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Abstract

Thermodynamic (energy and exergy) analysis of steam cooling process in the marine steam propulsion
plant is presented in this research. Steam cooling is performed by using Desuperheater which inject
water in the superheated steam to obtain wet steam. Wet steam is used in auxiliary heaters for various
heating purposes inside the marine steam propulsion system. Auxiliary heaters require wet steam
due to safety reasons and for easier steam condensation after heat transfer. Analysis of steam cooling
process is performed for a variety of steam system loads. Mass flow rates of cooling water and
superheated steam in a properly balanced cooling process should have the same trends at different
system loads - deviations from this conclusion is expected only for a notable change in any fluid
temperature. Reduction in steam temperature is dependable on the superheated steam temperature (at
Desuperheater inlet) because the temperature of wet steam (at Desuperheater outlet) is intended to
be almost constant at all steam system loads. Energy losses of steam cooling process for all observed
system loads are low and in range between 10-30 kW, while exergy losses are lower in comparison
to energy losses (between 5-15 kW) for all loads except three the highest ones. At the highest system
loads exergy losses strongly increase and are higher than 20 kW (up to 40 kW). The energy efficiency
of a steam cooling process is very high (around 99% or higher), while exergy efficiency is slightly
lower than energy efficiency (around 98% or higher) for all loads except the highest ones. At the highest
steam system loads, due to a notable increase in cooling water mass flow rate and high temperature
reduction, steam cooling process exergy efficiency significantly decreases, but still remains acceptably
high (between 95% and 97%). Observation of both energy and exergy losses and efficiencies leads
to conclusion that exergy analysis consider notable increase in mass flow rate of cooling water which
thermodynamic properties (especially specific exergies) strongly differs in comparison to steam. Such
element cannot be seen in the energy analysis of the same system.
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1. Introduction

Marine propulsion systems are nowadays dominantly based on the internal
combustion engines. There are numerous variations related to marine diesel engines
which can be used for propulsion purposes such as: four-stroke fast or middle speed
diesel engines [1, 2], two-stroke low speed diesel engines [3, 4] and in a recent time
dual fuel engines [5-7] which show many benefits in comparison to standard diesel
engines. The dominancy of internal combustion engines in marine propulsion systems
leads to the development of various techniques for their processes improving as well
as emissions reduction [8-10].

Along with diesel and dual fuel internal combustion engines, for marine propulsion
purposes can be used various other mechanical power producers such as gas and steam
turbines [11-13]. At the moment, it is also not a rarity to find complex marine propulsion
systems in which are incorporated two or more mechanical power producers [14-16].

Steam propulsion systems are still important in the propulsion of various LNG
carriers, but its domination in the past is significantly diminished at the moment by
dual fuel internal combustion engines implementation [17, 18]. It can be expected that
in the near future, dual fuel internal combustion engines will take precedence also in
the propulsion of LNG carriers.

Due to the specificity of its operation, marine steam propulsion systems have
various specific elements and subsystems in comparison to conventional land-based
steam power plants [19, 20]. One of such specific process, which is usually not required
in the land-based steam power plant is steam cooling process. In the most of the cases,
the steam cooling process in the marine steam propulsion system is performed by using
a device called Desuperheater [21, 22]. Superheated steam is cooled by water injection
(direct mixing of water and superheated steam), where Desuperheater regulates water
mass flow rate. The intention of steam cooling process in marine propulsion system is
a wet steam production which will be used in marine auxiliary heaters.

In this paper will be performed thermodynamic (energy and exergy) analysis of
steam cooling process by using Desuperheater in the marine steam propulsion plant
which operates at the commercial LNG carrier. The analysis will be performed at
various power plant (steam system) loads by using measured data from exploitation with
an aim to investigate the effectiveness of this process in different operating regimes.
Especially important will be to analyze how the change in cooling water mass flow
rate influences efficiencies and losses of steam cooling process and what are the main
tasks of Desuperheater regulating system to ensure proper operation in any power
plant operating regime.
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2. Description and characteristics of steam cooling process by using
Desuperheater

The steam cooling process by using Desuperheater is just one of many complex
processes in the marine steam power plant. Marine steam propulsion power plant in
which operates analyzed Desuperheater and for which will be analyzed steam cooling
process operates at the 84812 DWT commercial LNG carrier, which overall length is
288 m and maximum breadth equals 44 m.

A simplified scheme of the LNG carrier steam propulsion power plant is presented
in Figure 1, along with Desuperheater position and all inlet and outlet fluid streams
required for the steam cooling process analysis. Propulsion plant consist of two
identical marine steam generators Mitsubishi MB-4E-KS [23, 24] which produces
superheated steam (main steam) for all steam turbines in the plant as well as auxiliary
steam (steam with lower temperature in comparison to main steam) for ship auxiliary
requirements [25]. Main steam is delivered to two turbo-generators (TG1 and TG2),
to main propulsion turbine and to low-power steam turbine with one Curtis stage for
the main feedwater pump drive. Each turbo-generator has maximum power of 3850
kW, while low-power steam turbine for the main feedwater pump drive has maximum
power of 570 kW [26]. Main propulsion steam turbine consists of two cylinders: Low
Pressure Cylinder (LPC) and High Pressure Cylinder (HPC). Between main turbine
cylinders steam re-heating process did not occur, while maximum power of the entire
main turbine (both cylinders) equals 29420 kW [27]. Main turbine is used for the
propulsion propeller drive, as presented in Figure 1.

Steam after expansion in both turbo-generators and in both main turbine cylinders
is delivered to the main condenser for condensation, while steam after expansion in low-
power steam turbine for the main feedwater pump drive is delivered to the deaerator.
Obtained condensate in main condenser is delivered by a condensate pump to deaerator
(before deaerator occurs condensate heating process in the low pressure condensate
heater) [28]. After additional heating and deaerating in the deaerator, feedwater is
taken by the main feedwater pump and delivered to both steam generators. Before
steam generators, feedwater is additionally heated in the high pressure feedwater heater
[29]. Another important component is hot well, which collects all the condensate from
the power plant and deliver it by the auxiliary pump to the main condensate line [30].

As can be observed from Figure 1, Desuperheater is mounted after the main
feedwater pump and before the high pressure feedwater heater. Cooling water which
will be injected in superheated steam is taken from the feedwater branch and after
pressure reduction (by using pressure reducing valve) is delivered to Desuperheater.
The Desuperheater regulation process is pneumatic, therefore air compressed by
marine compressors must also be delivered to Desuperheater. Before delivering to
Desuperheater inlet, auxiliary steam produced in steam generators also passes through
a pressure reducing valve which decreases its pressure, but in any plant operating
regime steam at the Desuperheater inlet is superheated. Cooling water is injected into
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the superheated steam which temperature decreases and produced wet steam (at the
Desuperheater outlet) is delivered to auxiliary heaters. There are several auxiliary
heaters in this marine steam power plant: service heater, fuel heater, LNG vapor heater
and water heater. However, in similar marine steam power plants can also be found
other auxiliary heaters (along with described four).

The main reason of applying superheated steam cooling process before auxiliary
heaters is to protect heat exchange pipes of each auxiliary heater. Materials used in each
auxiliary heat exchanger are not capable to withstand superheated steam parameters,
especially not for a long time, therefore superheated steam cooling process is necessary
for proper operation of each auxiliary heater. Another reason for superheated steam
cooling before auxiliary heaters is that after the heat exchange in each auxiliary heater,
wet steam condenses and obtained condensate is delivered to the hot well. If the
superheated steam is used for auxiliary heaters operation, there is no guarantee that
it will condense at the outlet of each auxiliary heater, so in hot well will be delivered
a notable amount of steam which would cause many problems (and possible hot well
breakdown).

Finally, it can be concluded that the superheated steam cooling process is necessary
for producing proper fluid (wet steam) for long, safe and reliable operation of all
auxiliary heaters.

12 Pomorski zbornik 62 (2022), 9-30
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Figure I - Desuperheater position in marine steam propulsion power plant and the
principle of steam cooling process (blue = water/condensate; red = superheated
steam, orange = wet steam, green = air)

Closer look of Desuperheater along with all the fluids required for its operation
is presented in Figure 2. Air required for Desuperheater regulation is delivered to the
upper part and the lowest required air pressure is 4 bar [31]. Such air pressure is not
problematic, it can easily be delivered from marine compressors which increases air
pressure not only for Desuperheater regulation, but also for other marine devices.

Through middle Desuperheater part passes cooling water through independent
connection. Cooling water circulates from the middle to the lower Desuperheater
part which will be presented more detail in the next figure (DETAIL 1) where is
injected into the superheated steam stream (steam inlet). As can be seen from Figure 2,
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cooling water is injected in the same flow direction as superheated steam. After water
injection and after proper mixing with superheated steam (ensured by nozzles at the
Desuperheater bottom) from superheated steam is obtained wet steam with notably
decreased temperature and slightly decreased pressure (steam outlet). As mentioned
before, obtained wet steam will be delivered to auxiliary heaters.

For the proper thermodynamic (energy and exergy) analysis of the superheated
steam cooling process are required operating parameters measured in all three operating
points presented in Figure 2 (operating point A for superheated steam, operating point
B for cooling water and operating point C for wet steam). In each operating point, at
each steam system load, measurements of each fluid temperature, pressure and mass
flow rate are required.

Calculations will be performed according to recommendations from the literature
by using principles of open heat exchangers (in which occur operating fluids mixing)
— the same mixing of operating fluids (cooling water and superheated steam) occurs
in the observed steam cooling process.

Air (min. 4 bar) I

Steam _u \ e Steam
Inlet L= Outlet
A WLO C
N -
DETAIL 1

Figure 2 - Desuperheater and its operating fluids along with operating points
(4, B and C) for the superheated steam cooling process thermodynamic analysis,
reproduced from [31]

Detail 1 from Figure 2 is independently presented in Figure 3 with an aim to
fully clarify Desuperheater cooling water injection principle. At the Desuperheater
bottom on a long stem is mounted piston with piston rings which block cooling water
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circulation through nozzles (in position as presented in Figure 3 where the cooling water
injection did not occur). At the moment when cooling water should be injected into the
superheated steam, Desuperheater pneumatic regulation moves stem downwards and
the piston will open a cooling water channel to the first nozzle (Nozzle 1, Figure 3).
At that position, cooling water will circulate between stem and Desuperheater housing
and will be injected in superheated steam through the first nozzle. The shape of each
nozzle ensures cooling water spray with water droplets as small as possible (smaller
water droplets ensure better mixing with superheated steam).

At the moment when will be necessary to inject higher cooling water mass flow
rate in superheated steam, Desuperheater pneumatic regulation system will move steam
and piston more downwards in the housing and a channel to both first and second
nozzles will be open (Nozzle 1 and Nozzle 2, Figure 3). In that situation cooling water
will pass not through only one, but simultaneously through two nozzles. For the highest
required cooling water mass flow rate, moving piston will be in the lowest possible
position in the housing and in that situation cooling water will be injected through all
three nozzles presented in Figure 3.

Reducing of injected cooling water mass flow rate will be performed by an
opposite movement (Desuperheater regulation system will move stem and moving
piston more and more upwards).

According to the producer specifications [32], the main aim of presented
Desuperheater operation is to maintain wet steam (which will be delivered to auxiliary
heaters) at approximately the same temperature in all power plant (steam system)
operating regimes. This element can be ensured only by changing injected cooling
water mass flow rate according to described procedure.
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Figure 3 - Principle of cooling water injection into the superheated steam stream
(Steam Inlet), Detail 1, reproduced from [32]

3. Equations for thermodynamic (energy and exergy) analysis of steam
cooling process by using Desuperheater

Observation of steam cooling process and Desuperheater operation will be
performed by using energy and exergy analyses. Energy analysis is based on the
first law of thermodynamics and it did not consider the state of the ambient in which
observed system, component or process operates [33, 34]. Exergy analysis is based on
the second law of thermodynamics and it consider the ambient state [35, 36]. Therefore,
it can be recommended that thermodynamic observation of any system, component or
process should be performed by using both mentioned analyses, because the different
kind of losses will be detected [37, 38]. Recently, in the observation of various systems,
components and processes, exergy analysis found wider application in comparison to
energy analysis and standard exergy analysis can be a baseline for further, much more
complex analyses [39-41].
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Both energy and exergy analyses have several basic equations and balances
which should always be satisfied, regardless of the observed system, component or
process specificity [42, 43]. The basic energy and exergy equations and balances can
be found in the literature [44, 45]. The equations for the thermodynamic (energy and
exergy) analysis of steam cooling process by using Desuperheater will be based on
the mentioned basic equations and balances. Markings in all the equations presented
in this section will be based on three operating points from Figure 2 (A, B and C).
The observed steam cooling process is actually open cooling process (superheated
steam and cooling water are mixed together), so the energy and exergy analyses can
be performed as for any other open heater (for example, one of such open heater in
steam power plants is Deaerator in which occurs steam and water mixing) [46, 47].

Main energy and exergy balance equations of the analyzed steam cooling process
are [48, 49]:

Eny + Eng = Eng + En,ous (1)
Ex, + Ex, = Ex + Ex, ogq )

where En is a total energy and Ex is a total exergy flow of each fluid stream
(in each operating point). Total energy and exergy flows are defined by the following
equations [50, 51]:

En=1i-h, 3)

Ex=rmm-¢. “4)

In Eq. 3, is the operating medium specific enthalpy, while from Eq. 4 is operating
medium specific exergy which definition can be found in [52, 53]:

e=(h—h)-T,-(s-s,). (5)

In the energy and exergy balance equations of steam cooling process (Eq. 1 and
Eq. 2), left equation parts represent energy (or exergy) input, while right equation
parts represent the sum of energy (or exergy) output and losses. From the mentioned
energy and exergy balance equations can be calculated energy and exergy losses of the
observed steam cooling process:

En o = En, + Eng —En,. (6)

Ex, oss = Ex, + Ex, — Ex - (7

Energy and exergy efficiency of the analyzed steam cooling process can be
calculated by using equations:
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En,

= 8
Mlen En, + Eng ®
Ex,
nex = 4C (9)
Ex, + Exg
Mass flow rate balance for the observed steam cooling process is:
my + 1y =M . (10)

All presented equations are valid in each power plant operating regime. In the
exergy analysis is essential to define the base ambient state for which the exergy analysis
is performed. In this paper, the base ambient state is defined by the ambient temperature
of 25 °C and the ambient pressure of 1 bar.

4. Measured parameters required for steam cooling process thermodynamic
analysis

At each power plant (power system) load, required operating parameters for the
energy and exergy analysis of the observed steam cooling process are temperature,
pressure and mass flow rate of all fluids (in each operating point from Figure 2). These
operating parameters are obtained by measurements during the marine steam power
plant load increase. Steam operating parameters at the Desuperheater inlet and outlet
(points A and C, Figure 2) are presented in Table 1, while cooling water operating
parameters (point B, Figure 2) are presented in Table 2.
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Table 1 - Operating parameters of steam at the Desuperheater Inlet and Outlet for
various system loads

Load
(%)*

Steam-Inlet (Operating Point A)**

Steam-Outlet

Operating Point C)**

Temp.
O

Pressure,
(bar)

Mass
flow
rate

(kg/h)

Specific
enthalpy|
(kdJ/kg)

Specific
exergy
(kJ/kg)

Temp.
(°0)

Pressure
(bar)

Mass
flow
rate

(kg/h)

Specific
enthalpy
(kJ/kg)

Specific
exergy
(kJ/kg)

0.00

200.91

10.79

2125

2825.80

845.49

183.09

10.76

2168

2763.80

823.09

2.52

24484

10.77

3022

2928.70

886.21

183.04

10.75

3219

2753.80

819.49

7.03

238.56

10.85

2794

2914.20

881.08

183.33

10.82

2959

2750.00

819.00

13.47

230.30

10.83

2687

2895.40

873.08

183.29

10.81

2822

2752.00

819.57

3249

219.88

10.79

2794

2871.40

862.96

183.04

10.75

2906

2761.80

822.26

26.14

22231

10.79

2794

28717.10

865.22

183.09

10.76

2912

2759.80

821.70

35.58

221.64

10.84

2687

2875.30

865.11

183.33

10.82

2797

2752.00

819.70

35.34

225.32

10.81

2906

2884.00

868.22

183.17

10.78

3037

2747.90

817.79

38.14

223.71

10.81

2687

2880.40

866.78

183.21

10.79

2804

2755.90

820.70

41.71

222.75

10.88

2584

2871.70

866.55

183.37

10.83

2693

2750.00

819.13

43.33

225.09

10.74

2687

2883.80

867.29

182.88

10.71

2807

2765.60

823.13

47.05

226.73

10.76

2794

2887.50

869.03

182.88

10.71

2925

2769.70

824.52

48.22

227.49

10.84

2687

2888.90

870.56

183.29

10.81

2815

2754.00

820.26

49.79

228.20

10.80

2794

2890.70

870.81

183.09

10.76

2927

2751.80

818.92

51.47

228.36

10.84

2687

2890.90

871.37

183.21

10.79

2816

2755.90

820.70

52.08

22791

10.74

2687

2890.30

869.91

182.88

10.71

2816

2765.60

823.13

57.65

226.29

10.82

2584

2886.20

869.23

183.25

10.80

2702

2770.00

825.69

61.97

222.89

10.82

2688

2878.30

866.06

183.17

10.78

2803

2761.90

822.65

66.99

222.83

10.79

2793

2878.30

865.70

183.04

10.75

2011

2755.80

820.18

73.71

223.38

10.85

2687

2879.30

866.82

183.33

10.82

2803

2766.00

824.56

75.17

224.19

10.74

2794

2881.70

866.45

182.84

10.70

2916

2757.60

820.23

71.74

222.23

10.75

2906

2877.10

864.74

182.92

10.72

3028

2763.70

822.57

79.25

350.41

11.03

1747

3157.00

998.02

183.86

10.95

2037

2766.50

826.23

83.22

350.01

11.30

3398

3155.60

1000.50

184.94

11.22

3962

2771.40

831.01

84.31

345.85

11.30

3268

3146.70

995.92

185.02

11.24

3856

2747.50

822.90

* Load is defined as a ratio of current and maximum main turbine power:
** According to operating points from Figure 2.
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Table 2 - Operating parameters of water at the Desuperheater Inlet for various system
loads

Water-Inlet (Operating Point B)**
I'.‘,Oﬂg Temperature | Pressure | Mass flow Specific Specific
(%) ©C) (bar) rate (kg/h) enthalpy | exergy (kJ/
(kJ/kg) kg)

0.00 134.65 30 43 568.03 71.46
2.52 131.39 30 197 554.16 67.77
7.03 131.31 30 165 553.79 67.67
13.47 131.40 30 135 554.18 67.77
32.49 131.00 30 112 552.48 67.33
26.14 131.45 30 118 554.39 67.83
35.58 129.92 30 110 547.89 66.13
35.34 129.97 30 131 548.09 66.18
38.14 129.71 30 117 546.98 65.89
41.71 129.80 30 109 547.39 66.00
43.33 129.79 30 120 547.36 65.99
47.05 129.58 30 131 546.46 65.75
48.22 128.89 30 128 543.51 64.99
49.79 127.56 30 133 537.87 63.54
51.47 127.57 30 129 537.89 63.55
52.08 126.76 30 129 534.48 62.67
57.65 125.90 30 118 530.79 61.74
61.97 125.99 30 115 531.21 61.85
66.99 126.76 30 118 534.47 62.67
73.77 126.84 30 116 534.78 62.75
75.17 126.68 30 122 534.12 62.58
77.74 127.86 30 122 539.15 63.87
79.25 126.86 30 290 534.89 62.78
83.22 127.84 30 564 539.03 63.84
84.31 127.94 30 588 539.48 63.95

* Load is defined as a ratio of current and maximum main turbine power.
** According to operating points from Figure 2.

Steam and water specific enthalpies and specific entropies at each load are
calculated from known pressure and temperature by using NIST-REFPROP 9.0 software
[54], while steam and water specific exergies are calculated according to defined base
ambient state by using Eq. 5.
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All operating parameters in Table 1 and Table 2 are presented in relation to steam
system load where the system load is defined as a ratio of current and maximum main
turbine produced mechanical power. Therefore, it can be observed that the data are
collected from the steam system startup (load of 0%) up to system load on which the
specific fuel consumption is the lowest (load of 84.31%). Higher steam system loads
were not achieved during measurements.

Measurements are performed by using standard measuring equipment already
installed in the marine steam power plant. Each measuring device is calibrated, properly
inspected and regularly maintained. In exploitation, mentioned measuring equipment
is used for control and regulation purposes. The list of used measuring devices in
each operating point from Figure 2 is presented in Table 3. All the details and full
specifications related to each measuring device can be found on the producer website.

Table 3 - The list of used measuring equipment

Opet:at;ng Temperature Pressure Mass flow rate
point

Greisinger GTF 601- | Yamatake JTG940A | Yamatake JTD960A

A Pt100 - immersion | - pressure transmitter | - differential pressure
probe [55] [56] transmitter [57]

Greisinger GTF 401- | Yamatake JTG960A | Yamatake JTD960A

B Pt100 - immersion | - pressure transmitter | - differential pressure
probe [55] [56] transmitter [57]

Greisinger GTF 401- | Yamatake JTG940A | Yamatake JTD960A

C Pt100 - immersion | - pressure transmitter | - differential pressure
probe [55] [56] transmitter [57]

* According to Figure 2.

5. Results and discussion

As shown in Figure 4, for the observed steam cooling process can be concluded
that superheated steam and cooling water mass flow rates follow each other at almost
all observed steam system loads.

At three the highest steam system loads (79.25%, 83.22% and 84.31%) can be
observed deviations from the above mentioned conclusion, but such deviations can be
explained if (along with mass flow rates) are considered superheated steam and cooling
water temperatures. According to Table 2, cooling water temperatures are very similar
at each system load (around 130 °C), while the temperatures of superheated steam (at
the Desuperheater inlet, Table 1) are notably higher at three the highest system loads
(in comparison to lower system loads). Therefore, the decrease in superheated steam
mass flow rate at load of 79.25% results with an increase in cooling water mass flow
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rate, due to much higher superheated steam temperature in comparison to load of
77.74%. Increase in superheated steam mass flow rate between loads of 79.25% and
83.22% results also with an increase in cooling water mass flow rate. Between two the
highest observed system loads (load of 83.22% and 84.31%) superheated steam mass
flow rate and temperature decreases, while cooling water mass flow rate still slightly
increases — what can be considered as a transient period after which cooling water mass
flow rate will surely follow the mass flow rate of superheated steam.

Finally, it can be concluded that mass flow rates of cooling water and
superheated steam in a properly balanced cooling process should have the same trends
at different system loads. Any possible deviation from this conclusion can be expected
only if a notable change in any fluid temperature occurs. Therefore, Desuperheater
pneumatic regulation properly operates at all loads.
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Figure 4 - Change in mass flow rate of water and superheated steam (at the
Desuperheater inlet) during the steam system load increase

The main aim of Desuperheater operation is steam temperature reduction after
water injection (at the Desuperheater outlet). Steam at the Desuperheater outlet is a wet
steam (steam under the saturation line) with high steam content (between 97-99.5%,
what depends on the current steam system load). Along with a reduction in temperature,
at the Desuperheater outlet also occur reduction in steam pressure, Figure 5.

Steam at the Desuperheater outlet has slightly lower pressure in comparison to
steam at the Desuperheater inlet, dominantly because of losses which occur during
cooling and steam flow processes. Reduction in steam pressure is low and in the
expected range for the analyzed process. It is interesting to note that a higher reduction
in steam temperature also results with a higher reduction in steam pressure, what is
clearly visible at the highest observed system loads, Figure 5.

Reduction in steam temperature is the lowest at the steam system startup, Figure
5. Temperature reduction transient field can be noted between steam system loads of
2.52% and 32.49%, after which reduction in steam temperature begins almost constant
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(around 40 °C) during the increase in steam system load. Only at the highest observed
loads, temperature reduction is notably higher in comparison to lower loads and equal
to around 160 °C or more. The reason of such high temperature reduction at three the
highest observed steam system loads (loads between 79.25% and 84.31%) can be found
by observing steam temperatures in Table 1. The Desuperheater regulating system
operates in a way that the steam temperature at the Desuperheater outlet remain always
in a narrow range between 183 °C and 185 °C, regardless of steam system load. At three
the highest steam system loads, steam temperature at the Desuperheater inlet is notably
higher in comparison to lower loads (around 350 °C), so notably higher temperature
reduction is required to remain approximately always the same steam temperature at
the Desuperheater outlet. High steam temperature reduction at the highest observed
loads is obtained by significantly higher cooling water mass flow rate injected into the
superheated steam (in comparison to lower loads), Table 2.
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Figure 5 - Reduction of pressure and temperature at the Desuperheater outlet during
the steam system load increase

Energy and exergy losses of the observed steam cooling process are low at almost
all steam system loads (the exceptions can be seen at three the highest observed loads
- 79.25%, 83.22% and 84.31%), Figure 6. Energy losses for all observed system loads
are in range between 10-30 kW. At three the highest steam system loads energy loss did
not exceed 15 kW, while at the highest system load of 84.31% energy loss is extremely
small, almost negligible. Therefore, from the energy viewpoint can be concluded that
steam cooling process has very low energy losses at all steam system loads (what can
be usually expected for such kind of processes) and the lowest energy loss is obtained
at the highest steam system load.

Exergy analysis shows different kind of losses in comparison to the energy
analysis, therefore the conclusions obtained in energy analysis can strongly differ in
regards to exergy analysis conclusions. Moreover, energy analysis of some systems or
processes can be practically unusable due to its high dependence on the measurement
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equipment accuracy and precision — one example can be found in [58] for a condensate/
feedwater marine heating system.

Exergy analysis of the observed steam cooling process shows that the exergy
losses are lower in comparison to energy losses (between 5-15 kW) for all system
loads except three the highest ones (79.25%, 83.22% and 84.31%). At three the highest
steam system loads can be observed, Figure 6, that exergy losses strongly increases
and are higher than 20 kW (up to 40 kW). The reason of such high exergy losses at
the highest system loads can be found in a fact that at mentioned loads in the steam
is injected cooling water mass flow rate much higher in comparison to lower loads to
ensure always approximately constant steam temperature at the Desuperheater outlet.
As water has much lower specific exergies in comparison to steam (Table 1 and Table
2), increase in cooling water mass flow rate will result with increased exergy losses of
the observed cooling system.
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Figure 6 - Energy and exergy losses of superheated steam cooling process during the
steam system load increase

The energy efficiency of a steam cooling process is very high (around 99% or
higher) at all observed steam system loads, Figure 7. At the highest steam system load,
efficiency of steam cooling process is almost perfect from the energy viewpoint (energy
efficiency is very close to 100%), with almost negligible energy loss.

The exergy efficiency of the steam cooling process in all steam system loads (with
an exception of three the highest loads) is slightly lower than energy efficiency, but
still in the range of 98% or higher. At the highest steam system loads, due to a notable
increase in cooling water mass flow rate and high temperature reduction, steam cooling
process exergy efficiency significantly decreases, but still remains acceptably high
(between 95% and 97%), Figure 7.

It should also be mentioned that trends in energy and exergy efficiency of steam
cooling process are the same during the increase in steam system load, Figure 7. The
same similarity in energy and exergy trends during the increase in steam system load
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can be seen for losses, Figure 6. Slight deviations can be seen only at three the highest
steam system loads (79.25%, 83.22% and 84.31%)).

Observing both energy and exergy losses and efficiencies (Figure 6 and Figure 7)
it can be concluded that exergy analysis consider notable increase in mass flow rate of
fluid (water) which thermodynamic properties strongly differs in comparison to steam
(regardless if the steam is superheated or wet). Such element cannot be seen in the
energy analysis of the same system. Therefore, it is advisable to use both energy and
exergy analyses in the observation of any system or a component.

100

99 +

98 1

97

Efficiency (%)

96

95

> > & 4 Qb D
* e’ ,ss‘ \'\ 0P B P P (BB PP S ,\«" 'Vq;,“' Q

S & @ N
wm«\\s..;..\;e.gg

Steam system load (%)

Figure 7 - Energy and exergy efficiencies of superheated steam cooling process
during the steam system load increase

Further research related to the observed system and its influence on the overall
marine power plant performance will be performed by using various complex artificial
intelligence methods and processes [59-61].

6. Conclusions

In this paper is performed thermodynamic (energy and exergy) analysis of the
steam cooling process in the marine steam propulsion plant by using Desuperheater.
Desuperheater is pneumatically regulated device which inject cooling water in the
superheated steam with an aim to obtain wet steam. Wet steam at the Desuperheater
outlet is used in auxiliary heaters for various heating purposes onboard LNG carrier.
Auxiliary heaters require wet steam for its operation due to safety reasons and for
easier steam condensation after all heating purposes are satisfied. It is investigated
how the change in dominant operating parameters of all fluids influences steam cooling
process, its losses and efficiencies for a variety of marine steam system loads. In the
performed analysis are used operating parameters measured in the steam system during
exploitation. The most important conclusions of the performed analysis are:
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- Mass flow rates of cooling water and superheated steam in a properly balanced
cooling process should have the same trends at different system loads. Any
deviations from this conclusion can be explained if superheated steam and cooling
water temperatures are considered, along with mass flow rates.

- Steam at the Desuperheater outlet is a wet steam (steam under the saturation line)
with high steam content (between 97-99.5%). The exact steam content depends on
the current steam system load.

- Steam at the Desuperheater outlet has slightly lower pressure in comparison to
steam at the Desuperheater inlet, dominantly because of losses which occur during
cooling and steam flow processes. Reduction in steam pressure is low and in the
expected range for such process. Also, a higher reduction in steam temperature
simultaneously results with a higher reduction in steam pressure.

- Reduction in steam temperature is the lowest at the steam system startup. During
the most observed steam system loads, reduction in steam temperature is almost
constant (around 40 °C). Only at the highest observed loads, temperature reduction
is notably higher and equal to around 160 °C or more. Reduction in steam
temperature is dependable on the superheated steam temperature (Desuperheater
inlet) because the temperature of wet steam (Desuperheater outlet) is intended to
be almost constant at all steam system loads.

- Energy losses of steam cooling process for all observed system loads are in range
between 1030 kW. At three the highest steam system loads energy loss did not
exceed 15 kW, while at the highest load energy loss is almost negligible.

- Exergy losses of the same system are lower in comparison to energy losses
(between 5-15 kW) for all system loads except three the highest ones. At three
the highest loads exergy losses strongly increase and are higher than 20 kW (up to
40 kW). The reason of such occurrence is found in a fact that at the highest loads
in the superheated steam is injected cooling water mass flow rate much higher in
comparison to lower loads.

- Energy efficiency of a steam cooling process is very high (around 99% or higher)
at all observed steam system loads. The exergy efficiency of the steam cooling
process in all steam system loads (with an exception of three the highest loads)
is slightly lower than energy efficiency, but still in the range of 98% or higher. At
the highest steam system loads, due to a notable increase in cooling water mass
flow rate and high temperature reduction, steam cooling process exergy efficiency
significantly decreases, but still remains acceptably high (between 95% and 97%)).

- Trends in energy and exergy efficiency of steam cooling process are the same
during the increase in steam system load. The same is valid for energy and exergy
loss of the steam cooling process during the increase in steam system load.

- Observation of both energy and exergy losses and efficiencies leads to conclusion that
exergy analysis consider notable increase in mass flow rate of cooling water, which
thermodynamic properties (especially specific exergies) strongly differs in comparison
to steam. Such element cannot be seen in the energy analysis of the same system.
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NOMENCLATURE

Abbreviations

DWT Dead Weight Tonnage
HPC High Pressure Cylinder
LNG Liquefied Natural Gas
LPC Low Pressure Cylinder
SG Steam Generator

TG Turbo-Generator

Latin symbols

En total energy flow, kW
Ex total exergy flow, kW
h specific enthalpy, kJ/kg
m mass flow rate, kg/h

p pressure, bar

s specific entropy, kJ/kg-K
T temperature, K or °C
Greek symbols

e specific exergy, kJ/kg

n efficiency, %
Subscripts

0 base ambient state

en energy

ex exergy
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