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a b s t r a c t

In this study, we evaluate the thermal-hydraulic performance and economics of Printed Circuit Heat
Exchanger (PCHE) according to the channel types and associated shape variables for the design of
recuperators with Sodium-cooled Fast Reactors (SFRs). To perform the evaluations with variables such as
the Reynolds number, channel types, tube diameter, and shape variables, a code for the heat exchanger is
developed and verified through a comparison with experimental results. Based on the code, the volume
and pressure drop are calculated, and an economic assessment is conducted. The zigzag type, which has
bending angle of 80� and a tube diameter of 1.9 mm, is the most economical channel type in a SFR using
CO2 as the working fluid. For a SFR using N2, we recommend the airfoil type with vertical and horizontal
numbers of 1.6 and 1.1, respectively. The airfoil type is superior when the mass flow rate is large because
the operating cost changes significantly. When the mass flow rate is small, volume is a more important
design parameter, therefore, the zigzag type is suitable. In addition, we conduct a sensitivity analysis
based on the production cost of the PCHE to identify changes in optimal channel types.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, extensive activities for small or micro reactors have
enabled a new series of Generation IV nuclear reactors that
improving the economics and safety of nuclear reactors, and reduce
radioactive waste. In this regard, Sodium-cooled Fast Reactors
(SFRs) have been highlighted for their advantages in improving
uranium utilization and disposal high waste by recycling spent fuel
[1]. However, because of water-sodium reactions, the use of the
Rankine cycle with the highest efficiency is limited in SFRs, a sub-
stitute working fluid is pursued for ensuring safety and efficiency
simultaneously, such as carbon dioxide, nitrogen, and helium
instead of water [2]. The most promising working fluid for long-
term applications is carbon dioxide. Feher [3] proposed supercrit-
ical CO2 (s-CO2) as the working fluid under SFR conditions, which is
more efficient than other working fluids (by approximately 44%).
However, the working fluid is responsive to sodium at a certain
clear Engineering, POSTECH,

by Elsevier Korea LLC. This is an
temperature and therefore requires the installation of safety sys-
tems. The next promising working fluid is nitrogen, which is a
stable fluid because it does not react with sodium; however, it is
significantly less efficient than carbon dioxide (by approximately
38%) [4]. In addition, helium has been considered as the working
fluid of the SFR as well; however, the efficiency of the cycle is
extremely low compared with those of the other two working
fluids [5].

Based on the evaluation of the working fluid characteristics,
various cycle layouts have been proposed to further increase effi-
ciency. The Korea Atomic Energy and Research Institute (KAERI)
developed the SFR Brayton cycle using nitrogen as the working
fluid in 2007. Korea Advanced LIquid MEtal Reactor (KALIMER) is a
pool-type liquid sodium reactor with a capacity for 600 MW of
electricity, and it is a conceptual design of the SFR [6]. The cycle
occurs heat exchange in steam generator between liquid metal
(sodium) and nitrogen. The heat energy is transferred to the Power
Conversion System (PCS), which comprises a turbomachinery
(turbine and compressor) and heat exchangers (pre-cooler, inter-
cooler, and recuperator). After the initial design of KALIMER-600,
various studies have been conducted to increase the cycle effi-
ciency. Park et al. [7] obtained the optimal boundary conditions of
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Nomenclature and unit

A area [m2]
C cost [＄]
D diameter [mm]
f friction factor [�]
G mass flux [kg/m s2]
h specific enthalpy [kJ/kg]
k thermal conductivity [W/m K]
L length [mm]
M Mass [kg]
m mass flow rate [kg/s]
n node [�]
O operating cost per pumping work [＄/MWh]
Nu Nusslet number [�]
P pressure [kPa]
Pr Prandtl number [�]
Q amount of heat [kW]
Re Reynolds number [�]
r interest rate [%]
S stress [kPa]
T temperature [K]
t thickness [mm]
U overall heat transfer coefficient [W/m2K]
V volume [m3]
_V volumetric flow rate [m3/s]
v velocity [m/s]
W work [kW]
w width [mm]
a angle [o]

ε roughness [mm]
r density [kg/m3]
∧ pitch [mm]
m viscosity [mPa-s]

Subscripts/Superscripts
B bending
c cold
H hydraulic
h horizontal
p pump
M material
m membrane
N duration of heat exchanger operation
o outlet
v vertical

Abbreviations
ASME American Society of Mechanical Engineers
BPVC Boiler and Pressure Vessel Code
HREC High-temperature RECuperator
IHX Intermediate Heat Exchanger
KAERI Korea Atomic Energy and Research Institution
KALIMER Korea Advanced LIquid MEtal Reacotr
LMTD Log Mean Temperature Difference
LREC Low-temperature RECuperator
PCHE Printed Circuit Heat Exchanger
PCS Power Conversion System
s-CO2 supercritical Carbon dioxide
SFR Sodium-cooled Fast Reactor
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KALIMER-600 by using sensitivity analysis in 2018. The reactor is
one of the most feasible cycle layouts with high cycle efficiency
(thermal efficiency: 39%), and it increases the turbine inlet tem-
perature using a recuperator between the turbine and compressor.
In cycle layouts using carbon dioxide as the working fluid, the
recompression cycle layout is themost efficient (thermal efficiency:
46%) [8]. The cycle transmits high-temperature heat to low-
temperature heat through the distribution and mixing of the
fluid. This minimizes the amount of heat exiting the cycle and
hence increases the thermal efficiency of the cycle. These two cy-
cles are currently the most efficient cycle layouts, as shown in Fig. 1
(a) and (b).

The cycles comprise a heater, pre-cooler, compressor, turbine,
and recuperator. Among these components, the recuperator has the
largest volume and heat capacity. Olumayegun [9] calculated that
the volume of the recuperator and discovered that it constituted
approximately 68% of the volume of the total equipment. Further-
more, it was reported that any further effort to reduce the plant
footprint should focus on the selection and design of the recuper-
ator. In other words, the design of the recuperator is an important
design parameter in the cycle, as it can significantly change the
economics of the cycle. To reduce the volume of the recuperator, a
compact heat exchanger, even under high temperatures and pres-
sures, is recommended for two cycles, e.g. a Printed Circuit Heat
Exchanger (PCHE) manufactured by chemical etching and diffusion
bonding [10]. Based on the advantages of the PCHE, extensive
research [11e16] has been conducted to evaluate the performance
of various PCHE channel types such as the straight, zigzag, wavy,
and airfoil types. The performance varies significantly depending
on the boundary conditions and the geometry of the PCHE.

The straight channel, which is the basic channel type of the
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PCHE, affords a low pressure drop despite its low heat transfer
performance compared with other channel types. Yoon et al. [11]
compared straight, zigzag, and airfoil types and reported that the
straight type demonstrated the best performance in the Interme-
diate Heat Exchanger (IHX) of SFRs because the pressure drop is
relatively lowalthough the heat transfer is low. However, if the heat
transfer rate (volume) is more important than the pressure drop in
operating conditions, other types of PCHEswith better heat transfer
performance must be considered, such as the zigzag and wavy
types. Ishizuka et al. [12] experimentally demonstrated that the
zigzag type afforded high heat transfer performance with a high
pressure drop because the zigzag angle caused fluid instability and
promoted turbulence. In addition, the wavy type was proposed to
compensate for the high pressure drop of the zigzag type. Aneesh
et al. [13] performed a comparison between the zigzag and wavy
types and concluded that the pressure drop in the wavy type was
one-third less than that of the zigzag type for the same heat
transfer rate.

According to the classification of PCHE channel types, the
straight, zigzag, and wavy types discussed in the previous para-
graph pertain to continuous channels with separate flows between
channels. Recently, a discontinuous channel with a flow mix be-
tween channels, such as the airfoil-fin type, was proposed to
enhance the thermal-hydraulic performance. Kim et al. [14] pro-
posed an airfoil-fin-type PCHE by inserting fins from the NACA0020
model to reduce the flow resistance. The new type is defined based
on the airfoil feature fins as well as horizontal and vertical dis-
tances. They demonstrated that the pressure drop in airfoil was
one-twentieth that in the zigzag type for the same heat transfer
rate per unit volume because the shape of the airfoil fins can reduce
flow separation and promote a uniform flow. The shapewas further



Fig. 1. Cycle layouts of SFRs: (a) N2 Brayton cycle (b) CO2 Brayton cycle.
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analyzed based on the shape variables, such as the horizontal and
vertical numbers. Kim et al. [15] reported that the heat transfer
performance increased with the horizontal and vertical numbers.

Although many studies have been conducted to compare the
heat transfer performance, pressure drop, and economics based on
the channel types of the PCHE under various conditions, the char-
acteristics of each channel type have not been evaluated compre-
hensively. For example, the zigzag type has an angle, the wavy type
has a pitch, and the airfoil type has a vertical number and a hori-
zontal number. The results of the thermal-hydraulic performance
and economics vary significantly depending on these shape vari-
ables. However, it is insufficient to derive an optimal channel type
considering all the shape variables (angle, pitch, vertical number,
and horizontal number). Therefore, the different characteristics of
various channels must be evaluated based on a general, extendable
standard. In this study, we conducted an economic assessment to
determine the optimal geometry by considering the channel types
and shape variables, which are important parameters for the design
of PCHEs. In particular, the analysis of the Reynolds number and
tube diameter is necessary because the volume, pressure drop, and
cost of the heat exchanger are expected to vary significantly
depending on these variables. In this regard, further analysis
associated with the channel type, shape variables, Reynolds num-
ber, and tube diameter is conducted for the recuperator of SFRs
using CO2 and N2 as the working fluids. Additionally, the PCHE code
is designed and verified with the experimental results. After
calculating the volume and pressure drop of the heat exchanger
based on each variable using the validated code, the optimal ge-
ometry of the PCHE based on the maximum economic assessment
is proposed. The assessment is performed using the sum of the
capital and operating costs. In addition, the capital cost will likely to
be reduced owing to improvements in PCHE design technology.
Therefore, we conducted a sensitivity analysis to understand the
effect of cost on the optimal channel type.
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2. Boundary conditions and geometry of recuperator in SFRs

2.1. Boundary conditions in SFRs using N2 and CO2 as working fluids

Fig. 1 (a) and (b) show the cycle layouts of SFRs using nitrogen
and carbon dioxide as the working fluids; as shown, the layouts
comprise compressors, turbines, and heat exchangers (inter-cooler,
pre-cooler, IHX, steam generator, and recuperator). The boundary
conditions of the cycles represent the optimized conditions for each
working fluid based on a sensitivity analysis [7,16]. Although the
two cycle layouts using different working fluids differ slightly, the
recuperators constituted the largest proportion of the thermal ca-
pacity of the cycle in either case. The recuperators in the cycles had
a thermal capacity that was 2.2 times higher than that of the heat
source (steam generator and IHX) [17]. Therefore, the design of
recuperators is vital to cycle design. Table 1 shows the boundary
conditions of the recuperators, whose pressures and temperatures
were high. Under harsh temperature and pressure conditions, only
limited types of heat exchangers can be applied, such as high-
temperature (�200e1100 K) and high-pressure (0e600 bar)
PCHEs [18]. Therefore, the design of the recuperators as PCHEs for
two different layouts was optimized in the current study. For the
CO2 Brayton cycle, we focused on a high-temperature recuperator
(HREC) instead of a low-temperature recuperator (LREC) because
the volume of the HREC is 2.8 times larger than that of the LREC.
The performances of different channel types of PCHEs (e.g., straight,
wavy, zigzag, and airfoil) have been compared in many previous
studies; however, the shape variables of each type, such as the
angle, pitch, vertical number, and horizontal number, were not
considered in the comparison. Therefore, the thermal-hydraulic
performance and economics of PCHEs were evaluated based on
the shape variables under the layouts and boundary conditions for
two different working fluids.



Table 1
Conditions of recuperator in N2 Brayton cycle and HREC in CO2 Brayton cycle [7,16].

Working fluid Hot Cold Mass flow rate Thermal capacity

Inlet Outlet Inlet Outlet

N2 Point 2 Point 3 Point 7 Point 8 4956 kg/s 1730MWth

665.57 K 350.21 K 335.21 K 640.19 K
9.73 MPa 9.68 MPa 18.15 MPa 18.1 MPa

CO2 Point 2 Point 3 Point 8 Point 9 1628 kg/s 525MWth

711.15 K 428.27 K 426.07 K 673.41 K
7.9012 MPa 7.8142 MPa 19.989 MPa 19.958 MPa

S.W. Lee, S.M. Shin, S. Chung et al. Nuclear Engineering and Technology 54 (2022) 1874e1889
2.2. Geometry of PCHE and structural integrity assessment

Before evaluating the thermal-hydraulic performance based on
the shape variables, a structural integrity assessment must be
performed to determine the geometry of the PCHE based on various
parameters such as diameter, thickness, and pitch. In particular,
structural integrity assessment is essential for SFR conditions with
harsh temperature and pressure conditions (maximum tempera-
ture and pressure: 711K and 18 MPa, respectively). We assessed the
structural integrity based on the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) [19],
which has been applied to the design of nuclear facility compo-
nents. In addition, the ASME section criteria are believed to be
applicable for the structural integrity assessment of PCHEs
comprising multiple micro-channels because they include regula-
tions for mini- and micro-channel heat exchangers.

The evaluation was based on the allowable stress, where the
operating temperature and timewere considered. The temperature
conditions were based on the boundary conditions listed in Table 1
(N2: 665 K, CO2: 711 K), and the operating time represents the
lifetime of the heat exchangers operated, which was assumed to be
10 years (approximately 100,000 h) in this study, under high
temperature and pressure conditions [20]. Table 2 shows the
allowable stress for the SUS316L material based on the operating
temperature for 100,000 h [21]. The highest temperatures of the
recuperators in the N2 and CO2 Brayton cycles were 665 and 711 K,
respectively. Therefore, the design criteria were set considering
these temperatures. The allowable stresses were 112 and 108 MPa
for the N2 and CO2 Brayton cycles, respectively. If the stress in the
heat exchanger exceeds the allowable stress criteria, structural
problems will arise.

Fig. 2 shows the geometry of the PCHE, where the diameter (H
and h), thickness (t2), and pitch (t3) of the channels are presented.
The stress in the recuperator was calculated from the membrane
stress and bending stress (Sm is the membrane stress, and SB is the
bending stress). SB,N and SB,M represent the bending stresses at
positions N and M, respectively. The stresses at points N and M
were calculated because pressure is the force applied perpendicular
to the surface of an object. The total stress was calculated as the
sum of the membrane stress and bending stress using Equations
Table 2
Allowable stress for SUS316L based on the temperature for 100,000 h [22].

Temperature [K] Allowable stress [Mpa]

673 112 (N2)
723 108 (CO2)
823 101
873 62
923 38
973 22
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(2.1)e(2.5). If the calculated total stress is less than the standard
allowable stress (112 and 108 MPa), then the PCHE is considered
structurally safe based on ASME Section II Part D [22]. In this study,
only the safe geometries of each channel that satisfy the structural
integrity were analyzed (see Fig. 3).

Sm ¼ Ph
2t1

�
3� ½6þ Kð11� aÞ�

3þ 5K

�
(2.1)

SB;N ¼ Pc
24I1

�
� 3H2 þ2h2

�
3þ 5a2K
3þ 5K

��
(2.2)

SB;M ¼ Ph2c
12I1

�
3þ 5a2K
3þ 5K

�
(2.3)

STotal ¼ Sm þ SB (2.4)

K¼ I2
I1
a;a ¼ H

h
; I1 ¼ t31

12
; I2 ¼ t32

12
; c ¼ t

2
(2.5)

The following were assumed in the assessment process: 1) The
stress is calculated by assuming a rectangular shape (red line) as
shown in Fig. 2 (a) and (b) because there is no significant difference
in stress between the semi-circular and rectangular shapes (Up to
8.8% difference) [23]. In addition, this calculation is a conservative
design of the PCHE because the flow cross-sectional area of the
semi-circular shape is smaller than that of the rectangular shape. 2)
The PCHE is set to single banking, and 3) the hot and cold channels
have the same geometry.

In the straight, zigzag, and wavy-type PCHEs, the thickness and
pitch were calculated in an acceptable range based on the tube
diameter. For the airfoil-fin-type PCHE, the cross-sectional areawas
determined by the vertical number; therefore, a structural integrity
assessment was conducted based on the vertical number. The re-
sults of the structural integrity assessment are presented in Fig. 4.
Even if the tube diameter and vertical number are fixed at one,
various areas per unit channel are presented. Among the candi-
dates, we selected a minimum area to minimize the volume of the
heat exchanger with safe structural integrity. The value of the
maximum area per unit channel should not be considered because
the PCHE is structurally stable above the minimum area per unit
channel. The minimum area per unit channel (y-axis) in Fig. 4
corresponds to the area of the rectangular black line shown in
Fig. 2 (a) and (b). The line in Fig. 4 is the safety limit line, and
structural problems occurs if the design area is below the area of
the line. As the tube diameter of the straight, zigzag, and wavy
types and the vertical number of the airfoil type increase, the
thickness and pitch should be increased ensure structural safety.
Consequently, the cross-sectional area per unit channel increases
(see Fig. 5).



Fig. 2. Geometry of PCHE: (a) Straight, zigzag, and wavy types; (b) airfoil type.

Fig. 3. Three-dimensional channel types: (a) Straight; (b) zigzag; (c) wavy; (d) airfoil.

Fig. 4. Minimum cross-sectional area per unit channel: (a) Straight, zigzag, and wavy types; (b) airfoil type.
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Fig. 5. Modeling and flowchart of PCHE code [24].
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3. Heat exchanger code design and economic evaluation

3.1. Heat exchanger code design

To evaluate the thermal-hydraulic performance and economics
of heat exchangers, a PCHE code was developed using the Kern and
Log Mean Temperature Difference (LMTD) methods, which are
typically used in heat exchanger design [24]. The code was
designed in the following order: (1) Variables representing the
boundary conditions and structural integrity (temperature and
pressure of the inlet, mass flow rate of the working fluid, number of
tubes, diameter, pitch, thickness of tube, and material of the heat
exchanger) were input; (2) the heat exchanger was discretized with
a specified number of nodes to account for changes in the proper-
ties of the working fluid, and a uniform specific enthalpy difference
was assumed; (3) dimensionless numbers such as the Reynolds and
Prandtl numbers were calculated for each discretized node, where
the specific enthalpy of the heat exchanger outlet was assumed; (4)
the Nusselt number and friction factor were calculated based on the
correlations and dimensionless numbers including the Reynolds
and Prandtl numbers; (5) the heat transfer coefficient, overall heat
transfer coefficient, and pressure drop were calculated; (6) the
change in the specific enthalpy at the outlet of the heat exchanger
was iterated until heat balancewas achieved on each node between
the heat transfer rate calculated using the mass flow rate and the
specific enthalpy difference (Equation (3.1)) and that calculated
using the LMTD method (Equation (3.2)).

The correlations used in step (4), including the shape variables
for each PCHE channel, are listed in Table 3. Except for the straight
channel, the other channels have shape variables (i.e., zigzag:
angle; wavy: pitch; airfoil: vertical and horizontal numbers). The
PCHE code calculations yielded the temperature and pressure dis-
tributions, velocity of the working fluid, non-dimensional number,
heat transfer area, volume of the heat exchanger, and pressure
drop.
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Q ¼ _mðhin� houtÞ (3.1)

Q ¼UADTLMTD (3.2)
3.2. Economic evaluation

The economics of the PCHE is evaluated by comparing the
capital and operating costs of the PCHE. The capital cost indicates
the cost based on the volume of the heat exchanger, excluding the
fabrication and interfacing costs. The excluded costs depend
significantly on the seller; as such, they cannot be evaluated simply.
Therefore, the capital cost is determined based on the volume and
material of the heat exchanger as follows [29]:

M ¼ r *V [kg] (3.3)

C ¼ CM * M [＄] (3.4)

C capital ¼ C *r *ð1þ rÞNh
ð1þ rÞN � 1

i ½$� (3.5)

V and M indicate the volume and mass of the PCHE calculated
using the heat exchanger code, respectively. Based on this calcu-
lated total weight of the PCHE, the capital cost was calculated. CM is
the cost per unit mass based on the material, i.e., approximately 30
＄/kg for SUS316L. It is noteworthy that the actual cost to purchase
PCHEs, including all fabrication fees, is approximately 40 $/kg in
our experience, which supports the assumption (30 $/kg for the
PCHE capital cost) from a previous study [24]. Subsequently, r and N
indicate the interest rates and duration of the heat exchanger
operation, respectively, and they were assumed to be 4% and 10
years, respectively, in the calculations [30].



Ta
b
le

3
C
or
re
la
ti
on

s
ba

se
d
on

th
e
ch

an
n
el

ty
p
es

[2
5e

28
].

C
h
an

n
el

ty
p
es

D
es
cr
ip
ti
on

H
ea

t
tr
an

sf
er

co
ef
fi
ci
en

t
an

d
fr
ic
ti
on

fa
ct
or

co
rr
el
at
io
n
s

St
ra
ig
h
t

N
u
¼

ðf=
8Þ
ðR
e
�
10

00
ÞP
r

1
þ

12
:7
ðf=

8Þ
1=

2
ðP
r2

=
3
�
1Þ

f
¼

ð0
:7
9l
n
ðR

eÞ
�
1:
64

Þ�
2

1 ffiffiffi fp
¼

�
1:
8l
og

� �
ε

3:
7D

� 1:1
1
þ6

:9 R
e

!!

Zi
gz

ag
N
u

¼

2:
26

31
*1

06
ðR
eÞ

1:
05

15
*1

0�
3
m

6:
54

05
*1

0�
1
a
�2

:0
66

5*
10

�4
� L D

� 8:0
88

5*
10

�5

2:
29

67
*1

06
m

6:
54

29
*1

0�
1
T
�1

:3
31

9*
10

�3

f
¼

1:
28

8*
10

�1
þ

�
3:
23

1*
10

�3
ðR

eÞ
3:
58

*1
0�

1
þ8

:9
29

*1
0�

2
ðp

�
a
Þ1:

79
9
þ1

:6
36

*1
0�

2
� r D

� þ1
:3
49

*1
0�

1
� w D

� 2:9
72

*1
0
�

8:
37

5*
10

�2
� p

�
a

� �
r D
)

W
av

y
N
u

¼
0:
4R

e0
:6
4
Pr

1=
3
� 2w ∧

� 0:7
5

f
¼

4:
8R

e�
0:
36
� 2w ∧

� 1:5

A
ir
fo
il

N
u
¼

0:
02

67
1R

e0
:8
Pr

n
x�

0:
00

91
77

h
x�

0:
01

11
8

v
(n

¼
0.
3
fo
r
co

ol
in
g,

n
¼

0.
4

fo
r
h
ea

ti
n
g)

f
¼

0:
05

75
4R

e�
0:
19

23
x�

0:
22

64
7

h
x�

0:
03

10
8

v

S.W. Lee, S.M. Shin, S. Chung et al. Nuclear Engineering and Technology 54 (2022) 1874e1889

1880
The operating cost is associated with the pumping work and
pressure drop of the heat exchanger. The operating cost is used as
follows [31]:

Wp ¼ DP* _V ½MW� (3.6)

C operating ¼ O * (Wp * 3600s) ¼ O * (Wp * 1 h) [＄] (3.7)

C total ¼ C capital þ C operating [＄] (3.8)

_V and △P represent the volumetric flow rate of the working
fluid and the pressure drop in the PCHE calculated based on the
heat exchanger code, respectively. The pumping work (MW) was
calculated using these two values. O represents the operating cost
per pumping work, which was 36.4＄/MWh. The total cost was
calculated by summing the capital and operating costs, and an
economic assessment was performed based on the total cost.

3.3. Validation of heat exchanger code e PCHE

To validate the PCHE code, the overall heat transfer coefficient
and pressure drop calculated from the code were compared with
the results from existing literature [32e35]. The experimental cases
were selected from different papers cited in the original paper, and
the correlations are introduced in Table 3. The shape variables and
boundary conditions of the PCHE in the code were set the same as
the experimental data. In the experiments, N2 and CO2were used as
working fluids under a high Reynolds number (>10,000) while
considering the SFR recuperator operating conditions (Reynolds
number: 10,000e20,000).

The comparison results show that the overall heat transfer co-
efficient and pressure drop predicted from the code were consis-
tent with the experimental results within 10%e30% uncertainties.
These differences are believed to be reasonable considering the
uncertainties in the heat transfer coefficient and pressure drop
correlations obtained from the experimental results. In particular,
the internal headers of the PCHE were considered in some exper-
imental results; however, the correlations used in this study
describe the core channel pressure drops without considering the
internal header. It has been reported that the header effect
contributed to a 1%e20% pressure drop depending on the geometry
of the header [36,37]. Based on the evaluation results, we conclude
that the developed code provides a reasonable estimation for
comparing PCHEs of different configurations.

4. Results

The thermal-hydraulic performance was evaluated based on the
required volume under the heat boundary conditions provided in
Fig. 1 and the pressure drop of the heat exchanger. To derive the
optimal channel types and geometry under the SFR cycles, the
analysis was conducted by changing the tube diameter and shape
variables (i.e., zigzag: angle; wavy: pitch; airfoil: vertical and hor-
izontal numbers). In this study, we primarily analyzed the shape
variables of each PCHE channel, such as the tube diameter, angle,
pitch, vertical number, and horizontal number (see Fig. 6).

4.1. Straight-type PCHE

Fig. 7 (a) and (b) show the volume and pressure drop based on
the tube diameter of the straight-type PCHE in the N2 and CO2
Brayton cycles, respectively. The smaller the tube diameter, the
smaller is the volume required to support the required heat load,
but the higher is the pressure drop in the PCHE. Furthermore, the



Fig. 6. Comparison of code results with experimental results: (a) Overall heat transfer coefficient; (b) pressure drop.

Fig. 7. Tube diameter and Reynolds number: (a) Volume; (b) pressure drop.

Fig. 8. Working fluid comparison: (a) Pressure drop for a fixed volume; (b) volume for a fixed pressure drop.
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smaller the tube diameter (a decrease in the hydraulic diameter),
the greater is the mass flux for the same Reynolds number (Re ¼
GDH=m). Hence, the velocity of the fluid increases, causing the
pressure drop to increase even if the friction factor is unchanged
under the same Reynolds number (f ∝ 1/Re). The change in volume
can be explained based on the heat transfer coefficient and
1881
structural integrity assessment (Section 2.2). The Nusselt number is
constant for a specified Reynolds number (Nu ∝ Re); however, the
heat transfer coefficient decreases with the increase in the tube
diameter ðNu hDH=kÞ), which results in an increase in the volume.
In addition, the increase in the tube diameter should increase the
cross-sectional area per unit channel (thickness and pitch) to
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ensure structural safety, as shown in Fig. 4. Therefore, the volume
increases with the tube diameter.

To identify the characteristics of the working fluids, we
compared the changes in the pressure drop for a fixed volume of
the heat exchanger, and the changes in the volume for a fixed
pressure drop. The volume and pressure drop were selected based
on those pertaining to existing N2 Brayton cycle literature [16].
Fig. 8 (a) shows the change in the pressure drop for the same vol-
ume in both working fluids. The pressure drop of N2 was slightly
greater than that of CO2, and the result can be explained by the
properties of the working fluids. The velocity of N2 was higher than
that of CO2 at the same mass flow rate (m ¼ r A v) because the
density of N2 is lower than that of CO2 (N2: 47 kg/m3, CO2: 51 kg/
m3). Fig. 8 (b) indicates the change in volume for the same pressure
drop. The volume of the PCHE when N2 was used as the working
Fig. 9. (a) Volume and (b) pressure drop of zigzag type based on bending angle; (c) volume a
and wavy types based on Reynolds number.
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fluid was slightly higher than that when CO2 was used. Although
both fluids have the same Reynolds number, the Nusselt number of
CO2 is high because the Prandtl number of CO2 is high (N2: 0.733,
CO2: 0.859). In addition, the thermal conductivity of CO2 is higher
than that of N2 (N2: 0.043 W/m-K, CO2: 0.048 W/m-K), resulting in
a higher heat transfer coefficient (h ¼ Nu*k=DH). Considering the
pressure drop and volume, it is favorable to use CO2 than N2 as the
working fluid under the same heat exchanger conditions.
4.2. Zigzag- and wavy-type PCHEs

The zigzag-type PCHE was analyzed based on the bending angle
and tube diameter. Fig. 9 (a) and (b) show the changes in volume
and pressure drop, respectively, based on these variables (tube
diameter and bending angle) in the N2 and CO2 Brayton cycles. For
nd (d) pressure drop of wavy type based on pitch; (e) volume (f) pressure drop of zigzag
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the tube diameter, the volume decreased and the pressure drop
increased as the tube diameter decreased in both the zigzag and
wavy types. This can be explained by the structural integrity
assessment and heat transfer performance, similar to that reported
in Section 4.1.

In terms of the bending angle effect, the volume decreased and
the pressure drop increased as the bending angle decreased, as
shown in Fig. 9 (a) and (b), which is expected from the correlation
between the Nusselt number and the friction factor in zigzag
PCHEs. The Nusselt number at an angle of 80� was approximately
twice larger than the number at an angle of 140� (Nua¼80=

Nua¼140 ¼ 2:06). The improved heat transfer performance reduced
the volume of the recuperator, and the friction factor exhibited the
same tendency. The friction factor at an angle of 80� was approxi-
mately 2.5 times higher than that at an angle of 140� (fa¼80=

fa¼140 ¼ 2:46), resulting in a difference in pressure drop based on
the angle (the velocity is constant because the flow cross-sectional
area is unchanged). The changes in the heat transfer coefficient and
pressure drop with the bending angle were caused by the decrease
in the angle, which increased the fluid instability in the bent in-
ternal flow path and promoted turbulence in the fluid [38].

Wavy-type PCHEs indicate a reduced pressure drop due to the
angle smoothing of the bent zigzag-type PCHE [12]. The pitch range
of the wavy type was similar to that of the zigzag type. Fig. 9 (c) and
(d) show the volume and pressure drop, respectively, based on the
pitch and tube diameter in the N2 and CO2 Brayton cycles, and they
were similar those of the zigzag type. As the pitch increased, the
volume increased, and the pressure drop decreased because the
Nusselt number and the friction factor decreased (Nul¼48=

Nul¼84 ¼ 1:58; fl¼48=fl¼84 ¼ 1:79).
Fig. 9 (e) and (f) indicate changes in volume and pressure drop

according to the Reynolds number in the N2 and CO2 Brayton cycles.
The changes have the same tendency as mentioned straight type in
section 4.1. The volume decreases and pressure drop increases as
the Reynolds number increases because the heat transfer coeffi-
cient and velocity of fluid increase as the Reynolds number in-
creases (Nu∝Re, Re∝v).

4.3. Airfoil-type PCHE

Unlike the continuous channel types of PCHEs (e.g., straight,
zigzag, and wavy), the airfoil type is a discontinuous channel type.
The shape variables of the airfoil type include a vertical number and
a horizontal number. The thermal-hydraulic characteristics vary
significantly depending on the variables. Fig. 10 shows the defini-
tions of the vertical number and horizontal number.

As shown in Fig. 11, the increase in the horizontal or vertical
number increases the volume and reduces the pressure drop in the
heat exchanger. As the horizontal or vertical number increases, the
hydraulic diameter increases, which reduces the mass flux at the
same Reynolds number (Re ¼ GDH=m). The reduced mass flux de-
creases the velocity of the fluid and reduces the pressure drop. In
addition, an increase in the hydraulic diameter reduces the heat
transfer coefficient ðNu hDH=kÞ) when the Nusselt number is con-
stant (Nu ∝Re), which increases the volume. The changes in the
Fig. 10. Vertical number and horizonta
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volume and pressure drop based on the vertical number are greater
than those based on the horizontal number because the rate of
change in the hydraulic diameter with a change in the vertical
number is greater than that of the diameter with a change in the
horizontal number (i.e., the hydraulic diameters for vertical
numbers 1.4 and 2.0 were 0.808 and 0.997 mm, respectively; the
hydraulic diameters for horizontal numbers 1.4 and 2.0 were 0.808
and 0.942 mm, respectively). Therefore, the vertical number
(instead of the horizontal number) affects the pressure drop and
volume of the heat exchanger more significantly.

5. Comparison and discussion

We compared the total cost (the sum of the capital cost and
operating cost) for different types of PCHE channels by considering
the shape variables (i.e., the angle, pitch, vertical number, and
horizontal number), tube diameter, and Reynolds number. The
ranges of each shape variable such as angle, pitch, vertical number,
and horizontal number and Reynolds number are set in consider-
ation of the structural integrity assessment and the ranges of the
correlations and Table 4 shows ranges of each variable. The com-
parison results show that the most economic channel depended
significantly on the working fluid (CO2 or N2) and operating con-
ditions. To better understand the results, we analyzed the total cost,
capital cost, and operating cost based on the variables.

5.1. CO2 Brayton cycle: Economic evaluation for different PCHE
channels

Based on the operating conditions of the CO2 Brayton cycle
described in Table 1, all types of channels were evaluated
economically. The calculation criteria were based on the structural
analysis of the channel and hypothetical fabrication limits
(>0.1 mm). In the above mentioned cycle, the zigzag-type PCHE,
which had a bending angle of 80� and a tube diameter of 1.9 mm,
was the most economical, as shown in Table 5 and Fig. 12 (a) and
(b). The total cost of the zigzag type was approximately 10% lower
than that of the airfoil and straight types, and approximately 20%
lower than that of the wavy type. Table 5 presents the optimal
geometry based on the channel type, and each of the optimal
channel type had different tube diameters. This can be explained by
the changes in the capital and operating costs based on the tube
diameters shown in Fig. 12 (c) and (d). The rate of change of the
capital cost (slope in Fig. 12 (c)) was almost constant for various
tube diameters, whereas the rate of change of the operating cost
(slope in Fig. 12 (d)) varied continuously with the tube diameter for
each channel type. Because each channel has a different rate of
change in operating cost, all channel types had different tube di-
ameters in the optimal geometry as shown in Table 5.

In particular, the operating cost of the zigzag-type changed the
most rapidly when the tube diameter was small, owing to its rapid
increase in pressure drop when the tube diameter decreased, as
compared with the other types. Therefore, for the zigzag type, it is
economical to increase the tube diameter to reduce the operating
cost, even if the capital cost increases. By contrast, in the airfoil and
l number of airfoil-fin-type PCHE.



Fig. 11. (a) Volume and (b) pressure drop as a function of horizontal number; (c) volume and (d) pressure drop as a function of vertical number.

Table 4
The range of each parameter.

Parameters Reynolds number Diameter Angle and pitch Vertical number/horizontal number

Range 10,000e20,000 0.1e2.0 mm 80e140� 1.1e2.0
48e84 mm

Table 5
Optimal geometry in CO2 Brayton cycle.

Type Diameter (a, l, xv, xh) Re Volume Pressure drop Total cost

Unit [mm] - [m3] [kPa] [Million dollars]

Straight 0.8 10,000 14.86 187 0.812
Zigzag 1.9 (80�) 10,000 19.20 100 0.730
Wavy 1.6 (48) 10,000 20.36 180 0.880
Airfoil (1.2, 1.4) 10,000 21.56 115 0.819
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straight types, the rate of change in the operating cost changed
slightly as comparedwith the zigzag type, and the proportion of the
capital cost relative to the total cost was higher than that of oper-
ating cost. This implies that volume is a more important factor than
pressure drop in the heat exchanger design of the airfoil or straight
channel type. Hence, it is economical to reduce the volume by
selecting a small tube diameter, vertical number, and horizontal
number in the two above mentioned channel types, as shown in
Table 5.

Fig. 12 (e) shows the total cost of the zigzag type based on the
tube diameter and bending angle. A large tube diameter was
economical when the bending angle was 80�, and a small tube
1884
diameter was economical when the bending angle was 140�. This
can be explained by the changes in the capital and operating costs
shown in Fig. 12 (f). When the bending angle was large (a ¼ 140�),
the proportion of the capital cost was higher than that of the
operating cost, based on the tube diameter. This implies that the
capital cost associated with volume is a more important design
factor than the operating cost. Therefore, it is economical to reduce
the volume by reducing the tube diameter. By contrast, at a small
bending angle (a ¼ 80�), the total cost reduced continuously as the
diameter increased because the reduction rate of the operating cost
was greater than the increase rate of the capital cost when the
bending angle was small. Therefore, it is economical to reduce the



Fig. 12. CO2 Brayton cycle: (a) Total cost; (b) tube diameter and vertical number; (c) capital cost; (d) operating cost; (e) bending angle and tube diameter of zigzag type; (f) capital
cost and operating cost of zigzag type.

Table 6
Optimal geometry in N2 Brayton cycle.

Type Diameter (a, l, xv, xh) Re Volume Pressure drop Total cost

Unit [mm] - [m3] [kPa] [Million dollars]

Straight 1.0 10,000 76.49 136 3.14
Zigzag 1.8 (80�) 10,000 72.53 132 3.04
Wavy 1.6 (48) 10,000 69.30 182 3.33
Airfoil (1.6, 1.1) 10,000 74.07 124 2.99
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operating cost by increasing the tube diameter.
In some applications, volume can be a critical parameter for

system design. In terms of volume, Table 5 shows that the straight
1885
type had the smallest volume because the tube diameter of the
straight type was the smallest. If the volumes of the straight and
zigzag types are same (V ¼ 14.86 m3), then the pressure drop of the



Table 7
Total cost based on channel type for different PCHE costs.

Total costs for different capital cost [Million dollars]
N2/CO2

Channel type 30 $/kg 20 $/kg 10 $/kg

Straight 3.14/0.812 2.51/0.65 1.69/0.44
Zigzag 3.04/0.73 2.32/0.57 1.56/0.39
Wavy 3.33/0.88 2.64/0.71 1.89/0.49
Airfoil 2.99/0.819 2.30/0.61 1.48/0.37
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zigzag type (△P ¼ 254 kPa) will be greater than that of the straight
type (△P¼ 187 kPa), whereas the total cost of the straight typewill
Fig. 13. N2 Brayton cycle: (a) Total cost; (b) tube diameter and vertical number; (c) capital
capital cost and operating cost of airfoil type.
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be lower (0.812 million dollars) than that of the zigzag type (0.885
million dollars). Based on the same volume, the straight type can be
considered economically superior. However, the zigzag type can be
rendered more economical than the straight type by changing the
tube diameter.

5.2. N2 Brayton cycle: Economic evaluation for different PCHE
channels

In the N2 Brayton cycle, the airfoil-type PCHE with vertical and
horizontal numbers of 1.6 and 1.1, respectively, is the most
economical, as shown Table 6 and Fig. 13 (a) and (b). The total cost
of the airfoil type was approximately 10% lower than that of the
cost; (d) operating cost; (e) vertical number and horizontal number of airfoil type; (f)
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wavy type, and approximately 5% (2%) lower than that of the
straight type (zigzag type). Additionally, this cycle involves various
tube diameters depending on the optimal channel type, the reason
of which is explained in Section 5.1. However, the optimal channel
type in the N2 Brayton cycle differs from that in the CO2 Brayton
cycle because the conditions of the two cycles are different. The
mass flow rate of N2 (4956 kg/s) was higher than that of CO2
(1544 kg/s), and the high mass flow rate resulted in significant
pumping even when the pressure drop was slightly greater,
resulting in a rapid increase in the operating cost (increase rate in
operating cost per 1 kPa of pressure drop: N2-1.2%; CO2-0.8%). This
implies that the pressure drop is an important design factor in this
cycle. In this regard, Table 6 shows that the airfoil type with the
least pressure drop was the most economical, although the wavy
type had the smallest volume. Therefore, considering the highmass
flow rate in the N2 Brayton cycle, the most suitable type was the
airfoil type because the channel type exhibited an intermediate
heat transfer performance (similar to the wavy type) and a low
pressure drop (similar to the straight type) (see Table 7).

Fig. 13 (e) shows the total cost based on the vertical and hori-
zontal numbers. The capital cost and operating cost showed
opposite tendencies based on the shape variables, as shown in
Fig. 13 (f). Therefore, the appropriate shape variables must be
selected. The result of the total cost based on the shape variables
indicate that it is less economical to design the two above-
mentioned shape variables at 1.4 (xv ¼ xh ¼ 1.4) and at 2.0
(xv ¼ xh ¼ 2.0) (Here, xv and xh refer to the vertical and horizontal
numbers, respectively). Increasing the two shape variables can
reduce the pressure drop, but constantly increasing them increases
the volume and deteriorates economic feasibility. The total cost of
the airfoil type can be reduced by reducing the volume using a low
horizontal number (xh ¼ 1.1) and by reducing the pressure drop
using a high vertical number (xv ¼ 1.6).

Table 6 shows that the volume of wavy type was the smallest
compared with those of the other channel types. However, the
pressure drop was bigger than those of the other channel types,
thereby rendering it less economical. If the volumes of the wavy
and airfoil types are same (V ¼ 69.3 m3), then the pressure drop of
the airfoil type (△P¼ 170 kPa) will be smaller than that of thewavy
type (△P ¼ 182 kPa), and the total cost of the airfoil type will be
lower (3.16 million dollars) than that of the wavy type (3.33 million
dollars). This implies that the airfoil type based on the same volume
is economically superior to the wavy type because the pressure
drop of the former is lower than that of latter.
Fig. 14. Total cost based on cost per unit weight of PC
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5.3. Sensitivity analysis: capital cost of PCHE

We calculated the capital cost of the PCHE based on the cost per
unit weight (approximately 30 $/kg) in this study. If the production
cost of the PCHE is reduced owing to improved PCHE production
technology, then the optimal channel type can change in the N2 and
CO2 Brayton cycles. To understand the effect of the cost per unit
weight on the optimal channel type, we conducted a sensitivity
analysis based on the production cost of the PCHE (10 and 20 $/kg).
Fig. 14 shows the total cost based on the channel type for different
PCHE production costs.

For the CO2 Brayton cycle, the most economical channel type
(zigzag type) was unchanged, whereas the PCHE production cost
changed from 30 $/kg to 20 $/kg. However, the airfoil type is ex-
pected to be the most economical when the cost is reduced to 10
$/kg. The airfoil type will be economical when the production cost
is 13.3 $/kg or less than the capital cost. The reduction in capital cost
implies that the effect of the pressure drop (operating cost) be-
comes more significant. Therefore, the high pressure drop in the
zigzag type is not appropriate, and the airfoil type with a low
pressure drop is suitable. In the N2 Brayton cycle, the optimal
channel type (airfoil type) was the same regardless of the change in
the PCHE capital cost. The airfoil typewas 1%e10% cheaper than the
other channel types when the cost was 30 $/kg. When the cost was
reduced to 10 $/kg, the airfoil type was 5%e27% cheaper than other
channel types. As the production cost decreased, the operating cost
increased, and the airfoil type with a low pressure drop (operating
cost) became more economical. The airfoil type continued to be
economical in the N2 Brayton cycle as the cost decreased except
when the capital cost increased or the operating cost changed (the
airfoil type was more economical than the straight type with a low
pressure drop).

The total cost of the recuperator in the N2 Brayton cycle was
approximately four times that of the CO2 Brayton cycle. The recu-
perator in the N2 Brayton cycle required a highmass flow rate and a
high thermal capacity, as shown in Table 1. A larger volume of the
heat exchanger was required to overcome the high heat transfer
rate (1730 MWth), which resulted in an increase in the capital cost.
In addition, the operating cost increased rapidly because the mass
flow rate of N2 (4956 kg/s) was significantly larger than that of CO2
(1628 kg/s), even when the pressure drops were similar (i.e., the
densities and mass flux of N2 and CO2 were similar). Therefore, the
total cost for the N2 Brayton cycle was higher than that for the CO2
Brayton cycle.
HE for (a) N2 Brayton cycle (b) CO2 Brayton cycle.



Fig. 15. Total cost based on operating cost per unit pumping work for (a) N2 Brayton cycle (b) CO2 Brayton cycle.

Table 8
Total cost based on channel type for different operating costs.

Total costs for different operating cost [Million dollars]
N2/CO2

Channel type 26.4 $/MWh 36.4 $/MWh 46.4 $/MWh

Straight 2.86/0.78 3.14/0.812 3.40/0.86
Zigzag 2.72/0.68 3.04/0.73 3.41/0.87
Wavy 2.95/0.78 3.33/0.88 3.67/0.97
Airfoil 2.74/0.77 2.99/0.819 3.23/0.83
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5.4. Sensitivity analysis: operating cost of PCHE

We calculated the operating cost per pumping work based on
the cost per unit MWh (approximately 36.4 $/MWh) in this paper.
But, the optimal shape may change according to the change in the
cost. To identify the effect of the cost, we conducted a study ac-
cording to the operating cost per pumping work (26.4, 36.4, and
46.4 $/MWh).

Fig. 15 and Table 8 show the total cost according to the operating
cost per pumping work. When the cost is reduced to 26.4 $/MWh,
the zigzag type is the most economical in both N2 and CO2 cycles.
The reduction in operating cost indicates that the effect of the
capital cost becomes more significant. Therefore, the zigzag type
with the highest heat transfer performance (the smallest volume) is
economical. Conversely, if the operating cost increases to 46.4
$/MWh, the airfoil type is the most economical in the both cycles.
The airfoil type has a medium heat transfer performance and a
small pressure drop. Due to the influence of this low pressure drop,
the total cost does not increase significantly even if the operating
cost per pumping work increases. For zigzag and wavy type PCHEs,
it can be seen that the total cost rapidly increases as the operating
cost increases because these types have a greater pressure drop
than those of straight and airfoil types. Therefore, if the operating
cost is reduced, the zigzag type is economical, and if the operating
cost increases, the airfoil type is economical.
6. Conclusion

PCHEs are a promising candidate as recuperators in SFR reactors.
The channel types in PCHEs include the straight, zigzag, wavy, and
airfoil types. Depending on the variables, PCHEs demonstrate
various thermal-hydraulic performances and economic feasibility.
In this study, the thermal-hydraulic performance was evaluated
and an economic assessment was conducted based on the channel
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type, shape variables (zigzag: angle; wavy: pitch; airfoil: vertical
and horizontal numbers), tube diameter, and Reynolds number.

The economic assessment indicated that the zigzag-type PCHE
was the most economical in the CO2 Brayton cycle. The zigzag-type
PCHE typically exhibits high heat transfer performance owing to its
small volume; however, its pressure drop is significant. Hence, we
reduced the pressure drop by increasing the tube diameter, even
when the volume increased. We discovered that the zigzag-type
PCHE with an angle of 80� and a tube diameter of 1.9 mm was
the most economical in the CO2 Brayton cycle. By contrast, the
airfoil-fin-type PCHE was the most economical in the N2 Brayton
cycle. Themass flow rate of the N2 Brayton cycle was approximately
3 times higher than that of the CO2 Brayton cycle. This implies that
the operating costs is greater than the capital costs. Additionally,
this indicates that the pressure drop imposed a more significant
effect on the economics as compared with the volume. Hence, the
airfoil type with a pressure drop similar to the straight type and an
intermediate heat transfer performance is most suitable for the N2
Brayton cycle.

The economic assessment was conducted based on the capital
and operating costs used in the existing literature. However, the
improvement in the PCHE design technology will reduce the capital
cost. Therefore, we conducted a sensitivity analysis based on the
PCHE production cost to identify any changes in the optimal
channel types for the N2 and CO2 Brayton cycles. In the CO2 Brayton
cycle, the most economical channel type was the zigzag type when
the production costs of the PCHE were 30 $/kg and 20 $/kg. When
the cost was 13.3 $/kg, the optimal channel typewas the airfoil type
because the proportion of the operating cost relative to the total
cost increased, and the airfoil type with a low pressure drop indi-
cated a small operating cost. For the N2 Brayton cycle, the optimal
channel type (airfoil type) did not change even when the capital
cost was reduced continuously. This implies that the proportion of
the operating cost increased and the airfoil type, which had a low
pressure drop, became more economical as the PCHE production
cost decreased. In addition, the optimal shape changes according to
the operating cost per pumping work. If this cost is reduced, the
zigzag type with the smallest volume is economical because the
proportion of capital cost increases, and if the cost increases, the
airfoil type with the smallest pressure drop is the most economical.

Each channel type can be analyzed based on the shape variables,
tube diameter, and Reynolds number using the designed code.
Furthermore, the thermal-hydraulic performance and economics of
four types of PCHEs for the recuperators in the SRFs can be assessed
using N2 and CO2 as theworking fluids.We conclude that the zigzag
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type with high heat transfer performance is the most economical
channel type in the CO2 Brayton cycle, and that the airfoil type with
a low pressure drop is superior in the N2 Brayton cycle. It is believed
that economic assessment can be extended to plant systems.
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