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H I G H L I G H T S

• Triply Periodic Minimal Surface (TPMS) Structures were explored as heat exchanger in sCO2 cycle.

• TPMS structures generate much larger turbulent kinetic energy than printed printed circuit heat exchanger (PCHE).

• TPMS structures improve overall thermal performance by 15–100% compared with PCHE.

A R T I C L E I N F O
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A B S T R A C T

The supercritical carbon dioxide (sCO2) based Brayton cycle is a proposed alternative to replace conventional
Rankine cycles in terms of high cycle efficiency, compact turbomachinery and heat exchangers. In the sCO2

cycle, however, the existing heat exchangers have been challenged by large portion of heat transfer (approxi-
mately 60–70% of total cycle heat transfer) and high cycle efficiency required. In the present study, two novel
heat exchangers were proposed by utilizing triply periodic minimal surface (TPMS) structures. i.e. the Gyroid
structure and Schwarz-D surface, to enhance heat transfer and improve cycle efficiency. TPMS structures are a
class of structures composed of two distinct inter-penetrating volume domains separated by an area-minimizing
wall, which have been observed as biological membranes and co-polymer phases. Two heat exchangers along
with a reference printed circuit heat exchanger (PCHE) were investigated numerically by computational fluid
dynamics simulations when the hot and cold sCO2 fluids pass through them at various Reynolds numbers. Effects
of geometrical shapes and Reynolds number on the hydraulic and thermal performances were identified. It was
demonstrated that two heat exchangers with TPMS can improve overall thermal performance by 15–100%, and
the Nusselt number is raised by 16–120% for a given pumping power in comparison with the PCHE. Hence, heat
exchangers with TPMS have a very good potential to enhance sCO2 cycle efficiency.

1. Introduction

The supercritical CO2 (sCO2) Brayton cycle has the potential to re-
place steam Rankine cycles in electricity generation, due to its higher
efficiency and compactness compared with steam Rankine cycles [1–4].
In the sCO2 Brayton cycle, there are generally three types of heat ex-
changers, i.e., recuperators, pre-coolers, and heaters [5–7]. The heat
exchanger effectiveness greatly affects the overall cycle efficiency of the
sCO2 Brayton cycle. Therefore, the development of heat exchangers
with high efficiency gains a lot of attentions in the past decades. Tra-
ditional heat exchangers, like shell-and-tube heat exchanger [8], spiral
wound heat exchangers [9], have been developed and applied into

industries. However, problems still exist for theses heat exchangers
such as large working space, high manufacturing cost, leakage and
operational reliability and so forth. Recently proposed heat exchanger,
namely printed circuit heat exchanger [10–13], has been a promising
plate-type heat exchanger due to several advantages, including high
heat transfer area density, endurance of pressure and temperature, and
good compactness.

The heat transfer performance and pressure loss of PCHE in sCO2
cycle have been investigated experimentally and numerically, but in
most of studies the conventional PCHE with continuous zigzag channel
were focused. Ishizuka et al. [14] experimentally evaluated the thermal
and hydraulic performance of a PCHE. Empirical correlations for local
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heat transfer coefficient, overall heat transfer coefficient and frictional
coefficient were developed based on their experimental data. They
made one assumption that values of variables change linearly from inlet
to outlet to deduce the local coefficients. Kwon et al. [15] numerically
studied the heat transfer performance and pressure drop with respect to
the angles of the zigzag-type PCHE. Water but not sCO2 was used as the
working fluid. Five types of zigzag channel with angles varying from
100 to 180° were designed and investigated. Optimal design for the
zigzag-type PCHE has been reported based on the friction coefficients
and Nusselt number. Nikitin et al. [16] experimentally studied the
performance of the zigzag-type PCHE and compared with a two-di-
mensional numerical calculation. Correlations between the local heat-
transfer coefficient and the pressure-drop factor were reported and
suggested.

Besides conventional zigzag-type PCHE, previous studies have pro-
posed to change the shapes of channel profile of the conventional
zigzag-type PCHE for improved thermal and hydraulic performance.
The main direction is to change the continuous channel type into dis-
continuous fin types, such as S-shape fin type (S-fin-type) and airfoil fin
type. Tsuzuki et al. [17] proposed a PCHE with S-shape fins based on

the pressure drop and heat transfer characteristics of PCHEs. It was
concluded that the pressure drop of PCHE with S-shaped fins is one fifth
of that with conventional zigzag PCHEs with identical heat transfer
performance. Ngo et al. [18] experimentally studied the S-fin-type
PCHE and the zigzag-type PCHE, compared their thermal–hydraulic
performance, and proposed correlations of the Nusselt number and the
pressure-drop factors. Their results showed that Nu of the zigzag-type
PCHE was 25% to 35% higher and the pressure-drop factor was four to
five times larger than those of the S-shaped fins. Kim et al. [19] pro-
posed a PCHE with airfoil shaped fins and performed 3D simulations to
study its thermal and hydraulic performance. The results were com-
pared with the conventional zigzag PCHE. It was claimed that identical
heat transfer performance could be achieved but at much lower pres-
sure drop with airfoil shaped fins (one twentieth of pressure dropped in
the zigzag fined PCHEs). Saeed et al. [20] proposed a new channel
geometry for the PCHEs based on a staggered arrangement of sinusoidal
fins. Simulations were performed using supercritical carbon dioxide
(sCO2) as a working fluid. The sinusoidal fins were further optimized
using response surface methodology in combination with the genetic
algorithm. It was reported that the overall performance of the

Nomenclature

A heat transfer area (m2)
Dh channel hydraulic diameter (mm)
f friction factor
hlocal local heat transfer coefficient
HF heat flux (W/m2)
Lx domain height (m)
Ly domain spanwise length (mm)
Lz domain streamwise length (mm)
m mass flow rate (kg/s)
Nu Nusselt number
P pressure (Pa)
PEC performance evaluation coefficient
Re Reynolds number
Q heat flux (W/m2)
T Temperature (K)
TKE turbulent kinetic energy (m2/s2)
U velocity (m/s)
WSS wall shear stress magnitude (Pa)

x coordinate (mm)
y coordinate (mm)
z coordinate (mm)

Greek symbols

λ fluid thermal conductivity (W/(m·K))
μ fluid dynamic viscosity (Pa·s)
ρ density (kg/m3)
τw wall shear stress (Pa)
ω vorticity (1/s)

Subscripts

b bulk flow
c cold channel
h hot channel
in inlet
k Plane k
w wall

Fig. 1. (a) Photograph, high-magnifcation optical microscopic image, and SEM image of butterfly wing scales of species C. rubi. [23], (b) Computer-generated Gyroid
cell model, (c) Photograph, high-magnifcation optical microscopic image, and SEM image of weevil L. augustus [24], (d) Computer-generated Schwarz-D cell model.
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optimized proposed channel geometry was found up to 21% and 16%
higher for the cold and hot side, respectively.

Completely new type of heat exchangers was also innovated to en-
hance the thermal and hydraulic performances. Pei et al. [21] proposed
a honeycomb Ultra-compact Plate Heat Exchanger with hexagonal
channels as recuperator in the SCO2 Brayton cycle. They varied the
geometry parameters and evaluate the performance via Nu/f1/3. The
results indicated that the UCPHE has a better overall performance than
the Printed Circuit Heat Exchanger by about 15% within the in-
vestigated range of the Reynolds number. Jing et al. [22] introduced
teardrop dimple and protrusions into the SCO2 rectangular channels
and obtained the detailed flow structures, friction and heat transfer
characteristics, and overall thermal performance through numerical
studies. The effects of geometrical structure, eccentricity of teardrop
dimple/protrusion, Re, temperature and pressure of SCO2 were in-
vestigated thoroughly. The results indicated that the overall thermal
performance was enhanced by 17% compared with the smooth channel.

Based on the comprehensive review above, it is believed that most
of studied on heat exchangers for sCO2 cycles are confined to PCHEs
and just a few new forms of heat exchangers are proposed. In the
present study, triply periodic minimal surface (TPMS) structures are
applied to heat exchanger design to explore if there is the potential that
the overall thermal performance of heat exchangers for sCO2 cycles can
be enhanced significantly. Two heat exchangers with TPMS structures
of the Gyroid and Schwarz-D types were designed, and the corre-
sponding numerical simulations were launched to identify detailed flow
fields, hydraulic loss and heat transfer characteristics, and overall
thermal performance. The results were contrasted against a reference
PCHE. It was identified that the heat exchangers with TPMS can en-
hance overall thermal performance by 15–100% compared with the
PCHE, and for a given pumping power, the new exchangers can in-
tensify Nusselt number by 16–120%.

2. Triply periodic minimal surfaces

Biological organisms have evolved complex and diverse hierarchical
structures on the macro-, meso-, and micro-scales to realize different
functions and adapt to natural environments. Triply periodic minimal
surfaces and related materials have been widely found in biological
systems like skeletons and scaffolds [23,24]. Fig. 1 shows two examples
of TPMS topologies, i.e., Gyroid structure and Schwarz-D structure,
discovered in the butterfly wing scales [23] and weevil Lamprocyphus
augustus [24]. Fig. 1a shows optical microscopic image and scanning
electron microscopy (SEM) images of the butterfly wing scales of spe-
cies C. rubi [23]. The surface of the scales is covered by inter-connected
ridges and ribs, providing mechanical stability of the scales and serving
as interference reflectors. Note that the Gyroid structure is identified
under the ribs, with a unit cell parameter of ≈300 nm. Fig. 1b shows

that photonic crystal structures with Schwarz-D architectures in the
scales of the weevil Lamprocyphus augustus [24]. It was reported that
the unit cell parameter was around 450 nm. From a mathematical
perspective, a surface that locally minimizes its area is referred as a
minimal surface. For a certain boundary, a minimal surface is the sur-
face with the least area that covers these boundaries. As a result, the
minimal surface has smooth curvatures with no edges or corners. TPMS
topologies with no self-intersections can partition space into two dis-
joint yet intertwining channels, which are simultaneously continuous
[25]. The intertwining architectures have inherent properties and are
lack of sharp edges with enhanced fluid dynamics. As the fluid dynamic
principle suggests [26], a gradual enlargement or contraction of a flow
path has substantially lower pressure drop than a sudden contraction or
enlargement. The curved topology allows for smooth flow through the
channels and is supposed to theoretically minimize the pressure drop.
The interpenetrating structures of TPMS result in a favorable increase in
turbulence causing improved heat and mass transfer [27]. The TPMS
structures are known for their advanced mechanical properties [28]
and anti-fouling capacity [29–31] due to topology local smoothness.

Level-set approximation technique [32] is utilized to obtain TPMS
topologies. TPMS topologies have cubic symmetry and are repeated in
the three-dimensional space. TPMS topologies split the space in two or
more interconnected networks of volumes. Two possible ways can be
employed to create structures [33]: the first is by thickening the surface
to yield a sheet-based TPMS structure [33] and the second is by soli-
difying the volumes defined by the minimal surface to yield a skeletal
based TPMS structure [34]. In the present study, we use two TPMS
geometries, Gyroid structure and Schwarz-D structure, to generate
TPMS structures, by thickening the surface to yield a sheet-based TPMS
structure. These shapes are described by the following equations [35]:

+ + =x y y z z xGyroid: cos( ) sin( ) cos( ) sin( ) cos( ) sin( ) 0 (1)

− − =x y z x y zSchwarz D: cos( ) cos( ) cos( ) sin( ) sin( ) sin( ) 0 (2)

The surfaces facing towards the individual interweaving fluid
channels are offset in two directions perpendicular to the surface,
creating a solid surface wall with a homogeneous thickness for Gyroid
and Schwarz-D structures.

3. Computational setup and validation

3.1. Computational domain and boundary conditions

In the present work, three different heat exchangers are in-
vestigated, i.e., PCHE, Gyroid structure, and Schwarz-D structure,
which are shown in Fig. 2. The computational domains include two
domains, one is solid domain, and the other is fluid domain that is
composed of hot fluid channel and cold fluid channel. High temperature

Fig. 2. Computational domain for (a) printed circuit heat exchanger (PCHE), (b) Gyroid structure, and (c) Schwarz-D structure.
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sCO2 passes through the hot fluid channel, while the low temperature
sCO2 passes through the cold fluid channel in an opposite direction.
Geometrical parameters are shown in Fig. 2, where Lx indicates height
of the domains, Ly indicates spanwise length of the domains, and Lz is
the streamwise length of the domains. Other detailed parameters are
given in Table 1, where Dh is the hydraulic diameter of the fluid
channel, t is the solid wall thickness, and θ is the turning angle of the
zigzag channel of PCHE. The three structures have similar hydraulic
diameter of fluid channels and streamwise length. The solid wall
thickness of Gyroid and Schwarz-D structures is 0.7 mm, which is al-
most identical to the distance between hot channel and cold channel of
PCHE.

Commercial software package ANSYS CFX 15.0 is used to solve the
compressible and steady form of continuity, momentum and energy
equations for the conjugate heat transfer process of sCO2 heat ex-
changer. The shear stress transport (SST) turbulence model is used to
simulate the turbulence effect, in which a dimensionless wall distance
(y+) less than 1.0 adopted. It has been shown that the SST turbulence
model can provide much higher simulation accuracy than k-ε models
[36]. The governing equations for the conjugate heat transfer process
are provided by Eqs. (3)–(7).

Continuity equation:

∇ =ρV· 0 (3)

Momentum equation:

∇ = −∇ + ∇ρ V V p τ( · ) · (4)

where τ is stress tensor that is given by Eq. (5)

= + ∇ + ∇ − ∇

= ∇ + ∇ − ∇ + ∇ ∏

( )
( )

τ μ μ V V δ V

μ V V δ V

( ) ( ) ·

( ) · ·

t
T

T

2
3

2
3 (5)

where Π is Reynolds stress tensor.
Energy equation:

⎜ ⎟∇ = ∇ ⎛
⎝

+ ∇ ⎞
⎠

ρVH λ λ
c

h·( ) · (For fluid domain)t

p (6)

∇ =k T 0 (For solid domain)s
2 (7)

To enhance the simulation robustness and accuracy, temperature
and pressure boundary conditions are chosen for fluid inlets whereas
mass flow rate is imposed at fluid outlets. Table 2 shows the boundary
conditions for inlets and outlets. The temperature and pressure are fixed
for both hot channel and cold channel. However, the mass flow rate is
varied to achieve a range of Reynolds number of hot channel Reh from
2300 to 53,000 and cold channel Rec from 3000 to 70,000, respectively.
Periodic boundary condition is applied to the top, bottom, and both

sides of the domains. Coupled boundary condition is imposed to the
fluid–solid interfaces.

Since the geometries of the gyroid and schwarz-D structures are

Table 1
Geometrical parameters for three heat exchangers.

PCHE Gyroid Schwarz-D

Lx [mm] 3.25 3.77 3.77
Ly [mm] 4.89 3.77 3.77
Lz [mm] 24 24 24
Dh [mm] 1.62 1.61 1.61
t [mm] – 0.7 0.7
θ [°] 45 – –

Table 2
Boundary conditions at inlets and outlets of fluid channel.

Hot side Cold side

Phi [KPa] Thi [K] mh [kg s−1] Pci [KPa] Tci [K] mc [kg s−1]
2545.5 553 2.488e−4 ~ 5.723e−3 8283.81 494 3.281e−4 ~ 7.844e−3

Table 3
Comparison of present results and experimental results [14].

Present Literature % Difference

Pressure drop, hot side [Pa] 25,065 24,180 3.66%
Pressure drop, cold side [Pa] 75,599 73,220 3.25%
Temperature difference, hot side [K] 173.08 169.6 2.05%
Temperature difference, cold side [K] 143.92 140.38 2.52%

Fig. 3. Streamwise velocity distribution on the center plane of cold channel at
Rec = 15,300.

Fig. 4. Turbulent kinetic energy (TKE) distribution on the center plane of cold
channel at Rec = 15,300.
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complex, unstructured meshes consisting of tetrahedron and prism
elements are generated in ANSYS ICEM. A fine mesh with eleven layers
of prism elements is generated near the wall, and the thickness of the
first layer element is set as ~0.00025 mm to guarantee the y+ value
around 1. For regions away from walls and solid domain, relatively
coarse meshes are produced to save computational time and cost. The
total elements of the mesh are set around 7 million after mesh in-
dependence study. Smooth transition between different regions is en-
sured to minimize numerical errors. Conformal interfaces are adopted
to couple the fluid domains and solid domain for accurate data transfer.

3.2. Properties of CO2

Supercritical fluids show significant variations in the thermo-
physical properties near the critical point, which substantially influence

the thermal–hydraulic performances of heat exchangers. Therefore, it is
imperative to consider the variations when simulating heat exchangers
with CO2 as a working fluid. In the present work, fluid properties table
written in a specific format (RGP file) is implemented into ANSYS CFX
to interpolate fluid properties during numerical iterations. The fluid
properties table includes necessary properties with temperatures and
pressures ranging from 300 K, 1 MPa to 1100 K, 20 MPa. The accuracy
of CFX interpolation using RGP table has been validated against the
REFPROP in previous work [36].

3.3. Computational model validation

To validate the computational model, a PCHE that has similar
geometries to Ishizuka et al. [14] and Kim et al. [19] is used, which has
dimensions of 4.89 (Lx) × 7.74 (Ly) × 846 (Lz) mm. Fine meshes are
generated for the new PCHE geometry using above-mentioned mesh
generation methods. Table 3 shows the comparison of present numer-
ical results with previous validated numerical results [14]. The differ-
ence falls within 3.7%, which indicates the high prediction accuracy of
the present simulation method. Therefore, the present numerical
method and turbulence model are capable to provide accurate data for
flow field and heat transfer analysis.

4. Results and discussions

In the present work, thermal and hydraulic performances are eval-
uated through two parameters: Nusselt number (Nu) and friction factor
(f). The Nu number is calculated based on local heat transfer coefficient
hlocal, hydraulic diameter, and fluid thermal conductivity. The local heat
transfer coefficient hlocal is obtained as Eq. (8) [36]. Local Nu number
and average Nu number obtained by integrating over the whole channel
are expressed as Eq. (9) [36].

=
−

h Q A
T Tlocal

wall bulk (8)

where hlocal, Q, A, Twall, and Tbulk are local heat transfer coefficient, heat
flux through the wall, heat transfer area, wall temperature, and bulk
flow average temperature, respectively.

Fig. 5. High TKE region in Schwarz-D channel.

Fig. 6. Streamwise vorticity and streamlines on the four planes of cold channel, Rec = 52,000.
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∑= =
=

Nu h D
k

Nu
n

Nu, ¯ 1local h

f i

k
i1 (9)

where Dh and kf are hydraulic diameter of fluid channel and fluid
thermal conductivity, respectively. Local friction factor is calculated
using a number of plane-averaged pressures in the streamwise direc-
tion. The local friction factor and averaged friction factor are calculated
by Eq. (10) [36].

∑⎜ ⎟= − ⎛
⎝

⎞
⎠

=
=

f P P
ρ V

D
L

f
n

f( )
2

, ¯ 1in k

k k

h

k i

k
i2 1 (10)

Here, Pin, Pk, ρk, Vk, and Lk are the plane-averaged pressure at
channel inlet, plane-averaged pressure at plane k, plane-averaged ve-
locity at plane k, and length from inlet to plane k, respectively. The
overall thermal performance is evaluated through a variable called
performance evaluation coefficient (PEC), which is defined as Eq. (11)
[36].

Fig. 7. Spanwise-averaged Nu number of cold channel with varying Re numbers.

Fig. 8. (a) Heat flux and (b) wall shear stress magnitude distributions of the cold channel of Gyroid at Re = 15,300.
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=PEC Nu Nu
f f

PCHE

PCHE
3 (11)

4.1. Fluid flow characteristics

In this section, the bulk flow field and turbulence features of dif-
ferent heat exchangers will be analysed. Mean flow field, turbulent
kinetic energy, and vorticity will be extracted and compared to show
how geometry variations can affect the flow dynamics and turbulence
transportation.

The distributions of streamwise velocity Uz on the center plane of
cold channel at Rec = 15300 are shown in Fig. 3. The black arrow
denotes the flow direction in the cold channel. In Fig. 3a, periodic flow
circulation regions are induced by the zigzag turnings, and the re-
circulation region grows larger with the increase of streamwise dis-
tance, even occupies half of the channel at the final turning. The middle
plane of the Gyroid structure resembles the sinusoidal fin geometry
[20], as shown in Fig. 3b. Less severe recirculation is observed in the
turning regions. However, discrete spots with large streamwise velocity
are observed, which is suspected to be caused by complex inter-
connecting fluid channels. Fig. 3c shows the uniform velocity dis-
tribution without obvious flow recirculation in Schwarz-D structure,
which is unfavorable for turbulence production.

Fig. 4 shows the corresponding turbulent kinetic energy (TKE) dis-
tribution on the center plane of cold channel at Rec = 15,300. It is
observed in Fig. 4a that, even though with severe recirculation behind
turnings, the turbulent kinetic energy is relatively low compared with
Gyroid and Schwarz-D structures. This might be ascribed to the less
intrinsically complex channel shape than the Gyroid and Schwarz-D
structures. Fig. 4b shows that the Gyroid produces the highest TKE due
to strong flow mixing in interconnected channel. The strong turbulence
mixing is supposed to be favorable for heat transfer enhancement
whereas increases pressure losses across the channel, which may finally
degrade the thermal–hydraulic performance. For the Schwarz-D struc-
ture, Fig. 4c shows an overall lower TKE level than the Gyroid structure
but exhibits high TKE regions in the center of channel, which is caused
by unique flow patterns inside the Schwarz-D channels shown in Fig. 5.

The complicated flow patterns inside the Schwarz-D channel is
shown in Fig. 5. The contour shows the TKE distribution on the middle
plane similar to Fig. 4c. Two clusters of streamlines with opposite flow

Fig. 9. Spanwise averaged Nu number and shear stress magnitude for (a) PCHE and (b) Gyroid.

Fig. 10. Area averaged Nu number of (a) hot channel and (b) cold channel.

Fig. 11. Turbulent kinetic energy (TKE) distribution on the center plane of (a)
hot channel at Reh = 39000, and (b) cold channel at Rec = 52000.
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directions are apparently observed and denoted with flow B and flow C.
The complex interconnected channels result in two streams of flows
passing through one channel simultaneously. In particular, flow B has
negative Ux while flow C has positive Ux, which leads to strong shearing
effect and large velocity gradient in region A. The large shearing in
region A causes significant turbulent production and large turbulent
kinetic energy.

A detailed illustration of streamwise vorticity and streamlines on
the four planes of cold channel is shown in Fig. 6. The four planes
correspond to streamwise locations from z/Lz = 1/5 to 4/5. The figure
shows the vortex evolutions along the streamwise direction for three
heat exchangers, along with the streamwise vorticity ωz. Generally, the
streamwise vorticity levels of Gyroid and Schwarz-D structures are
higher than these of PCHE. This is due to more complex channel or-
ientations that produce significant velocity gradient and thus the
streamwise vorticity ωz. Fig. 6a shows that there are two main counter
rotating vortices in the PCHE channel, and the spanwise shift of vortices
along the streamwise locations are mainly caused by varying bend or-
ientations. In the Gyroid channel, vortices distribute more randomly,
and small portions of the vortices have similar sizes to the channel size.
However, in the Schwarz-D channel, vortices have more organized
profile. In particular, the negative and positive vorticity regions dis-
tribute alternatively and periodically in y direction. Also note that large
portions of these vortices have similar sizes to the channel size. Gen-
erally, the vortex revolutions along the streamwise locations for Gyroid
and Schwarz-D structures exhibit more substantial complexity than
PCHE, which results in higher thermal performance as explained in the
next section.

4.2. Heat transfer characteristics

In this section, the local heat transfer characteristics will be shown,
and the underlying fluid mechanisms will be provided. The local heat
transfer characteristics include temperature and heat flux contour dis-
tributions and spanwise averaged Nu number along the streamwise

Fig. 12. Area averaged friction factor for (a) hot channel and (b) cold channel.

Fig. 13. Area averaged wall shear stress magnitude for hot and cold channels.

Fig. 14. Area averaged thermal performance evaluation coefficient (PEC) for
hot and cold channels.

Fig. 15. Comparison of overall thermal performance for three heat exchangers.
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direction. Fig. 7 shows the spanwise-averaged Nu number of cold
channel with varying Re numbers. The spanwise averaged Nu number is
obtained by averaging the Nu number along the streamwise direction.
For PCHE, Fig. 7a shows that the Nu number distributes periodically
and gradually increases with the increase of streamwise locations.
Significant peak values are observed at the bending regions which are
caused by high velocity gradient and turbulence mixing. These peak
values are also reported by Saeed et al. [36]. Fig. 7b and c shows that
the Gyroid and Schwarz-D structures produce more frequent fluctuating
distributions of Nu number and have higher heat transfer level than
PCHE. It is also observed that the Gyroid and Schwarz-D structures
produce approximately similar heat transfer rates.

The underlying fluid mechanisms for the local heat transfer char-
acteristics of the Gyroid structure is explained by relating the wall heat
flux (HF) with the wall shear stress magnitude (WSS) contour dis-
tributions, which are shown in Fig. 8. Fig. 8a shows the wall heat flux
distribution with an enlarged view. One can observe discrete regions
with high heat flux at the junction regions, since the cold flow is
blocked by these junctions, which forms an impingement effect and
breaks the boundary layer. Then, new boundary layer forms and the
heat flux is substantially enhanced. Fig. 8b shows that regions with high
heat flux and wall shear stress magnitude almost coincide. This phe-
nomenon can be explained by Reynolds analogy, which is expressed by
Eq. (12) [37].

≈
− ∞

∞
q

τ c T T
V

̇
( )

w
w p w

(12)

Here, τw, cp, T∞, and V∞ are wall shear stress, specific heat capacity,
mainstream temperature, and mainstream velocity. The Reynolds
Analogy is to relate turbulent momentum and heat transfer, since the
transport of momentum and the transport of heat largely depends on
the same turbulent eddies. From Eq. (12), it is seen that the wall heat
flux is proportional to wall shear stress. Therefore, regions with high
wall shear stress usually correspond to regions with high heat flux.

The spanwise averaged Nu number and shear stress magnitude for
PCHE and Gyroid structure are shown in Fig. 9. It quantitatively de-
monstrates that the spanwise averaged shear stress magnitude and
Nusselt number have similar trends. In particular, the peak and valley
values of Nu number almost coincide these of shear stress magnitude. It
is also observed that the Gyroid structure shows overall higher shear
stress magnitude than the PCHE, which is the underlying fluid me-
chanism for higher Nu number for Gyroid structure. It is anticipated
that the Schwarz-D structure will also have high level of shear stress
magnitude. One advantage of the high shear stress of Gyroid is that it
may indicate higher and favorable anti-fouling capacity. However,
differences between spanwise averaged shear stress magnitude and

Nusselt number can also be observed, which is suspected to arise in
areas of recirculation, since the flow can experience an adverse pressure
gradient, while there is no analogous mechanism for heat transfer.

4.3. Overall pressure drop and thermal performance

At a given Reynolds number, the Gyroid and Schwarz-D structures
provides superior heat transfer than the PCHE due to higher turbulent
kinetic energy production. Meanwhile, higher turbulent kinetic energy
will lead to higher pressure drop. Therefore, it is beneficial to char-
acterize the overall thermal performance of these heat exchangers.

Fig. 10 shows the area averaged Nu number of both hot and cold
channels for three heat exchangers. It is observed that the Nu number
increases with the increase of Reynolds number for the three structures.
In Fig. 10a, the Gyroid and Schwarz-D structures have almost similar Nu
number trend for the whole range of Re numbers investigated, which is
suspected to be caused by quite identical level of turbulent kinetic
energy of the two structures, as shown in Fig. 11a. Also note that Gyroid
and Schwarz-D structures show higher heat transfer level than PCHE by
30–65%. The heat transfer enhancement is ascribed to more significant
production of turbulent kinetic energy in Gyroid and Schwarz-D
structures. For the cold channel in Fig. 10b, the advantage of Gyroid
structure over Schwarz-D structure grows stronger as Reynolds number
becomes higher, which can be explained from Fig. 11b that Gyroid
produces much higher turbulence production than Schwarz-D at high
Re number. Additionally, the Gyroid and Schwarz-D structures produce
higher Nu number than PCHE by averagely 80% and 65%, respectively.

Friction factor is another imperative aspect for evaluating the
overall thermal performance, which is defined in Eq. (10). Fig. 12
shows the averaged friction factor for both hot and cold channels.
Overall, Gyroid and Schwarz-D structures produce higher friction fac-
tors than PCHE by 50–100%, which are caused by stronger turbulence
mixing and much higher wall shear stresses. In particular, Schwarz-D
structure produces higher friction factor than Gyroid structure in hot
channel, while the trend is reversed in cold channel. This is caused by
synergetic effects of wall shear stress and the shear stress between the
fluid flows within. A portion of the friction loss results from wall shear
stress between the surfaces and fluids, as shown in Fig. 13. The other
portion is determined from the shearing and mixing of fluid flows
within, which is related to the velocity gradient and is indirectly re-
flected by turbulent kinetic energy. For the hot channel, it is shown that
the wall shear stress for Gyroid and Schwarz-D structures are compar-
able. It is also found in Fig. 11a that the Gyroid structure has quite
identical level of turbulent kinetic energy with the Schwarz-D structure,
which represents that the friction losses from fluid within the bulk flows
are comparable for the two structures. However, the Schwarz-D

Fig. 16. (a) Surface area and volume and (b) Specific heat transfer area.
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structure has higher surface area, and so the total pressure drop and
friction factor are higher. For the cold channel, Figs. 4 and 11b exhibit
that the turbulent kinetic energy of the Gyroid structure is substantially
higher than that of the Schwarz-D structure. Moreover, the difference of
wall shear stress between the Gyroid structure and the Schwarz-D
structure grows larger with the increase of Reynolds number. There-
fore, the Gyroid structure produces higher turbulent kinetic energy and
thus shear stress within the fluid, as well as wall shear stress, which
result in higher friction factor than the Schwarz-D structure.

The overall thermal performance is evaluated using the perfor-
mance evaluation coefficient (PEC), which is defined as Eq. (11). The
coefficient uses the thermal performance and pressure drop of PCHE as
base values. Fig. 14 plots the PEC values of Gyroid and Schwarz-D
structures for both hot and cold channels. Generally, the Gyroid and
Schwarz-D structures outperform the PCHE by 17–100%, with higher
superiority at lower Reynolds number. For the hot channel, Schwarz-D
structure produces higher PEC values than Gyroid when Re is lower
than 30000, while has lower PEC values when Re is higher than 30,000.
For the cold channel, the same tendency holds but the turning Re
number is 20,000. The complex trend is the result of combined effects
of enhanced surface area and increased turbulence production. When
Re number is low, the turbulent kinetic energy is comparable for the
two structures, so the heat transfer surface area determines the PEC
values. The Schwarz-D structure has higher heat transfer surface area,
resulting in higher heat transfer rate. However, for higher Re number,
the turbulence production in Gyroid is increased dramatically and
turbulence mixing plays a dominant role in enhancing heat transfer
level. Therefore, the Gyroid structure shows higher PEC values than the
Gyroid structure. The thermal and hydraulic mechanism applies to both
hot and cold channels, but certain difference exists when it determines
the turning Re number.

In real sCO2 cycle conditions, the pumping powers of the com-
pressor are usually fixed, and it is desirable to achieve higher heat
transfer performance for a given pumping power. Therefore, it is ben-
eficial to characterize the heat transfer performance as a function of
pumping power. The pumping power is proportional to f ReH H

3 [38].
Fig. 15 exhibits the comparison of overall thermal performance for
three heat exchangers. For a given pumping power, the Schwarz-D cold
channel generally provides higher Nu number than the Schwarz-D hot
channel, reaching 35% at the high values of f ReH H

3 . However, for Gy-
roid structure and PCHE, hot channels provide higher Nu number for a
low pumping power, while cold channels show better heat transfer
performance for a high pumping power. For the hot channel, the Gyroid
and Schwarz-D structures show higher Nu number by 85% and 16% at a
low and high pumping power, respectively. For cold channel, the Nu
number of the Gyroid and Schwarz-D structures are higher than PCHE
by around 40–120% for a given pumping power.

The advantage of triply periodic minimal surface structures not only
lies in complex interconnect channels that prompt turbulence mixing,
but also increase surface area for heat transfer area that further enhance
heat transfer efficiency. Fig. 16 shows the surface area, volume, and
specific heat transfer area for three structures. In Fig. 16a, it is seen that
the Schwarz-D structure has the highest heat transfer surface area,
while the PCHE has the lowest. The volume of Gyroid and Schwarz-D
structures are similar, while the PCHE shows slightly lower value.
Hence, it is necessary to consider specific heat transfer area. Fig. 16b
shows the specific heat transfer area of the three structures. It is obvious
that the Schwarz-D structure has the highest specific heat transfer area,
about 21% and 47% higher than Gyroid and PCHE, respectively.

5. Conclusions

In the present work, a novel heat exchanger based on triply periodic
minimal surface structures was proposed and studied through compu-
tational fluid dynamic simulations. The flow structures and heat
transfer characteristics are obtained to evaluate its potential application

in supercritical CO2 Brayton cycle.
The TPMS and PCHE produce different flow structures. In the PCHE,

large separations occur while the turbulent kinetic energy is the lowest.
For TPMS structures, only small separations are generated in Gyroid
and Schwarz-D due to smooth topology. However, large turbulent ki-
netic energy production is observed in Gyroid structure, which is sus-
pected to be caused by complex flow mixing and is favourable for heat
transfer enhancement. Moreover, there exist regions with large turbu-
lent kinetic energy appear in the channel centre of Schwarz-D structure,
which is caused by significant shearing due to opposite flow directions
in one channel.

The TPMS structures show much higher heat transfer rate than the
PCHE. Compared with PCHE, heat transfer enhancement by 30–80% is
achieved with Gyroid and Schwarz-D structures, while friction loss is
elevated by 50–100%. Considering overall thermal performance,
Gyroid and Schwarz-D structures outperform the PCHE by 15–100%,
due to enhanced surface area and increased turbulence production. For
a given pumping power, the Gyroid and Schwarz-D structures produce
higher heat transfer coefficient than PCHE by 16–120%.

The results of the investigation are helpful to understand the flow
dynamics and heat transfer performance in TPMS structures, which is of
great significance for the development and optimization of advanced
heat exchangers. More TPMS structures are worth of further in-
vestigations. In addition, optimization studies concerning with dividing
wall thickness or void fraction can be performed to achieve better
thermal performance in future studies. The present studies are believed
to provide important reference data for practical engineering applica-
tions.
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