

Source: Authors
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tropic efficiencies at all observed loads, which did not 
show significant variation during the load change. Also, 
the isentropic efficiencies show the fact that inlet seg-
ments of both turbine cylinders (HPC and LPC) have 
lower efficiencies in comparison to outlet segments.

By observing turbine cylinders at all loads, it can be 
seen that the differences between isentropic efficiency 
of segment 1 and segment 2 related to the HPC are 
around 10% or lower, while mentioned differences are 
extremely high by observing segment 3 and segment 4 
of the LPC. In the LPC at all observed loads, isentropic 
efficiencies of inlet segment (segment 3) are around 
30% lower than isentropic efficiencies of the outlet 

segment (segment 4). Isentropic efficiencies of the 
segment 3, Fig. 7, which are lower than 60% at all ob-
served loads are highly problematic and indicate that 
at least some of the turbine stages mounted in this 
segment have difficulties in operation or potential 
malfunction.

It is very interesting that turbine stages mounted in 
the segment 4 (LPC outlet) show the best isentropic 
performance in comparison to all other segments. Men-
tioned turbine stages in segment 4 operates (at least 
partially) with wet steam which increases their inner 
losses, but that losses are obviously not highly influen-
tial to the segment isentropic efficiency. 

Figure 6 Isentropic loss of each turbine segment at three observed loads

Source: Authors

Figure 7 Isentropic efficiency of each turbine segment at three observed loads

Source: Authors
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5.2 Results of the exergy analysis

5.2.1 Exergy analysis results at the base ambient 
state

Exergy inlet to each turbine segment and exergy out-
let from each turbine segment at all observed turbine 
loads for the base ambient state are presented in Fig. 8 
and Fig. 9. 

From Fig. 8 and Fig. 9 can be clearly seen that the 
trends in exergy inlet and outlet for the turbine seg-
ments at all observed loads are identical. Both exergy 
inlets and outlets are the highest at the turbine entrance 
(segment 1) and continuously decreases as the steam 

expands through the turbine. The last turbine segment 
(segment 4) operates with wet steam which has pres-
sure notably lower than atmospheric pressure (in at 
least last few segment 4 stages) – such steam has low 
exergy flow and consequentially, segment 4 has the low-
est exergy inlet and outlet.

An increase in turbine load from the lowest (LOAD 1) 
to the highest load (LOAD 3) results in continuous in-
crease in exergy inlet and outlet of each turbine segment.

Observing turbine cylinders, it is easy to conclude 
that HPC has notably higher exergy inlets and outlets in 
comparison to LPC, due to much higher steam pressure 
and temperature which expands through the HPC.

Figure 8 Exergy inlet of each turbine segment at three observed loads

Source: Authors

Figure 9 Exergy outlet of each turbine segment at three observed loads

Source: Authors
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Exergy destructions of all turbine segments at each 
observed load are presented in Fig. 10. In comparison to 
isentropic losses (Fig. 6), exergy destructions of all seg-
ments show some similarities as well as some 
differences.

Both isentropic losses and exergy destructions are 
the highest at the first part of each turbine cylinder 
(segment 1 of the HPC and segment 3 of the LPC). 
Therefore, both isentropic losses and exergy destruc-
tions are not uniformly distributed in each part of any 
observed cylinder.

In comparison to isentropic loss which is the lowest 
in segment 4 at all observed loads, Fig. 6, exergy de-
struction is the lowest in segment 2 at all observed 
loads. Moreover, at all loads segment 3 has notably high-
er exergy destruction in comparison to all other seg-

ments, while the highest isentropic loss at all loads is 
observed in segment 1.

Differences between isentropic losses and exergy 
destructions show that isentropic and exergy analyses 
consider different kind of losses and that each analysis 
can detect different problematic turbine cylinders or 
segments.

Exergy efficiencies of each segment from the ob-
served turbine at all loads are presented in Fig. 11. Both 
isentropic and exergy analyses (Fig. 7 and Fig. 11) show 
that the first LPC part (segment 3) has the worst per-
formance in comparison to all other segments and conse-
quentially the lowest isentropic and exergy efficiencies at 
all loads. Also the exergy analysis confirms conclusions 
from the isentropic analysis that at least some of the tur-
bine stages mounted in segment 3 have difficulties in op-

Figure 10 Exergy destruction of each turbine segment at three observed loads

Source: Authors

Figure 11 Exergy efficiency of each turbine segment at three observed loads

Source: Authors
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eration or potential malfunction. Another confirmation of 
this fact can be seen in the second LPC part (segment 4) 
which has the highest isentropic and exergy efficiencies 
(Fig. 7 and Fig. 11) at all observed loads. Presented exer-
gy efficiencies of segment 4 also highlights the fact that 
increased losses which occur in at least the last few seg-
ment 4 stages (due to wet steam) are not highly influen-
tial to the segment 4 efficiencies.

Comparison of observed turbine cylinders (HPC and 
LPC) also from the exergy aspect shows that HPC is 
much better balanced cylinder because exergy efficien-
cies between its segments (segment 1 and segment 2) 
at all loads differ lower than 7%. The same cannot be 
stated for the LPC which exergy efficiencies between 
segments (segment 3 and segment 4) at all loads differ 
more than 20%, Fig. 11.

5.2.2 Exergy analysis results during the ambient 
temperature variation

The last part of this research shows the investigation 
of the ambient temperature change influence on each 
turbine segment exergy destruction and exergy efficien-
cy at all observed loads. In this research, the ambient 
temperature is varied from 5 °C up to 45 °C, while the 
ambient pressure remains the same as at the base ambi-
ent state (1 bar).

It should firstly be highlighted that an increase in the 
ambient temperature simultaneously increases exergy 
destruction and decrease exergy efficiency of each tur-
bine segment at any observed load. The same is valid for 
the cylinders and the whole steam turbine [76, 77]. 

Increase in the exergy destruction of each turbine 
segment during the ambient temperature increase from 
5 °C up to 45 °C at all observed loads is presented in Fig. 

12. As proved before, segment 3 which shows the worst 
performance of all segments is also highly influenced by 
the ambient temperature change because its exergy de-
struction increases the most (in comparison to other 
segments). Inlet segments of both HPC and LPC are no-
tably influenced by the ambient temperature change be-
cause its exergy destruction increase is notably higher 
in comparison to the outlet HPC and LPC segments. 
From the exergy destruction aspect, segment 2 is the 
lowest influenced by the ambient temperature change 
because during the increase in the ambient temperature 
exergy destruction of this segment has the lowest in-
crease at all loads, Fig. 12.

Analysis of the turbine segments also shows that all 
parts of the same cylinder are not equally influenced by 
the ambient temperature change, what cannot be de-
tected in the standard exergy analysis.

Decrease in exergy efficiency of each turbine segment 
during the ambient temperature increase from 5 °C up to 
45 °C at all observed loads is presented in Fig. 13.

Segment 3 which has the lowest isentropic and exergy 
efficiencies at all loads (in comparison to the other seg-
ments) will also have the highest exergy efficiency de-
crease during the ambient temperature increase at all 
loads. This is another confirmation of the problematic 
stage’s operation (or some of the stages) which are 
mounted in the segment 3. The lowest decrease in exergy 
efficiency of all segments can be seen in segment 4, Fig. 
13, what is one more confirmation that LPC of the ob-
served marine steam turbine is surely not properly bal-
anced cylinder. The ambient temperature increase from 
5 °C up to 45 °C can decrease exergy efficiency between 
1.31% and 3.17%, if all the segments and all loads of the 
analyzed marine steam turbine are observed.

Figure 12 Increase in exergy destruction of each turbine segment at three observed loads during the ambient temperature 
increase from 5 °C up to 45 °C

Source: Authors
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6 Conclusions
This paper presents isentropic and exergy analyses 

of marine steam turbine segments at three different 
loads. Turbine segment is a part of any cylinder which is 
placed between the steam entrance to the cylinder and 
first steam extraction, between steam extractions and 
finally between last steam extraction and steam exit 
from the cylinder. Obtained isentropic losses, exergy de-
structions as well as isentropic and exergy efficiencies 
can be a very helpful tool in detection of problematic 
cylinder parts (segments). Moreover, division of each 
cylinder to the segments allows insight into the various 
cylinder parts operation and an observation is the cylin-
der properly balanced or not. In addition, it is presented 
an analysis related to the ambient temperature change 
influence on each turbine segment exergy destructions 
and efficiencies. The most important conclusions ob-
tained in the performed analysis are:
– At all turbine loads observed in this paper real pro-

duced mechanical power in the whole turbine is al-
most equally divided on both HPC and LPC, what is 
not the case for this turbine at lower loads.

– The dominant part of real mechanical power pro-
duced in HPC is actually produced in the first HPC 
part (segment 1), while in LPC, the dominant part of 
real mechanical power is produced in the second LPC 
part (segment 4). Real mechanical power produced 
in each turbine cylinder is not proportionally distrib-
uted to all cylinder segments.

– Segments 1 and 3 have the highest improvement po-
tential (inlet segments of both HPC and LPC) due to 
the highest isentropic losses and exergy destructions. 
Therefore, both isentropic losses and exergy destruc-
tions are not uniformly distributed in each part of 
any observed cylinder.

– The differences between isentropic efficiency of seg-
ment 1 and segment 2 related to the HPC are around 
10% or lower, while mentioned differences of seg-
ment 3 and segment 4 related to the LPC equals 
around 30% (observing all loads). 

– HPC is much better balanced cylinder because along 
with isentropic, also exergy efficiencies between its 
segments (segment 1 and segment 2) at all loads differ 
lower than 7%. The same cannot be stated for the LPC 
which exergy efficiencies between segments (segment 
3 and segment 4) at all loads differ more than 20%.

– Very low isentropic and exergy efficiencies of the seg-
ment 3, at all observed loads, indicate that this tur-
bine segment is highly problematic and at least some 
of the turbine stages mounted in this segment have 
difficulties in operation or potential malfunction. 

– It is very interesting that turbine stages mounted in 
the segment 4 (LPC outlet) show the best isentropic 
and exergy performance in comparison to all other 
segments. Mentioned turbine stages in segment 4 op-
erates (at least partially) with wet steam which in-
creases their inner losses, but that losses are not 
highly influential to the segment isentropic and exer-
gy efficiencies. 

– Turbine segment 3 which shows the worst perform-
ance of all segments is also highly influenced by the 
ambient temperature change because during the am-
bient temperature increase, exergy destruction of the 
segment 3 will increase and exergy efficiency will de-
crease much higher in comparison to other segments 
at all observed loads.

– The ambient temperature increase from 5 °C up to 
45 °C can decrease segment exergy efficiency between 
1.31% and 3.17%, if all the segments and all loads of 
the analyzed marine steam turbine are observed.

Figure 13 Decrease in exergy efficiency of each turbine segment at three observed loads during the ambient temperature 
increase from 5 °C up to 45 °C

Source: Authors
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Appendix A – steam operating parameters at all observed loads

Table A1 Steam operating parameters at LOAD 1

Operating 
Point*

Temperature 
(°C)

Pressure 
(bar)

Mass 
flow rate 

(kg/s)

Specific 
enthalpy 
(kJ/kg)

Specific 
entropy 

(kJ/kg∙K)
Quality

Specific 
exergy 

(kJ/kg)**

Isentropic  
specific enthalpy  

(kJ/kg)
A 501 59.11 24.832 3426.5 6.8936 Superheated 1375.80 -

B 354 14.86 0.485 3157.0 7.1222 Superheated 1038.10 3020.9

C 253 5.68 24.346 2965.0 7.2221 Superheated 816.24 2913.6

D 253 5.68 3.486 2965.0 7.2221 Superheated 816.24 -

E 253 5.68 20.860 2965.0 7.2221 Superheated 816.24 -

F 157 1.14 0.774 2789.5 7.5851 Superheated 532.59 2645.8

G 34.58 0.055 20.086 2377.5 7.7547 0.923*** 70.05 2325.4

* According to Fig. 1 and Fig. 2
** At the base ambient state (ambient pressure = 1 bar, ambient temperature = 25 °C)
*** Quality of 0.923 denotes 92.3% of steam and 7.7% of water droplets

Table A2 Steam operating parameters at LOAD 2

Operating 
Point*

Temperature 
(°C)

Pressure 
(bar)

Mass 
flow rate 

(kg/s)

Specific 
enthalpy 
(kJ/kg)

Specific 
entropy 

(kJ/kg∙K)
Quality

Specific 
exergy 

(kJ/kg)**

Isentropic  
specific enthalpy  

(kJ/kg)
A 500 57.95 26.382 3425.5 6.901 Superheated 1372.50 -

B 354 15.58 0.944 3155.6 7.099 Superheated 1043.70 3037.1

C 250 5.90 25.438 2957.9 7.192 Superheated 818.32 2910.4

D 250 5.90 3.649 2957.9 7.1915 Superheated 818.32 -

E 250 5.90 21.789 2957.9 7.1915 Superheated 818.32 -

F 154 1.20 0.875 2783.1 7.5467 Superheated 537.64 2642.9

G 34.91 0.056 20.914 2375.8 7.7412 0.922*** 72.28 2315.8

* According to Fig. 1 and Fig. 2
** At the base ambient state (ambient pressure = 1 bar, ambient temperature = 25 °C)
*** Quality of 0.922 denotes 92.2% of steam and 7.8% of water droplets

Table A3 Steam operating parameters at LOAD 3

Operating 
Point*

Temperature 
(°C)

Pressure 
(bar)

Mass 
flow rate 

(kg/s)

Specific 
enthalpy 
(kJ/kg)

Specific 
entropy 

(kJ/kg∙K)
Quality

Specific 
exergy 

(kJ/kg)**

Isentropic  
specific enthalpy  

(kJ/kg)
A 500.0 58.99 26.718 3424.3 6.8916 Superheated 1374.1 -

B 350.0 15.65 0.908 3146.7 7.0824 Superheated 1039.7 3032.8

C 256.4 5.93 25.810 2971.2 7.2145 Superheated 824.78 2903.4

D 256.4 5.93 3.658 2971.2 7.2145 Superheated 824.78 -

E 256.4 5.93 22.152 2971.2 7.2145 Superheated 824.78 -

F 153.0 1.21 0.904 2781.1 7.5381 Superheated 538.14 2653.0

G 34.91 0.056 21.248 2373.3 7.7334 0.921*** 72.20 2313.2

 * According to Fig. 1 and Fig. 2
 ** At the base ambient state (ambient pressure = 1 bar, ambient temperature = 25 °C)
 *** Quality of 0.921 denotes 92.1% of steam and 7.9% of water droplets
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Appendix B – measurement equipment

Table B1 List of used measurement equipment

Operating Point* Steam mass flow rate [78] Steam pressure [79] Steam temperature [80]

A Yamatake JTD960A Yamatake JTG960A Greisinger GTF 601-Pt100

B Yamatake JTD960A Yamatake JTG940A Greisinger GTF 601-Pt100

C Yamatake JTD930A Yamatake JTG940A Greisinger GTF 401-Pt100

D Yamatake JTD930A Yamatake JTG940A Greisinger GTF 401-Pt100

E Yamatake JTD930A Yamatake JTG940A Greisinger GTF 401-Pt100

F Yamatake JTD920A Yamatake JTG940A Greisinger GTF 401-Pt100

G Yamatake JTD910A Yamatake JTG940A Greisinger GTF 401-Pt100

* According to Fig. 1 and Fig. 2
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