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Influence of Operation Parameters on Thermohydraulic Performance of 
Supercritical CO2 in a Printed Circuit Heat Exchanger

Lei Chai and Savvas A. Tassou 

Centre for Sustainable Energy Use in Food Chain (CSEF), Institute of Energy Futures, Brunel University London, Uxbridge, Middlesex, UK 

ABSTRACT 
The performance of recuperative printed circuit heat exchangers is critical in supercritical 
CO2 (sCO2) power generation applications. This article presents a three-dimensional numer-
ical model of sCO2 flowing in a printed circuit heat exchanger and investigates its thermo-
hydraulic performance under different operation conditions. The simulations employ the 
standard k-e turbulent model, and consider entrance effects, conjugate heat transfer, real 
gas thermophysical properties and buoyancy effects. The heat exchanger operation parame-
ters cover mass flux from 254.6 to 1273.2 kg/m2s, inlet temperature 50–150 �C and outlet 
pressure 100–250 bar on the cold side, and 300–500 �C and 75–150 bar on the hot side. 
Results show that increasing CO2 mass flux leads to a significantly increased heat transfer 
coefficient, a slight increase in temperature difference between the hot and cold CO2, as 
well as larger pressure drop and lower friction factor on both sides. Increasing the cold CO2 
pressure, decreasing the cold CO2 temperature, and increasing the hot CO2 temperature 
result in a higher heat transfer rate of the heat exchanger. Increasing the CO2 temperature 
on each side causes increased pressure drops on both sides. Increasing the CO2 pressure on 
each side reduces the pressure drop on each side.

Introduction

Due to its attractive thermophysical properties, CO2 
has many advantages over other competing high-tem-
perature heat to power conversion technologies [1, 2]. 
Numerous studies have shown that the sCO2 (super-
critical CO2) Brayton cycle has the potential for 
smaller equipment sizes, smaller plant footprint, better 
operational flexibility, and higher cycle efficiency [3]. 
A contributing factor to the high efficiency is the high 
degree of thermal recuperation that can be achieved 
between the expander exhaust and the compressor 
exhaust. An important challenge in maximizing this 
recuperation is to select a recuperative heat exchanger 
that has high heat transfer effectiveness, relatively low 
pressure drop in both the hot and cold flow streams 
and can withstand high temperatures and pressures 
and thermal shocks [4]. Amongst the various types of 
recuperative heat exchangers, the printed circuit heat 
exchanger (PCHE) has become a preferred choice due 
to its highly compact construction, high heat transfer 
coefficients, and capability to operate effectively over 

high-pressure differentials and wide range of operat-
ing temperatures [5].

A printed circuit heat exchanger is a compact heat 
exchanger with an effective surface area density of up 
to 2500 m2/m3. Two advanced technologies are uti-
lized to manufacture the PCHE: photo etching and 
diffusion bonding. Flat metal plates are photo-chem-
ically etched with specific design patterns and joined 
by a diffusion-bonding process to form a compact, 
strong, all-metal structure containing complex internal 
passages that allow for good flow control and fluid 
metering features [6]. For the sCO2 Brayton cycle, the 
PCHE must accommodate a high temperature and 
significant pressure differentials between the heat 
exchange fluids and offer excellent thermohydraulic 
performance. Four main types of PCHE flow passages 
have been developed, including straight channels, zig-
zag (or wavy) channels, channel with S-shaped fins, 
and channel with aerofoil fins [7]. The development 
and application of heat transfer theory and knowledge 
of the behavior of sCO2 flowing in these channels are 
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essential for better understanding and improvement of 
the thermal recuperation efficiency and reduction of 
the capital cost of PCHEs [8].

To predict the thermal and hydraulic performance of 
sCO2 flowing in PCHEs, various studies have been per-
formed. Kruizenga et al. [9, 10] and Li et al. [11] pro-
vided heat transfer and pressure drop data for PCHEs 
with straight channels. Nikitin et al. [12–14], Ngo et al. 
[15], Kim et al. [16], Lee and Kim [17–19], Kim et al. 
[20] and Lee et al. [21] investigated the heat transfer 
and pressure drop characteristics of PCHEs with zigzag 
channels. Nikitin et al. [14], Ngo et al. [15], Tsuzuki 
et al. [22, 23], Zhang et al. [24] studied the thermohy-
draulic performance of PCHEs with S-shaped fins. Lee 
and Kim [17], Xu et al. [25, 26], Kim et al. [27] and 
Kwon et al. [28] demonstrated the thermohydraulic per-
formance of sCO2 in PCHEs with airfoil fins. Although 
much work has been done in this research area, this has 
mainly focused on the qualitative effects of geometrical 
flow channel parameters on the thermal and hydraulic 
performance of PCHEs across a limited range of condi-
tions. The effects of the wide variation in the thermo-
physical properties of sCO2 across the wide temperature 
differences in the cold and hot flow streams in PCHEs, 
combined with the effects of changes in flowrate during 
transient operating conditions on local heat transfer 
coefficients and pressure drop require further investiga-
tion and analysis [29, 30].

This article aims to fill gaps in this knowledge. A 
three-dimensional computational fluid dynamics 
(CFD) modeling involving consideration of entrance 
effects, conjugate heat transfer, real gas thermophysi-
cal properties and buoyancy effects was developed and 
results were reported by Chai and Tassou [31]. To 
further build on this knowledge, the influence of oper-
ating parameters, the mass flux of CO2, inlet tempera-
ture and outlet pressure on both the cold and hot 
sides are investigated in this study. To clearly investi-
gate and demonstrate the influence of operating 
parameters without the effects of complex channel 
geometry, this study focuses on straight channels. The 
local, average, and overall performance parameters are 
investigated on both the hot and cold sides as well as 
their interactions. The effects of the significant varia-
tions in the thermophysical properties of sCO2 on the 
heat transfer and fluid flow processes are discussed in 
detail. The study considers only the performance of 
the recuperative heat exchanger and not the integrated 
power generation system.

Numerical models and computational method

Physical model

A schematic diagram for the PCHE with straight 
channels is shown in Figure 1a. The plates are 

Nomenclature 

A area, m2 

cp specific heat, J/(kg�K) 
CFD computational fluid dynamics 
D hydraulic diameter, m 
f friction factor 
f average friction factor 
G mass flux, kg/(m2�s) 
g acceleration of gravity, m/s2 

Gk turbulence kinetic energy due to the mean velocity 
gradients, J/kg 

Gb turbulence kinetic energy due to the buoyancy, J/kg 
G1e constant used in the Eq. (6)
G2e constant used in the Eq. (6)
h heat transfer coefficient, W/(m2�K) 
h average heat transfer coefficient, W/(m2�K) 
H height, m 
k turbulent kinetic energy, m2/s2 

L length, m 
Nu Nusselt number 
Nu average Nusselt number 
p pressure, Pa 
PCHE printed circuit heat exchanger 
q heat flux, W/m2 

Q heat transfer rate, W 
sCO2 supercritical CO2 
R radius, m 
Re Reynolds number 

Re average Reynolds number 
T temperature, K 
u velocity, m/s 
W width, m 
x,y,z coordinates shown in Figure 1, m 

Greek symbols 
rk Prandtl numbers for turbulent kinetic energy 
rE Prandtl numbers for turbulent dissipation 
q density, kg/m3 

k thermal conductivity, W/(m�K) 
e turbulent dissipation, m2/s3 

l dynamic viscosity, Ns/m2 

mt eddy viscosity, Ns/m2 

Subscripts 
cold cold side 
cor correlation 
in inlet 
f fluid 
hot hot side 
out outlet 
s solid 
w wall 
z local 
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assumed to be stacked alternately for the hot and cold 
fluids. To effectively simulate the sCO2 flowing in the 
PCHE, a representative computational domain con-
taining two channels and the surrounding solid is 
employed in the numerical modeling work as shown 
in Figure 1b. The cross section of the channels is 
semi-circular with a radius (R) of 1 mm. The channel 
pitch is 2.54 mm in the x direction (2 W) and 
3.26 mm in the y direction (H), and the channel 
length (L) is 272 mm. The cold sCO2 flows in the 
upper channel and the hot flows in the lower channel. 
The parameters of channel geometry are from Refs. 
[32, 33], in which a printed circuit heat exchanger 
with straight microchannels was fabricated and 
tested with helium for high-temperature reactor 
applications.

Modeling assumptions and conservation equations

The CFD modeling was developed for steady three- 
dimensional fluid flow and heat transfer. The sCO2 
flow is assumed to be uniformly distributed in the 
channel inlet with uniform temperature and velocity 
profiles. Due to the significant variations of 
thermophysical properties of sCO2 around the critical 
point with pressure and temperature, the NIST real 
gas thermophysical properties are employed in the 
present work and the buoyancy effects are also 
considered.

In the fluid domain, the Navier-Stokes equations 
and the energy equation are simultaneously solved. 
The continuity, momentum, and energy equations for 
the sCO2 flow are as follows:

@
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In the solid domain, the Fourier’s conduction equa-
tion is solved. The heat conduction equation for the 
solid region is:

@

@xi
ks
@T
@xi

� �

¼ 0 (4) 

where u is the fluid velocity vector, p is the hydro-
dynamic pressure, q, l, cp, and k are the density, 
dynamic viscosity, specific heat capacity and thermal 
conductivity of the fluid, respectively. The ks is the 
thermal conductivity of solid material.

For all the tested cases in the present work, the sCO2 
flowing in the channels is fully turbulent with Reynolds 
numbers in the range 7200 to 76000. The effects of 
molecular viscosity are negligible, so the standard k-e 
model is adopted for the turbulent flow simulations. 
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Figure 1. Computational model. (a) Schematic of a printed circuit heat exchanger and (b) Schematic of the computational 
domain.
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where mt represents the eddy viscosity, Gk represents 
the generation of turbulence kinetic energy due to the 
mean velocity gradients and Gb is the generation of 
turbulence kinetic energy due to buoyancy. The rk 

and re are the turbulent Prandtl numbers for k and e, 
rk ¼ 1.0 and re ¼ 1.3. The G1e and G2e are constants, 
G1e ¼ 1.44 and G2e ¼ 1.92.

Boundary conditions and solution methods

The numerical simulations were carried out with 
ANSYS Fluent 2019 R2. Due to the significant vari-
ation of thermophysical properties of CO2 in the 
near-critical point region, the heat transfer and fluid 
flow characteristics in the near-critical point region 
are quite different from those with constant physical 
properties. Therefore, during the simulations, the 
NIST real gas models were activated and the 
REFPROP v9.1 database was dynamically loaded into 
the solver as a shared library [34]. The material of the 
surrounding solid was assumed to be stainless steel 
316 L with thermal conductivity of 16.3 W/(m�K). The 

thermophysical properties of sCO2 at different tem-
peratures and pressures covered by the present study 
are shown in Figure 2.

For the boundary conditions, the mass-flow-inlet 
and pressure-outlet boundaries are employed at the 
inlet (z¼ 0 on the cold side and z¼ L on the hot 
side) and outlet (z¼ L on the cold side and z¼ 0 
on the hot side) of each channel, respectively. At 
the upper surface (y¼H) and the lower surface 
(y¼ 0) of the unit cell, the thermally periodic 
boundary is applied to ensure that the channels 
thermally interact with virtual adjacent channels. At 
the left surface (x¼ 0) and right surface (x¼W) of 
the unit cell, the symmetry boundary is introduced 
due to the repeated structure. The range of operat-
ing conditions for both the hot and cold CO2 fluids 
simulated in this study is summarized in Table 1. 
The operating parameters cover mass flux from 
254.6 to 1273.2 kg/(m2�s), inlet temperature 50– 
150 �C and outlet pressure 100–250 bar on the cold 
side, and 300–500 �C and 75–150 bar, respectively, 
on the hot side.

Figure 2. Thermophysical properties of CO2 at different temperatures and pressures. (a) Density, (b) specific heat, (c) thermal con-
ductivity, and (d) dynamic viscosity.

4 L. CHAI AND S. A. TASSOU



The SIMPLEC algorithm is used to implement the 
coupling between pressure and velocity, and the 
second-order upwind is applied to discretize the con-
vection terms in the control volume. The convergence 
criteria are reached when the normalized residuals of 
all variables in the momentum and energy equations 
are less than 10−5. The thickness of the first near-wall 
mesh was selected to ensure the dimensionless dis-
tance from the wall yþ was in the range from 15 to 
50. A grid independence test was also carried out 
using different mesh sizes. The results in Table 2, 
show the heat transfer and pressure drop results for 
the difference mesh sizes for a mass flux of 509.3 kg/ 
(m2�s), inlet temperature 100 �C and outlet pressure 
150 bar on the cold side and 400 �C and 75 bar on the 

hot side. Based on the results, a grid size of 1.844 mil-
lion was chosen for the simulations in the present 
study. The corresponding mesh configuration is 
shown in Figure 3.

Data acquisition and model validation

The parameters relevant to thermohydraulic perform-
ance include Reynolds number (Re), heat transfer 
coefficient (h), Nusselt number (Nu), friction factor 
(f), and heat transfer rate (Q).

The local parameters are defined as 

Rez ¼
GD
lz

(7) 

hz ¼
qz

jTw, z − Tf , zj
(8) 

Nuz ¼
hzD
kf , z

(9) 

fz ¼
2qzD

G2
dpf
dz

(10) 

where G is the mass flux, D is the hydraulic diameter, 
qz, Tw,z and Tf,z is the local heat flux, local wall tem-
perature, and local fluid temperature at a fixed z plane, 
respectively. The qz, lz and kf,z are the local density, 
dynamic viscosity, and thermal conductivity of the 
fluid, respectively. The dpf

dz represents the pressure gradi-
ent just due to the friction, where the pressure gra-
dients caused by the flow acceleration and deceleration 
due to changes in density were excluded from the total.

The average parameters are defined as 

Re ¼
Ð L

0 Rezdz
L

(11) 

h ¼
Ð L

0 hzdz
L

(12) 

Nu ¼
Ð L

0 Nuzdz
L

(13) 

f ¼
Ð L

0 fzdz
L

(14) 

where L is the channel length.
To validate the numerical model, the numerical 

results were compared with the predictions of heat 
transfer and pressure drop from the empirical Figure 3. Computational grid for solution domain.

Table 2. Mesh sensitivity with respect to the number of nodes.
Number of nodes pcold, in - pcold, out (kPa) phot, in - phot, out (kPa) hcold (kW/m2�K) hhot (kW/m2�K)

352,658 3.95 8.18 2.06 2.09
704,898 3.84 8.28 2.03 2.07
1,843,953 3.76 8.34 1.99 2.05
3,686,753 3.75 8.35 1.98 2.04

Table 1. Range of operating conditions simulated for both 
the hot and cold fluids.
G (kg/m2�s) pcold, out (bar) Tcold, in (oC) phot, out (bar) Thot, in (oC)

254.6–1273.2 100–250 100 75 400
254.6–1273.2 150 50–150 75 400
254.6–1273.2 150 100 75–150 400
254.6–1273.2 150 100 75 300–500

HEAT TRANSFER ENGINEERING 5



correlations. The Dittus-Boelter correlation [35] is a 
traditional expression for heat transfer calculations for 
flows in tubes. The Gnielinski correlation [36] is a 
more complicated expression that can lead to more 
accurate results for fully developed turbulent flow in 
smooth tubes. Figure 4 shows the comparison results 

of the case with mass flux of 509.3 kg/(m2�s), inlet 
temperature 100 �C and outlet pressure 150 bar on the 
cold side and 400 �C and 75 bar on the hot side. It 
should be pointed out that the CFD simulation for 
comparison with the correlations employs the con-
stant thermophysical properties of CO2, which are the 

Figure 4. Comparison with predictions from empirical correlations of Dittus-Boelter [35], Gnielinski [36], Blasius [37], and Petukhov 
[38]. (a) Thermal performance and (b) Hydraulic performance.

Figure 5. Local thermal performance for different mass fluxes. (a) Fluid temperature, (b) Temperature difference between hot and 
cold sides and heat flux variation, (c) Heat transfer coefficient, and (d) Nusselt number.
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mass-average values obtained from the simulation 
with NIST real-gas thermophysical properties. As 
shown in Figure 4a, the results from the CFD simula-
tions match very well the predictions from the 
Gnieliski correlation [36]. The Dittus-Boelter relation-
ship [35] overpredicts the heat transfer coefficient on 
the hot and cold sides by approximately 6%. The 
larger differences at the cold and hot fluid entrances 
to the heat exchanger are mainly caused by the 
assumptions of uniform temperature and velocity at 
the entrances. As shown in Figure 4b, the pressure 
drop difference between the CFD results and the cor-
relation predictions from the Blasius correlation [37] 
and Petukhov correlation [38] is less than 12%. The 
good agreements for both heat transfer and pressure 
drop data confirm the validity of the CFD modeling 
approach adopted.

Results and discussion

Local thermal performance

Figure 5 shows the local thermal performance for dif-
ferent mass fluxes, including the fluid temperature, 

temperature difference between hot and cold sides 
and heat flux variation, as well as the local heat trans-
fer coefficient and the corresponding Nusselt number. 
The temperature difference and local heat flux 
increase along the cold CO2 flow direction. The heat 
transfer coefficient of cold CO2 shows an obvious 
decrease along its flow direction, while the decrease of 
hot CO2 is not that obvious. The Nusselt number 
declines along the flow direction on the cold side and 
increases on the hot side except the relatively short 
entrance region. The entrance region leads to much 
larger heat flux on the two ends of the heat exchanger 
due to the uniform temperature assumption, where 
the heat transfer coefficients and Nusselt number are 
also quite high. With the development of the thermal 
boundary layer, the heat transfer coefficient reduces 
quickly and then becomes stable along the flow direc-
tion. Increasing CO2 mass flux leads to a significant 
increase in local heat flux and heat transfer coefficient, 
despite a comparably slight increase in temperature 
difference.

Since the CO2 thermophysical properties have a 
significant influence on the local thermohydraulic 

Figure 6. Local fluid thermophysical properties and Reynolds number. (a) Density and specific heat, (b) Thermal conductivity and 
dynamic viscosity, and (c) Reynolds number.
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performance, Figure 6 shows the variations of CO2 
thermophysical properties along the flow direction. 
The local Reynolds number is also presented. The 
density of cold CO2 drops from 332 kg/m3 to 161 kg/ 
m3 along its flow direction, while that of the hot 
increases from 59 kg/m3 to 88 kg/m3. The specific heat 
reduces largely from 2.103 kJ/(kg�K) to 1.221 kJ/(kg�K) 
along the cold flowing while drops only from 1.156 kJ/ 
(kg�K) to 1.125 kJ/(kg�K) along the hot. The thermal 
conductivity and dynamic viscosity demonstrate very 
similar trends, both firstly going down slowly and 
then gently up on the cold side while keep dropping 
along the hot flowing. The thermal conductivity drops 
from 41.1� 10−3 W/(m�K) to 37.5� 10−3 W/(m�K) 
and then up to 41.6� 10−3 W/(m�K) along the cold 
CO2 flowing and drops from 48.9� 10−3 W/(m�K) to 
34.5� 10−3 W/(m�K) along the hot. The dynamic vis-
cosity reduces from 27.8� 10−6 Ns/m2 to 25.6� 10−6 

Ns/(m2�s) and then up to 27.6� 10−6 Ns/m2 for the 
cold CO2 and declines from 31.2� 10−6 Ns/m2 to 
24.1� 10−6 Ns/m2 for the hot. The local Reynolds 
number correspondingly varies with the dynamic 

viscosity, due to their inverse proportional relation-
ship for the fixed mass flux and the hydraulic 
diameter.

Figure 7 shows the influence of cold CO2 pressure 
on local thermal performance. A larger pressure 
brings about a smaller temperature rise of the cold 
fluid and a larger temperature drop of the hot fluid. 
This is mainly caused by the increased specific heat 
with increasing pressure. The pressure significantly 
impacts the heat transfer coefficient and Nusselt num-
ber of the cold CO2. A higher pressure, results in 
higher heat transfer coefficient but a decreased 
Nusselt number. This is mainly caused by the 
increased thermal conductivity with pressure. A 
higher pressure also leads to higher dynamic viscosity 
and thus a smaller Reynolds number and also reduces 
the Nusselt number. The cold CO2 pressure has very 
little impact on the heat transfer from the hot side. As 
shown in Figure 8, increasing the inlet temperature of 
the cold CO2 creates a substantial temperature drop 
in the hot CO2. The temperature drops are 252 �C, 
221 �C, 194 �C, 173 �C and 155 �C, respectively with 

Figure 7. Local thermal performance for different pressures of cold CO2. (a) Fluid temperature, (b) Heat transfer coefficient, and (c) 
Nusselt number.
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the cold CO2 inlet temperature 50 �C, 100 �C, 150 �C, 
200 �C and 250 �C. The corresponding temperature 
rises on the cold side are 139 �C, 151 �C, 153 �C, 
147 �C and 137 �C, respectively. The cold CO2 tem-
perature significantly impacts the heat transfer coeffi-
cient, especially in the case where the inlet 
temperature is 50 �C which is close to the pseudocriti-
cal region, and the thermophysical properties such as 
specific heat and thermal conductivity experience a 
wide variation with temperature. This leads to a 
higher local heat transfer coefficient compared to 
higher inlet temperatures, particularly in the first half 
of the heat exchanger. For the pressure of 150 bar, the 
pseudocritical temperature of CO2 is 64.3 �C. With the 
rapid increase of specific heat near the pseudocritical 
point, the heat transfer coefficient increases signifi-
cantly reaching the peak near the pseudocritical tem-
perature, and then quickly decreases. At the region 
away from the pseudocritical point, the heat transfer 
coefficient becomes insensitive to pressure and tem-
perature variations. The influence on the local Nusselt 
number is not as significant as that on the heat 

transfer coefficient, due to the reduction in the ther-
mal conductivity close to the pseudocritical tempera-
ture and balances out the increase in the specific heat.

Figures 9 and 10 respectively demonstrate the influ-
ence of hot CO2 pressure and temperature on the 
local thermal performance. With the hot CO2 pressure 
increased from 75 bar to 150 bar, the difference of the 
outlet temperature of the cold CO2 is less than 6 �C 
and that of the hot is less than 7 �C, suggesting the 
hot CO2 pressure has little impact on the local ther-
mal performance. The increased pressure brings about 
variations in the thermophysical properties on the hot 
side and further increases the heat transfer coefficient, 
but the local Nusselt number has no obvious differ-
ence. The influence of the hot CO2 temperature is 
more evident than the pressure as shown in Figure 
10. A large hot CO2 temperature results in a clearly 
larger temperature rise on the cold side, and these 
temperature variations significantly affect the local 
heat transfer of both the cold and hot CO2. The 
increased hot CO2 temperature results in a lower local 
heat transfer coefficient and Nusselt number on the 

Figure 8. Local thermal performance for different temperatures of cold CO2. (a) Fluid temperature, (b) Heat transfer coefficient, 
and (c) Nusselt number.
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cold side, while a higher local heat transfer coefficient 
but lower Nusselt number on the hot side. The lower 
Nusselt number on the hot side is mainly caused by 
thermal conductivity and partially by the decreased 
Reynolds number resulting from the increased 
dynamic viscosity. For example, the thermal conduct-
ivity increases from 34.0� 10−3 W/(m�K) to 
48.9� 10−3 W/(m�K) as the temperature rises from 
200 �C to 400 �C at pressure 75 bar and the corre-
sponding dynamic viscosity increases from 24.1� 10−6 

Ns/m2 to 31.4� 10−6 Ns/m2.

Local hydraulic performance

Figure 11 shows the influence of CO2 mass flux on 
the local pressure and friction factor. The pressure 
decreases steadily along the flow direction on both 
cold and hot sides, the pressure drop on the hot side 
is much higher than that on the cold, and the increas-
ing mass flux results in a larger local pressure drop. 
For the mass flux of 254.6 kg/(m2�s), 509.3 kg/(m2�s), 
and 763.9 kg/(m2�s), the pressure drop shows 1.17, 

3.76, and 7.65 kPa on the cold side, and 2.46, 8.34 and 
17.16 kPa on the hot. As shown in Figure 11b, the 
friction factor on the hot side is much lower than that 
on the cold, and a larger mass flux leads to a lower 
friction factor. Corresponding to the entrance region, 
the friction factor shows a sharp decline along the 
developing of the boundary layer. After that, the fric-
tion factor remains comparably stable and just a little 
drop along the flow direction for both hot and 
cold CO2.

Figures 12 and 13, respectively, show the influence 
of the cold CO2 pressure and temperature. Increasing 
pressure largely reduces the pressure drop on the cold 
side. For the inlet pressure 100, 150, 200, and 250 bar, 
the pressure drop is 5.95, 3.76, 2.74, and 2.24 kPa on 
the cold side. The corresponding pressure drop on the 
hot side is 8.61, 8.34, 8.11 and 7.95 kPa. The increased 
inlet pressure enlarges the friction factor on the cold 
side but not on the hot side. The decrease of cold 
CO2 temperature leads to less pressure drop on both 
cold and hot sides. The decreased temperature on 
both sides brings about a larger fluid density, which 

Figure 9. Local thermal performance for different pressures of hot CO2. (a) Fluid temperature, (b) Heat transfer coefficient, and (c) 
Nusselt number.
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reduces the pressure drop largely. For the inlet tem-
perature drops from 150 �C to 50 �C, the pressure 
drops decline from 4.27 kPa to 2.75 kPa on the cold 
side and from 9.09 kPa to 7.12 kPa on the hot. 
Decreasing cold CO2 temperature leads to an 
increased friction factor on the cold side and a 
decreased on the hot.

As shown in Figure 14, the hot CO2 inlet pressure 
seriously impacts its own pressure drop. For the hot 
pressure of 75, 100, 125, and 150 bar, the pressure 
drops on hot side are 8.34, 6.28, 5.02, and 4.21 kPa, 
respectively. As shown in Figure 15, the increased hot 
CO2 temperature results in obviously larger pressure 
drop on both sides and just a slight influence on the 

Figure 10. Local thermal performance for different temperatures of hot CO2. (a) Fluid temperature, (b) Heat transfer coefficient, 
and (c) Nusselt number.

Figure 11. Local hydraulic performance for different mass fluxes. (a) Pressure drop and (b) Friction factor.
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friction factor. For the inlet temperature rises from 
300 �C to 500 �C, the pressure drop goes up 
from 3.19 kPa to 4.32 kPa on the cold side and from 
7.11 kPa to 9.54 kPa on the hot, respectively.

Average thermal performance

As illustrated by Figure 16, the larger mass flux 
improves the heat transfer coefficient. Consequently, 
the Nusselt number rises with the increased Reynolds 

Figure 12. Local hydraulic performance for different pressures of cold CO2. (a) Pressure drop and (b) Friction factor.

Figure 13. Local hydraulic performance for different temperatures of cold CO2. (a) Pressure drop and (b) Friction factor.

Figure 14. Local hydraulic performance for different pressures of hot CO2. (a) Pressure drop and (b) Friction factor.

12 L. CHAI AND S. A. TASSOU



number. As shown in Figure 16, increasing cold CO2 
pressure results in a higher heat transfer coefficient 
and Nusselt number, and lower Reynolds number on 
the cold side. Figure 17 presents the influence of cold 

CO2 temperature on average thermal performance. 
The case with CO2 temperature 50 �C gives higher 
heat transfer coefficient than the others on the cold 
side. As mentioned in Figure 8, the cold CO2 goes 

Figure 15. Local hydraulic performance for different temperatures of hot CO2. (a) Pressure drop and (b) Friction factor.

Figure 16. Average thermal performance for different pressures of the cold CO2. (a) Heat transfer coefficient and (b) Nusselt 
number.

Figure 17. Average thermal performance for different temperatures of cold CO2. (a) Heat transfer coefficient and (b) Nusselt 
number.
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through the region near the pseudocritical point. 
Correspondingly, the heat transfer coefficient increases 
rapidly, reaches a peak near the pseudocritical tem-
perature, and then decreases. This phenomenon sig-
nificantly enhances heat transfer. The pressure and 
temperature of cold CO2 have no evident impact on 
the hot side.

As shown in Figure 18, the larger hot CO2 pressure 
causes a notably higher heat transfer coefficient on its 
own side for a fixed mass flux, while the increased 
Nusselt number is not notable due to the decreased 
Reynolds number. The increasing pressure brings 
about the rise of dynamic viscosity and further lessens 
the Reynolds number. The hot CO2 pressure shows 
negligible impact on the average thermal performance 
on the cold side. As demonstrated in Figure 19, the 
hot CO2 temperature affects the thermal performance 
on both sides. Increasing temperature brings about 
larger heat transfer coefficient on the hot side but 
lower on the cold, while decreased Nusselt number on 
the cold side and slightly increased on the hot.

To clarify the influence of operation parameters on 
thermal performance, Figure 20 demonstrates the vari-
ation of overall heat transfer rate under the different 
operating conditions. Decreased cold temperatures 
and increased hot temperatures lead to a significant 
increase in the heat transfer rate, owing to the obvi-
ously larger temperature difference between the two 
sides. The pressure on the cold side shows a signifi-
cant influence on the heat transfer rate, while the 
pressure on the hot side does not.

Average hydraulic performance

Figures 21 and 22 demonstrate the impact of cold 
CO2 pressure and temperature on the average 
hydraulic performance. An increase in mass flux 
results in significantly increased pressure drop and 
largely decreased friction factor on both sides. As 
shown in Figure 21, increasing pressure of cold CO2 

leads to much higher pressure drop on the cold side, 
mostly caused by the enlarged fluid density by 

Figure 18. Average thermal performance for different pressures of hot CO2. (a) Heat transfer coefficient and (b) Nusselt number.

Figure 19. Average thermal performance for different temperatures of hot CO2. (a) Heat transfer coefficient and (b) Nusselt 
number.
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pressure. For example, the CO2 density jumps from 
145.6 kg/m3 to 415.5 kg/m3 with pressure from 100 bar 
to 250 bar at fixed temperature 150 �C. The increasing 
cold CO2 pressure slightly declines the pressure drop 
on the hot side. The increase in cold CO2 pressure 
clearly drops the friction factor and broadens their 

difference on the cold side. The cold CO2 temperature 
shows more significant impacts. Decreasing tempera-
ture largely drops the pressure drop on both sides. 
The reduction of friction factor on hot side is not as 
obvious as the pressure drop due to the increased 
Reynolds number.

Figure 20. Influence of operating conditions on overall heat transfer rate. (a) Pressures of cold CO2, (b) temperatures of cold CO2, 
(c) pressures of hot CO2, and (d) temperatures of hot CO2.

Figure 21. Average hydraulic performance for different pressures of cold CO2. (a) Pressure drop and (b) Friction factor.
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Figures 23 and 24 show the variations of pressure 
drop and friction factor with the hot CO2 pressure 
and temperature. The increased pressure significantly 
reduces the pressure drop on its own side but has no 
influence on the cold side. The friction factor with 
Reynolds number shows little dependence on the hot 

CO2 pressure. The increase in temperature enlarges 
the pressure drop much on its own side but has no 
clear influence on the variation of friction factor with 
Reynolds number, while bringing about obviously 
larger pressure drop and friction factor on the cold 
side.

Figure 22. Average hydraulic performance for different temperatures of cold CO2. (a) Pressure drop and (b) Friction factor.

Figure 23. Average hydraulic performance for different pressures of hot CO2. (a) Pressure drop and (b) Friction factor.

Figure 24. Average hydraulic performance for different temperatures of hot CO2. (a) Pressure drop and (b) Friction factor.
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Conclusions

A three-dimensional numerical model was developed to 
investigate the thermohydraulic performance of sCO2 
flowing in a printed circuit heat exchanger. The impact 
of operating parameters on local and average heat 
transfer and pressure drop was investigated for both the 
hot and cold CO2 as well as their interaction. The 
information provided in this article should be useful in 
the design optimization of optimized recuperative heat 
exchangers for sCO2 power generation applications. 
The major conclusions can be summarized as follows:

� The entrance region leads to a much larger heat 
flux on the two ends of the heat exchanger, higher 
heat transfer coefficients and Nusselt number as 
well as a larger friction factor for both hot and 
cold CO2. With the development of thermal and 
hydraulic boundary layers in the entrance region, 
the heat transfer coefficient and friction factor 
reduce quickly and then become stable along the 
flow direction. Increasing CO2 mass flux leads to a 
significant increase in heat flux and heat transfer 
coefficient and a slight increase in temperature dif-
ference between hot and cold CO2. The larger 
mass flux leads to a larger pressure drop but a 
lower friction factor on both sides.

� Due to the increased thermal conductivity and the 
increased dynamic viscosity with increasing pres-
sure, increasing cold CO2 pressure results in a 
higher heat transfer coefficient but lower Nusselt 
number, as well as lower pressure drop even 
though the friction factor increases on the cold 
side. The cold side CO2 temperature has a signifi-
cant influence on heat transfer on the cold side, 
particularly for the lower inlet temperatures which 
lead to much higher heat transfer coefficient in the 
first half part of the heat exchanger due to the 
temperature being close to the pseudocritical point. 
The cold CO2 temperature has no obvious impact 
on the heat transfer coefficient on the hot side but 
the Nusselt number changes noticeably due to the 
thermal conductivity variation with hot CO2 tem-
perature. Lower cold CO2 temperatures lead to the 
reduction of pressure drop on both sides.

� Increasing the hot CO2 pressure leads to a slightly 
higher heat transfer coefficient, a slightly lower 
Nusselt number, but significantly reduced pressure 
drops on both sides. The hot CO2 pressure has lit-
tle impact on the thermal and hydraulic perform-
ance on the cold side. Increasing the hot CO2 
temperature increases the heat transfer coefficient 
on the hot side but causes a reduction in the heat 

transfer coefficient on the cold side. The increase 
in hot CO2 temperature leads to a higher pressure 
drop on both sides of the heat exchanger.
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