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Abstract: This paper presents a preliminary design and performance analysis of a supercritical CO2

(SCO2) heat exchanger for an SCO2 power generation system. The purpose of designing a SCO2 heat
exchanger is to provide a high-temperature and high-pressure heat exchange core technology for
advanced SCO2 power generation systems. The target outlet temperature and pressure for the SCO2

heat exchanger were 600 ◦C and 200 bar, respectively. A tubular type with a staggered tube bundle
was selected as the SCO2 heat exchanger, and liquefied petroleum gas (LPG) and air were selected as
heat sources. The design of the heat exchanger was based on the material selection and available tube
specification. Preliminary performance evaluation of the SCO2 heat exchanger was conducted using
an in-house code, and three-dimensional flow and thermal stress analysis were performed to verify
the tube’s integrity. The simulation results showed that the tubular type heat exchanger can endure
high-temperature and high-pressure conditions under an SCO2 environment.

Keywords: supercritical CO2; heat exchanger; flow analysis; thermal stress analysis

1. Introduction

The supercritical carbon dioxide (SCO2) Brayton cycle has been considered one of the most
promising alternatives to existing power generation systems, such as the steam Rankine and gas
Brayton cycles. The steam Rankine cycle can achieve high thermal efficiency due to the low pumping
power, but the overall size of the system is large because the steam density of the low pressure side
is lower than the atmospheric pressure. The turbine inlet temperature (TIT) of the gas Brayton cycle
is higher than in the steam Rankine cycle. It can achieve a high thermal power output, but material
integrity and high compression work problems still remain. The SCO2 cycle has the advantages of both
the steam Rankine and gas Brayton cycles because of its fluid characteristics. First of all, the supercritical
region of the SCO2 is readily accessible (Tc = 31.1 ◦C, Pc = 73.8 bar); thus, the system can be controlled
easily compared to other critical state fluids. Because the SCO2 cycle operates near the critical point,
the fluid reflects both liquid and gas properties. The compression work of the SCO2 consumes less than
the conventional gas Brayton cycle. In addition, the density difference between the hot and cold sides
are small. This means that the overall size of the SCO2 power generation system can be minimized
compared to the conventional power generation systems. Based on the advantages, the SCO2 cycle
can be applied to various technologies, such as concentrating power, fossil fuel, geothermal, nuclear,
ship-board propulsion, waste heat recovery, etc. Therefore, the development of the SCO2 power cycle
has been extensively studied.

Studies on the SCO2 cycle have taken place since the 1960s, but its development did not occur due
to these technological advances [1,2]. In the 2000s, Dostal et al. [3] studied the SCO2 cycle as the next
power generation system for Generation IV nuclear reactors because the TIT for advanced nuclear
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reactors is about 550 ◦C, a system operating condition which is between the steam Rankine and gas
Brayton cycles. Because the SCO2 cycle can be designed in a wide range of the TIT, the SCO2 system
has received more attention as the next power generation system. In addition, the SCO2 cycle can also
be used in various heat sources, such as fossil fuel, concentrating solar power, shipboard propulsion,
waste heat recovery, and geothermal.

After validating the SCO2 cycle as a new power generation system, numerous studies have been
conducted to verify the cycle. Sandia National Laboratories designed a recompression configuration,
and various experimental facilities have been developed, such as turbine and compressor performance
characterizations [4–6]. The Naval Nuclear Laboratory designed and built an integrated system test (IST)
for the SCO2 Brayton cycle. The IST is a simple recuperated Brayton cycle for variable turbomachinery
tests. The system demonstrated that the SCO2 Brayton cycle was controlled throughout the entire
system operation, but inherent problems related to the SCO2 Brayton cycle were identified [7–9].
Ecogen Power Systems designed a SCO2 power cycle (EPS-100) for exhaust heat recovery applications.
The EPS-100 is the first commercial-scale SCO2 system, and it has a 7MWe scale with multiple stages of
recuperation and extraction from the heat source. The validation test of the EPS-100 was completed,
and commercialization took place [10,11]. The SunShot program, which develops the SCO2 Brayton
cycle for a concentrating solar power (CSP) system, was initiated with a simple recuperated cycle [12].
The target demonstration of the SCO2 system is 10 MWe with a 50% net thermal efficiency.

To demonstrate the major components in the SCO2 power generation system, the SCO2’s heat
exchanger and turbo-expander have been tested in a 1 MWe test loop [13,14]. A tubular-type heat
exchanger was selected as the primary heater, which was connected with a commercial natural gas-fired
combustor [13]. The SunShot program is the first MW-scale SCO2 power cycle demonstration in which
the TIT is higher than 700 ◦C. A demonstration of the SCO2 power cycle was performed by considering
the unique characteristics of the CSP system [14].

In addition, the US Department of Energy (DOE) designated SCO2 research as a cross-cutting
technology and supercritical transformational electric power (STEP) program with a collaboration
between fossil, nuclear, and renewable energy [15]. The program has focused on designing, constructing,
commissioning, and operating a 10-MWe SCO2 pilot plant test facility. The detailed design of the
facility and equipment is now proceeding. Fabrication and construction of a pilot test facility with
a simple-cycle test will be finished at the end of 2020, and facility operation and testing with the
recompression cycle is scheduled until 2022 [16,17].

In Korea, various kinds of experimental facilities have been developed and investigated for the
SCO2 power cycle [18–21]. Recently, the development and testing of the SCO2 power cycle for a
waste heat recovery system started in the Korea Atomic Energy Research Institute (KAERI). The target
of the project is to develop a prototype SCO2 power generation system for a waste heat recovery
system. The project aims at developing SCO2 core technology, such as turbomachinery and heat
exchangers. A simple recuperated cycle was selected. The major components of the prototype are
an SCO2 compressor and turbine, precooler, recuperator, and waste heat recovery heat exchanger.
The target of the TIT is about 430 ◦C. To secure the TIT, it is important to manage the high-temperature
and high-pressure heat exchange technologies under a SCO2 environment.

In this research, the SCO2 heat exchanger that will be used in the SCO2 power generation
prototype is designed. The maximum target of the SCO2 outlet temperature and pressure is 200 bar
and 600 ◦C, respectively. Based on the design conditions of the SCO2 heat exchanger, heat exchanger
type selection, material selection, and tube specification based on the commercial availability were
conducted. Preliminary performance analysis of the SCO2 heat exchanger was conducted using an
in-house heat exchanger code, and the flow and thermal stress analysis of the SCO2 heat exchanger
were performed using commercially available computational fluid dynamic (CFD) codes.
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2. Design Considerations of Supercritical CO2 Heat Exchanger

2.1. Operating Condition of SCO2 Heat Exchanger

Table 1 lists the operating conditions of the SCO2 heat exchanger. The mass flow rate of the
SCO2 is 1 kg/s, and the inlet and outlet temperatures of the SCO2 are 300 ◦C and 600 ◦C, respectively.
The outlet pressure of the SCO2 is 200 bar. Based on the operating condition of the SCO2 power
cycle, the pressure drop of the heat exchanger was limited to 1.5 bar. The heat duty of the SCO2 heat
exchanger was 380kW. A combustion system was selected as a heat source for the SCO2. Flue gas is
composed of liquefied petroleum gas (LPG) and air. The inlet temperature of the flue gas was set at
800 ◦C. The inlet temperature is based on the maximum allowable stress for the heat exchanger tube.
The inlet mass flow rate of the flue gas was calculated as 0.8497 kg/s.

Table 1. Operating condition of the SCO2 heat exchanger.

Design Parameters Operating Condition

Mass flow rate (SCO2) 1 kg/s

Outlet pressure (SCO2) 200 bar

Inlet & Outlet temperature (SCO2) 300 & 600 ◦C

Flue gas inlet temperature 800 ◦C

Outlet pressure (flue gas) atmospheric pressure

2.2. Heat Exchanger Type Selection

Heat exchanger types can be classified based on the number of working fluids, compactness,
flow arrangements, and heat transfer mechanisms. Tubular, plate type, extended surface, and printed
circuit heat exchanger types are typical heat exchangers used in industrial areas. Among the heat
exchangers, the tubular heat exchanger is popular due to its flexibility: the core shape can be easily
changed by the tube diameter, length, and arrangements. In addition, tubular heat exchangers
are usually used in high-temperature and high-pressure conditions. A plate type heat exchanger
consists of two flow membranes, and a number of plates are compressed or welded with a gasket.
Therefore, it is not appropriate to use it in extreme operating conditions due to the possibility of
leakage. Compared to the tubular and plate type heat exchangers, a higher effectiveness can be
achieved by using extended surface heat exchangers. However, a high pressure drop can appear on
extended surface heat exchangers. For compact size heat exchangers, printed circuit heat exchangers
(PCHE) have been widely studied. The volume of a PCHE can be minimized up to 1/30 compared to
conventional shell-and-tube heat exchangers with the same heat duty [22]. However, maintenance
and inspection of a PCHE are difficult because these heat exchangers are manufactured by a diffusion
bonding process. In addition, there are limitations in material selection for diffusion bonding processes.

The type of SCO2 heat exchanger can be determined by the desired operating condition. Because the
target operating condition of the SCO2 heat exchanger is at a high temperature and high pressure
(600 ◦C and 200 bar), the heat exchanger should endure high thermal stress and thermal shock.
In addition, the maintenance and inspection of the heat exchanger should be easy. The tubular type
heat exchanger has a low pressure drop and offers the least-risk design for the thermal shock resistance,
and it has modest effectiveness. Because the flue gas was considered as the heat source, the pressure
drop on the hot side should also be minimized. The flexible design of the tubular heat exchanger
can offer a pressure drop on the flue gas side. Therefore, the tubular type was selected as the SCO2

heat exchanger.
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2.3. Heat Exchanger Material Selection

Heat exchanger material selection is based on a combination of cost, moderate properties under
the operating condition, fabricability, and availability. In addition, candidate materials are required to
have good corrosion, oxidation, carburization, and brittleness resistance under the SCO2 condition.
Because the operating condition of the SCO2 heat exchanger is at a high temperature and high pressure,
it is important to determine an appropriate material that can endure extreme operating conditions.
Based on the operating condition, the maximum material surface temperature was assumed to be
650 ◦C. The maximum allowable stress values were considered as criteria for the heat exchanger
material selection [23]. According to the maximum allowable stress values for candidate materials in the
SCO2 heat exchanger, S31042, S34709, and S34710 were selected because they have good corrosion and
carburization resistance in SCO2 environments. Based on the experimental results of the corrosion and
carburization resistance, experience at similar operating conditions, cost, and availability, S34709 was
finally selected as the SCO2 heat exchanger material.

3. Design of Supercritical CO2 Heat Exchanger

Figure 1 illustrates a schematic of the SCO2 heat exchanger tube bundle. The tube specification
was based on commercial availability and cost. The available tube diameter and the thickness of
the S34709 material were 21.7 mm and 4.9 mm, respectively. The basic configuration of the SCO2

heat exchanger had a rectangular duct fed by a flue gas. The heat transfer from the hot flue gas to
the cold SCO2 occurred in the rectangular duct. A staggered tube array with a counter-crossflow
arrangement was considered. The tube length pitch (SL) and tube height pitch (ST) were 35 mm and
60 mm, respectively. The selection of the tube length pitch was based on the minimum thickness for
pipe bends for induction and incrementing bending [24]. The straight line of the heat exchanger tube
was 800 mm. The height and length of the tube were 471.7 mm and 2086.7 mm, respectively. Figure 2
shows the heat exchanger nozzle, header, and tube supporting structure. The total length of the SCO2

heat exchanger was estimated as 5132 mm, and the lengths of the SCO2 heat exchanger combustor
and SCO2 heat exchanger chamber were 1577 mm and 2765 mm, respectively. As a concept for the
tube-supporting structure, rectangular plates made by the welding method were considered.

Preliminary simulation of the SCO2 heat exchanger was performed using an in-house heat
exchanger analysis code. Figure 3 shows a program flow chart for the analysis of the SCO2 heat
exchanger. An effective number of the transfer unit method was used for the simulation code.
The thermo-properties of the flue gas and SCO2 were obtained from the NIST REFPROP Database 23,
Version 9.1 [25]. The fluid properties, such as Reynolds number, heat transfer coefficient, and friction
factor, were calculated based on the thermal properties of the working fluids. Then, the heat transfer
characteristics, such as overall heat transfer coefficient, number of transfer units, and effectiveness,
were computed to obtain the outlet temperature of the working fluid. The pressure drop of each fluid
was then obtained when the calculation of the outlet temperature was converged. For the shell side,
the heat transfer correlation proposed by Zukauskas [26] was used. The pressure drop correlation
for the staggered tube banks was employed [27]. For the tube side, the heat transfer correlation
proposed by Gnielinski [28] was used, and the pressure drop was calculated by considering the
entrance, momentum, core friction, and exit effects [29]. The validation of the developed code was
verified with other commercially available heat exchanger code. The simulation results showed that the
outlet temperature (600.6 ◦C) can be obtained with the present design considerations of the SCO2 heat
exchanger. In addition, the pressure drop on the SCO2 side satisfied the design constraints (<1.5 bar).
However, there is a limitation in using the in-house heat exchanger code because it only represents
the outlet conditions. This means that it is difficult to find local heat transfer characteristics along
the heat exchanger tubes as well as thermal stress along the tubes. Therefore, the analysis of thermal
characteristics was conducted using commercial three-dimensional CFD codes.
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Figure 1. Schematic of the SCO2 heat exchanger tube bundle.

Figure 2. SCO2 heat exchanger header, nozzle, and tube-supporting structure.

Figure 3. Heat exchanger performance analysis flow chart.

4. CFD Analysis of a Supercritical CO2 Heat Exchanger

Three-dimensional commercially available CFD codes were used to analyze the flow and thermal
stress characteristics of the SCO2 heat exchanger. Flow and thermal stress analysis were performed.
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Based on the temperature and heat transfer coefficient distributions obtained from the flow analysis,
thermal stress analysis was conducted to evaluate the tube’s integrity at the SCO2 heat exchanger
operating condition.

4.1. Flow Analysis

The thermal characteristics of the SCO2 heat exchanger were analyzed using a commercial
CFD code, CFX. The overall performance simulation of the SCO2 heat exchanger was difficult due
to the computing power. Therefore, a design of the scaled SCO2 heat exchanger was created for
the CFD analysis. Figure 4 shows the scaled SCO2 heat exchanger: Figure 4a indicates the overall
three-dimensional geometry, and Figure 4b illustrates the staggered tube array used in the flow CFD
analysis. In the SCO2 heat exchange chamber, three heat exchanger tubes with a staggered tube array
were positioned. The center of the heat exchanger tube reflected the full-scale tube specification,
while the half-scale tube specification was considered in the bottom and top of the tubes. The numbers
of nodes and elements for the analysis were 9,555,606 and 10,698,900, respectively. Figure 5 shows
the mesh distributions on the scaled SCO2 heat exchanger. Figure 5a illustrates the overall mesh
distributions in the scaled SCO2 heat exchanger, Figure 5b indicates the mesh structure around the
straight tube position, and Figure 5c shows the mesh formation near the tube bending location.
Precise cells near the wall surface were considered to keep the turbulence effect. Several grid layers
were applied around the heat exchanger tubes to consider the wall effect on the working fluids.

For the turbulence model, a two-equation turbulence model of RNG k-ε was used: k is the
turbulence kinetic energy, which is defined by the fluctuation in velocity, and ε is the turbulence eddy
dissipation. The RNG k-ε model was improved from the standard k-ε model, and it was derived
using the renormalization group theory. The RNG k-εmodel has an additional term, which considers
the eddy dissipation, average shear stress, and swirl effect. These features provide a more accurate
turbulence model compared to the standard k-ε model. The transport equations for turbulence
generation and dissipation are the same as those for the standard k-ε model, but the model constants
differ [30].

Figure 4. Scaled SCO2 heat exchanger; (a) overall CFD analysis structure; (b) detailed view around
heat exchanger tubes.
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Figure 5. Mesh distributions on the scaled SCO2 heat exchanger: (a) overall mesh distributions,
(b) mesh distributions around the straight tube position, (c) mesh formation near the tube bending area.

For the continuity equation:
∂ρ

∂t
+

∂
∂x j

(
ρU j

)
= 0 (1)
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For the momentum equation:

∂ρUi

∂t
+

∂
∂x j

(
ρUiU j

)
= −

∂p′

∂xi
+

∂
∂x j

(
µe f f

(
∂Ui
∂x j

+
∂U j

∂xi

))
+ SM (2)

For the transport equation for turbulence dissipation:

∂(ρε)

∂t
+

∂
∂x j

(ρUiε) =
∂
∂x j

[(
µ+

µt

σεRNG

)
∂ε
∂x j

]
+
ε
k
(Cε1RNGPk −Cε2RNGρε+ Cε1RNGPεb) (3)

where ρ is the density, p’ is the modified pressure, µ is the viscosity, SM is the sum of body forces and
Pk is the shear production of turbulence, while σεRNG, Cε1RNG constant, and Cε2RNG constant are the RNG
k-ε constants.

The boundary conditions were based on the actual operation conditions of the SCO2 heat exchanger.
For the actual SCO2 heat exchanger, the number of heat exchanger tubes was 16, as shown in Figure 1.
Uniform mass flow distributions on each heat exchanger tube were assumed: the mass flow rate of
the SCO2 in each tube was 0.0625 kg/s. For the flue gas in the scaled SCO2 heat exchanger, the mass
flow rate was calculated as 0.1062 kg/s. The fluid properties were implemented in the CFD code
with a real gas properties table format, using NIST REFPROP Database 23, Version 9.1 [25]. For the
convergence criteria, the SCO2 outlet temperature was monitored in each step as well as solution
imbalances (mass, momentum, and energy) less than 1%.

Figure 6 shows the CFD results for the center position of the SCO2 heat exchanger: Figure 6a,b
show the temperature and velocity distributions, respectively. High-velocity regions were focused
on the left and right sides of the SCO2 heat exchange chamber because there was empty space for
installing the SCO2 heat exchanger and tube displacement margin due to the thermal stress. However,
the in-house code did not consider the empty space at the corner of the SCO2 heat exchange chamber.
The empty space could have resulted in different simulation results between the in-house code and the
CFD analysis. However, the outlet temperature of the SCO2 showed a similar performance (602 ◦C)
compared to the in-house code result. The pressure drop of the SCO2 flow path was calculated as
0.374 bar, which is lower than the design constraint. Further pressure drops should be considered in
the heat exchanger headers and nozzles.

Figure 6. Cont.
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Figure 6. CFD results at the centerline of the scaled SCO2 heat exchanger: (a) temperature and (b)
velocity distributions.

The temperature and heat transfer coefficient distributions on the heat exchanger are important
because these parameters can influence the tube’s integrity. Figure 7 shows the temperature and heat
transfer coefficient distributions on the inner and outer heat exchanger tubes. Figure 7a,b are the
results of the tube’s outer surface and Figure 7c,d are the results of the tube’s inner surface. The tube’s
maximum inner and outer surface temperatures were 647 ◦C and 637 ◦C, respectively. The tube’s
maximum surface temperature was lower than the temperature assumption value (650 ◦C) in the
heat exchanger material selection. For the tube’s inner area, the maximum heat transfer coefficient
was about 4000 W/m2K, which was located at the tube’s bending location. For the outer tube area,
the maximum heat transfer coefficient was located near the outlet position of the flue gas and was
70 W/m2K. Based on the temperature and heat transfer coefficient distributions on the heat exchanger
tube, thermal stress analysis was performed.

Figure 7. Cont.
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Figure 7. CFD results around the heat exchanger tube: (a) temperature distributions on the outer tube
surface, (b) heat transfer coefficient distributions on the outer tube surface, (c) temperature distributions
on the inner tube surface, (d) heat transfer coefficient distributions on the inner tube surface.

4.2. Thermal Stress Analysis

To show the integrity of the SCO2 heat exchanger tube, thermal stress analysis was conducted
using a commercial CFD code, ABAQUS [31]. High-temperature regions of the heat exchanger tube
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located near the SCO2 outlet region (flue inlet region) were analyzed. Therefore, 10 straight lines with
10 bending flow paths were modeled for the thermal stress simulation. With consideration of the
symmetrical structure of the heat exchanger tube, a half scale of the heat exchanger tube was analyzed.
1,114,135 elements were used for the thermo-mechanical analysis. Three-dimensional continuum
element DCC3D8 was used to obtain the temperature distribution, and the stress analysis was carried
out using the C3D8 continuum solid element.

In order to obtain temperature distributions for the heat exchanger tube, temperature and heat
transfer coefficient profiles obtained from the thermal analysis were used as the input for thermal
stress analysis. Because the pressure drop in the heat exchanger and heat exchange chamber was
negligible compared to the operating condition, the pressures in the SCO2 heat exchanger tube and the
chamber were assumed to be 200 bar and atmospheric pressure, respectively. Figure 8 illustrates the
temperature distribution in the scaled heat exchanger tube. A solid temperature of the heat exchanger
tube is closer to the SCO2 temperature because the SCO2 heat transfer coefficient is higher than that
of the flue gas. The evaluation of thermal stress analysis was based on the allowable stress value of
S34709. The allowable stress value at a temperature of 650 ◦C is 539 bar, which is based on ASME
Sec. II [23]. The finite element stress analysis was performed with three cases separately: (1) thermal
loading, (2) pressure loading, and (3) thermal and pressure loading.

Figure 8. Heat exchanger tube temperature distributions used in the thermal stress analysis.
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Figure 9 shows the tube displacement due to the temperature distribution in the heat exchanger
tube. Figure 9a,b represent the tube displacement shape and the principal strain distributions,
respectively. The high-temperature area near the exit of the SCO2 had a large tube expansion, and it
gradually decreased. The principal strain distributions showed similar distributions compared to the
tube displacement. The maximum principal strain value was discovered to be 0.017. If the deformation
of the heat exchanger tube is not considered, thermal buckling due to excessive pressure stress can
occur. In the present SCO2 heat exchanger design, empty space in the chamber was considered,
which maintained the integrity of the tube even when the tube displacement appeared.

Figure 9. Tube displacements on the tube: (a) tube displacement shape, (b) the maximum principal
strain distributions.
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Von-Mises stress distributions are shown in Figure 10 along the scaled heat exchanger tube.
Figure 10a,b are the results of the thermal and pressure loading cases, respectively. In the case
of thermal loading, the maximum stress was found near the tube bending area. On the other
hand, the maximum stress was located at the tube bending area for the pressure loading condition.
The maximum local von-Mises stress values were 35.5 bar and 516 bar for the thermal and pressure
loading cases, respectively. It was confirmed that these stress values were lower than the allowable
stress value. Figure 10c is the result of thermal stress analysis considering both the thermal and
pressure loading cases. The stress distributions in the tube were similar to the combination of the
thermal and pressure loading cases. The maximum von-Mises value was calculated as 523 bar,
which is lower than the allowable stress value considered in the present study. The stress evaluation
loaded on the heat exchanger tube was conducted based on the ASME Sec. VIII. The membrane stress
of the heat exchanger tube was 287 bar, while the allowable stress value was 539 bar. The sum of
the membrane stress and the bending stress was 378 bar, which is lower than the constraint value
(1.5 × allowable stress value = 808 bar). Therefore, the stress state of the SCO2 heat exchanger satisfied
the ASME criteria.

Figure 10. Von-Mises stress distributions: (a) thermal loading, (b) pressure loading, (c) thermal and
pressure loading cases.
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5. Conclusions

This study focused on the design of an SCO2 heat exchanger for obtaining high-temperature and
high-pressure heat exchange technologies under an SCO2 environment. A tubular type heat exchanger
was selected because it has high durability in extreme conditions, such as having low pressure losses
in both the hot and cold sides. The heat exchanger material selection was conducted based on the
maximum allowable stress, corrosion resistance, cost, and availability. A staggered tube array with
a counter-cross flow arrangement was determined and the overall size of the SCO2 heat exchanger
was based on the tube bending criteria and the results of in-house heat exchanger performance code.
Commercially available three-dimensional CFD codes were then used to analyze the flow and thermal
characteristics of the SCO2 heat exchanger. The temperature and heat transfer coefficient distributions
on the SCO2 heat exchanger were analyzed. Then, thermal stress analysis was conducted based on the
obtained flow analysis results. The stressed state of the SCO2 heat exchanger was evaluated based
on the ASME procedure. The membrane stress, bending stress, and local stress were lower than the
allowable stress. The results indicate that the stress of the present heat exchanger satisfied the ASME
criteria. Based on the design of the SCO2 heat exchanger, the manufacturing process can be performed.

Author Contributions: Conceptualization, H.S. and J.E.C.; Methodology, H.S. and J.E.C.; Software, H.S., J.K.,
and Y.-W.K.; Validation, H.S., J.K., and Y.-W.K.; Formal analysis, H.S., J.E.C., and I.S.; Investigation, H.S., J.K.,
and I.S.; Resources, H.S., Data Curation, H.S., J.K., and Y.-W.K.; Writing-Original Draft, H.S.; Writing-Review &
Editing, J.E.C.; Visualization, H.S.; Supervision, H.S.; Project administration, H.S.; Funding acquisition, J.E.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the institute of Civil Military Technology Cooperation funded
by the Defense Acquisition Program Administration and Ministry of Trade, Industry and Energy of Korean
government under grant No. 17-CM-EN-04.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Nomenclature
S pitch
k turbulence kinetic energy
P pressure
T temperature
P shear production
U velocity
Greek symbols
ε turbulence eddy dissipation
ρ density
µ viscosity
Subscripts
c critical
L length
T height
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