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As a high-efficiency compact heat exchanger, the printed circuit heat
exchanger (PCHE) has been widely applied into nuclear reactor and energy
industry. In the present paper, the thermal-hydraulic performance of PCHE
based on S-CO2Brayton power cycle has been numerically investigated for
various channel shape and bend angle. A total of seven different shaped
channels including straight, Z-10, Z-20, Z-30, S-10, S-20, S-30 are modeled,
and evaluated according to the heat transfer and friction performances
within the Re of 5000-30000. The inlet temperature/outlet pressure of hot
channel and cold channel are 553 K/2.6 MPa and 381 K/8.5 MPa,
respectively. The flow patterns, average Nu, friction factor f and heat
exchanger effectiveness η are obtained. On the comprehensive consideration
of heat transfer enhancement and friction, the S-20 channel produces the
best thermal performance. This investigation has provided important
reference data for the design of advanced PCHE in the energy industry.
Key words: printed circuit heat exchanger, supercritical carbon dioxide,
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Introduction
With the rapid development of turbomachinery and nuclear energy industry, the heat load
of the system key equipment increases gradually. As a heat transfer component widely applied in the
energy field, the heat exchanger is faced with huge challenges. For most engineering equipment, the
physical spaces are limited. Thus, for the design of heat exchanger, the compactness is a key factor,
which is usually expressed by the Colburn j factor, given as [1]:

j=

Dh 2/3
Pr N
4L

(1)

To develop advanced compact heat exchangers, it is necessary to improve the thermal
performance, so that reduce the hydraulic diameter as well as the core volume. The printed circuit heat
exchanger (PCHE) is a new type heat exchanger with high compactness and efficiency. It is composed
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of multilayer metal plates with chemical etching channels, where fluid flows and heat transfer
proceeds. Supercritical carbon dioxide (S-CO2) has received a great deal of interest attributing to its
excellent thermal performance and high cycle efficiency. Therefore, it has been widely used in gas
turbine cycle [2] and energy systems.
During recent years, researchers have presented many studies on the thermal-hydraulic
performance of PCHE. Kim et al. [3] conducted experimental and numerical investigations on the
thermal-hydraulic performance of PCHE based on helium cycle. Then Kim et al. [4] numerically
investigated the heat exchange performance of PCHE with longitudinal corrugation flow channels.
Figley et al. [5] simulated the heat transfer characteristics of PCHE in the laminar-to-turbulent
transition flow condition. It was illustrated that the corresponding transition Re for semi-circular and
circular channels were 3100 and 2300, respectively. Mylavarapu et al. [6] investigated the hydraulic
performance of PCHE using the high temperature helium test facility in Ohio State University. For the
convenience of research, reduced-scale PCHE with Z shape channels were constructed using alloy 617
by Chen et al. [7]. Furthermore, the phase transition condensation characteristics in Z shape channel
were simulated by Lai et al. [8].
With the development of S-CO2, some researchers introduced the S-CO2 into PCHE and
carried out a series of investigations. Nikitin et al. [9] studied the heat transfer and friction
characteristics of PCHE in S-CO2 experimental loop. Ngo et al. [10] developed a new typePCHE with
many discontinuous S-fins. Tsuzuki et al. [11] compared the thermal-hydraulic performance of new
type PCHE with that of conventional Z shape channel, and found that the pressure drop was reduced to
20%. Moreover, the PCHE with airfoil fins was proposed by Kim et al. [12]. Xu et al. [13] carried out
optimization research on heat transfer characteristics of airfoil fins PCHE. Jeon et al. [14] creatively
presented the heterogeneous PCHE, for which the effects of channel size and the cross section shape
were numerically investigated.
From the open literatures above, it can be found that researchers have shown great
interest in the S-CO2 PCHE because of the excellent thermal-hydraulic performance and extensive
application background. Those researchers focused on the Z-shape, S fins and airfoil fins PCHE.
While for S shape channels with different bend angle and the comparisons with Z shape and straight
channels, no open literature has been presented. Therefore, more comprehensive and detailed data are
necessary. In this paper, the numerical investigations have been carried out on the flow patterns and
thermal-hydraulic performances of Z and S shape PCHE with different channel bend angle. Based on
the S-CO2Brayton cycle described in reference [11], the Z and S shape channels are modeled. By
analyzing the effects of channel shape and bend angle, the corresponding laws have been obtained.
Physical model and numerical method
Physical model
The schematic diagram of PCHE is shown in Fig. 1, which is composed of multilayer
metal plates with chemical etching channels (where hot channels are coloured with red, cold channels
are coloured with blue).The present investigation focuses on one column of the heat exchanger, shown
in red dash box. Besides, the period domain is built as the calculated model, which consists of solid
regions, one hot channel and one cold channel with semi-circular cross sections.
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Fig. 1 Schematic diagram of PCHE

Fig. 2 (a) shows the dimensions of straight channel. The width (W) and height (H)of solid
domainare 4 mm and 4.8 mm, respectively. For hot and cold channels, the radius of cross section Rh
and Rc are both 1.2 mm. The channel length L is 240 mm. Fig. 2 (b) displaysthe geometries of three
different shapes for fluid channel in the flow direction, including straight, zigzag (Z) and sinusoidal
(S). For those channels, the geometries are determined by length pitch LP(16mm) and bend angle α
(10°,20° and 30°). In this paper, a total of 7 different shaped channels are studied, including straight,
Z-10, Z-20, Z-30, S-10, S-20, S-30.

Fig.2 (a) Dimensions of straight channel; (b) three different shapes of fluid channel

Numerical method
For PCHE in this paper, the material of heat exchanger plate is 617 alloy [15] and CO2
flows in the semi-circular channels for both sides. The top and bottom surfaces are periodic boundaries
and two side surfaces are set as adiabatic walls. The inlet temperature and outlet pressure are 553K/2.6
MPa for hot channel and 381K/8.5 MPa for cold channel, respectively. The mass flow rates according
to specific Re varing from 5000 to 30000 are utilized at the inlets of hot and cold channels.
Additionally, the front and back surfaces of solid region are both adiabatic walls.
The commercial software Fluent 15.0 is adopted for numerical calculation. The integrated
NIST real gas model is used to simulate the dramatic change of physical properties for S-CO2. For
solid region, the constant physical properties are adopted. All equations are solved using second-order
upwind discretization, and pressure and velocity are coupled using the Semi Implicit Method Pressure
Linked Equation (SIMPLE).
In this paper, the mesh is generated using hexahedral division strategy by ANSYS ICEM
CFD. The O-shaped topology is adopted for the semi-circular cross section, and the grids are densified
near the fluid-solid coupled surfaces. Comprehensively considering the accuracy and efficiency of
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simulations, the grid dependence study is performed with Z-30 channel, shown in Tab. 1. Four grid
schemes are considered, for which the outlet temperature and pressure drop of hot channel are
compared. Finally, mesh 3 is adopted and the node number is 4.77 million.
Tab. 1 Grid dependence study with Z-30 channel, hot side
Mesh scheme

Node(104)

Th,out (K)

Error (%)

Δph (Pa)

Error(%)

1
2
3
4

93
258
477
760

424.4
421.5
419.9
418.7

0.69
0.38
0.29

4870.8
4901.8
4930.3
4941.5

0.63
0.58
0.23

Fluent 15.0 has provided many turbulence models. From the experimental and numerical
investigations of reference [11], it can be found that the RNG k-ε Model can accurately simulate the
flow and heat transfer of S-CO2 in PCHE. Therefore, RNG k-ε model is adopted in the present study.
The Reynolds number is defined as:

Re =

 uin Dh


(2)

The hydraulic diameter of fluid channel is:

Dh =

Dch
+2

(3)

The Nusselt number is defined as:

Nu =

hDh



=

q Dh
Tw − T f 

(4)

The friction factor is defined as:

f =
The heat exchanger effectiveness η is:

=

p  Dh
2  Luin2

Th,in − Th,out
Th,in − Tc,in

(5)

(6)

Results and discussion
The temperature variations along the channel length for Z-30 channel at the Re of 10000
are shown in Fig. 3 (a). It can be observed that, in the flow direction, the temperature variations of hot
CO2 and cold S-CO2 are both approximately linear along the channel. Owing to the continuous heat
transfer, the temperature decreases in the hot side while increases in the cold side. The pressure drop
variations along the channel length are plotted in Fig. 3 (b). Similarly, the pressure drop variationsare
approximately linear. The pressure of hot side drops faster than that of cold side, indicating that the
properties of hot fluid fluctuate more violently.
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Fig. 3 (a) Temperature variations along the channel length for Z-30 channel at the Re of 10000; (b) pressure
drop variations; (c) intermediate section A of 8th pitch

The 8th pitch (between green dashes in Fig. 3 (a)) of the channel has been shown in Fig. 3
(c) with intermediate section A. The streamlines and temperature distributions of section A for Z shape
channels are shown in Fig. 4. The left figures are hot channels and the right figures are cold channels.
The bend angle varies from 10° to 30° and the Re is 10000. It can be found that the streamlines of
Z-10 cold side are uniform resulting from the small bend angle, which attributes to the global low
temperature. For Z-20 cold channel, at the bend region, the stream lines are grouped in the inner areas
while leaving sparse streamlines in the outer areas due to the increase of bend angle. It can be also
seen that high-temperature regions are produced after the turning bend, suggesting that the adopt of
turning bend effectively enhances the flow mixing and breaks the flow boundary layer, thus improving
the heat transfer. As for Z-30 cold channel, the streamlines become more uneven and fluid separates
right after the turning bend with vortices grouped in the inner side.

Fig. 4 Streamlines and temperature distributions of section A for Z shape channels, Re=10000

Fig. 5 shows the streamlines and temperature distributions of section A for S shape
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channels, for which the left figures are hot channels and the right figures are cold channels. The bend
angle varies from 10° to 30° and the Re is 10000. It can be seen that the streamlines of S shape
channels are more uniform than that of Z shape channels, attributing to the smooth transition. With the
increase of bend angle, the inner streamlines near the turning bend become denser while the outer
streamlines become sparse. Besides, the global temperature of cold side increases slowly, which is
similar to that of Z shape channel. As the bend angle reaches 30°, there is still not flow separation for
S shape channel, suggesting that the S shape channel produces less flow resistance with the equivalent
heat transfer enhancement, compared with Z shape channel. This is because that the S shape channels
do not have sharp turning bend, where the fluid flushes the wall and flows downstream along the
smooth arcs. On the comprehensive consideration of flow patterns and temperature distributions, S
shape channel exhibits more obvious advantages.

Fig. 5 Streamlines and temperature distributions of section A for S shape channels, Re=10000

Fig. 6 (a) shows the Nu variations with Re for different channels in the cold side. It can
be seen that the Nu of all cases has little difference at low Re, while the difference increases with Re.
Clearly, the straight channel produces the smallest Nu. And the Nu increases with larger bend angle
(10° and 20°). The Nu of S shape channel is slightly higher than that of Z shape channel. At the bend
angle of 30°, the maximum deviation of Nu between Z and S shape channels is only 5.58% within the
Re 10000; as Re increases, the Nu of Z shape channel is significantly higher than that of S shape
channel. Overall, the Nu of S-30 channel is improved by 16.93%-40.39% relative to straight channel
while the Nu of Z-30 channel is improved by 19.12%-55.60%. Fig. 6 (b) shows the friction factor
variations with Re for different channels in the cold side. Obviously, the f decreases with Re for all
cases. The f of Z-30 channel is 3.25-7.57 times that of straight channel, while the S-30 channel only
produces 3.57 times the f of the straight channel at most. Moreover, it can be also determined that f
increases with larger bend angle, simultaneously, the Z shape channels produce larger f compared with
S shape channels under the same bend angle. Synthetically considering the heat transfer and friction
characteristics, it is concluded that, compared with channel shape, the bend angle plays a more
important role in the thermal-hydraulic performance. By comparisons of Nu and f for all cases, the
S-20 channel presents the best thermal-hydraulic performance.
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Fig.6 Nu and f variations with Re for different channels in the cold side
The variations ofheat exchanger effectiveness ηwith Re for different channels are shown
in Fig. 7. It is obvious that, for all cases, the η decreases with larger Re;meanwhile, the downward
trend is gradually easing, resulting from the combined effects of heat transfer intensity and heat
exchange time. In addition, the bend angle plays a major role in the heat exchanger effectiveness. The
S shape channels produce larger η than Z shape channels under the bend angle of 10°-20°. At the bend
angle of 30°, the η of S shape channel is slightly higher than that of Z shape channel at the Re 5000;
with the increase of Re, the Z shape channel presents better heat exchanger performance. This is
because that larger flow rate enhances the impingement effect in the bend region for Z shape channel,
which is relatively weak in S shape channel. Comprehensively, the S-30 channel produces the best
heat exchange performance with the maximum η of 77.4%.

Fig.7 Variations of heat exchanger effectiveness ηwith Re for different channels

Conclusion
In this paper, the thermal fluid-solid coupling models of PCHE are constructed and
numerical calculations are conducted to investigate the effects of channel shape, bend angle and Reon
the thermal-hydraulic performance. The flow patterns, heat transfer and friction characteristics of Z
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and S shape channels are obtained. Main conclusions are as follows:
(1) The investigation suggests that small bend angle produces uniform streamlines. As
bend angle increases, the streamlines are grouped in the inner areas while leaving sparse streamlines in
the outer areas. For Z-30 channel, the vorticesare produced right after the turning bend. While in S
shape channels, no flow separation is produced within the bend angle rangeof 10-30°.
(2) The Nuincreases and friction factorfdecreases with largerRe for all cases. The
thermal-hydraulic performance is more sensitive to the bend angle. Larger bend angle results in
higherNu and f. Under the same bend angle, the S shape channels produce slightly higherNu and lower
f than Z shape channels. Specifically, the Nu of S-30 channel is improved by 40.39% at most with 3.57
times f, based on straight channel.
(3) The heat exchanger effectiveness η decreases with largerRe. The S shape channels
produce larger η than Z shape channel at the same bend angle and Re. Comprehensively, the S-30
channel produces the best heat exchange performance with the maximum η of 77.4%. While
considering the Nu and f, S-20 produces the best comprehensive thermal-hydraulic performance.
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Nomenclature

q - wall heat flux, [Wm-2]
Rc - radius of cold channel, [mm]
Re - Reynolds number, [-]
Rh - radius of hot channel, [mm]
Sii - strain rate tensor, [-]
T - temperature, [K]
u - flow velocity, [ms-1]
W - width of solid domain, [mm]
Greek symbols
 - channel bend angle, [°]
p - pressure drop, [Pa]
 - heat exchanger effectiveness, [-]
 - fluid thermal conductivity, [Wm-1K-1]
 - fluid dynamic viscosity, [Pas]
 - fluid density, [kgm-3]

Dh - hydraulic diameter, [mm]
Dch - diameter of fluid channel, [mm]

E0 - total internal energy, [J]
f - channel friction factor, [-]
Fi - body force, [Nm-3]
H - height of solid domain, [mm]
h -heat transfer coefficient, [Wm-2K-1]
j - Colburn factor, [-]
L - channel length, [mm]
LP - length pitch, [mm]
mc - inlet mass flow rate of cold fluid, [kgs-1]
mh - inlet mass flow rate of hot fluid, [kgs-1]
N - thermal unites number, [-]
N u - Nusselt number, [-]
p - pressure, [MPa]
Pr - Prandtl number, [-]
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