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Abstract: Research on improving the energy efficiency of ships has been conducted in various fields. Accordingly, the application of
an Organic Rankine Cycle (ORC) power generation system for ships using exhaust gas-waste heat generated from the main engine is
considered. A heat exchanger constituting an ORC system should be designed and manufactured such that it is suitable for stable
operation and it is compatible with the system. In this study, to fabricate a plate-type condenser that can be used in a marine ORC
system, Computational Fluid Dynamics (CFD) and Aspen Exchanger Design and Rating (EDR) modeling of a condenser designed
based on a given single heat-transfer plate shape were compared and reviewed. Consequently, a similar heat-transfer performance
between CFD and EDR models was confirmed. EDR condenser modeling was applied, and a basic marine ORC system was constructed
and simulated using an R245FA refrigerant as the working fluid. The simulation results confirmed that the ORC system efficiency
improved as the cooling-water temperature increased, but the heat-transfer rate of the condenser decreased. The turbine output and
ORC system efficiency improved as the turbine inlet pressure increased. In particular, it was confirmed that the ORC system efficiency
improved significantly in the range of 10-20 bar, which is a relatively low-pressure region compared with the high-pressure region.
Moreover, the ORC system efficiency and heat-transfer rate of the condenser increased as the flow rate of the working fluid of the
ORC system increased. In particular, it was confirmed that the liquid fraction in the condenser decreased from a specific flow rate of
the working fluid owing to the change in the heat-transfer rate distribution occupied by the sensible and latent heat loads inside the
condenser.
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1. Introduction

The International Maritime Organization (IMO) is enacting
and revising various international conventions, such as the MAR-
POL Convention, to reduce greenhouse gas emissions from in-
ternational shipping. As the main components of such regula-
tions, energy efficiency management and an increase in the num-
ber of ships, such as the energy efficiency design index (EEDI)
for new ships and the ship energy efficiency management plan
(SEEMP), occupy a large part [1].

To improve the energy efficiency of a ship, research related to
the development of an Organic Rankine Cycle (ORC) system for

ships using waste heat from the exhaust gas generated from the
ship's main engine is being conducted.

As a representative study, Moon et al. (2021) examined the
appropriate operating pressure representing the maximum net
power by simulating ORC performance using waste heat gener-
ated from ships and seawater as cooling water [2]. Song et al.
(2012) confirmed a power generation output of 2,400 kW
through a simulation, using various eco-friendly organic refrig-
erants to optimize a marine ORC power generation system with
the seawater temperature difference [3]. Ibrahim et al. (2017)

simulated a combined ORC system using waste heat generated
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from a 1,000-kiloWatt power-generation engine of a naval ship
and confirmed the effect of saving 67.2 tons of carbon dioxide
and the economic effect of fuel saving [4].

The above study focuses on identifying the optimal operating
conditions applicable to ships in terms of the overall efficiency
of the system rather than the characteristics of the individual el-
ements constituting the ORC system. Therefore, to ensure the
stable operation of a power generation system, it is necessary to
study the performance analysis of individual components, such
as the heat exchanger, to reflect the characteristics of the marine
ORC system. Sotirios et al. (2011) reviewed the changes in the
heat-transfer coefficient and heat exchanger efficiency by ana-
lyzing the effect of major variables of ORC systems operating in
the supercritical region on the heat exchanger performance [5].

This study aims is to manufacture a 110-kiloWatt brazed-plate
heat exchanger=type condenser that can be applied to an ORC
power system for ships. For this purpose, research and develop-
ment were conducted in the following order:

First, Computational Fluid Dynamics (CFD) modeling was
performed using ANSYS CFX (v.18.1), a commercial numerical
analysis program based on a single heat-transfer plate for use in
manufacturing plate heat exchangers. Through simulation using
CFD modeling, the condenser-design requirement conditions for
stable operation were confirmed. Based on the design require-
ments, the ORC power generation system, including the conden-
ser to which this requirement was applied, was simulated using
Aspen Exchanger Design and Rating (EDR, v.12.1), a program
for designing heat exchangers, and Aspen Plus (v.12.1), a pro-
cess=simulation program. Based on the simulation results, anal-
yses of the performance characteristics of the condenser accord-
ing to the major factors of the ORC power-generation system
were performed.

In this study, the heat-transfer performance of CFD and EDR
models of a condenser were compared and reviewed, and the
heat-transfer performance characteristics of the condenser were
reviewed according to the turbine inlet pressure, cooling water
temperature, and flow rate of the working fluid in the OCR sys-

tem.

2. Modeling

2.1 Condenser modeling
Figure 1 shows the manufacturing process of the CFD mod-
eling of a condenser. Figure 1(a) shows a single heat-transfer

plate used to manufacture a condenser; the fin and hole are
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processed to improve the heat-transfer efficiency.

Figure 1 (b) and (c) shows the process of simplifying the de-
tailed shape. This prevents excessive mesh generation during nu-
merical analysis calculations and increases the efficiency of cal-
culations. Three-dimensional (3D) modeling was performed us-
ing the ANSYS Design Modeler (v.18.1) program. Figure 1 (d)
and (e) shows the process of determining the heat-transfer per-
formance of fins through a numerical analysis. Through this pro-
cess, a CFD condenser model with a single heat-transfer plate

stacked in 25 layers, as shown in Figure 1 (f), was created.

REMIAAMARAL: IH)

Figure 2: EDR Modeling of a condenser

Table 1: Comparative review of CFD and EDR modeling tech-

niques
Modeling | Material Content Inlet | Outlet |
Flow rate 0.642 kg/s
Pressure Drop 0.02 bar
R134a | Temperature | 80.1°C 43.6°C
CFD Steam Quality 1 0
Heat Transfer 106.1 kW
Flow rate 4.8 kg/s
Water Temperature | 30.0°C | 33.1°C
Flow rate 0.642 kg/s
Pressure Drop 0.084 bar
R134a | Temperature | 80.0°C 44.2°C
EDR Steam Quality 1 0
Heat Transfer 112.3 kW
Flow rate 4.8 kgls
Water Temperature | 30.0°C 34.8°C
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Approximately 12,000,000 elements were used for condenser
CFD modeling, as shown in Figure 1 (f), and standard k-epsilon
turbulence modeling was applied. To simulate the phase change
occurring inside the condenser, from a gaseous state to a liquid
state, a homogeneous model was applied to the material proper-
ties of the refrigerant, and the heat transfer rate between the re-
frigerant and water was calculated by applying the “Thin Mate-
rial Heat Transfer” function found in the ANSYS CFX program.
This condenser modeling uses a heat-transfer plate without a fin.
Since the fins of a single heat-transfer plate are smaller than the
heat transfer plate, if a plate heat exchanger-type condenser is
laminated with a fin, it is difficult to perform a numerical analysis
owing to excessive mesh generation. Therefore, the heat-transfer
efficiency, according to the size of fins calculated through the
process shown in Figure 1 (d) and (e) is reflected in the proto-
typing process, and in the modeling comparison and review pro-
cess of this study, the shape of the heat-transfer plate without fins
was used.

Figure 2 shows condenser EDR modeling using the Aspen
Exchanger Design and Rating (EDR, v.12.1) program. The basic
design method of the plate-heat exchanger provided in the Aspen
EDR program is the chevron type. The shape of the plate-type
heat exchanger condenser applied to the EDR model was made
by stacking 25 single heat-transfer plates with a width of 220 mm
and length of 700 mm. The height between the layers of a single
heat-transfer plate is 2.8 mm, and the basic values of plate-heat
exchangers with other specifications are applied to the heat ex-
changer model M6 of the Alfa Laval company provided by Aspen
EDR. This somewhat differs from the curved shape of the single
heat-transfer plate used in the EDR condenser modeling to be
manufactured in this study and the bonding method in the manu-
facturing process. However, considering that similar calculation
results are derived as a plate-heat exchanger through comparison
and verification with the heat transfer performance of CFD mod-
eling, reliability can be ensured in the calculation results through
EDR condenser modeling. Table 1 shows the results of the con-
densation heat transfer performance obtained through CFD and
EDR modeling. By applying the same conditions to the thickness
of a single heat plate, the number of stacked heat plates, and the
horizontal and vertical sizes of the condenser, EDR modeling
was produced to have an external condition similar to that of
CFD modeling.

However, this is not a structure that perfectly matches the con-
denser to be manufactured. The working fluid was an R134a re-

frigerant, and water was used for cooling. The same flow rate,
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Figure 4: P-h Diagram on an ORC.

Table 2: Comparative review of CFD and EDR modeling

1 2 3 4 |
Quality 0 0 1 1
T(°C) 2 33 127 87
P(kPa) 476 2,000 2,000 500
F(kgls) | 0642 0.642 0.642 0.642
h(kilkg) | 2433 2443 491.7 475.9
s(kilkg-K) | 1.148 1.146 1815 1837
150 162
Heat(kW) | oo ndenser i Evaporator i
1 13
Work(kw) i Pump i Turbine
Efficiency 6.18%

pressure, and temperature conditions were applied. Conse-
quently, heat transfer performances of 112.3 kW and 106.1 kW
were measured for EDR and CFD models, respectively. Addi-
tionally, similar supercooling degrees were confirmed through
condenser outlet temperatures of 43.6°C and 44.2°C, for the EDR
and CFD models, respectively.
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2.2 ORC modeling

Figure 3 shows the ORC power-generation system configured
using Aspen Plus (v.12.1). The EDR modeling described in Sec-
tion 2.1 was applied to the condenser constituting an ORC sys-
tem. The R245FA refrigerant with high chemical stability and
eco-friendly performance was selected as the working fluid in
several studies [6][7].

The efficiencies of the working fluid and cooling water pump
were 70% and 75 %, respectively. The superheating degree of the
evaporator was maintained at 5 °C, and an exhaust gas flow rate
of 234.12m'/min, from the main engine of the Korea Maritime
and Ocean University training ship HANBADA, was applied for
the exhaust gas used as a heat source [8]. The temperature of the
cooling water in the condenser was set to 30 °C, considering the
operating conditions of the vessel. The efficiency of the ORC
system, calculated according to the above conditions, was 6.18%,

and the power generation output of the turbine was 13 kW.

Qneater = hz —hy 1
Qcondenser = ha —hy )
Powerpymy = hy — hy 3)
Powerryypine = hs — hy 4)
Workper = Powerryrpine — Powerpymy, (5)
o = = (it 0

The efficiency of the ORC system was defined according to
Equation (1), and the power of the pump used was calculated by
adding the power of the pump for the working fluid and that of
the cooling water.

Figure 4 illustrates the Moliere diagram showing the opera-
tion process of the ORC system. The amount of heat transfer rate
between the evaporator and condenser calculated by the differ-
ence in enthalpy is 162 kW and 150 kW, respectively, and the

specific temperature and pressure are listed in Table 2.

3. Performance characteristics of the ORC

3.1 Effect of the temperature of cooling water
Considering that the ORC system was developed for ships, the
cooling-water temperature is an important variable. As climatic

conditions, such as seawater temperature, change according to
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the environment of the sea area in which the ship operates, the

temperature of the cooling water of the ship using seawater also

changes.
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Figure 5: (b) Effect of cooling water temperature.

Figure 5 (a) shows the heat transfer rates of the evaporator
and condenser, and the efficiency of the ORC system according
to the increase/decrease in the cooling water temperature range
of 20-35 °C. The heat transfer performance of the condenser was
reduced as the cooling water temperature increased, showing a
heat transfer rate of approximately 159 kW at a cooling water
temperature of 20 °C and approximately 146 kW at a temperature
of 35 °C. This is because, as the cooling water temperature in-
creases, the average temperature difference with R245FA, which
is the working fluid, decreases. As the cooling water temperature
increases, the heat-transfer performance of the evaporator
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decreases accordingly. This phenomenon occurs when the liquid
refrigerant, which is not sufficiently cooled in the condenser,
flows into the evaporator, through the pump, as the temperature
of the cooling water increases and then exchanges heat with the
exhaust gas.

The efficiency of the ORC system showed a value of approx-
imately 5.91 % at a cooling water temperature of 20 °C and ap-
proximately 6.34% at a temperature of 35 °C, and the system ef-
ficiency increased linearly as the cooling water temperature in-
creased. The reason for this result is that the calculation
condition was fixed at 5 °C, which was the superheat applied to
the heater design.

Unlike the condenser, the heater does not reflect design factors
such as the internal shape and size of the heat exchanger but only
provides the 5 °C of the superheat condition of the heater outlet.
Therefore, regardless of the properties of the refrigerant dis-
charged from the condenser outlet, the outlet temperature of the
heater was always constant at 127 °C, which was 5 °C overheated
than the saturated R245fa temperature at a 20-bar operating pres-
sure. Accordingly, as the temperature of the cooling water in-
creases, the heat transfer performance of the heater decreases and
the turbine power does not fluctuate; therefore, the efficiency of
the ORC decreases according to Equation (1).

Figure 5 (b) shows the heat transfer rate occupied by the latent
and sensible heat in the condenser according to the increase/de-
crease in the cooling water temperature range of 20-35°C. The
total heat transfer rate of the condenser decreased, there was no
change in the transfer rate of latent heat, and the transfer rate of
sensible heat by the liquid refrigerant decreased as the cooling
water temperature increased. This is a phenomenon in which
temperature change does not occur in the latent heat section,
where gas and liquid coexist according to the vapor-liquid equi-
librium, but in the sensible heat section.

From the results shown in Figure 5 (b), it is possible to infer
the stable operating state of the condenser. The condenser is ac-
companied by a phase change as the refrigerant in the gaseous
state is discharged to a liquid state through the cooling process.
If the gas refrigerant is discharged to the outlet
owing to an insufficient cooling process, the pump installed at
the end of the condenser has adverse effects such as reduced ef-
ficiency [9]. Therefore, it can be concluded that the condenser
operates stably only when an appropriate amount of liquid is con-
stantly present during operation. The condenser exhibited a heat
transfer rate of 150 kW at a cooling water temperature of 30 °C,

and the heat transfer rate by the liquid refrigerant was approxi-
mately 17% at 26 kW. According to the magnitude of the heat
transfer rate of the liquid refrigerant, it can be inferred that ap-

proximately 17% of the liquid was present in the condenser.

3.2 Effect of the turbine inlet pressure

Figure 6 shows the power of the turbine, heat transfer rate of
the condenser, and efficiency of the ORC system obtained by in-
creasing and decreasing the turbine inlet pressure condition in the
range of 10-32 bar. The power of the turbine was approximately
6 kW at an inlet pressure of 10 bar and approximately 16 kW at
an inlet pressure of 32 bar. Accordingly, the power of the turbine
increases as the inlet pressure increases. This is because, as the
turbine inlet pressure increases, the work done by the turbine in-

creases, showing that the total efficiency also increases.
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Figure 7: (b) Effect of mass flow

An increase or decrease in the turbine inlet pressure depends
on the performance of the pump, and an increase in the electric
power required by the pump to increase the pressure is inevitable.
When the amount of electric power required for the pump in-
creases, the overall efficiency of the ORC system is predicted to
decrease according to Equations (1) and (2); however, the over-
all efficiency is improved as the turbine produces more power
than the amount required for the pump.

However, it does not increase linearly, and the rate of increase
in the ORC efficiency gradually decreases with the increasing in-
let pressure of the turbine. When the inlet pressure of the turbine
was increased from 10 to 16 bar in the relatively low-pressure
region, the ORC system efficiency increased by approximately
75% from 3.01% to 5.27%. However, when the pressure in-
creased from 26 to 32 bar, the system efficiency increased from
7.09% to 7.63%, a slight increase of approximately 8%.

In addition to the turbine output and efficiency, an increase in
the pressure of the working fluid has various effects on the heat-
transfer performance and turbulent flow in the heat exchanger.
Therefore, it is necessary to select an appropriate operating pres-
sure considering the type of pump and physical properties of the
working fluid [10].

3.3 Effect of working fluid flow rate

Figure 7 (a) shows the power of the turbine, the heat transfer
rate of the condenser, the heat transfer rate of the evaporator, and
the efficiency of the ORC system against the change in mass flow
rate in the R245FA flow condition, which is the working fluid, in
the range of 0.1-1.6 kg/s.
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A notable feature is the ratio of the increase in ORC system
efficiency with increasing mass flow. In the case of the 0.1 kg/s
flow rate of the working fluid, the efficiency of the ORC system
is 1.38%; however, a flow rate change of only 0.2 kg/s, to 0.3
kg/s, increases the efficiency to 5.14%, which is an increase of
approximately 3.7 times. The efficiency of the system is calcu-
lated using Equation (1), and the power of the turbine and
amount of heat absorbed by the evaporator are the main factors
affecting the efficiency of the system. As shown in Figure 7 (a),
at a low flow rate of 0.1 kg/s, the efficiency is low because the 2-
kiloWatt power of the turbine is small, compared to the amount
of heat absorbed by the evaporator, and the efficiency increases
as the flow rate increases, but the rate of increase is gradually
reduced.

An increase in the operating flow rate affects the heat transfer
rate and size of the plant, including the heat exchanger. There-
fore, it is necessary to select the operating flow rate by consider-
ing not only the system efficiency, but also the location and eco-
nomic feasibility of the unit installed on the ship.

Figure 7 (b) shows the heat transfer rate occupied by latent
and sensible heat in the condenser by increasing and decreasing
the flow condition of the R245FA refrigerant, which is the work-
ing fluid, in the range of 0.1-1.6 kg/s. As the flow rate increased,
the heat-transfer rate of the condenser increased linearly. How-
ever, the heat transfer rate occupied by the refrigerant in the lig-
uid state inside the condenser increases in the refrigerant flow
condition in the range of 0.1-1.1 kg/s, but it decreases in the range
of 1.1-1.6 kg/s. Although not shown in Figure 7 (b), when a work-
ing fluid flow rate of 1.7 kg/s was applied, the steam quality of
the condenser outlet was 0.1, and the phenomenon of the gaseous
refrigerant exiting the condenser outlet was confirmed by calcu-
lation.

As the flow rate of the working fluid increased, the super-
heated refrigerant flowed into the condenser through the evapo-
rator and turbine. In the OCR system, because the evaporator is
given a fixed superheat operating condition, it is discharged in a
superheated state of 5°C, regardless of the flow rate increase.
However, because the condenser is modeled by applying the
shape and size of the heat exchanger to be manufactured in the
future, according to the fundamental purpose of this study, the
degree of supercooling at the condenser outlet varies according
to the flow rate. The excessively superheated refrigerant may not
be completely cooled in the condenser as the flow increases in
the working fluid, and it may be discharged in a gaseous state
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from the condenser outlet.

As mentioned in Section 3.1, this phenomenon may adversely
affect pump performance; therefore, an appropriate operating
flow rate of R24fFA should be selected. From Figure 7 (b), it is
determined that the appropriate flow rate of the working fluid un-
der the conditions of this calculation is 1.1 kg/s, which is the
starting point at which the heat transfer rate of the liquid refrig-

erant decreases.

4, Conclusion

In this study, CFD and EDR modeling of a condenser consti-
tuting the marine ORC system were performed, and the heat
transfer performances were compared. A marine ORC system us-
ing R245FA as the working fluid was designed, and the conden-
ser performance characteristics were reviewed through the pro-
cess simulation program, Aspen Plus (v.12.1). The following
conclusions are drawn within the scope of the analysis and cal-
culation conditions.

(1) When the superheat condition of the heater was applied at

5 °C, the ORC thermal efficiency increased as the cooling
water temperature of the condenser increased.

(2) The turbine output and system efficiency improved as the
inlet pressure of the turbine increased. In particular, the sys-
tem efficiency improved significantly in the pressure range
of 10-20 bar, which is a relatively low-pressure region,
compared to the high-pressure range.

(3) As the flow rate of the working fluid increased, the ORC
system efficiency and the heat transfer rate of the heat ex-
changer increased. Particularly, a decrease in the liquid
fraction in the condenser was confirmed under a specific
flow rate of 1.1 kg/s through the analysis of the heat trans-
fer-rate distribution occupied by sensible and latent heat in-
side the condenser. Therefore, an appropriate working-fluid
flow rate should be selected for stable condenser operation.
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