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ARTICLE INFO ABSTRACT
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Printed circuit heat exchangers (PCHE) are designed to improve heat recovery and energy saving in supercritical
CO; (S-CO2) power cycles. In the current study, a modified channel PCHE is proposed based on the regular
straight channel and a zigzag channel. The thermal-hydraulic performance of four different types of PCHE is
numerically investigated and the methods are verified by both experimental and numerical results. The nu-
merical results are presented for a Reynolds number based on the inlet conditions between 5 000 and 25 000.
From the numerical results, the local pressure loss and local heat transfer coefficients are analyzed and discussed.
Subsequently, the global Nusselt number and Fanning friction coefficients are discussed. It is found that the
inserted straight section contributes to uniform flow, resulted in significant pressure loss reduction with a slight
decrease in heat transfer. The modified channel can reduce the Fanning friction coefficient by 33.1%-84.7%
while the global Nusselt number reduction is about 3.6%-30.3%. This leads to a maximum performance eval-

uation criterion (PEC) enhancement of 45.9%.

1. Introduction

With the intensification of the worldwide environmental crisis and
energy shortage, demands for more efficient and sustainable energy
solutions and power generation technologies are an urgent problem.
Interest in alternative power conversion systems is increasing to suc-
cessfully utilize new energy sources or to improve the efficiency of
traditional systems. In recent years, supercritical COy (S-CO,) Brayton
cycles have gained attention due to its small footprint and high ther-
modynamic compared to other power systems. Several investigations
have been carried out to study the possibility of the S-CO, power sys-
tems, such as the “Generation IV” nuclear reactor [1], coal-fired power
plants [2,3], concentrated solar power plant technology [4,5], and in-
dustrial waste heat recovery systems [6,7]. One of the most critical
components in the S-CO, power cycles is the compact heat exchanger
[8].

A printed circuit heat exchanger (PCHE), which was initially
commercialized by the Heatric Company [9], is a promising alternative
for the heat exchanger in S-CO; cycles because of its high heat transfer
efficiency and structural rigidity. Generally, PCHE consists of a heat
exchanger core and headers. The core is fabricated from a stack of mm-

thickness plates with regular chemically-etched micro semi-circular
channels, as shown in Fig. 1(a). The plates are joined together by a
diffusion bonding technique with a prescribed configuration to separate
hot and cold fluids. Then the flow distribution headers as inlets and
outlets are welded to the core. Recently, PCHE has attracted consider-
able attention in some potential applications fields due to its excellent
performance [8,10].

Numerous experimental investigations have been conducted to
clarify the thermal-hydraulic characteristics of PCHEs. Chu et al.
[11,12] tested the independent manufactured straight channel and
zigzag channel PCHEs using S-CO2 and water as working fluids. The
results showed that the thermal-hydraulic performance was related to
working fluids, operating conditions, and pitch angles marked as 6 in
Fig. 1(c). Seo et al. [13] experimentally investigated the heat transfer
and pressure drop characteristics of straight channel PCHE in the
laminar flow regime and proposed relevant correlations. Pra et al. [14]
found that the zigzag channel PCHE had no heat transfer enhancement
at a low Reynolds number regime compared with the straight channels
based on the experimental data. Ngo et al. [15] investigated the heat
transfer and pressure drop characteristics of the zigzag channel and S-
shaped fins PCHEs in an experimental S-CO3 loop. The results indicated
that the Nusselt number of the zigzag channels was 24-34 % higher than
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Nomenclature Greek letters
S ratio of inserted straight section
A, area of cross-section (mm?) (4 zigzag pitch angle (°)
Cp specific heat (kJ/kg/K) P density (kg/ms)
Dy, hydraulic diameter(mm) A thermal conductivity (W/m/K)
d channel diameter (mm) u dynamic viscosity (Pa‘s)
f Fanning friction factor X relative position in the sixth pitch
h convection heat transfer coefficient .
k turbulent kinetic energy (m3/s%) Subscripts
L Length of the centerline (mm) bulk .
m mass flow rate (kg/s) ¢ cold ?lde
Nu Nusselt number h hOt side
max maximum value n inlet
min minimum value 0 overfll.l
Ap local pressure loss (Pa) M modified channel
p pressure (bar) out outlet
PCHE printed circuit heat exchanger S sinusoidal channel
PEC performance evaluation criteria s straight channel
q heat flux (W/m?) w V\{all
Re Reynolds number z zigzag channel
T temperature (K)
w wetted perimeter (mm)

that of S-shaped fins, but the pressure loss was 4-5 times larger. Chen
and Sun et al. [16-18] investigated the thermal-hydraulic performance
of a zigzag channel PCHE with a pitch angle of 15° on the high-
temperature helium facility at The Ohio State University. The results
indicated that although the zigzag channels had better overall heat
transfer performance, the Fanning friction factors of the zigzag channel
were 2-3 times those in the straight circular pipes in the laminar flow
regime. Zhao et al. [19] conducted experimental research on the ther-
mal-hydraulic performance of supercritical nitrogen PCHE with airfoil
fins channel. New correlations of the Fanning friction factor and Nusselt
number were developed for the airfoil PCHE with supercritical nitrogen
as the working fluid. Zhou and Cheng et al. [20,21] tested two 100 kW
class PCHE prototypes for the S-CO, Brayton cycle, as recuperator and
precooler respectively. It was found that heat transfer effectiveness ¢
was in the range 95 %-98.4 % and the pressure drop AP was less than 48
kPa on both sides, which could meet the design requirements(c > 92%,

(a)

\

-

)
4

\
%
2
==
e
2
e
S
Z
=]

vewvwwew

vewwwew Solid domi
vwewwwi olid domian
vwewwww

vwewwvwwvw
vwewwww :

AP < 250kPa). Park at al. [22] conducted experimental examination of
the thermal-hydraulic performance of a 3 kW PCHE as a precooler. It
was found that the thermo-physical properties significantly affected the
change in Nusselt number based on flow direction when S-CO, was
operated under near-critical and trans-critical conditions, which should
be considered in the design of PCHE for the precooler.

Various numerical simulations were widely promoted to seek better
thermal-hydraulic performance of PCHE with continuous channels
[23-25] for instance straight channel, zigzag channel, and sinusoidal
channel. Lee and Kim et al. [26-28] studied the effects of the geometry
parameters on the thermal-hydraulic characteristics of zigzag channel
PCHE. The zigzag channel showed the best flow characteristics when the
pitch angle was 0° and the best thermal performance when the pitch
angle was 35°. Wen et al. [29] investigated the effects of geometric
parameters on the thermal-hydraulic performance of sinusoidal channel
PCHE and found that the amplitude and wavy-length changes led to the
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Fig. 1. Physical model of PCHE.
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change of centrifugal forces and heat flux distributions which would
further affect the overall performance. A comparison investigation be-
tween the sinusoidal channel and the zigzag channel was conducted by
Aneesh et al. [30] and the computational results showed that the sinu-
soidal channel had better comprehensive performance than the zigzag
one. As a kind of the discontinuous fins PCHEs, the S-shaped fins PCHE
was originally introduced by Tsuzuki et al. [31]. Their numerical results
showed that the S-shaped fins could decrease the pressure drop by 20 %
that of the zigzag channel while giving identical heat transfer perfor-
mance. The airfoil fins PCHE was also widely investigated. Zhao et al.
[32] studied the effect of multiple parameters including the horizontal
spacing, vertical spacing, staggered spacing, and airfoil fins arrange-
ments on the flow and heat transfer performance of PCHE. Their analysis
showed that a sparser staggered arrangement was suggested to enhance
the comprehensive performance of PCHE, which was also recommended
by Kim et al. [33] coincidentally. Chu et al. [34] studied the geometrical
parameters of airfoil fins and concluded that fins with the large wind-
ward area and short length could lead to a better comprehensive per-
formance PCHE. Cui et al. [35] proposed two novel fins based on the
regular airfoil NACA 0020 fin. The results indicated that one of the novel
fins had better heat transfer and flow performance than the regular one.

Despite a number of studies on various channels PCHE, the zigzag
channel is still the most frequently used type due to the mature
manufacturing process and large heat transfer capability [8]. Baik et al.
[36] replaced the sharp corner of the zigzag channel with a rounded
corner and found that a 40 %-65 % reduction of pressure drop. To
improve the performance of the zigzag channel PCHE, Lee et al. [37]
suggested a new type of PCHE with inserted straight channels at the
bending points to reduce the huge pressure drop. Numerical results
showed that the inserted straight section could reduce the Fanning
friction coefficient by 60 % among all conditions. Meanwhile, it could
keep a similar thermal performance with the zigzag channel. Resulting
in a volume-goodness factor promotion of 26 %-28 % over the zigzag
channel. Aneesh et al. [30] numerically investigated the thermal-
~hydraulic characteristics of three wavy channels, at the laminar flow
region. The trapezoidal channel, the sinusoidal channel, and the trian-
gular channel showed a heat transfer enhancement ratio of 41 %, 33 %,
and 28 % compared with the straight channel, respectively. The trape-
zoidal channel could offer the best heat transfer performance with the
largest pressure loss penalty. The channels mentioned by Lee [37] and
Aneesh [30] can be collectively referred to as the modified channel
based on the zigzag channel. It can be concluded that the modified
channel remains competitive in all wavy channels. However, the ther-
mal-hydraulic performance of the modified channel PCHE with S-CO,
flow is not involved in the previous research. And there is no study
which focused on the effect of geometrical parameters on the thermal-
~hydraulic performance of the modified channel PCHE at the transition
or turbulence flow region.

Therefore, further work should be done to investigate the thermal-
-hydraulic performance of the modified channel PCHE with S-CO5 in the
transition or turbulent regime (Re = 5 000-25 000). A total of sixteen
channel configurations are involved in the current study, including one
straight channel, three zigzag channels, three sinsodial channels and
nine modified channels. The numerical model is firstly verified by both
experimental and simulation results. Then the local flow and heat
transfer characteristics of the modified channel in a pitch along the flow
direction of channels are analyzed. Next, the global Nusselt number and
Fanning friction coefficient of all cases are discussed and compared. At
last, the comprehensive performance of all channels is evaluated under
different operating conditions and the optimum geometry configuration
is suggested.

Applied Thermal Engineering 221 (2023) 119678

2. Numerical simulations
2.1. Physical model

PCHE consists of several heat transfer plates which are stacked
together with alternating hot and cold aisle arrangement configuration,
as shown in Fig. 1(a). Therefore, a simplified periodic unit showing as
Fig. 1(b) with hot fluid-cold fluid counter-flow arrangement can be used
in PCHEs’ numerical investigation. In Fig. 1(c) the four different
geometrical configurations employed in this study, straight channel,
zigzag channel, the combination of them, modified channel and sinso-
dial channel are presented.

For the modified channel it is convenient to introduce a new
parameter of the inserted-straight section ratio. The ratio is defined as
follows:

5 = Zinen @
lpifch

Where, Lir is the pitch length; lper is the insert straight section
length at each bend and 2 Iy represents the total length of the insert
straight section in one pitch. In particular, when & is equal to 0 and 1, it
represents the zigzag channel and straight channel respectively.
Detailed geometrical characteristics for all cases of channel configura-
tions used for simulation in the present work are shown in Table 1. For a
straight channel, we define the bend angle as 0. For the zigzag channels
and modified channels, the bend angle is in the range of 15° to 45°. Each
model consists of 12 pitches and each pitch’s projection length is 24.6
mm which is recommended by Heatric and others [38,39]. In Fig. 2, the
cross-section of the simplified model is shown. It has a semicircle
channel diameter d = 2 mm, an adjacent pitch width = 3 mm, and a
thickness of plate height/2 = 2 mm. The total projection length of all
cases is 295.2 mm, while the total centerline length of different channels
varies from 295.2 mm to 417.5 mm.

2.2. Governing equations

In this study, the 3D steady-state and incompressible fluid flow is
assumed. The continuity, momentum, and energy equation governing
the 3D steady flow are as follows [40]:

Continuity:

0
—(pu;) =0 2)
o (pus)

Momentum:

0 d ou; Ou; 2 Ouy dapi
= puinj) = —— + — ) =S utp)—| —=— 3)
(3x,- (ﬂ ! j) 0x,~ |:('u ﬂ’) (6x,- 0xi 3 (” ﬂt) 0xk 0x,- (
Table 1
Geometrical characteristics of different cases of PCHE.

Case 0(°) 8 Type Group

Str 0 1 Straight channel

S15 / / Sinusodial channel 1

Z15 15 0 Zigzag channel

M15-0.2 15 0.2 Modified channel

M15-0.4 15 0.4 Modified channel

M15-0.6 15 0.6 Modified channel

S30 / / Sinusodial channel 2

730 30 0 Zigzag channel

M30-0.2 30 0.2 Modified channel

M30-0.4 30 0.4 Modified channel

M30-0.6 30 0.6 Modified channel

S45 / / Sinusodial channel 3

745 45 0 Zigzag channel

M45-0.2 45 0.2 Modified channel

M45-0.4 45 0.4 Modified channel

M45-0.6 45 0.6 Modified channel
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where p, u, u, ji,, Cp, A, and T are the Favre averaged density, velocity,
dynamic viscosity, turbulent viscosity, specific heat, thermal conduc-
tivity, and temperature of the fluid, respectively. ® is the energy dissi-
pation due to the viscosity of working fluids. The Shear Stress Transport
(SST) k—w model is employed to solve the turbulent flow and conjugate
heat transfer in counter-flow microchannel PCHE. Because SST k-
model combines the robustness of k-» in the near-wall region and the
accuracy of k-¢ far from the wall, therefore gives more accurate pre-
dictions about the thermal dynamic performance of supercritical fluids
with variable properties than the standard k-¢ model. The turbulence
kinetic energy k and the specific dissipation rate @ are obtained from the
following transport equations:

0 0 0 ok

E(pk) + b (phku;) = o (Fka_x_,) +Gi =Y, 5)
0 d 0 ok

PP (pw) + o (pou;) = 07)61 (Fm()ix]) +G,— Y, ©

In the equations, Gy represents the generation of turbulence kinetic
energy due to mean velocity gradients. G, represents the generation
of w.Txand T, represent the effective diffusivity of kand w,
respectively. Yy and Y, represent the dissipation of k and w due to tur-
bulence. All the governing equations are solved using the second-order
upwind scheme. The semi-implicit method pressure linked equation
(SIMPLE) was used for coupling velocity to pressure. The computational
domain contains five boundary conditions as presented in Table 2. Both
inlets are set as a fixed mass flow rate and the outlets are set as constant
pressure boundary conditions. PCHE contains several periodic heat
transfer channels, so periodic boundary conditions are applied to the top
and bottom walls in the simulation model, as well as to the left and right
sides. The fluid domain and solid domain are connected by an interface.
Moreover, the remainder outside walls of the solid domain are treated as
adiabatic to avoid extra heat loss. All the operating conditions for this
study are shown in Table 3. The Reynolds number at both inlets varies
from 5000 to 25,000 with a step of 5000, which is expressed as

_ puDy,  mD,

Re =
JZ Acpt

)

Where p, u, andyu are the density, velocity, dynamic viscosity of S-COy
at the inlets, respectively. A, is the cross-sectional area and m is the mass

Table 2
Boundary conditions.

Domain Name Boundary condition
Fluid Inlet Mass flow rate
(S-COy) Outlet Pressure outlet
Solid Top wall & Bottom wall Periodic(qip = —Qpottom)
(316L) Left side & Right side Periodic(qiefr = —qrighe)
End walls Adiabatic(ge,g = 0)

Table 3
Operating conditions employed in the present study.
Inlet Operating Mass flow rate Re
temperature (K) pressure (bar) range (kg/s)
Hot 651 90.6 1.97 x 10™*- 5 000-25
flow 9.83 x 10 000
Cold 385 148.5 1.69 x 10%-8.5 5 000-25
flow x 10 000

flow rate. Dj, is the hydraulic diameter of the channel which is obtained
by
44,
D, = W (8)
where W is the wetted perimeter cross-sectional.

Type 316 L Stainless Steel is utilized as the construction material for
the heat exchanger core due to its corrosion resistance. The density,
specific heat, and thermal conductivity are 8238 kg/m?, 0.468 kJ/kg K,
and 16.2 W/m-K, respectively. The thermodynamic and transport
properties of the working fluid, S-CO,, are calculated using the NIST
Standard Reference Database [41].

2.3. Grid generation and independence test

To determine the optimum number of meshes, the case 64560 with
the sharpest bends and the length along the centerline of 417.5 mm is
chosen as a representative model. Because sharper bends along the flow
direction can lead to a decrease in the convergence of the solution or
even to its loss. A high-quality block-structural mesh is generated by
ANSYS ICEM CFD to ensure simulation accuracy. An O-type grid is
created separately for the fluids and solid domains to improve the
quality of the mesh. The grid independence test is carried out for the
simplified PCHE model by constantly adjusting the number of elements
of cross-section and flow direction. The results are shown in Fig. 3;
calculated for Rejn = Repjn =5 X 102, accordingly, mc i, = 1.69 x 10
kg/s, mn oyt = 1.97 x 104 kg/s. As the number of elements reaches to 3
217 484, outlet temperature and pressure drop at both sides converge
faultlessly. The structured grid system used in the present study is shown
in Fig. 4. 15 sheets of boundary grids with a growth rate of 1.2 are
produced near the fluid wall connected with the solid domain, and the
first node adjacent to the wall is 0.01 mm. The distributions of grid
nodes on the cross-section are exactly the same in all models. The grid
size is defined as 5 x 10 mm along the flow direction. Hence, the
number of elements varies from 2.26 million to 3.22 million due to the
different travel lengths among all the cases.

2.4. Code verification

The numerical model is validated using the zigzag channel PCHE
experiment in the KAIST helium test loop reported as by Kim et al.[42].
Details about the experiment and operating conditions can be found in
[43]. The geometry model is in line with including the bend angle of 15°,
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Fig. 4. The grid of PCHE unit cell.

30 pitches of 24.6 mm each, the plate thickness of 1.46 mm, the diam-
eter of channel of 1.51 mm. Grid generation and solution methods as
aforementioned are employed for simulation. The operating conditions

Table 4
Operating conditions of Kim’s experiment.

of Kim’s experiment are shown in Table 4. In Table 5, a comparison for Case Operating pressure (bar) Mass flow rate Th,in Te,in

the numerically and experimentally obtained pressure drop and outlet (kg/s) ®© ®

temperature is given. Both outlet temperature and pressure drop of the a 18 1.6827 x 10°° 576.45 335.05
b 18 1.6827 x 10 804.95 354.42

present CFD model are observed to match Kim’s experimental mea-
surements with reasonable accuracy, the maximum absolute errors are
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Table 5
Comparison with Kim’s experiment.

Case Parameter Experiment Present |Present — Experoment|
— % 100%
Experiment
a T out(K) 345.58 347.74  0.63%
Te,ou(K) 563.47 563.80 0.06 %
App(kPa) 11.76 11.31 3.83 %
b Th,oue(K) 375.34 376.55 0.32 %
Te,0u(K) 784.04 782.86 0.15 %
App(kPa) 15.32 16.10 5.09 %

0.63 % for temperature and 5.09 % for pressure, respectively.

Thermodynamic properties of S-CO, have a higher sensitivity with
temperature and pressure than helium. A full-length straight channel
PCHE model with S-CO, as the working fluid is used to validate the
model by comparing it to Meshram’s numerical results [44]. The oper-
ating temperature, pressure, and the inlet mass flow rate are T ;, = 400
K, P out = 22.5 MPa, T jn = 630 K, Py oyt = 9 MPa, mc jn = Mp,jn = 5.69 x
104 kg/s, respectively. Both the cold and hot fluids are S-CO5. As shown
in Fig. 5, the temperature variation and the pressure drop of the present
study reach quite good agreement with the results reported by Meshram
[44]. On the cold flow side, the deviation of temperature between results
is less than 0.2 % and pressure drop is less than 4 %, which are
considered to be acceptable. Therefore, it can be concluded that the
numerical methodology utilized for different channel models with S-CO2
as the working fluid is reliable and can be used for further study.

3. Results and discussion
3.1. Local performance

3.1.1. Local flow characteristics

To reveal the effects of geometric features on the thermal-hydraulic
performance of the modified channel PCHE, the local thermal and flow
characteristics of S-CO; flow in the straight channels, the zigzag chan-
nels and the modified channels are compared and analyzed. The sixth
pitch along the hot flow is selected which can avoid the sudden
contraction and expansion effects near the inlets and outlets. The sixth
pitch is divided into 10 equidistant segments and the 11 cross-sections
are used to extract the local information for different cases. The local
flow fields including velocity magnitude, flow pathlines, and turbulent
kinetic energy on the hot side are shown in Fig. 6.

In Fig. 6(a), the arrow denotes the flow direction in the hot channel.
It can be seen that the velocity decreases gradually from the center to the
wall in the straight channel. The velocity distribution tends to be non-
uniform and unsteady when the configuration moves from the straight

700
] Present | Meshram
b [] L5
650 bt
] o — 4
600 - T - i
| hot flow —>» A o

: e
i o il -1
350 - By G- . <— cold flow
4 -’_,./' "'—U._‘.‘-\
300 Pl 2 1 n 1 2 1 4 el 0
0.00 0.05 0.10 0.15 0.20

Position (m)

Fig. 5. Comparison with Meshram’s results [44].
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channel to the wavy channel and the velocity increases with the increase
of the angle in the sixth pitch. For the wavy channels including the
zigzag channels and modified channels, the fluid tends to travel the
shortest route resulting in some low-velocity areas. For example, before
and after the bends in the zigzag channel, there are two areas whose
velocity is smaller than the average velocity. In the zigzag channel with
an angle of 30° and 45°, a reverse flow after the bends is observed. When
the sharp bends are replaced by the straight sections, the pathlines
become smoother. The deviation of the average velocity from the center
of the channel is reduced. And when the angle is fixed, the modified
channel with a larger inserted straight section ratio has much smoother
pathlines, resulting in a more uniform flow field. This may cause a
reduction in the heat transfer of the modified channel. It can be seen
from the legend in Fig. 6(a), the large-angle flow zigzag channel has
high-velocity zones after the bends with the same mass flow rate. With
the straight section inserted, the high-velocity zones are reduced in the
modified channels. In general, the velocity pathlines of the modified
channels tend to be more uniform with a smaller pitch angle and larger
inserted straight section ratio. The corresponding turbulent kinetic en-
ergy distributions in the hot channel are shown in Fig. 6(b). It can be
seen that the local high turbulent kinetic energy zones are consistent
with the local high-velocity zones. In the straight channel, the turbulent
kinetic energy reduces from the center to the wall and it seems that the
variation is uniform. It is obvious that the local turbulent kinetic energy
increases with the pathlines concentrating in the zigzag channels. These
strong turbulence mixing areas are beneficial for the enhancement of the
thermal performance whereas they may augment the pressure loss. The
modified channels are supposed to destroy the concentration and the
thermal-hydraulic performance needs to be further evaluated.

Fig. 7 shows the pressure loss in the sixth pitch along the flow di-
rection. The pressure loss in the straight channel, from 123 to 147.6 mm
along the hot flow direction, remains constant caused by the stable and
uniform flow. Due to the flow instability in the wavy channel, large
fluctuations in the pressure loss along the flow direction are observed.
The fluctuation between the maximum value and the minimum value of
the local pressure drop gets larger with the pitch angles increase because
of the poor flow stability in the modified channels with large pitch an-
gles. The local pressure drop fluctuation of the zigzag channel is 3.5, 6.7,
and 8.6 times the modified channels’ when the bend angles are 15°, 30°,
and 45°, respectively. The flow in the zigzag channels causes a large
pressure drop every time when it encounters a bend. It should be noted
that when the angle is 30° and 45° in the zigzag channel, shown in Fig. 7
(c), (d), and (e). There appears a negative local pressure loss in the flow
due to the noticeable reverse flow generation revealed in Fig. 6. With the
straight section inserted, the fluctuation of local pressure loss is greatly
reduced resulted in a much smoother flow. However, the ratio of the
inserted straight section only influence the position of the peaks and
troughs which are closely related to the location of the bends. The
inserted straight section ratio does not have much impact on the range of
the local pressure loss.

3.1.2. Local thermal characteristics

Fig. 8. presents the local heat transfer coefficients on both the hot
and cold sides in the sixth pitches of all wavy channels. The local heat
transfer coefficient is obtained by the following formula:

4y

hy=—"T__
N - €)]

Where g, is the local heat flux of the cross-section inner wall, T,
represents wall temperature (length-weighted average temperature) of
cross-section, Ty, is the bulk fluid temperature (mass flowweighted
average temperature) of the cross-section.

For the straight channel, the local heat transfer coefficients are
nearly constant between 123 mm and 147.6 mm. In the wavy channel,
oscillations of the local heat transfer coefficients are observed and the
amplitude of the oscillations is irregular in most cases. In general, it can
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be observed that the majority of local heat transfer coefficients in the
wavy channel is higher than those in the straight channel except for very
few positions, which suggests as expected that wavy channels are
beneficial for heat transfer. For the zigzag channel, the local heat
transfer coefficient goes down before the bend then increases consid-
erably around the bend and then decreases in the straight section before
approaching to the next bend. This behavior is also observed in the
modified channels. With the straight section inserted, the number of
bends increases. The local heat transfer coefficients drop first and then
rise at every bend. The fluctuations of the local heat transfer coefficients
in the modified channels are smaller than those in the zigzag channels,
suggesting that S-CO4 flow in the modified channel is smoother than that
in the zigzag channel.

To understand the local thermal performance, the temperature fields
of the cross-sections are studied. Fig. 9 shows the temperature contour
on the hot sides in the sixth pitches for all cases. In the straight channel,
an area with a high temperature in the core is observed at the start and
then this phenomenon gradually weakens because the bulk temperature
decreases along with the hot flow due to the cooling effect. For the
zigzag channel, the fluid temperature distribution tends to be more
uniform with the angle increases, which can be explained that the
centrifugal force can break the boundary layer and promotes the fluid
mixing in the zigzag channel resulting in better heat transfer perfor-
mance. The larger the pitch angle, the more homogeneous the temper-
ature contour. It can be observed that the temperature gradient gets
clearer in the modified channel than that on the zigzag channel. It
suggests that the straight section facilitates the smooth passage of the
flow which is helpful for pressure loss control but detrimental for ther-
mal performance.

3.2. Overall thermal-hydraulic performance

The global Nusselt number Nu and Fanning friction coefficient f are
calculated to evaluate the overall heat transfer and pressure loss char-
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acteristics, which can be calculated as Eq.(10) and Eq.(11), respectively.

D,
Nu = ho Dy (10)
A
2
fe APDthAC 11D
2m°L

where 4, p, m represents the thermal conductivity, density, and mass
flow rate of S-CO; flow, respectively. Dy, A., and L is the hydraulic
diameter, cross-section area, and length of the centerline of the channel,
respectively. The overall pressure loss AP and overall heat transfer co-
efficient h, are:

AP =P, —P,, 12)

9o

hy=—"0
Tw,o - X

T, 13)

where q, is the surface heat flux. The heat flux based on the surface of
the fluid domains can be obtained. The minimum heat flux is 27 553.48
W/m? in the straight channel when the Reynolds number is 5 000. The
maximum heat flux is 133 791.84 W/m? in the zigzag channel with a
bend angle of 45°when the Reynolds number is 25 000. T, and T,
represent the bulk temperature (or mass flow weighted average tem-
perature) and wall temperature (or area-weighted average temperature)
in the fluid domains, respectively.

Fig. 10 indicates the variation of the global Nusselt number and the
Fanning friction coefficient for all cases. Generally, the global Nusselt
number increases as the Reynolds number increases. The heat transfer
performance of the modified channel is higher than the straight channel,
while lower than the zigzag channel when the angle is fixed. It can be
seen that the gap in heat transfer performance is growing when the angle
increases. On the cold side, when the angle is 15°, the modified channels
have 5.3 %-11.5 % higher Nusselt numbers than the straight channel and
3.4 %-9.2 % lower Nusselt numbers than the zigzag channel; when the
angle is 30°, the modified channels have 15.2 %-34.8 % higher Nusselt
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Fig. 9. Temperature distributions of 11 equidistant cross-sections along the hot flow direction. (Re = 15000, 6th pitch for the wavy channels, 123 to 147.6 mm for

straight channel).
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Fig. 10. Comparison of the global Nusselt number and Fanning

numbers than the straight and 2.5 %-15.6 % lower Nusselt numbers than
the zigzag channel; when the angle is 45°, the modified channels have
22.8 %-48.7 % higher Nusselt numbers than the straight and 17.7
%-24.2 % lower Nusselt numbers than the zigzag channel. On the hot
side, when the angle is 15°, the modified channels have 2.4 %-14 %
higher Nusselt numbers than the straight and 7.1 %-14.5 % lower
Nusselt numbers than the zigzag channel; when the angle is 30°, the
modified channels have 25.7 %-78.7 % higher Nusselt numbers than the
straight and 3.5 %-24.7 % lower Nusselt numbers than the zigzag
channel; when the angle is 45°, the modified channels have 52.2
%-131.1 % higher Nusselt numbers than the straight and 27.7 %-56.3 %

friction factor between the wavy channels and the straight channel.
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lower Nusselt numbers than the zigzag channel. When compared with
the sinusoidal channels,

However, the reverse trend is found in the variation of the global
Fanning friction coefficient as the Reynolds number increases. The cold
side has a much larger Fanning friction coefficient than the hot side due
to the special physical properties of supercritical fluids. The cold flow
has much higher density and greater viscosity than the hot flow. The
modified channel has a much smoother passage than the zigzag channel,
resulting in a very significant drop in the global fanning friction coef-
ficient, which reveals that the inserted straight section is beneficial to
pressure loss. By comparison with the zigzag channel, the global fanning
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friction coefficient on the cold side of the modified channels decreases
33.1 %-55.2 %, 63.8 %-73.7 %, and 77.8 %-83.8 % when the angle is
15°, 30°, and 45°, respectively. On the hot side, the global fanning
friction coefficient on the cold side of the modified channels decreases
36.24 %-58.1 %, 65.1 %-76.2 %, and 78.7 %-84.7 % when the angle is
15°, 30°, and 45°, respectively. Most modified channels have a larger
global fanning friction coefficient than the straight channel due to the
complexity of the flow passages. However, it is found that when the
angle is 15°, the modified channels with an insert ratio of 0.4 and 0.6
have an 8.0 %-23.6 % lower global fanning friction coefficient than the
straight channel. This may be caused by the accumulation of lower local
pressure loss shown in Fig. 7. (a) and (b). The modified channel has more
corners than the zigzag channel, but these corners produce a smooth-
er transition. With these corners, the turbulence disturbance is increased
resulting in heat transfer enhancement compared with the straight
channel. Meanwhile, these corners prevent the full development of
turbulence by destroying the boundary layer, which can reduce the flow
resistance.

3.3. Overdll assessment

Generally, higher heat performance enhancement is obtained at the
cost of pressure loss. PCHE is a heat exchanger that trades-off heat
transfer performance with that of pressure loss. Simultaneous assess-
ment of thermal performance and pressure loss aids to find the config-
uration that has an optimal comprehensive performance. To access the
thermal-hydraulic performance of wavy channel PCHE in terms of both
heat transfer and pressure loss characteristics compared with the
straight channel PCHE, the performance evaluation criteria PEC is
employed to evaluate the comprehensive performance [45,46], which is
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defined as follows:

Nu/Nu,
pic = M/ Nt

(/)"

Where Nug, and fy, respectively stand for the global Nusselt number
and Fanning Friction coefficient of the straight channel PCHE. The PEC
of all modified channels and zigzag channels is calculated at different
Reynolds numbers, as revealed in Fig. 11.

It can be seen that the PEC of all modified channels is higher than
that of zigzag channels with a fixed angle. The PEC on the hot side is
always larger than that on the cold side, which is because the Nusselt
number on both sides is kept at the same level while the Fanning friction
coefficient on the hot side is always lower than that on the cold side.
When the Nu/Nug, ratio stays pretty constant, the PEC increases with
the decrease of the f/fg, ratio. For the cold channel as shown in Fig. 11
(a), the PEC of the zigzag channels are not exceeding 1, and the
comprehensive performance of the modified channel is higher than that
of the zigzag channel and the sinusoidal channel. Table 6 listed the
comprehensive performance enhancement of the modified channels
compared to the zigzag channel, which is equal to "EQLFEC x 100%.

14

Light blue indicates the minimum improvement in cold test perfor-
mance, and dark blue indicates the maximum improvement in cold test
performance. Light yellow represents the minimum value of perfor-
mance improvement on the hot side, and dark yellow represents the
maximum value of performance improvement on the hot side. The
modified channels have a 6.9 %-18.3 %, 11.9 %-44.8 %, 24.0 %-29.9 %
higher PEC than that of the zigzag channel when the angle is 15°, 30°and
45°, respectively. Among all the channel configurations, case 63050.6
shows the best performance with an improvement of 1.09 and 1.05
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Fig. 11. Comprehensive performance of all cases at different Reynolds numbers.
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Table 6
PEC comparison between the modified channel and the zigzag channel.
PECy — PEC;
TCZ x 100%
Re=5 Re=10 Re=15 Re= 20 Re= 25
000 000 000 000 000
15° 0.2 cold 6.9 6.9 7.7 8.6 9.6
hot 9.3 10.0 11.1 11.9 12.3
0.4 cold 15.5 15.9 15.9 15.7 15.2
hot 15.0 15.3 15.2 15.0 15.6
0.6 cold 18.3 17.9 17.3 16.9 16.2
hot 17.1 17.3 17.1 16.9 17.4
30° 0.2 cold 119 16.8 15.8 17.7 17.3
hot 18.0 15.4 26.2 22.7 20.3
0.4 cold 21.7 24.5 23.8 25.5 24.7
hot 25.1 23.1 34.4 30.7 27.9
0.6 cold 41.6 44.8 37.3 33.6 29.3
hot 45.9 38.9 43.5 34.8 29.0
45° 0.2 cold 24.0 26.5 26.9 27.5 30.1
hot 27.6 28.8 29.2 31.6 33.7
0.4 cold 249 20.8 19.3 19.8 23.1
hot 24.6 22.4 20.9 23.3 27.3
0.6 cold 28.5 29.9 26.2 25.5 27.7
hot 26.6 26.6 27.2 29.3 34.0

when Re = 5 000 and 10,000 respectively, which is 41.7 % and 44.8 %
higher than that of the zigzag channel. On the hot side, the compre-
hensive performance of modified channels is enhanced significantly. It
can be seen that almost all the modified channels have a PCE exceeding
1. The modified channels have a 9.3 %-17.4 %, 15.4 %-45.9 %, 20.8
%-34.0 % higher PEC than that of the zigzag channel when the angle is
15°, 30°, and 45° respectively. Same as the cold side, the modified
channels have better comprehensive performance than the sinusoidal
channel. The advantage of a large insert straight section is more obvious.
Among all the channel configurations, case 63050.6 shows the best
performance with an improvement of 1.31 compared with case 63050
when Re = 5000, which is 45.9 % higher than that of the zigzag channel.
Generally, the hot side has a higher comprehensive performance than
the cold side. The PEC increases with the increase of inserted straight
section ratio when the angle is 15° and 30°, while there is no obvious
enhancement when the angle is 45°. The best comprehensive perfor-
mance is obtained by a modified channel with an angle of 30°and the
insert straight section ratio of 0.6 when Re = 5 000.

4. Conclusions

The present work investigates the thermal-hydraulic characteristics
of PCHE with a modified channel based on the zigzag channel by nu-
merical simulation. Various configurations with different angles and
inserted straight sections are compared and discussed. The three-
dimensional models are validated by both experiments and numerical
data from the available literature. Some of the conclusions are as
follows:

(1) For the wavy channel PCHE, the introduction of a straight section
decreases pressure loss considerably, while at the cost of a limited
decrease in thermal performance.

(2) With the straight section inserted, the flow in the modified
channel tends to be stable and uniform resulting in the local
pressure drop and heat transfer coefficients fluctuating in a
smaller range compared to the zigzag channel.

(3) The global Nusselt number and Fanning friction coefficient of the
modified channels are within the straight channel and zigzag
channel, except for cases M15-0.4 and M15-0.6. The two modi-
fied channels with small pitch angles and larger inserted straight
section ratios provide better flow characteristics meanwhile in-
crease the thermal performance compared with the straight
channel.
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(4) Inview of the comprehensive performance for wavy channels, the
modified channels are consistently higher than the zigzag chan-
nels and the sinusoidal channels with the same group. Case M30-
0.6, which has the minimum heat transfer performance difference
of 2.5 % while greatly reducing the pressure loss of 76.2 %, has
the best comprehensive performance, and the PEC is improved by
45.9 % compared to the zigzag channel.
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