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Abstract: The atmospheric drain condensate system of a marine steam power plant is described and
evaluated from the energetic and exergetic point of view at a conventional liquefied natural gas (LNG)
carrier. Energy loss and exergy destruction rate were calculated for individual stream flows joined in
an atmospheric drain tank with variations of the main turbine propulsion speed rate. The energy
efficiency of joining streams was noted to be above 98% at all observed points as the atmospheric drain
tank was the direct heater. The exergy efficiency of the stream flows into the drain tank was in the range
of 80% to 90%. The exergy stream flow to the tank was modeled and optimized by the gradient reduced
gradient (GRG) method. Optimization variables comprised contaminated and clean condensate
temperature of the atmospheric drain tank and distillate water inlet to the atmospheric drain tank with
respect to condensate outlet temperature. The optimal temperatures improves the exergy efficiency of
the tank as direct heater, to about 5% in port and 3% to 4% when the LNG carrier was at sea, which is
the aim of optimizing. Proposals for improvement and recommendations are given for proper plant
supervision, which may be implemented in real applications.
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1. Introduction

There have been a number of studies on stationary steam power plant feed water regenerative
groups, their exergy and energy efficiency and possible feed water heater optimization. The importance
of the feed water temperature at the entrance of the main boilers is related to fuel consumption, as
the feed water temperature is lower, fuel consumption to the main boilers is higher and vice versa.
The regenerative feed water cycle usually consists of seven or more regenerative heaters, which may
be direct or indirect steam heaters. The selected papers were divided into three groups connected by
the same problem.

The first group of authors studied the amount of exergy destruction for the regenerative feed
water group, which is relatively low compared to the total exergy destruction of the steam power
plant. Aljundi [1] carried out an energy and exergy analysis of the Al-Hussein power plant in Jordan,
showing exergy destruction of individual components in the plant. According to the studies, exergy
destruction of the feed water heating group, which consists of two low-pressure heaters, a deaerator
and two high-pressure heaters, is 0.19% to 0.28% of total exergy destruction. Similarly, Sengupta
et al. [2] analyzed a 210 MW thermal power plant and concluded that the contribution of exergy
destruction to the regenerative feed water cycle of all feed water heaters and pumps was the lowest of
all major components analyzed in the steam cycle. Comprehensive studies of Turkish power plants
were made by Erdem et al. [3], in which nine thermal power plants were systematically analyzed
with their exergy destruction and efficiency rates of the regenerative feed water groups. In that study,
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the low-pressure feed water heater group contributed 0.02% to 0.46% to the total exergy destruction of
the system. The contribution of the high-pressure feed water group to total exergy destruction was in
the range of 0.01% to 0.54%. Conventional analyses of the supercritical 200 MW Shahid Montazeri
Power Plant in Iran with installed power capacity of 671 MW gave similar results to previous research
according to Wang et al. [4] and Ahmadi and Toghraie [5].

The second group of selected papers is related to the optimization of feed water regeneration.
The aim of the optimization is to decrease the fuel consumption of a stationary power plant. Ataei
and Yoo [6] optimized ∆T of a thermal plant, combining feed water heaters for exergy and the pinch
method by the cycle–tempo simulator, succeeding in decreasing fuel consumption by 5.3%. Modeling
of a 312 MW thermal plant showed that increasing the feed water at the steam generator inlet reduced
fuel consumption in the steam generators. Toledo et al. [7] conducted an exergy analysis of two
160 MW power plants with six and seven regenerative feed water heaters and the authors concluded
that the seventh regenerative feed water heater contributed to decreased specific steam and fuel oil
consumption by only 0.5%. Mehrabani et al. [8] optimized a thermal plant for electricity generation in
Shahid Rajaei, India, by introducing a feed water heater and new power unit into the system. They
used the genetic algorithm to find the optimal amount of turbine extraction steam. The efficiency of
the plant with this approach increased by 5%, however a retrofit investment is required for practical
realization of that idea. Espatolero et al. [9] optimized a 770 MWe power plant with the addition of
one new LP heater, two drain pumps and an indirect flue gas heat recovery system with double-stage
integration in the cycle, increasing plant efficiency by 0.7%.

The third group of selected papers is related to research combining the feed water regenerative
cycle with solar field collectors and showed the following results. Adibhatla and Kaushik [10] tried to
combine feed water regenerative groups to incorporate solar-aided feed water heating for a 500 MWe
thermal power plant, but exergy efficiency of such a setup was lower than the classical Rankine
regenerative cycle that is associated with exergy destruction in the collector–receiver system. Another
study was carried out by Ahmadi et al. [11], integrating a solar field instead of the feed regeneration
group [11]. It gained benefits by replacing high-pressure feed water preheaters with a solar farm,
resulting in increased energy and exergy efficiencies of the power plant by 18.3%. Following a similar
idea, Mohammadi et al. [12] incorporated a solar heating collector upgraded with a thermal storage
system, as that system can be used at night, resulting in increased net generated power by 8.14%.
The main problem with solar field heat generation is high capital cost, which is a problem with such
concepts, but it saves fuel and reduces pollution [13]. The payback time, which varies according to
the size and position of the plant, can be about 4.5–5.5 years, according to Bakos and Tsechelidou [14]
or 5.13–6.21 years if thermal storage is included in the system [15].

A marine plan analysis carried out by Koroglu and Sogut [16] concluded that a feed water heater’s
efficiency could be improved externally only as a result of improvements to other components, such
as turbine, boiler, condenser and pump equipment. As a marine steam propulsion plant is slightly
different compared to a stationary plant, the return of condensate to the feed water system has not
yet been evaluated in the scientific literature. Taking this into consideration, a case study of a specific
condensate system of a 30 MW marine steam plant is explained and elaborated in this paper. The main
difference between the marine condensate system and a stationary steam plant is the condensate
cycle loop, which is divided into two groups and is joined together in the atmospheric drain tank.
The temperature of the returned condensate in the atmospheric drain tank affects the temperature of
the feed water before entering the deaerator as these two streams join before it. As the deaerator is
a direct feed water heater, lower feed water temperature will require more steam consumption to heat
the feed water to the saturated temperature, which results in higher fuel consumption of the marine
power plant.

The paper is divided into two parts. The first part describes the calculation of energy and
exergy efficiency of joining condensate water in the atmospheric drain tank as the direct heater, where
stream flows from the condensate system are measured. The second part describes the optimization
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of the obtained exergy results with the adjusted stream flow temperatures in order to improve
the efficiency of the joined streams in the direct heater, i.e., the atmospheric drain tank. As the efficiency
of the atmospheric drain tank has an impact on the main feed water line temperature before the deaerator
since it is mixed with the same. It is important to maintain it at the optimized level. The optimized
temperature will save fuel consumption of the plant, which is the motivation for this work.

2. Feed Water and Steam Condensate System

A steam turbine vessel’s main condensate system, as part of the closed feed water cycle, allots
circulating feed water from the main condenser to the main boilers. Condensed water is taken
from the main condenser and passed through the fresh water generator, gland steam condenser and
first-stage heater and goes towards the deaerator, main feed water pump and third-stage feed water
heater before entering the main boilers (Figure 1). In that feed water line, all heaters are indirect heaters
and the deaerator is a direct heater.
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During that process, feed water is taken from the main condenser, where the steam outlet from
the main turbine and turbo generators condenses at saturated steam pressure. The temperature of
the condensate water depends on the vacuum and seawater cooling temperature and varies from
30 to 40 ◦C. Condensed water is taken from the main condenser well and passes a group of heaters,
whereupon it comes to the main boilers preheated to about 140 ◦C in the liquid state due to the high
pressure of the main boiler water drum, which is maintained at about 6.3 MPa. Section heaters
of the mentioned allotment are divided into extraction steam heaters or regenerative heaters and
non-extraction or system heaters. Regenerative steam heaters get steam from the main propulsion
turbine, which includes first-stage feed water heater, deaerator and third-stage feed water heater, where
the fresh water generator, when it is heated from the main turbine extraction, acts as a regenerative
feed water heater; otherwise it is a system feed water heater that consumes steam from the system.
The condensate section is drawn with a blue line in Figure 1.
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Condensate from the service system (5 in Figure 1), fresh water generator (1), gland condenser
cooler (2) and first-stage heater (3) collects in an atmospheric drain tank, where it is mixed with
distillate makeup water (6) taken from the distillate tanks. Distillate water makes up all water losses in
the system, which, if there are no steam leaks, mainly must be refilled to the system due to the atomizing
steam and soot blow losses inside the main boilers. Condensate from the service line is drawn with
a dashed blue line in Figure 1. In the marine steam turbine plant, the service group is connected to
the main propulsion plant system via the atmospheric drain tank. Service steam is used for the various
heavy fuel oil (HFO) heaters, boil off gas (BOG) heaters and accommodation service. BOG heaters
are used for heating and vaporizing liquefied natural gas (LNG), which is taken from the cargo tank
when there is not enough methane vapor from the tank. The amount of steam for the BOG heaters
is controlled by the cargo and boiler management system which controls the cargo tank pressure, as
described in [17].

The atmospheric drain tank is the collecting node for both contaminated condensate (4) and
clean condensate (5) (Figure 2). These two condensate streams arise from the auxiliary steam system,
while contaminated condensate is part of various HFO and lube oil heaters. In order to prevent
contamination of the system, condensate from these heaters first passes through analyzing and treating
units, which set off an alarm of contaminant is detected in the water, such as fuel oil or lube oil, that
may destroy the main boiler tubes by depositing into it, causing local overheating [18].
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The clean condensate inlet from the system, which is not in contact with hydrocarbon substances,
also enters the atmospheric drain tank, but directly without monitoring and is mixed with the monitored
contaminated condensate. Both streams, along with the distillate water stream in the atmospheric
drain tank, are again returned back to the system.

As the steam propulsion plant system is dynamic, an additional role of the atmospheric drain
tank is to amortize excess and make up the feed water in the system with the spilled feed water back to
the distillate tanks or extract it from the distillate tanks again to the system with a change of the plant
load. Basic LNG carrier power propulsion plant characteristics for maximal power, vacuum and flow
are given in Table 1 [19,20].
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Table 1. Steam propulsion plant main characteristics.

Equipment Size

Main turbine power 29,420 kW
Main condenser vacuum 38 mm Hg, at 27 ◦C of seawater

Turbo generator 2 × 3850 kW
Feed pump 570 kW

Main boiler, steam generation 2 × 70,000 kg/h

3. Data Collection

A main propulsion turbine run test was carried out with step-by-step increase of the main
propulsion shaft revolutions in order to collect the required data. The distilled water inlet to
the atmospheric drain tank is the sum of the atomizing steam consumption plus steam losses. Losses
are normally calculated for marine steam plants according to the recommendation in [21]. For
the purpose of this study, feed water consumption in the tank is listed according to measured
consumption from the flow meter described in [22]. Pressure, temperature and main propulsion shaft
revolutions taken with standard engines measuring equipment are given in Table 2.

Table 2. Standard marine data collecting equipment.

Component Measuring Equipment

1. Desuperheating outlet steam pressure 1. Pressure transmitter Yamatake STG940 [23]
2. Steam mass flow 2. Differential pressure transmitter Yamatake JTD960A [24]
3. Desuperheating steam outlet temperature 3. Greisinger GTF 601-Pt100-immersion probe [25]
4. Main propulsion turbine shaft power and rpm 4. Kyma shaft power meter, Model KPM-PFS [26]
5. First-stage feed heater temperature 5. SIKA thermometers for industry and marine sector [27]
6. Gland seal condenser temperature 6. SIKA thermometers for industry and marine sector [27]
7. Gland seal condenser pressure 7. Differential pressure transmitter Yamatake JTD960A [24]
8. Distillate water temperature gauge 8. SIKA thermometers for industry and marine sector [27]
9. Fresh water generator temperature gauge 9. SIKA thermometers for industry and marine sector [27]
10. Contaminated and clean condensate temperature
gauge 10. SIKA thermometers for industry and marine sector [27]

11. Atmospheric drain tank temperature 11. SIKA thermometers for industry and marine sector [27]
12. 1st stage feed water pressure gauge 12. SIKA pressure gauges, type MRE-M and MRE-g [28]
13. Fresh water generator distillate flow meter 13. Zenner international GmbH [29]
14. Fresh water generator pressure gauge 14. Type 1259 Process Pressure Gauge—Ashcroft [30]

Measurement results for all fluid streams are presented in Tables A1–A3. All operating parameters
were measured by varying the propeller revolutions. Propeller revolutions are increased by a main
propulsion turbine which is coupled to the main propeller shaft by reduction gear. As the main
turbine is increasing main propeller shaft speed, it is consuming more steam. The consumption of
the steam increases the turbine load which must be made up by steam generators and that corresponds
to increased steam plant thermal power production. The atmospheric drain condenser was under
slight overpressure below ~0.11 MPa.

4. Thermodynamic Analysis

For the presented model, the required enthalpies and entropies were calculated from measured
pressures and temperatures for every stream flow by using NIST REFPROP software [31]. Mass, energy
and exergy flow stream balances were calculated according to the following [32,33]:

In the steady-state process, the mass balance of control volume is:∑
IN

.
mi =

∑
OUT

.
mo. (1)
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The energy balance of the control volume system is written as:∑
IN

.
Ei +

.
Q =

∑
OUT

.
Eo +

.
W. (2)

In general, energy efficiency is a ratio of useful and used energy rates in the process [34,35]:

ηI =

.
EOUT

.
EIN

= 1−

.
El
.
EIN

. (3)

Energy loss:

.
m1·h1 +

.
m2·h2 +

.
m3·h3 +

.
m4·h4 +

.
m5·h5 +

.
m6·h6 =

.
m7·h7 +

.
El. (4)

Energy efficiency:

ηI =

.
m7·h7

.
m1·h1 +

.
m2·h2 +

.
m3·h3 +

.
m4·h4 +

.
m5·h5 +

.
m6·h6

. (5)

The entropy balance of the control volume system is:

∑
IN

.
S +

∑
IN

.
Q
T
+

.
Sgen =

∑
OUT

.
S+

∑
OUT

.
Q
T

. (6)

The exergy balance of the control volume system is written as:

∑
IN

.
Exi +

∑
k

(
1−

T
Tk

)
·

.
Qk =

∑
OUT

.
Exo+W +

.
Exd. (7)

where exergy rate of the stream is:
.
Ex =

.
m·ex. (8)

The specific exergy from Equation (8) at standard ambient state of 0.1 MPa and 25 ◦C is taken as
per the recommendations in [36–38]:

ex = (h− h0) − T0·(s− s0). (9)

Exergy efficiency:

ηII = 1−

.
Exd
.
ExIN

=

.
ExOUT

.
ExIN

. (10)

Exergy destruction:

.
m1·ex1 +

.
m2·ex2 +

.
m3·ex3 +

.
m4·ex4 +

.
m5·ex5 +

.
m6·ex6 =

.
m7·ex7 +

.
Exd. (11)

Exergy efficiency:

ηII =

.
m7·ex7

.
m1·ex1 +

.
m2·ex2 +

.
m3·ex3 +

.
m4·ex4 +

.
m5·ex5 +

.
m6·ex6

. (12)

5. Energy and Exergy Analysis Results

Atmospheric drain tank energy flow streams show that at lower loads of the main propulsion
turbine, total energy loss in the atmospheric drain tank is higher compared to higher load ranges,
as seen in Figure 3. The energy loss in the maneuvering range is the result of an accumulating



J. Mar. Sci. Eng. 2020, 8, 568 7 of 19

function of the drain tank, where load changes in the system are compensated by adding feed water
to the tank. After passing the maneuvering range of the steam propulsion plant, 0.0 to 53.5 min−1

and reaching a ship speed of about 13 knots, the main sea water circulating pumps are stopped and
cooling of the main condenser is taken over by the scoop system, which collects sea water according to
the ship’s speed.
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The opening of the scoop system corresponds to about 61.5 min−1, after which energy losses
become lower and are distributed more equally through the upper range of the load range. Exergy
flow losses of the atmospheric drain tank have an opposite trend to energy losses and increase even
with the increased main propulsion turbine load (Figure 4). Exergy destruction amplitude is about
10 kW at the highest load, which is almost double compared to energy losses. The increment of exergy
destruction with increased load is typical for disturbances in the system that may be connected to some
equipment, under capacitance or similar construction design failure. The observed shortcoming may
be improved by optimizing the respective component flow streams. The moment of decreasing exergy
destruction trend at higher loads is at 1.5 min−1, where extraction of steam from the high-pressure
turbine begins. The extracted steam is used for ship services. This moment obviously acts positively
on the exergy destruction of the atmospheric drain tank.
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A comparison of energy and exergy efficiency is given in Figure 5. Energy efficiency of the joined
streams in the atmospheric drain tank was very high, above 98% at all measured ranges. On the other
side, results of exergy analysis indicate that exergy efficiency of the joined streams inside the atmospheric
drain tank was somewhat worse when the main propulsion turbine was not running and throughout
the maneuvering range. The exergy efficiency of the joined streams in the port was below 80% and
after passing the maneuvers zone it stabilized to about 90%.
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Figure 6 shows the condensate mass share from the atmospheric drain tank versus the amount of
feed water passing the first-stage heater at their mixing point. When a ship is alongside for a cargo
operation, part of the condensate coming from the drain tank to the common feed water line is over
30%, while when maneuvering the vessel and with further increased main propulsion turbine load,
that ratio drops down to about 15%. Accordingly, the temperature at atmospheric condenser outlet
has an influence on the feed water temperature after the mixing point of the two feed water lines.
By decreasing the feed water temperature after the mixing point, deaerator losses are increased, as
it will be required to lead more steam onto the deaerator in order to bring feed water to saturation
temperature, which is required in order to release various dissolved gasses from the feed water [39].
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Exergy efficiency variation with changing ambient temperature is given in Figure 7 and was
assessed according to the recommendations in [40,41]. This measurement gives a good outlook on
the effect of ambient temperature on exergy efficiency in various sailing destinations where the LNG
carrier is operating. The selected range of exergy variation is surrounding temperature from 10 to
50 ◦C. The reference temperature is 25 ◦C and 0.1 MPa. The results of exergy efficiency variation show
that it decreases with rising temperature, especially between 40 and 50 ◦C. Degradation of exergy
efficiency is more conspicuous in port. In the upper loads of the steam plant, the difference in exergy
efficiency is smaller. Such high discrepancy in exergy efficiency is mainly caused by the condensate
temperature from the fresh water generator. The spray water for cooling the steam remains open even
when the fresh water generator is not producing the water in the port and lower loads. A cold stream
of water reduces the temperature in the atmospheric tank and decreases exergy efficiency.
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6. Mathematical Formulation of Atmospheric Drain Tank Optimization Problem

As an optimizing tool, a fourth-degree polynomial with one variable is used to calculate specific
exergy according to data taken from [42] to achieve more accurate optimization results. The common
polynomial of kth order according to [43,44] is:

P(x) = a0 + a1·x + . . .+ ak·xk. (13)

The sum of residue squares when approximated by value yi of polynomial P(xi), i = 1, . . . , n is:

R2 =
n∑

i=1

[
yi −

(
a0 + a1·xi + . . .+ ak·xk

i

)]2

. (14)

A partial differential of Equation (15) yields the following set of equations for extrema:

∂(R2)

∂a0
= −2

n∑
i=1

[
yi −

(
a0 + a1·xi + . . .+ ak·xk

i

)]
= 0, (15)

∂(R2)

∂a1
= −2

n∑
i=1

[
yi −

(
a0 + a1·xi + . . .+ ak·xk

i

)]
·xi = 0, (16)

. . . ,
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∂(R2)

∂ak
= −2

n∑
i=1

[
yi −

(
a0 + a1·xi + . . .+ ak·xk

i

)]
·xk

i = 0. (17)

The previous system of equations is equivalent to the following:

a0·n + a1

n∑
i=1

xi + . . .+ ak

n∑
i=1

xk
i =

n∑
i=1

yi, (18)

a0

n∑
i=1

xi + a1

n∑
i=1

x2
i + . . .+ ak

n∑
i=1

xk+1
i =

n∑
i=1

xi·yi, (19)

a0

n∑
i=1

xk
i + a1

n∑
i=1

xk+1
i + . . .+ ak

n∑
i=1

x2k
i =

n∑
i=1

xk
i ·yi. (20)

The same in matrix notation reads as:

n
n∑

i=1
xi · · ·

n∑
i=1

xk
i

n∑
i=1

xi
n∑

i=1
x2

i · · ·

n∑
i=1

xk+1
i

...
...

. . .
...

n∑
i=1

xk
i

n∑
i=1

xk+1
i · · ·

n∑
i=1

x2k
i


·


a0

a1
...

ak

 =


n∑
i=1

yi

n∑
i=1

xi·yi

...
n∑

i=1
xk

i ·yi


. (21)

The matrix system in (21) is equivalent to the following system with a Vandermonde matrix [45]:

n
n∑

i=1
xi · · ·

n∑
i=1

xk
i

n∑
i=1

xi
n∑

i=1
x2

i · · ·

n∑
i=1

xk+1
i

...
...

. . .
...

n∑
i=1

xk
i

n∑
i=1

xk+1
i · · ·

n∑
i=1

x2k
i


·


a0

a1
...

ak

 =


n∑
i=1

yi

n∑
i=1

xi·yi

...
n∑

i=1
xk

i ·yi


. (22)

Let the Vandermonde matrix from (22) be denoted by X and the vector with the coefficients ai, i =

0, . . . , k be denoted by a. The solution to (21) and (22) can be found by multiplying system (23) by
the inverse of X:

a = X−1
·y. (23)

The procedure described by (14)–(23) was used on data taken from [42], which yielded polynomials
for specific exergy at various temperatures and pressures. The polynomials, as a function of temperature
at given pressure f (t, p), are listed below; a complete list of the used polynomials is given in the appendix.

Atmospheric tank specific exergy outlet and distillate water inlet to the tank:

30 < f (t) < 100
◦

C, (24)

p = 0.11 MPa,

ex f (t, p) = 2.8714·10−8
·t4
− 1.7549625·10−5

·t3 + 8.1833784·10−3
·t2 + 0.3776049·t + 4.5966608,

R2 = 0.999999999461

Contaminated condensate cooler specific exergy outlet and clean condensate cooler outlet:

30 < f (t) < 100
◦

C, (25)
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p = 0.55 MPa,

ex f (t, p) = 2.8752·10−8
·t4
− 1.7560712·10−5

·t3 + 8.1832649·10−3
·t2 + 0.3776048·t + 5.0382725,

R2 = 0.999999999544

30 < f (t) < 100
◦

C, (26)

p = 0.65 MPa,

ex f (t, p) = 2.8767·10−8
·t4
− 1.7512137·10−5

·t3 + 8.1784348·10−3
·t2 + 0.3774153·t + 5.1359903,

R2 = 0.999999999434

The optimization function is used to achieve maximum exergy efficiency of the joined exergy
streams in the atmospheric drain tank by the calculated exergy fourth-degree polynomial functions:

maxηII(t4, t5, t6) =

.
m7·ex7

.
m1·ex1 +

.
m2·ex2 +

.
m3·ex3 +

.
m4·ex4 +

.
m5·ex5 +

.
m6·ex6

. (27)

The optimization variables are:

• Contaminated condensate cooler temperature outlet t4;
• Clean condensate cooler temperature outlet t5;
• Distillate temperature t6.

Fixed conditions are:

• Exergy of stream inlet to atmospheric drain tank from fresh water generator ex1;
• Contaminated condensate cooler temperature outlet t4;
• Exergy of stream inlet to atmospheric drain tank from gland steam condenser ex2;
• Exergy of stream inlet to atmospheric drain tank from first-stage feed water heater ex3;
• Mass flow inlet to atmospheric drain tank from m1 to m6 are fixed;
• Pressure from p1 to p6 is fixed.

With following conditions:

• Conservation of mass flow:

.
m1 +

.
m2 +

.
m3 +

.
m4 +

.
m5 +

.
m6 =

.
m7. (28)

t7 is determined by partial temperature ratios of all mass flow participants:

.
m1·t1 +

.
m2·t2 +

.
m3·t3 +

.
m4·t4 +

.
m5·t5 +

.
m6·t6 =

.
m7·t7. (29)

Under given constraints:

• Contaminated condensate cooler temperature outlet:

30 ≤ t4 ≤ 140. (30)

• Clean condensate cooler temperature outlet:

30 ≤ t5 ≤ 140. (31)

• Distillate water temperature from the tank:

20 ≤ t6 ≤ 40. (32)
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• Energy efficiency of joining streams to atmospheric drain tank:

0 ≤ ηI ≤ 1 or 0 ≤
.

m7·h7
.

m1·h1 +
.

m2·h2 +
.

m3·h3 +
.

m4·h4 +
.

m5·h5 +
.

m6·h6
≤ 1. (33)

Optimization was performed with the gradient reduced gradient method (GRG) from Excel’s
solver analysis packet [46]. The options were adjusted as follows:

• Constraint precision: 0.000001;
• Convergence: 0.0001;
• Derivatives: forward;
• Bounds on the variables: require;

7. Optimization Results

The optimized exergy efficiency of the atmospheric drain tank joining streams is given in Figure 8.
The aim of optimization is to achieve the maximum exergy efficiency of the joined exergy streams in
the drain tank by calculated exergy fourth-degree polynomial functions. As per the results, better
exergy efficiency of the atmospheric drain tank joining streams was achieved in all running ranges of
the marine steam propulsion plant. At the maneuvering load of the main propulsion turbine, exergy
efficiency increased by about 5%. From 56.7 to 83 min−1 at the main propulsion shaft, exergy efficiency
increased by 3% to 4%.
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Optimization results indicate that maintaining distillate temperature at the atmospheric drain tank
inlet as high as possible is required (Appendix A, Table A4). Maintaining a higher distillate temperature
requires consuming distillate from the tank where it is stored from the fresh water generator, as
its temperature from the fresh water generator is ~45 ◦C. This action is avoided in the operation
of the marine steam plant due to safety, which means that if the salinity of the distillate water at
the fresh water generator increases and the salinity sensor fails, such higher-salinity distillate will be
mixed with the distillate in the tank and could cause damage to the main boiler pipes. According
to the Unitor guide [47], for medium-pressure boilers, 3–6 MPa chloride content should be less than
30 ppm. The main boiler maker has even stiffer standards; according to Mitsubishi chloride content
should be 20 ppm or less [48]. Normal chloride content when the fresh water generator is producing
distillate is below 5 ppm. However, a permanent monitoring system is installed for the boiler water
onboard the ship, and there is no harm if boiler water is consumed from the distilled tank, where fresh
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water is coming directly from the fresh water generator. The recommendation is that this method
become the norm.

The steam pressure of the contaminated service system is 0.7 MPa and clean condensate system
1 MPa. The ideal temperature of the contaminated condensate steam is 126 ◦C and clean condensate
system 143 ◦C after phase change. If the service system is overloaded temperatures are lower due to
additional cooling of the steam in the heat exchangers. As the temperature of contaminated and clean
condensate outlet flow streams is still higher it should not be cooled at 70 ◦C but should be maintained
at a higher temperature of about 90 ◦C after cooler. Maintaining the higher temperature increase exergy
efficiency of the atmospheric drain tank as a direct heater. The control of the condensate temperature
after the cooler is simply achieved by throttling the cooling water inlet to the condensate coolers.

8. Conclusions

According to an exergy analysis in port and at lower loads, it is clear that desuperheating water
at the fresh water generator line, which comes from the main condenser feed water line, should be
kept closed as fresh water generator is not in service and there is no steam for cooling down the fresh
water generator. That part of the feed water is led back to the atmospheric drain tank and cools down
the condensate inside the tank.

Optimized parameters clearly show that distillate water should be filled in the atmospheric drain
tank from the tank that is in use, as optimized temperature is kept all the way at the upper constraint
of 40 ◦C.

Clean and contaminated condensate temperature follow each other under the proposed
optimization setup without regard to condensate mass flow, and they should be kept at the condenser
outlet at 90 ◦C, which can be done simply by throttling the cooling water amount to the condensers or
fixing an automatic control valve for temperature control at the condenser outlet.

The benefit of such a procedure is that condensate water will enter into the main feed water line
with higher exergy potential, which will increase the efficiency of the power plant and save on fuel
consumption. Optimizing the atmospheric condenser drain tank is the first step in the process of
optimizing the whole feed water section, which will require investigating the interactions of optimized
components in real application conditions, which is planned for future research work.
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Nomenclature
.
E energy flow, kW
.
EL energy loss, kW
.
S entropy flow rate, kW/K
ex specific exergy, kJ/kg
.
Ex exergy flow, kW
.
Exd exergy destruction, kW
h enthalpy, kJ/k
.

m mass flow rate, kg/s
p pressure, Pa
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.
Q heat flow rate, kW
t temperature, ◦C
T temperature, K

.
W power, kW

Subscript

i inlet
k boundary temperature
o outlet
0 referent temperature

Greek Letter

ηI energy efficiency
ηII exergy efficiency

Abbreviations

BOG boil-off gas
HC hydrocarbon
HFO heavy fuel oil

Appendix A

Table A1. Fresh water generator condensate, gland steam condenser and first-stage heater pressure
condensate, temperature and mass data.

Main Turbine
Propulsion
Shaft Speed

Fresh Water Generator Gland Steam Condenser 1st Stage Feed Water
Heater

n (min−1) t (◦C) p
(MPa)

ṁ
[kg/h] t (◦C) p

(MPa)
ṁ

(kg/h)
t

(◦C)
p

(MPa)
ṁ

(kg/h)

0.0 36.8 0.75 720 98.83 0.0973 196 86.0 0.550 1578
25.6 34.3 0.75 720 98.83 0.0973 417 90.0 0.549 3351
34.3 33.3 0.75 720 98.83 0.0973 468 92.0 0.452 3291
41.8 32.5 0.75 720 98.83 0.0973 476 89.0 0.550 3391
53.5 33.3 0.75 720 98.83 0.0973 410 83.0 0.549 3522
56.7 78.7 0.2 2845 98.83 0.0973 410 88.0 0.549 3688
61.5 78.7 0.2 3099 98.83 0.0973 410 90.0 0.548 4083
62.5 78.7 0.2 3060 98.83 0.0973 410 90.0 0.551 4013
63.6 78.7 0.2 3026 98.83 0.0973 410 88.0 0.548 4142
65.1 78.7 0.2 3309 98.83 0.0973 410 85.0 0.547 4197
66.1 78.7 0.2 3342 98.83 0.0973 410 84.0 0.546 4296
67.7 78.7 0.2 3328 98.83 0.0973 410 92.0 0.546 4260
68.7 78.7 0.2 3440 98.83 0.0973 410 94.0 0.082 4699
69.5 78.7 0.2 3500 98.83 0.0973 410 95.0 0.085 4652
70.4 78.7 0.2 3550 98.83 0.0973 410 95.5 0.087 4692
71.0 78.7 0.2 3454 98.83 0.0973 410 96.0 0.088 4699
73.1 78.7 0.2 3570 98.83 0.0973 410 97.8 0.094 4893
74.6 78.7 0.2 3756 98.83 0.0973 410 98.7 0.097 5161
76.6 78.7 0.2 3726 98.83 0.0973 410 99.6 0.100 5712
78.4 78.7 0.2 3906 98.83 0.0973 410 99.8 0.101 5952
79.5 78.7 0.2 3857 98.83 0.0973 410 102.0 0.110 5984
80.4 78.7 0.2 3639 98.83 0.0973 410 103.0 0.114 6083
81.5 78.7 0.2 3813 98.83 0.0973 410 103.0 0.114 5887
82.9 78.7 0.2 3753 98.83 0.0973 410 104.7 0.120 6362
83.0 78.7 0.2 3847 98.83 0.0973 410 105.0 0.121 6336
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Table A2. Contaminated condensate cooler, condensate cooler and distillate water, temperature and
mass data.

Main Turbine
Propulsion
Shaft Speed

Contaminated
Condensate Cooler

Flow
Condensate Cooler Flow Distillate Water

n (min−1) t (◦C) p
(MPa)

ṁ
(kg/h) t (◦C) p

(MPa)
ṁ

(kg/h)
t

(◦C)
p

(MPa)
ṁ

(kg/h)

0.0 70 0.55 840 70 0.55 1327 29 0.11 561
25.6 70 0.65 1610 70 0.65 1607 29 0.11 663
34.3 70 0.65 1540 70 0.65 1418 29 0.11 695
41.8 70 0.65 1610 70 0.65 1211 29 0.11 653
53.5 70 0.65 1610 70 0.65 1294 29 0.11 745
56.7 70 0.65 1610 70 0.65 1303 29 0.11 764
61.5 70 0.65 1680 70 0.65 1118 29 0.11 793
62.5 70 0.65 1610 70 0.65 1425 29 0.11 789
63.6 70 0.65 1680 70 0.65 1122 29 0.11 815
65.1 70 0.65 1680 70 0.65 1012 29 0.11 822
66.1 70 0.65 1680 70 0.65 1128 29 0.11 852
67.7 70 0.65 1680 70 0.65 1243 29 0.11 876
68.7 70 0.65 1680 70 0.65 1133 29 0.11 865
69.5 70 0.65 1680 70 0.65 1249 29 0.11 868
70.4 70 0.65 1680 70 0.65 1134 29 0.11 867
71.0 70 0.65 1680 70 0.65 1135 29 0.11 861
73.1 70 0.65 1680 70 0.65 1021 29 0.11 922
74.6 70 0.65 1680 70 0.65 1120 29 0.11 933
76.6 70 0.65 1680 70 0.65 1231 29 0.11 939
78.4 70 0.65 1680 70 0.65 1122 29 0.11 977
79.5 70 0.65 1680 70 0.65 1237 29 0.11 978
80.4 70 0.65 1680 70 0.65 1346 29 0.11 1000
81.5 70 0.65 1680 70 0.65 358 29 0.11 1002
82.9 70 0.65 1610 70 0.65 2350 29 0.11 1022
83.0 70 0.65 1610 70 0.65 2244 29 0.11 1032

Table A3. Atmospheric drain tank joining streams.

Main Turbine
Propulsion Shaft Speed Atmospheric Drain Tank Joined Streams

n (min−1) t (◦C) p (MPa) ṁ (kg/h)

0.0 67 0.11 5223
25.6 73 0.11 8349
34.3 74 0.11 8108
41.8 73 0.11 8043
53.5 70 0.11 8302
56.7 77 0.11 9050
61.5 78 0.11 10,290
62.5 78 0.11 10,448
63.6 78 0.11 10,369
65.1 76 0.11 10,325
66.1 76 0.11 10,566
67.7 78 0.11 10,665
68.7 80 0.11 11,051
69.5 80 0.11 11,113
70.4 81 0.11 11,035
71.0 81 0.11 11,035
73.0 82 0.11 11,171
74.6 82 0.11 11,564
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Table A3. Cont.

Main Turbine
Propulsion Shaft Speed Atmospheric Drain Tank Joined Streams

n (min−1) t (◦C) p (MPa) ṁ (kg/h)

76.6 83 0.11 12,220
78.4 84 0.11 12,393
79.5 85 0.11 12,552
80.4 85 0.11 12,777
81.5 86 0.11 11,597
82.9 85 0.11 14,020
83.0 85 0.11 13,961

Table A4. Optimized temperature from contaminated condensate cooler outlet, clean condensate cooler
outlet and distillate tank outlet to atmospheric drain tank.

Main Turbine
Propulsion
Shaft Speed

Contaminated
Condensate Cooler

Flow
Condensate Cooler Flow Distillate Water

n (min−1) t (◦C) p
(MPa)

ṁ
(kg/h) t (◦C) p

(MPa)
ṁ

(kg/h)
t

(◦C)
p

(MPa)
ṁ

(kg/h)

0.0 84.64 0.55 840 84.64 0.55 1327 40 0.11 561
25.6 90.83 0.65 1610 90.83 0.65 1607 40 0.11 663
34.3 92.57 0.65 1540 92.57 0.65 1418 40 0.11 695
41.8 90.30 0.65 1610 90.30 0.65 1211 40 0.11 653
53.5 84.82 0.65 1610 84.82 0.65 1294 40 0.11 745
56.7 85.75 0.65 1610 85.75 0.65 1303 40 0.11 764
61.5 86.85 0.65 1680 86.85 0.65 1118 40 0.11 793
62.5 86.90 0.65 1610 86.90 0.65 1425 40 0.11 789
63.6 85.74 0.65 1680 85.74 0.65 1122 40 0.11 815
65.1 83.84 0.65 1680 83.84 0.65 1012 40 0.11 822
66.1 83.29 0.65 1680 83.29 0.65 1128 40 0.11 852
67.7 87.86 0.65 1680 87.86 0.65 1243 40 0.11 876
68.7 88.53 0.65 1680 88.53 0.65 1133 40 0.11 865
69.5 89.09 0.65 1680 89.09 0.65 1249 40 0.11 868
70.4 89.37 0.65 1680 89.37 0.65 1134 40 0.11 867
71.0 89.81 0.65 1680 89.81 0.65 1135 40 0.11 861
73.1 90.93 0.65 1680 90.93 0.65 1021 40 0.11 922
74.6 91.55 0.65 1680 91.55 0.65 1120 40 0.11 933
76.6 92.66 0.65 1680 92.66 0.65 1231 40 0.11 939
78.4 92.73 0.65 1680 92.73 0.65 1122 40 0.11 977
79.5 94.38 0.65 1680 94.38 0.65 1237 40 0.11 978
80.4 95.45 0.65 1680 95.45 0.65 1346 40 0.11 1000
81.5 94.91 0.65 1680 94.91 0.65 358 40 0.11 1002
82.9 96.91 0.65 1610 96.91 0.65 2350 40 0.11 1022
83.0 96.96 0.65 1610 96.96 0.65 2244 40 0.11 1032

Appendix B

exf (30–100, 0.55) = 0.000000028752·t4
− 0.000017560712·t3 + 0.008183264951·t2

− 0.377604877762·t + 5.038272554766

R2 = 0.999999999544

exf (30–94.151, 0.082) = 0.000000029449·t4
− 0.000017724546·t3 + 0.008198483260·t2

− 0.378158562476·t +
4.575836547896

R2 = 0.999999999420

exf (30–95.444, 0.086) = 0.000000029237·t4
− 0.000017674814·t3 + 0.008194275370·t2

− 0.378007050602·t +
4.577893162052
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R2 = 0.999999999452

exf (30–95.759, 0.087) = 0.000000029173·t4
− 0.000017659707·t3 + 0.008192987671·t2

− 0.377960479895·t +
4.578292957558

R2 = 0.999999999452

exf (30–96.071, 0.088) = 0.000000029118·t4
− 0.000017646885·t3 + 0.008191909080·t2

− 0.377921808781·t +
4.578797824676

R2 = 0.999999999455

exf (30–97.885, 0.094) = 0.000000028969·t4
− 0.000017612085·t3 + 0.008188960776·t2

− 0.377816106864·t +
4.583459267439

R2 = 0.999999999472

exf (30–98.757, 0.097) = 0.000000028718·t4
− 0.000017550696·t3 + 0.008183545317·t2

− 0.377613475150·t +
4.583763019346

R2 = 0.999999999433

exf (30–99.606, 0.1) = 0.000000028618·t4
− 0.000017526578·t3 + 0.008181456140·t2

− 0.377536693237·t + 4.585760948106

R2 = 0.999999999452

exf (30–99.884, 0.101) = 0.000000028648·t4
− 0.000017533970·t3 + 0.008182090496·t2

− 0.377559797341·t +
4.587064973324

R2 = 0.999999999442

exf (30–100, 0.11) = 0.000000028714·t4
− 0.000017549625·t3 + 0.008183378488·t2

− 0.377604963571·t + 4.596660891228

R2 = 0.999999999461

exf (30–100, 0.114) = 0.000000028688·t4
− 0.000017543499·t3 + 0.008182856108·t2

− 0.377586423719·t + 4.600440241904

R2 = 0.999999999449

exf (30–100, 0.12) = 0.000000028701·t4
− 0.000017547513·t3 + 0.008183249124·t2

− 0.377603071989·t + 4.606707460725

R2 = 0.999999999451

exf (30–100, 0.121) = 0.000000028681·t4
− 0.000017542259·t3 + 0.008182768307·t2

− 0.377584755059·t + 4.607463940507

R2 = 0.999999999461
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