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Abstract: Unlike conventional heat exchangers, Waste Heat Recovery Units (WHRU) and condensers for Organic Rankine Cycle 

(ORC) power generation undergo phase changes. WHUR requires meticulous designs, because they utilize refrigerants instead of wa-

ter as the working fluid. The objective of this study was to develop a WHRU that can be used in a single ORC system for ships. 

The heat transfer rate was calculated during the preliminary design stage, and the operating characteristics were analyzed using Com-

putational Fluid Dynamics (CFD) techniques. A prototype of the WRHU was fabricated and tested, and calculation results of the ex-

periment and CFD simulation confirmed the validity of the model. The heat transfer characteristics and stable phase changes in the 

WHRU were confirmed by applying various refrigerants to the CFD model, which were validated through experiments. Consequently, 

it was confirmed that the location at which the phase-change phenomenon occurs in the WHRU differs depending on the type of 

refrigerant, and the manufacturing and operating conditions of the heat exchanger for stable ORC power generation system operation 

can be predicted. 
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1. Introduction 

At the 72nd Marine Environment Protection Committee 

(MEPC) of the International Maritime Organization (IMO) held 

in 2018, an initial strategy for reducing GHG emissions from 

ships was adopted. Efforts to decarbonize maritime operations 

and enhance ship energy efficiency through technological ad-

vancements have been intensively pursued worldwide [1]-[2]. 

The adoption of the existing energy efficiency ship index 

(EEXI) at the 76th MEPC meeting of the IMO has significant 

implications for regulating ship energy efficiency. This measure 

is substantially important because it strictly applies energy effi-

ciency regulations to both newly built vessels and existing oper-

ational ships [3]-[4]. 

From an energy efficiency perspective, heat exchangers in-

stalled on ships are essential for the smooth operation of major 

devices, including the main engine, thereby leading to gradual 

expansions of relevant markets. 

The application of Waste Heat Recovery Unit (WHRU) is an 

effective approach for enhancing energy efficiency, specifically 

the use of waste heat from the exhaust gas generated by a ship's 

main engine [5]. 

The Organic Rankine Cycle (ORC) power generation system, 

which incorporates a WHRU, is among the technologies that 

enhance the energy efficiency by utilizing a refrigerant. The 

Rankine cycle power system generates electricity by utilizing the 

mechanical power generated from the rotation of a turbine, which 

is driven by high-pressure steam formed as it passes through the 

evaporator. Although water is an efficient working fluid for high-

temperature heat sources, its usage becomes challenging when 

the heat source temperature is medium to low (70–400°C), 

resulting in a decrease in overall efficiency [6]. 

In this study, we developed a two-phase WHRU for use in 

ORC power generation systems of ships. The phase transition 

states and heat transfer characteristics were examined using 

numerical analyses. Figure 1 shows the configuration of a single 

ORC system for ships. 
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Figure 1: Simple layout of ORC system for ships 

A WHRU is typically designed to capture the waste heat 

generated from a heat source and recycle it for use in another 

system. Standard WHRUs are based on a simple heat-exchange 

mechanism. 

However, the WHRU operates differently for two-phase 

flows. This capitalizes on the phenomenon in which two different 

phases of a fluid, such as gas and liquid, flow together. The 

mixture of these two states creates complex internal thermal fluid 

dynamics, significantly impacting the heat transfer efficiency. 

Two-phase-flow WHRUs effectively harness the intricate flow 

phenomenon of waste heat recovery. Under specific conditions, 

a two-phase-flow WHRU can provide higher heat recovery 

efficiency than a conventional WHRU. 

The following observations were made upon reviewing 

representative conventional studies that used numerical analysis 

to analyze the heat transfer characteristics of WHRUs used in 

ORC power generation systems. 

Suárez et al. [7] conducted a comparative analysis using the 

ANSYS Fluent program to improve the accuracy of simulations 

predicting the heat exchange performance, operational 

temperature, and pressure in the evaporators of terrestrial 

industrial ORC power systems. This analysis involved 

comparing heat transfer calculations in one-dimensional cross 

sections and three-dimensional structures of the heat transfer 

area. 

Zhang et al. [8] conducted research on a fin-and-tube 

evaporator, which is a component of an ORC power combined 

system that utilizes exhaust gas heat from a ship's diesel engine. 

The ANSYS Fluent program was used to perform heat and flow 

calculations, focusing on the pressure and flow of the exhaust 

gas. Adjusting the distance and angle of the fin layout changed 

the exhaust gas differential pressure, thereby increasing the 

efficiency of the diesel engine of the ORC combined system by 

up to 6.5%. 

Rahbar et al. [9] introduced an ORC system to efficiently 

recover waste heat of temperatures 240-270°C emitted from 

small stoves that used wood as an energy source. For this 

purpose, a circular coil-style evaporator was installed in the 

exhaust gas penetration line, which resulted in the production of 

1.113 kW of power and an approximately 20% increase in the 

system efficiency. 

Yang et al. [10] simulated the performance and output of a heat 

exchanger in an ORC system utilizing waste heat from the diesel 

engine exhaust of a ship by adjusting three variables: evaporative 

pressure, degree of superheating, and condensation temperature 

from the perspective of an evaporator. The effective heat transfer 

area of the evaporator varied between 16.46% and 69.19% of the 

total heat transfer area depending on the output range of the 

diesel engine. 

The four aforementioned studies employed numerical analysis 

techniques to examine the heat transfer characteristics associated 

with the evaporators of ORC power systems. 

However, the characteristics were analyzed by focusing on the 

heat transfer rate, and information regarding the stable state and 

change in the phase-change from liquid to gas of the working 

fluid occurring within the WHRU was not considered. 

In this study, a two-phase WHRU model for ORC power 

generation was developed using numerical analysis. 

Furthermore, a prototype was fabricated based on the simulation 

results of the model. The validity of the model was confirmed by 

comparing the experimental results obtained from the prototype 

with simulation results. Moreover, the modeling results revealed 

the internal occurrence of the phase change phenomenon when 

various refrigerants were used. 

2. Fabrication of waste heat recovery unit

2.1 Fabrication process 

In this study, the performance of a WHRU was evaluated using 

CFD. During the initial modeling phase, boundary conditions 

that mirrored the actual operating conditions were established. 

These conditions were determined based on standard flux 

equations. 

Subsequently, discretization processes were employed to 

solve the problems related to continuous flow and heat transfer. 

Multiple grid densities and turbulence models were tested to 

ensure accuracy of the results. The final model was validated by 



Study on the fabrication of a two-phase flow waste heat recovery unit for Organic Rankine Cycle in marine applications 

Journal of Advanced Marine Engineering and Technology, Vol. 47, No. 4, 2023. 8          156 

comparing the modeling results with the experimental data. 

The design requirements for the heat exchanger were initially 

reviewed considering factors such as the manufacturing 

processes. In this phase, we determined the overall dimensions, 

selected suitable materials, estimated the configuration, and 

arranged the tubes for the heat exchanger. Subsequently, the 

necessary heat transfer area was manually calculated to achieve 

the desired performance criteria. 

The final design was derived from several iterations, and 

adjustments were made to the simulation results of the model. 

Consequently, a heat exchanger aligned with the specified 

performance objectives was fabricated. 

Figure 2 illustrates the fabrication process of the WHRU 

device. The first step was the identification of the performance 

requirements for the target WHRU through the ORC power 

generation system, considering that the heat exchanger was 

intended for marine use, and the determination of the necessary 

heat transfer rate to meet these requirements.  

In addition, it is necessary to understand the characteristics 

and thermal energy range of the limited heat sources of ships. A 

suitable shape for the heat exchanger was determined based on 

an analysis of the heat source and its compatibility with ship 

installation. 

The second step was to roughly determine the exterior that 

best fit the required WHRU performance. This was accomplished 

by considering the shape of the selected WHRU and relevant 

prior studies, and then selecting the appropriate material for the 

fabrication of the heat exchanger tube. 

A 3D model was created for the simulation of the heat 

exchanger, based on which the performance of the WHRU was 

calculated. Thermal and flow simulations were conducted using 

the commercial program ANSYS CFX (v.18.1). 

2.2 CFD model of WHRU 

Figure 3 shows the model and prototype of the WHRU. The 

tube used to fabricate the WHRU model was made of steel and 

had an inner diameter of 26.213 mm and a thickness of 2.769 

mm. 

The chemical composition ratio of the exhaust gas from 

representative propulsion engines was used in the calculations 

[11]. After combustion, the oxygen concentration in the intake 

decreased, whereas carbon dioxide was generated in equal 

proportions. The composition ratio of the exhaust gas used in this 

simulation was 72% nitrogen, 20% carbon dioxide, and 8% 

water. 

Figure 2: Procedure for the fabrication of WHRU 

Figure 3: Model and prototype of the WHRU 

When creating the 3D CFD model, the tubes were designed 

based on their inner diameters rather than on their shapes and 

thicknesses. Including its thickness, producing a tube shape 

complicates the progress of numerical analysis calculations 

owing to the extensive number of grids required in the creation 

process. 

The CFX program had a 'thin wall modeling' function for heat 

transfer calculations, which simulated heat transfer according to 

the tube thickness by inputting the tube thickness and material. 

During the phase change in the WHRU, the refrigerant entered 

in its liquid state, exchanged heat with the exhaust gas, 

transformed into a gaseous state, and then discharged through the 

outlet. 

The density of R134a is 1146.1 kg/m³ in its liquid state and 

50.072 kg/m³ in its gaseous state, at an absolute pressure of 10 
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bar. Therefore, even though the flowrates of the refrigerant at the 

inlet and outlet were similar, the velocities appeared to differ 

owing to the differences in density. Thus, the refrigerant inlet 

pipe diameter should be designed to be smaller than the outlet 

pipe diameter. 

2.3 Experiment of WHRU 

An experimental setup similar to an ORC system was used in 

this study. An experiment was conducted to determine the heat 

transfer characteristics of R134a refrigerant as the working fluid. 

2.3.1 Methods and equipment  

Figure 4 shows a schematic of the WHRU test equipment. 

Demonstration is difficult since the prototype is still in the 

research and development (R&D) stage. So, I devised the 

following experimental procedure. 

Figure 4: Schematic of the ORC WHRU test equipment 

The heating value of one hot air blower supplying heat to the 

WHRU was 140,000 kcal/h (162.7 kW), and the supply 

temperature ranged at approximately 160–170°C. The 

temperature of the gas generated by this hot air blower is 

relatively lower compared to that of the ship's main engine 

exhaust gas. Because of the low temperature, the flow rate was 

increased to ensure a sufficient supply of thermal energy to 

prevent waste heat. 

The installed pump pressurized the liquid refrigerant before 

transferring it from the receiver to the WHRU. A filter was 

installed directly in front of the flow meter to remove any 

residual substances that could damage the flowmeter. 

A chiller unit, water tank, and cooling water pump were 

installed to supply cooling water to the refrigerant condenser. The 

chiller unit of the CU-A40HSI model from the Century Company 

had a cooling performance of 19.8 RT. The pump employed a 

centrifugal mechanism. 

A digital turbine flow meter that detected the rotation of the 

propeller caused by the flow per wing stroke was used for high-

precision calculations. The working fluid flow was adjusted 

using a pump bypass valve. Despite minor differences in the 

outlet temperature, the model results showed identical heat 

transfer rates (W) (within a 5% error), confirming the validity of 

the model. 

2.3.2 Result and discussions  

Table 1 lists the experimental results, which show that the 

experimental and simulated heat transfer rates were similar. The 

experimental and simulated exhaust gas temperatures had the 

largest difference. The simulation did not measure the 

temperature at a specific point with respect to the exhaust gas 

temperature; however, the average temperature of the exhaust gas 

outlet surface was calculated. In contrast, in the experiment, 

instead of measuring the average temperature, a temperature 

gauge was installed at a specific point on the exhaust gas outlet 

pipe. A temperature difference of approximately 5°C between 

experimental and simulated values was observed. 

Table 1: Comparison of experimental and simulation results 

Item Content Experiment Simulation 

Tube 
Inlet temperature [℃] 31 31 
Outlet temperature [℃] 78 74 
Flow rate [kg/s] 2.14 2.14 
Pressure inlet [bar] 7.45 7.51 
Pressure outlet [bar] 7.48 7.52 
Inlet state  Liquid Liquid 
Outlet state  Vapor Vapor 
Refrigerant R134a R134a 

Heat transfer rate [㎾] 403 398 

Shell Inlet temperature [℃] 171 172 
Outlet temperature [℃] 150 155 
Flow rate [kg/s] 34 34 
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In addition, a difference of approximately 4°C between the 

simulated and experimental outlet temperatures of the refrigerant 

was observed. The refrigerant outlet temperature in the CFD sim-

ulations was determined by calculating the average temperature 

of the refrigerant outlet area. 

The experiments and simulations were conducted under iden-

tical conditions. The experimental results, including the temper-

ature and pressure of the refrigerant in the tube, agreed with those 

of the simulation. These results confirm the validity of the CFD 

model of the WHRU device fabricated in this study. 

3. Phase change depending on refrigerant type

Various studies have compared and analyzed the thermal per-

formances of refrigerants used in ORC systems. Depending on 

the refrigerant, the selection of the comparison targets and fixed 

variables is an important factor in the performance comparison 

process. 

The interpretation of the results may vary depending on the 

calculation conditions related to the refrigerant characteristics 

because the manifestation of the thermal characteristics of refrig-

erants is not limited to a single factor such as temperature or pres-

sure. In this study, the fixed variables were set as discussed in 

this section. 

The objective of this study was to achieve a stable operation 

of the turbine installed downstream of the WHRU. The basic 

functions of the WHRU, which included achieving a dryness of 

1 at the outlet and sufficient evaporation of the refrigerant at an 

operating pressure of 15 bar, were considered fixed variables. 

3.1 Characteristics of heat transfer 

Four refrigerants: R134a, R152a, R22, and R245fa, were used 

in the experiment. These refrigerants, which are commercially 

and readily available for use in ships, are preferred over the latest 

synthetic refrigerants. 

Table 2 lists the results obtained by applying the four refrig-

erants (R134a, R152a, R22, and R245fa) using the WHRU 

model. All four refrigerants entered the WHRU in a sub-cooled 

state at 15°C and exited as saturated steam with a dryness of 1 at 

a pressure of 15 bar. 

The fixed variables required for the WHRU to achieve stable 

operation of the ORC turbine are a pressure of 15 bar and a 

dryness of 1. An outlet dryness of 1 was achieved by adjusting 

the flow rate of the refrigerant inlet. 

Among the four types of refrigerants, R22 required the highest 

flow rate to achieve a dryness of 1 under a working pressure of 

15 bar at the outlet of the WHRU. The calculations revealed that 

R22, at a flow rate of 1.65 kg/s, had a heat transfer rate of 327.3 

MW. In other words, the results indicate that the WHRU devel-

oped in this study achieved the highest heat exchange when R22 

was used as the refrigerant. 

Table 2: Operation results according to refrigerant 

Item Content R134a R152a R22 R245fa
Tube Inlet vapor fraction  0 0 0 0 

Outlet vapor fraction 1 1 1 1 
Mass flow [kg/s] 1.06 0.84 1.65 0.4 
Inlet temperature [℃] 14.8 14.6 15.2 14.9 
Outlet temperature [℃] 56.4 59.9 39.7 107.9
Inlet pressure [bar] 14.8 14.8 14.8 14.8 
Outlet pressure [bar] 14.9 14.9 14.9 14.9 
Inlet velocity [m/s] 0.68 0.73 1.08 0.24 
Outlet velocity [m/s] 3.63 4.51 6.62 1.38 
Inlet enthalpy [kJ/kg] 220 225 518 219 
Outlet enthalpy [kJ/kg] 426 538 717 478 

Heat transfer rate [㎾] 219.2 263.9 327.3 103.7

Shell Mass flow [kg/s] 34 34 34 34 
Inlet temperature [℃] 160 160 160 160 
Outlet temperature [℃] 153 151 149 156 

Through this simulation, the operating conditions for the dis-

charge of a refrigerant with a dryness of 1 at the outlet of the 

fabricated WHRU were identified when four different types of 

refrigerants were used. 

For refrigerant R22, the temperature of the gas corresponding 

to a dryness of 1 at 15 bar was 39.7°C. This temperature is rela-

tively low compared to other refrigerants. Moreover, the specific 

heat capacity of R22 at constant pressure was the lowest 

compared with those of the other refrigerants. 

Based on these characteristics, the highest rate of heat transfer 

was achieved when R22 was applied. To achieve a dryness of 1 

using R22, it was necessary to recover the highest amount of 

waste heat. Using R22, the difference between the inlet and outlet 

temperatures was relatively small.  

The refrigerants used in this simulation exhibited the follow-

ing characteristics. R22 is a widely used HCFC refrigerant in re-

frigeration and air conditioning systems. Although R22 has a 

high cooling efficiency and can operate at low-temperature heat 

sources, its usage is currently limited and declining because of its 

contribution to ozone depletion and global warming [12]. Alt-

hough it is possible to use R22 in ORC power systems, it is more 

appropriate to use alternative refrigerants considering environ-

mental regulations and efficiency. 
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R245fa is an HFC refrigerant primarily used in ORC power 

systems that utilize low-temperature heat sources. Because of its 

high fluid density and low environmental impact, it enables effi-

cient heat transfer while ensuring stable system operation. It is 

primarily used in energy recovery systems, such as geothermal 

power plants, and in the recovery of industrial waste heat. 

Both R134a and R152a are HFC refrigerants with similar price 

and have relatively lower environmental impacts than other re-

frigerants. R134a is widely used owing to its stable performance 

and high level of safety. R134a is preferred owing to its high 

cooling efficiency when applied to ORC systems, whereas R152a 

is primarily considered for its environmental benefits. 

3.2 Heat transfer coefficient of WHUR 

The heat transfer coefficient measures the amount of heat 

transferred per unit area under a temperature difference. In sim-

pler terms, this parameter quantifies the efficiency of the thermal 

transfer between two materials. The higher the value, the more 

efficient is the heat transfer. The heat transfer coefficient is influ-

enced by several factors, including the type of material, surface 

conditions, and flow characteristics. 

The heat transfer coefficients from previous studies on 

WHRUs for ORC systems that utilized R245fa as the working 

fluid were reviewed. In these studies, shell- and tube-type heat 

exchangers demonstrated heat transfer coefficients ranging from 

approximately 170 to 400 W/m2·°C [13]-[15].  

In this study, the WHRU model obtained a heat transfer coef-

ficient of 240.7 °C W/m2 using R245fa refrigerant. This coeffi-

cient is within the average coefficients reported in previous stud-

ies on WHRU. 

The heat transfer coefficient can vary, even when similar types 

of heat exchanger and working fluid are used. This inconsistency 

is caused by the variations in the operational conditions, such as 

the system pressure and temperature, which are adjusted accord-

ing to the specific objectives of the ORC system. 

The heat transfer coefficient can vary significantly, particu-

larly during phase changes, because of the subtle design differ-

ences in the bends, flow path, and turbulence that occur during 

fluid flow in heat exchangers. 

3.3 Phase change based on refrigerant type 

Figure 4 shows the numbers assigned to the ten tubes within 

the WHRU. These numbers were assigned to compare changes 

in dryness across each tube. Figures 5, 6, 7, and 8 show the 

distribution of dryness for each refrigerant and their correspond-

ing graphs. 

A crucial element in heat exchanger design involving phase 

change is the location at which the phase change occurs. If it 

occurs too close to the inlet or outlet, it can impede the stable 

operation of the heat exchanger. 

Figure 4: Numbering of each tube 

Figure 5: Vapor fraction distribution and graph of R134a 

Figure 6: Vapor fraction distribution and graph of R152a 
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Figure 7: Vapor fraction distribution and graph of R22 

Figure 8: Vapor fraction distribution and graph of R245fa 

Figure 9: Phase change point for each refrigerant 

The location of the phase change is crucial because it affects 

both the stable operation and heat transfer efficiency. If the phase 

change occurs too close to the inlet of the heat exchanger, it may 

cause the fluid to undergo a phase change immediately upon en-

tering the heat exchanger, resulting in operational inefficiency. 

Conversely, if the phase change occurs near the outlet, there is a 

risk of expelling steam-containing liquid droplets, which could 

damage the turbine installed downstream of the WHRU, if the 

phase change is not fully completed. 

When designing a heat exchanger with a phase change, pre-

dicting the location of the phase change is crucial for heat transfer 

calculations. The temperature distribution of a fluid can be 

predicted through heat transfer calculations, enabling estimation 

of points at which the phase changes occur. Phase changes can 

be verified through experimental methods or simulations. 

Figure 9 shows the phase transition points for the four refrig-

erants, which indicate the transition from liquid to gas. The most 

stable operating state of the phase change occurred near the cen-

ter of the WHRU. 

The phase change points of R152a and R22 were found to be 

relatively closer to the inlet, at approximately 1/6 of the total 

height of the pipe, compared to the other refrigerants. This im-

plies that the phase change point changes even if only the type of 

refrigerant is changed and the shape of the heat-exchanger 

remains the same. That is, the location at which an internal phase 

change occurs varies depending on the characteristics of the re-

frigerant, even if it is discharged at the outlet with the same dry-

ness fraction of 1. 

The position of phase change varies depending on the refrig-

erant, making it an important design factor. Although the heat 

transfer rate and high thermal efficiency are important in the de-

sign and manufacture of WHRUs where phase changes occur, 

this study is meaningful because it confirmed the locations of 

phase changes based on the types of refrigerants used for stable 

operation. 

To design and manufacture heat exchangers suitable for ORC 

power generation, it is important to consider the refrigerant char-

acteristics and locations of the phase changes. 

The locations of the phase changes in a heat exchanger is cru-

cial for ensuring both stable operation and optimal thermal effi-

ciency. If the phase change occurs too close to the entrance, it 

may cause fluid transition. 

4. Conclusions

In this study, a WHRU was fabricated for single ORC systems 

designed for ships. The performance of the heat exchanger was 

calculated using CFD techniques during the design stage, and the 

heat transfer characteristics were analyzed for fabrication. 

(1) The simulation results of the WHRU developed in this 

study were compared to the operational results of an actual 
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prototype. The heat transfer rate calculated experimentally 

was 403 kW, whereas that in the simulation was 398 kW. 

The validity of the WHRU model, which simulated the 

evaporation and phase change of the refrigerants, was veri-

fied.  

(2) Simulations were conducted using four types of refriger-

ants in the WHRU model. R22 required the highest flow 

rate to achieve an outlet dryness of 1 at a working pressure 

of 15 bar under the same calculation conditions. The calcu-

lation resulted in a flow rate of 1.65 kg/s and heat transfer 

of 327.3 kW for R22.  

(3) The points at which phase changes occur in WHRUs var-

ied depending on the type of refrigerant. In two-phase flow-

type heat exchangers, the points at which phase changes 

occur can affect both the efficiency of the heat exchangers 

and stable operations of the turbines installed at the rear of 

WHRUs. Therefore, they should be designed such that the 

points of occurrence of the phase changes would be close 

to the center of the heat exchangers as possible. 
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