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Abstract

The paper presents a thermodynamic analysis of pressure reduction valves from a marine steam
power plant that operates on conventional LNG carriers. The analysis refers to six condensate
and superheated steam pressure reduction valves. Based on the exploitation data, the calculation
involves the energy/exergy flow streams as well as the exergy efficiency and exergy destruction of
each pressure reduction valve. The analysis also included the influence of changes in the ambient
temperature on the efficiency and destruction of each valve. Total energy and exergy fluid flow
streams through each valve showed the same trends. The superheated steam pressure reduction valves
showed a lower average exergy destruction rate and higher average exergy efficiency compared with
the water/condensate ones. Increase in the ambient temperature resulted in a continuous increase in
the exergy destruction rate and a continuous decrease in exergy efficiency in all the observed pressure
reduction valves. Pressure reduction valves of high exergy destruction rate and low exergy efficiency
are notably influenced by changes in the ambient temperature.

Keywords: pressure reduction, valve, marine steam plant, thermodynamic analysis, ambient
temperature
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1. Introduction

Marine propulsion plants on commercial ships are nowadays mainly based on
diesel engines. In general, the most used ship propulsion engines are slow-speed two-
stroke diesel engines [1, 2], while the medium-speed and fast-speed four-stroke diesel
engines can be found in engine rooms of many ships in different combinations and
with various functions (the most usual function of such diesel engines is the electric
generator drive) [3, 4].

Marine propulsion with steam power plant is still today the dominant propulsion
of LNG (Liquefied Natural Gas) carriers [5] due to the specificity of transported
cargo. The question for the near future is whether this fact will be still valid because
the impact of diesel engines has been increasing on a daily basis in engine rooms of
LNG carriers [6] as well, especially after the development of dual fuel diesel engines
using both diesel fuel and natural gas [7, 8].

Scientific and professional literature offers an energy efficiency analysis of various
LNG carrier powering options [9] as well as several proposals of new propulsion
power plants [10] that offer many improvements (compared with the currently used
ones). An LNG carrier propulsion power plant is not the only component that can be
improved because the improvement of cargo transport, manipulation and heat loss
minimization can also bring many benefits [11]. During the LNG carrier operation, the
produced waste heat can be used in additional systems aimed at reducing greenhouse
gas emissions [12] or in ORC (Organic Rankine Cycle) systems aimed at producing
additional power [13].

Marine power plants on LNG carriers along with their additional components
can be regarded as complex systems requiring proper computer software for power
management [14] and maintenance [15] as well as multi-objective decision support
systems [16].

This paper deals with an analysis of pressure reduction valves that operate on
more recent LNG carrier steam power plant that includes steam re-heating. Power
plant consists of six pressure reduction valves - three of them to reduce the superheated
steam pressure and the other three to reduce the water/condensate pressure. Without
proper operation of analyzed pressure reduction valves, steam power plant running
would be very difficult or even impossible. The energy/exergy flow streams were
calculated in respect of each valve, in addition to the operating fluid pressure and
temperature reductions as well as the exergy efficiency and exergy destruction rates.
A detailed explanation of efficiencies and losses of pressure reduction valves could
only be obtained from the exergy aspect. At the end, the influence of changes in the
ambient temperature on the operation of each pressure reduction valve was analyzed.
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2. Marine steam power plant description with characteristics of pressure
reduction valves and their influence on plant operation

This analysis dealt with the selected marine steam power plant that is used for
the propulsion of conventional LNG carriers [17]. The selected steam power plant is
provided with additional steam re-heating that improves plant operation and increases
its overall efficiency. This power plant is a newer version of marine steam power plant
older versions that are not provided with additional steam re-heating.

Figure 1 presents a general scheme of the selected steam power plant provided
with steam re-heating.

|PRV4] |PRV5

L egend:
PRYV = Pressure Reduction Valve; HPT = High Pressure Turbine; IPT = Intermediate Pressure Turbine; LPT = Low Pressure
Turbine; COND = Condenser; CDP = Condenser Drip Pump; FWPH = Feed-Water PreHeater; FWP = Feed-Water Pump;
FWMP = Feed-Water Main Pump

Figure 1 — General scheme of the LNG carrier steam power plant with marked
pressure reduction valves used for the thermodynamic analysis [17]

The marine steam power plant selected for the pressure reduction valves
thermodynamic analysis to be dealt with in this paper consists of a steam generator
(boiler) with additional steam re-heating, Figure 1. Usually, a marine steam
power plant has two parallel operating steam generators [18] to ensure continuous
superheated steam supply. Figure 1 presents only the main steam stream, without the
auxiliary steam stream (steam with decreased temperature compared with the main
steam stream). The auxiliary steam stream is used in marine steam plant for additional
heating purposes (for example, in the steam generator air heater [19] and in some
operating regimes for de-aerator and feed-water pre-heater additional heating) as well
as in auxiliary ship systems [20]. In marine steam power plant, flue gases from steam
generator(s) usually do not reach sufficient temperature for air heating (air heating
must be performed with the auxiliary steam stream), what represents a completely

Pomorski zbornik 56 (2019), 9-30 11



Vedran Mrzljak, Nikola Andeli¢, Igor Poljak, Josip Orovic¢ Thermodynamic analysis of...

different operation logic compared with air heaters operating in land-based steam
power plants [21, 22] where flue gases have sufficient temperature for air heating.

While heat losses occur in all steam and water pipelines, the most intensive
heat loss occurs in the pipeline between the steam generator(s) and the main
propulsion turbine (points from 1 to 2, Figure 1) due to the highest steam pressure and
temperature. Marine steam power plant with steam re-heating consists of three main
propulsion turbine cylinders (high pressure, intermediate pressure and low pressure),
as presented in Figure 1. In marine steam propulsion plants without steam re-heating,
the main propulsion turbine is provided with only two cylinders (high pressure and
low pressure), [23, 24]. Steam was extracted from all the main propulsion turbine
cylinders, to be used for heating in feed-water pre-heaters.

The main steam stream in the marine propulsion power plant was led not only
to the main propulsion turbine but also to turbo-generators [25] for the production of
electricity and to the low power steam turbine [26] for the main feed-water pump drive
(turbo-generators and low power steam turbine for the main feed-water pump drive
are additional turbines which are not presented in the general scheme of marine steam
power plant in Figure 1). After having passed all the turbines the steam stream was
led to the main condenser where its condensation took place. The marine main steam
condenser operation can differ greatly when compared to main steam condensers from
land-based power plants [27, 28].

After steam condensation in the main condenser, the obtained condensate pressure
is increased by the condenser drip pump (CDP) [29] and the condensate is delivered
from the main steam condenser to the de-aerator. Between the main steam condenser
and de-aerator the condensate/feed-water passes through several low pressure pre-
heaters that increase the condensate/feed-water temperature. The first of such low
pressure pre-heaters seals the steam condenser (gland steam condenser denominated
just as a heater in Figure 1) [30]. With the steam condenser sealing completed, the
observed marine steam power plant has two low pressure feed-water pre-heaters [31].

De-aerator in marine steam power plant, as well as in the land-based steam
power plant, has two functions — the first is heating of the condensate/feed-water [32]
and the second one is dissolving gas removal from the condensate/feed-water [33].
Between the de-aerator and steam generator (boiler) in the observed marine steam
power plant there are mounted two high pressure feed-water pre-heaters [34] that
are used for additional feed-water temperature increase [35]. The entire condensate/
feed-water heating system in any steam power plant (marine and land-based) is used
for increasing the condensate/feed-water temperature before it reaches the steam
generator, thus reducing fuel consumption and increasing the steam system overall
efficiency [36, 37].

Pressure reduction valves (PRV) in the marine steam power plant, Figure 1, is
used for decreasing the operating fluid (superheated steam and condensate) pressure.
Simultaneously with a decrease in pressure, pressure reduction valves decreases the
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operating fluid temperature [38]. As the authors in [17] declare, pressure reduction
valves are used to validate the marine steam power plant simulation (in order for the
simulation to give the power plant operating parameters similar to the measurements,
as close as possible). Decreasing of the operating fluid pressure is very important in
marine steam power plants as in such a way the weight of power plant components
can be held within reasonable limits, while each component simultaneously fulfills its
main function. Therefore, pressure reduction valves are much more used in marine
steam power plants compared with land-based steam power plants.

Steam power plant presented in Figure 1 has six pressure reduction valves. Three
of them (PRV1, PRV2 and PRV3) reduce the superheated steam pressure, while the
other three are used for reducing the condensate pressure (PRV4, PRVS and PRV6).
PRV1 and PRV2 are used for reducing pressure of the superheated steam extracted
from the high pressure steam turbine and led to high pressure feed-water pre-heaters
(FWPH3 and FWPH4). PRV3 also reduces the superheated steam pressure, which is
extracted from the intermediate pressure turbine and led to the de-aerator. The PRV4
reduces pressure of the condensate that is led from the second (FWPH4) to the first
(FWPH3) feed-water high pressure pre-heater. The PRV5 reduces pressure of the
condensate that is led from the first high pressure feed-water pre-heater (FWPH3)
to de-aerator, while the PRV6 reduces pressure of the condensate that is led from the
second low pressure feed-water pre-heater (FWPH2) to the first low pressure feed-
water pre-heater (FWPH1).

Operating parameters of a marine steam power plant at full load (pressures,
temperatures and mass flow rates of each operating fluid stream) are presented in [17],
yet a detailed analysis of pressure reduction valves was not performed. Therefore,
this paper deals not only with the performance of the thermodynamic analysis of
the presented pressure reduction valves (analysis of each pressure reduction valve
loss and efficiency) but also with the investigation of the influence of the ambient
temperature change on the operation of each pressure reduction valve.

3. Equations for the pressure reduction valve thermodynamic analysis
3.1. Thermodynamic analysis of a control volume — overall equations

Thermodynamic analysis of any control volume (as well as of each observed
pressure reduction valve analyzed in this paper) includes a calculation of control
volume losses and efficiencies. Thermodynamic analysis can be performed in two
different ways — from the aspect of energy and exergy. Energy analysis is based on
the first law of thermodynamics [39] and it does not include the parameters of the
ambient (ambient pressure and temperature) in which the control volume operates
[40]. Exergy analysis is based on the second law of thermodynamics [41] and it
includes the parameters of the ambient in which the control volume operates [11].
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3.1.1. Energy analysis of a control volume

When disregarding the potential and kinetic energy, for any control volume in
steady state the mass flow rate and energy balances are defined according to [42] and
[43] as:

zmin :zmout’ (1)

Zmin'hin+Q:Zmout'h0ut+P. (2)

The total energy of a flow according to [44] is:
E., =m-h. 3)
The energy efficiency of a control volume is defined by its operating characteristics.

Therefore, energy efficiency of a control volume can have different forms [45, 46]. In
most cases the general definition of the control volume energy efficiency is:

_ Energy output )
Energy input

3.1.2. Exergy analysis of a control volume

The exergy balance equation for a control volume in steady state, disregarding
the potential and kinetic energy, can be defined according to [47] and [48] as:

zmin"gin"’_xheat = zmout 'gout+P+Eex,D' (5)

Specific exergy according to [49] and [50] is defined as:
e=(h—hy) =Ty -(s—s¢). (6)

The net exergy transfer by heat (X, ) at the temperature T, according to [51] and
[52] is defined as:

Ky =2(1=2)-0. ™

The total exergy of a flow according to [53] is defined by an equation:

Eoy =tiv-e =nm-[(h=ho) =Ty (s =s0)]. ®)

The second law efficiency or effectiveness is another term for the control volume
exergy efficiency [54]. Similar to energy efficiency, characteristics of the control
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volume operation define its exergy efficiency. The general definition of the control
volume exergy efficiency according to [55] and [56] is:

Exergy output
_ gy outp )

exX

Exergy input

3.2. Thermodynamic analysis of the pressure reduction valve

Thermodynamic analysis of any pressure reduction valve can be performed with
the same equations [38]. In this paper equations will be presented for thermodynamic
analysis of PRV1 (Figure 1). Thermodynamic analysis of pressure reduction valve is
based on operating fluid parameters (temperature, pressure and mass flow rate) at valve
inlet and outlet. As declared in Figure 1, operating parameters of superheated steam
at PRV1 inlet are marked with number 3, while operating parameters of superheated
steam at PRV1 outlet are marked with number 4.

3.2.1. Energy analysis of pressure reduction valve

Pressure reduction valves are steam power plant components whose energy
analysis, during the usual operation, will result in the energy power loss (energy
destruction) equal to zero and simultaneously in energy efficiency equal to 100%.
Along with pressure reduction valves (throttle valves) [39], there is another steam
power plant component whose energy analysis will give the same result (during the
usual operation), i.e.a steam turbine labyrinth seal [57]. Therefore, the only relevant
thermodynamic analysis of pressure reduction valve (or labyrinth seal) is exergy
analysis. This conclusion will be explained in detail farther in this section.

* The energy power input of PRV1 is:

EeninprV1 = Min prV1 *Fin prYV1 = 113 13 (10)

* The energy power output of the same PRV1 is:

Eenout PRVI = Mout PRV “Pout prV1 = Mg “hy . (11)

* Energy power loss (energy destruction) of PRV1 is defined as:

Een,D,PRVl = Een,in,PRVl - Een,out,PRVl = I’i’l3 'h3 - m4 'h4 . (12)

* Energy efficiency of PRV1 is:

_ Eenouprvi ity -hy 13
Men,PRVI = I T (13)
en,in,PRV1 ms-hj3
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During the usual operation of any pressure reduction valve, the leakage of
operating fluid mass flow rate does not occur. Therefore, the equation of mass flow
rates at PRV1 input (inlet) and output (outlet) is:

Min pRV1 = Moy prRVI —> M3 =1y (14)

Pressure reduction valve reduces the operating fluid pressure (and simultaneously
the operating fluid temperature), but the operating fluid specific enthalpy (heat content)
throughout the pressure reduction valve remains constant during the usual operation
[58, 59]. The only decrease in the operating fluid specific enthalpy can occur during
heat losses on the valve, but such decrease in specific enthalpy is small and in most
cases neglectable [38]. So, for the superheated steam specific enthalpy at PRV1 input
(inlet) and output (outlet) the following equation is valid:

hinprvi = Fouprvi > h3 =hy. (15)

The same mass flow rates at the PRV1 inlet and outlet, Eq. (14) and the same
specific enthalpies at the PRV1 inlet and outlet, Eq. (15) resulted in the fact that the
energy power input and output, Eq. (10) and Eq. (11) of observed PRV1 are equal.
Equal energy power input and output resulted in the PRV 1 energy destruction equal to
zero, Eq. (12) and in PRV 1 energy efficiency equal to 100%, Eq. (13). This observation
is valid for any pressure reduction valve during the usual operation (with no mass flow
leakage and with no intense heat losses).

The total energy of a fluid flow throughout any pressure reduction valve,
according to conclusions above, is:

Een,TOT =E

enjin — Een,out = Min 'hin = Mgyt 'hout : (16)

3.2.2. Exergy analysis of pressure reduction valve

Each pressure reduction valve, as stated earlier, reduces the operating fluid
pressure and temperature while the operating fluid specific enthalpy remains constant.
Such operation also resulted in an increase in the operating fluid specific entropy,
meaning that the operating fluid specific exergy, Eq. (6), will not be the same at the
pressure reduction valve input (inlet) and output (outlet). Therefore, it is only the
exergy analysis of any pressure reduction valve to be considered relevant for observing
valve loss and efficiency.

For the PRV, equations for the exergy analysis are:

* Exergy power input of PRV1:

E ey inPRVI = Min PRV * Ein,PRV] = M3 €3 - (17)
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» Exergy power output of PRV 1:

E ox out,PRVI = Moy PRV *Eout,PRVI = 114 €4 - (18)

» Exergy power loss (exergy destruction) of PRV 1:

EexDPrVI = EcxinPRVI — EexoutprRvI = M3 €3 — 11y &4 . (19)
» Exergy efficiency of PRV1:

MMex,PRVI =

EexouPRVI _ 11y -€4 (20)

Eex inprVI ms-&3

The same exergy analysis equations from (17) to (20) are also used for the exergy
analysis of any other observed pressure reduction valve from the marine steam power
plant, according to operating fluid stream flow marks in Figure 1.

4. Fluid operating parameters at analyzed pressure reduction valves
inlet and outlet

Operating fluid parameters of each observed pressure reduction valve (pressure,
temperature and mass flow rate) at valve inlet and outlet are found in [17] and
presented in Table 1, according to Figure 1. Condensate/steam specific enthalpies and
specific entropies are calculated from known pressure and temperature values at each
valve inlet and outlet by using NIST-REFPROP 9.0 software [60].

Table 1 also presents specific exergies of each fluid stream at each valve inlet
and outlet, calculated according to Eq. (6). Specific exergy of each fluid stream is
dependable on conditions of the analyzed pressure reduction valves operation ambient.
Base ambient conditions in this analysis are:

e pressure: p,= 100 kPa =1 bar,
* temperature: T,=288 K=15°C.

Base ambient conditions are used in the first part of the analysis. In the second
part of the analysis, ambient pressure remains the same as in base ambient conditions
while the ambient temperature is varied from 278 K to 313 K. Variation of the ambient
temperature is performed in the real temperature range that can be expected at an LNG
carrier steam power plant during exploitation. The ambient pressure change during
the real power plant operating conditions is small and its change can be neglected.

Energy analysis of each component of the marine steam power plant (or any
other power plant) is not influenced by the ambient temperature change. On the other
hand, the ambient temperature change has influenced the specific exergy of each fluid
stream, Eq. (6) — therefore, the exergy analysis of any power plant component is

Pomorski zbornik 56 (2019), 9-30 17



Vedran Mrzljak, Nikola Andeli¢, Igor Poljak, Josip Orovic¢

Thermodynamic analysis of...

influenced by the ambient temperature change. The proper question in respect of the
analyzed pressure reduction valves is whether the change in the ambient temperature
has influenced each valve equally? The answer to this question is presented in the
second part of the performed analysis.

Table 1 — Operating fluid parameters at each observed pressure reduction valve inlet

and outlet
e = - e z .
S £ 2 S o = = =
= = s B =< % = X = 2
S .2 S - o A > & g
S5 v = 5 < = > ]
= 8 o2 — - @ =] o =
= = = = = © 5}
S o0 E=a-Y) z = = = = M
- g 2 Z 5 £ g
£ g% s £ 2 o o =
=% | 2% 7 5 £ £ p £
2 9 (@1 ] = > = S
$& g = 2 g &
- wn (%
PRVI 3 1.055 671.01 3870 3211.70 6.782 1260.10
4 1.055 670.26 3770 3211.70 6.793 1256.90
PRV2 5 1.679 599.95 2260 3079.20 6.809 1119.90
6 1.679 598.44 2120 3079.20 6.837 1111.80
9 0.421 614.95 560 3149.80 7.553 976.05
PRV3
10 0.421 614.54 520 3149.80 7.587 966.28
PRV4 31 1.055 519.87 3770 1069.90 2.764 275.53
32 1.055 488.49 2120 1069.90 2.777 271.70
29 2.734 488.35 2120 921.45 2.473 210.77
PRV5
30 2.734 426.46 520 921.45 2.520 197.22
23 0.808 399.07 240 528.99 1.591 72.24
PRV6
24 0.808 359.08 60 528.99 1.616 65.05

* For each pressure reduction valve the first row is valve input (inlet) and the second one is

valve output (outlet)
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5. Results of the pressure reduction valves thermodynamic analysis with
discussion

5.1. Thermodynamic analysis of pressure reduction valves at base ambient
conditions

The total energy of any fluid flow stream is defined by Eq. (3) as a product of
the fluid mass flow rate and its specific enthalpy (specific enthalpy can be obtained
from fluid current pressure and temperature). According to conclusions of the pressure
reduction valve energy analysis, the total energy of fluid flow is the same at each
pressure reduction valve inlet and outlet.

As presented in Figure 2, the highest energy of fluid flow refers to PRV2 (5169.98
kW) followed by PRV1 (3388.34 kW) - two pressure reduction valves that operate
with superheated steam of the highest temperature (compared with temperatures of
fluid streams passing through other pressure reduction valves). The lowest energy of
fluid flow refers to PRV6 (427.42 kW). The condensate passing through PRV6 has the
lowest pressure and temperature compared with other observed fluid streams, Table 1.

On the average, the total fluid flow energy is much higher for pressure reduction
valves operating with superheated steam (PRV1, 2 and 3) compared with those
operating with condensate (PRV4, 5 and 6). The same trend as obtained for the total
energy of each fluid flow will be also valid for total exergy of each fluid flow.

6000

5169.98

5000 T

4000

3388.34

3000 T—

2519.24

2000 T—

Total energy of a flow (kW)

1326.07

1128.74

1000
427.42

0 + + + + + l_l

PRV1 PRV2 PRV3 PRV4 PRVS PRVE

Figure 2 — Total energy of a flow through each observed pressure reduction valve

Each observed pressure reduction valve, as stated before, decreases the operating
fluid pressure and simultaneously decreases the operating fluid temperature while the
specific enthalpy remains the same before and after the valve. As presented in Figure 3,
reduction in the operating fluid pressure and temperature is low if the superheated
steam operates the fluid that passes through a valve (PRV1, 2 and 3).
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Pressure reduction valves operating with condensate cause significant decreases
in the condensate pressure and temperature (PRV 4, 5 and 6). The highest decrease in
condensate pressure can be observed at PRV4 (1650 kPa) and at PRV5 (1600 kPa), while
the highest decrease in condensate temperature is observed at PRV5 (61.89 K), Figure 3.

1800 65

,\/\ + 60
1600

1400

-®-Pressure decrease

/ A\ _

1200 T d / \ < T
- A
600 / \ 2
400 / \ 115
/ \ Lo
Q_‘\/ , , , K

PRV1 PRV2 PRV3 PRV4 PRV5 PRV6E

Operating fluid pressure decrease (kPa)

200

Operating fluid temperature decrease (K)

0

Figure 3 — Decrease in operating fluid pressure and temperature while passing
through a pressure reduction valve

The trend of the total energy of each fluid flow, Figure 2, is the same as the trend
of the total exergy of each fluid flow, Figure 4. The total flow exergy highest values
can be observed for PRV1 and PRV2, while the lowest total flow exergy refers to
PRV6. Similar to the total energy of any fluid flow, the average value of total flow
exergy is notably higher for pressure reduction valves that operate with superheated
steam compared with valves that operate with condensate.

2200

2000 1880.31

1800
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AOQutlet
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-
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%

V722
200 1406.80 Z 58 371
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Figure 4 — Total exergy of a flow at each pressure reduction valve inlet and outlet
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The total exergy of any fluid flow (superheated steam or condensate) is calculated
for each pressure reduction valve inlet and outlet by using Eq. 8. Due to changes in the
operating fluid specific entropy while passing through the valve, a change also occurs
in the fluid specific exergy and therefore the total exergy of fluid flow is not the same
before and after each pressure reduction valve. Differences between the total fluid
exergy at the pressure reduction valve inlet and outlet define the exergy efficiency and
exergy destruction (exergy loss) of each valve.

Exergy destruction of each pressure reduction valve is the difference between
the total exergy of fluid flow at the valve inlet and the total exergy of fluid flow at the
valve outlet. Figure 5 shows that the highest exergy destruction for pressure reduction
valves that operate with superheated steam is calculated for PRV2 (13.60 kW), while
in respect of the valves that operate with condensate the highest exergy destruction
is calculated for PRV5 (37.05 kW). Pressure reduction valves that operate with
superheated steam show a lower average exergy destruction compared with those that
operate with condensate.

The exergy efficiency of each pressure reduction valve is the ratio of the fluid
flow total exergy at the valve outlet and fluid flow total exergy at the valve inlet, as
presented for PRV1 in Eq. (20). Figure 5 shows that pressure reduction valves that
operate with superheated steam have a very high exergy efficiency (99.00% or higher),
the highest exergy efficiency referring to PRV1 (99.75%) that operates with steam of
the highest pressure and temperature (compared with other valves that operate with
superheated steam).

40

37.05

35

T 98

30 T 9

H .
= - B
et I Destruction =
g = -+ Efficiency \\ T 8
g §
s 2
£ 20 93.57 to2 8
3 %
o >
> 15 13.60 T 90 2
2 ]
@ 90.04| X
X w
w10 88
581
5 3.38 4 4.04 | 86
0 . . " ‘ 84
PRV1 PRV2 PRV3 PRV4 PRVS PRV6E

Figure 5 — Exergy destruction and exergy efficiency for all observed pressure
reduction valves

Pressure reduction valves that operate with condensate have much lower exergy
efficiencies on the average than valves that operate with superheated steam, Fig.
5. Considering condensate operating pressure reduction valves, the highest exergy
efficiency refers to PRV4 (98.61%) whereafter it decreases to 93.57% (PRV5) and the
lowest calculated exergy efficiency refers to PRV6 (90.04%).
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The most important parameter defining the pressure reduction valve exergy
efficiency is the operating fluid temperature, immediately followed by the operating
fluid pressure. Decreases in temperature of the operating fluid passing through a valve
resulted in decrease in the pressure reduction valve exergy efficiency, what makes a
valid conclusion in general. In some situations, significant decrease in the operating
fluid pressure can result in decrease in the valve exergy efficiency, even where the
fluid temperature increases. This phenomenon can be noted comparing the operating
fluid parameters for PRV2 and PRV3, Table 1.

5.2. Thermodynamic analysis of pressure reduction valves during the ambient
temperature change

The ambient temperature between 278 K and 313 K can be expected in the LNG
carrier steam power plant during the exploitation. Within this range it was investigated
how exergy destruction and exergy efficiency of each analyzed pressure reduction
valve are influenced by changes in the ambient temperature.

In observing changes in the exergy destruction of each pressure reduction valve
during the ambient temperature change, it should be noted that distinction should be
made between two types of analyzed valves - pressure reduction valves with exergy
destruction of low-rate influence by the ambient temperature change (a change of
1 kW or lower) and valves with exergy destruction significantly influenced by the
ambient temperature change (a change of more than 1 kW) within the observed
ambient temperature range.
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Pressure reduction valves with exergy destruction of low-rate influence by the
ambient temperature change are PRV 1, 3,4 and 6, Figure 6. The PRV 1 exergy destruction
is the least influenced by the ambient temperature change (from 3.38 kW at 278 K to 3.80
kW at 313 K) when all the observed pressure reduction valves are taken into account.
In Figure 6, pressure reduction valve with exergy destruction most influenced by the
ambient temperature change is PRV6 (from 5.61 kW at 278 K to 6.32 kW at 313 K).

Of all analyzed pressure reduction valves, PRV2 and PRVS are the only two
valves with the exergy destruction change higher than 1 kW within the observed
ambient temperature range, Figure 7. Between ambient temperatures of 278 K and
313 K, the PRV2exergy destruction increases from 13.43 kW to 14.79 kW, while

in the same ambient temperature range the PRVS exergy destruction increases from
35.76 kW to 40.27 kW.
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Figure 7 — Change in the ambient temperature - analyzed pressure reduction valves
with the notable change in exergy destruction

It can be concluded from Figure 6 and Figure 7 that an increase in the ambient
temperature results in a continuous increase in the exergy destruction of all analyzed
pressure reduction valves. Another conclusion obtained from the ambient temperature
variation is that changes in the ambient temperature results in a notable change in the
exergy destruction of pressure reduction valves with exergy highest rate destruction at
the base ambient state - as can be seen from Figure 5 and Figure 7 that the respective
valves are PRV2 and PRVS.

During the ambient temperature change within the observed range, the analyzed
pressure reduction valves should also be divided in two types where exergy efficiency is
concerned - pressure reduction valves with exergy efficiency of low-rate influence by the
ambient temperature change (a change of 1% or lower) and valves with exergy efficiency
is high influence by the ambient temperature change (a change of more than 1%).
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Pressure reduction valves with the exergy efficiency low-rate influenced by the
ambient temperature change are PRV 1, 2, 3 and 4, Figure 8. As for exergy destruction,
of all observed pressure reduction valves PRV1 exergy efficiency is also the lowest
influenced by the ambient temperature change (from 99.76% at 278 K to 99.67%
at 313 K). From Figure 8, pressure reduction valve with the exergy efficiency most
influenced by the ambient temperature change is PRV4 (from 98.77% at 278 K to
98.07% at 313 K).
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PRVS5 and PRV6 are the only two valves with the exergy efficiency change
higher than 1% within the observed ambient temperature range, Figure 9. Between the
ambient temperatures of 278 K and 313 K, exergy efficiency of PRVS5 decreases from
94.41% to 90.73%, while in the same ambient temperature range exergy efficiency of
PRV6 decreases from 91.99% to 81.58%, Figure 9.

It can be concluded from Figure 8 and Figure 9 that an increase in the ambient
temperature results in continuous decrease in exergy efficiency of all analyzed
pressure reduction valves.

Exergy efficiency of pressure reduction valves PRVS5 and PRV6 is the most
influenced by the ambient temperature change. Those two pressure reduction valves
have the lowest exergy efficiency at the base ambient state (when all observed pressure
reduction valves are taken into account), Figure 5.

6. Conclusions

This paper presents a thermodynamic analysis of pressure reduction valves from
the marine steam power plant with steam re-heating that operates on conventional
LNG carriers. Power plant consists of six pressure reduction valves - three of them
reduce the pressure of superheated steam while the other three reduce the pressure
of water/condensate. Each valve is presented its total energy/exergy flow streams,
decreases in the pressure (and simultaneous temperature) of the operating fluid that
passes through the valve as well as the exergy efficiency and exergy destruction. The
exergy analysis enables variation of the ambient temperature and the investigation
also involves changes in the exergy destruction and exergy efficiency of each
observed valve during the ambient temperature change. Here are the most important
conclusions of the analysis performed:

* Pressure reduction valves that operate with water/condensate cause much
higher decrease in the operating fluid pressure and temperature in comparison
with valves that operate with superheated steam.

* The average value of the total fluid flow energy/exergy is notably higher for
pressure reduction valves that operate with superheated steam in comparison
with valves that operate with water/condensate.

* Trends of the total energy and exergy fluid flow streams through each valve
are of equal values.

* Pressure reduction valves that operate with superheated steam have lower
average exergy destruction and higher average exergy efficiency compared
with those that operate with water/condensate.

* The most important parameter that defines the pressure reduction valve exergy
efficiency is the operating fluid temperature followed by the operating fluid
pressure - higher operating fluid temperature in most of the cases will result in
higher valve exergy efficiency.
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* An increase in the ambient temperature resulted in a continuous increase in
exergy destruction and in a continuous decrease in exergy efficiency for all the
observed pressure reduction valves.

* Pressure reduction valves with high exergy destruction and low exergy
efficiency will be notably influenced by the ambient temperature change.
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Nomenclature

Abbreviations:

LNG  Liquefied Natural Gas
ORC  Organic Rankine Cycle
PRV Pressure Reduction Valve

Latin Symbols:

E total energy/exergy of a flow (kW)
h specific enthalpy (kJ/kg)
m mass flow rate (kg/s)

p pressure (kPa)

P power (kW)

0 heat transfer (kW)

s specific entropy (kJ/kg-K)
T temperature (K)

Xhem exergy transfer by heat (kW)
Greek symbols:

€ specific exergy (kJ/kg)

n efficiency (%)
Subscripts:

0 ambient state

D destruction (loss)

en energy

ex exergy

in inlet (input)

out outlet (output)

TOT  total
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