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Abstract: Airfoil printed circuit heat exchangers (PCHES)
possess exceptional comprehensive performance. In recent
years, extensive research has been conducted on the layout
and structure optimization of airfoil fins. As biomimetic tech-
nologies gradually mature, bionics has achieved numerous
outcomes in optimizing airfoil aerodynamic characteristic.
Inspired by the sailfish geometry, four types of bionic airfoils
are proposed based on the NACA 0015 airfoil, to enhance the
thermal-hydraulic performance of the airfoil PCHEs. The
results show that while the four types of sailfish airfoils are
effective in terms of drag reduction, their overall perfor-
mance at the same pumping power is suboptimal, with
only one type providing an advantage at the low Re region.
Moreover, airfoils with concave head curves further increase
the weakening of heat transfer by the velocity boundary
layer.
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1 Introduction

As an essential component in energy conversion systems,
the miniaturization of heat exchangers significantly con-
tributes in enhancing the compactness and efficiency of the
entire system [1]. Supplemented by advanced manufacturing
technology, the printed circuit heat exchanger (PCHE), fabri-
cated through chemical etching and diffusion welding, is
characterized by superior compactness and high efficiency,
demonstrating substantial tolerance to high temperatures
and pressures simultaneously [2]. In this context, as an alter-
nate heat exchanger, PCHE is highly favored in the fourth-
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generation nuclear power system [3], solar thermal power
generation [4], and other fields.

The PCHE was initially proposed and brought to market
in 1985 [5], with numerous channel configurations being
developed since then. Among the four typical types, namely,
straight, zigzag, S-shaped, and airfoil channels, comprehensive
research has been undertaken to explore their respective heat
transfer and flow friction characteristics [6]. Straight channel
PCHESs, lacking spoiler elements, are promising options for
applications with low pressure drop requirements. In contrast,
the wave-shaped structure of zigzag channels improves the
heat transfer performance at the cost of increasing friction
loss [7]. Under the premise of retaining heat transfer capacity,
the pressure drop in the S-shaped and airfoil PCHEs has
improved to varying degrees, amounting to one-fifth [8]
and one-twentieth [3] of that in the zigzag channel PCHE,
respectively. Consequently, it is demonstrable that airfoil
PCHEs showcase superior heat transfer and pressure drop
performance.

According to public information, many factors influ-
ence PCHE performance, with channel structure being one
of the most important [9]. As a result, flow channel design
has always been critical to PCHE research and develop-
ment. Airfoil PCHE has conducted extensive experiments
and numerical studies on the local shape and overall
layout scale of fins in recent years [10]. Kim et al. [11]
explored the varying laws in heat transfer and pressure
drop performance of the airfoil PCHE under various fin
layouts in the S-CO, integration experiment circuit at the
Korea Atomic Energy Research Institute. Additionally, they
optimized the geometric arrangement parameters. The
heat transfer and pressure drop performance of PCHEs
with rectangular, rounded rectangular, elliptical, and air-
foil fins were compared by Xu et al. [12]. Furthermore, the
flow friction characteristics of S-CO, in channels were ana-
lyzed emphatically. According to the numerical results, due
to the drastic changes in S-CO, density with temperature
during the flow process, the loss of flow resistance is clo-
sely related to the thermal boundary. The impact of three
asymmetric airfoil fin layouts on the heat transfer and flow
characteristics of PCHEs was discussed by Chu et al. [13].
Remarkably, the reverse arrangement of cambered fins,
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compared to the consistent layout, substantially reduces
the flow resistance, with a pressure drop of only 22% larger
than that observed in symmetrical airfoil channels. Addi-
tionally, a hybrid channel structure featuring non-uniform
fin layouts was introduced, which increased the thermal-
hydraulic performance by an average of 25%. Cui et al. [14]
changed the cross-sectional shape of the NACA 0020 airfoil
fin, and some convex sections of airfoil lines were replaced
with concave sections. The local and average thermal-
hydraulic properties of two new types of airfoil fin are
numerically studied when combined with the fire dissipa-
tion number. The new j coefficient increases by 6.15% at
maximum due to the thinnest velocity boundary layer. Wu
and Xiao [15] extended the 2D airfoil fin profile optimiza-
tion to 3D structural design. The new fin is made up of two
staggered airfoil fins, which is the same as etching airfoil
channels on both sides of the plate. Using NACA 0020 airfoil
fin as a reference, numerical simulation validates the struc-
ture’s effectiveness. The results show that turbulent S-CO, heat
transfer is significantly improved, and the overall perfor-
mance of double-sided etching airfoil PCHE is improved by
at least 10.6%. In PCHE airfoil double-sided etching, Xi et al
[16] investigated the effect of fin arrangement along the height
and flow direction on thermal and hydraulic properties. Even
though the volume of the fin is reduced by half by adjusting its
height, the fin retains significant application value. Wang et al
[17] investigated the effect of asymmetric airfoil shape char-
acteristic parameters (camber, maximum camber position,
and thickness) and fin distribution parameters on heat
transfer and flow resistance numerically. The boundary
conditions are established in accordance with the working
conditions of the micro gas turbine regenerator. The results
show that the thickness of the airfoil is the most influential
factor, and the two most appropriate airfoil shape para-
meters are also obtained. Jiang et al [18] proposed a
machine learning-based optimal design framework for air-
foil channel configuration parameters, which avoided the
time-consuming problem of a large number of numerical
calculations. The impact of geometric parameters such as
maximum thickness and location of maximum thickness of
airfoil on overall performance is considered. The advanced
optimization algorithm improves the performance coeffi-
cient of PCHE by about 6.2%. Arora et al. [19] established a
modular test platform to study the flow friction character-
istics of airfoil PCHE, and used the numerical simulation
that was strictly verified by the test results to broaden the
application range of the correlation of friction coefficient
(the Re range was widened from 2,000-25,000 to 100-100,000).
Wang et al [17] introduced PSO-BP artificial neural network,
and provided a new surrogate model optimization method for
airfoil PCHE layout parameters. Using Nu and f as objective
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functions, the optimal design of fin layout, including horizontal,
vertical, and staggered spacing, is obtained. When Nu is basi-
cally unchanged, the f coefficient is reduced by about 28%.
Inspired by the outline of swordfish, Xu et al [20] first applied
the bionic concept to the design of fin in airfoil PCHEs. Based
on the original NACA 0020 airfoil, the curve of the trailing edge
is mirrored to the leading edge from 50% of the middle arc,
and the bionic airfoil with a spindle shape is obtained. The
results show that the uniform velocity field of bionic airfoil
reduces the pressure drag and the pressure drop of the
channel by about 22.8%.

From the literature review, we can see that there has
been a lot of work in the structural design and optimiza-
tion of airfoil PCHE. 2D and 3D designs of fin shape is an
effective way to improve PCHE performance. Despite the
fact that Xu et al’s research [20] shows that the bionic
airfoil fin based on swordfish significantly reduces friction
loss. However, bionic design and optimization of airfoil
primarily focus on improving aerodynamic characteristics
[21], with no attention paid to bionic design of airfoil fin in
flow drag reduction and heat transfer enhancement. Sail-
fish is one of the fastest fish in the ocean, with a top speed
of about 110 km/h, indicating that its morphology has excel-
lent hydrodynamic properties. The modified body bone
line was applied to the bionic design of spoiler fin in airfoil
PCHE based on the design of airfoil fin 2D line and the
profile of swordfish. A three-dimensional numerical model
is developed to investigate the heat transfer and pressure
drop properties of PCHEs with sailfish fins and NACA 0015
airfoil fins. Through analyzing the detouring flow laws of
bionic fins and NACA 0015 fins, we explore the flow char-
acteristics and drag reduction mechanism of the sailfish
airfoil, and further examine its applicability within PCHEs.
The present work serves as a foundational reference for
subsequent bionic studies of flow drag reduction in airfoil
PCHEs.

2 Physical model and numerical
method

2.1 Bionic design of sailfish airfoils

Using a sailfish specimen made by the research team at
Seoul National University in South Korea as the bionic
object, four novel bionic airfoils are derived through image
processing tools. Figure 1(a) illustrates the side view of the
sailfish specimen, showcasing a body length (BL) of 1.74 m,
a maximum height to BL ratio of 0.161, and a position of
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Figure 1: The construction of a geometric model for bionic sailfish airfoils. (a) Overall morphology of the sailfish specimen; (b) symmetric bionic

airfoils based on the initial sailfish airfoil; and (c) design of composite sailfish airfoils.
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maximum thickness situated at 24% of the BL in the flow
direction. For additional detailed parameters, please refer
to the study by Sagong et al [22]. The slender bill and
expansive dorsal fin are two recognizable morphological
features of the sailfish. The protruding upper jaw functions
primarily for predation and self-defense [23]. Interestingly,
the wind tunnel test conducted on sailfish specimens at an
approximate cruising speed of 6.3km/h demonstrate that
the bill does not contribute to drag reduction [22]. The fins
serve as the primary organ enhancing body stability and
maneuverability during swimming. However, to minimize
resistance from an overly expansive wetted area, sailfish
retract parts of fins, including the first dorsal fin, the first
anal fin, and the abdominal fin, into the fin grooves during
coasting.

Based on the above, the side profile curve of the sail-
fish, with the bill and all fins removed, is selected as the
blueprint for bionic airfoil design. The detailed construc-
tion process of this geometric model is depicted in Figure 1.
Utilizing a third-order spline, the sailfish bone line is
extracted, resulting in the initial sailfish airfoil denoted
as Sori, as shown on the left side of Figure 1(b). Gentle
transition treatments are implemented at the intersection
of the fins and the bone line to ensure a smooth geometric
profile. The fish body’s lower jaw tip is designed as the
leading-edge point, and the caudal fin is modified into a
0.02 mm diameter arc for modeling and analysis. The mid-
point of the tail arc aligns horizontally with the leading-
edge point, and the connection between these two points is
called chord line. Considering the description and engi-
neering manufacturing issues of the airfoil, a symmetrical
structure is typically preferred. Consequently, taking the
chord line as the axis of symmetry, the upper (blue line)
and lower profile lines (orange line) of S, are symme-
trized to obtain two symmetrical sailfish airfoils, marked
Sup and Syow, as depicted on the right side of Figure 1(b).
Both schemes maintain a maximum thickness representing
15% of the chord length, with the largest internal tangent
circle positioned at 24% of the mean camber line near the
leading edge.

The NACA 0015 represents a non-cambered airfoil,
characterized by a 15% ratio of maximum thickness to
chord length. In this study, the profile line preceding and
following the widest position of the airfoil is divided into
two parts, called the head and tail profile lines. Based on the
NACA 0015 airfoil, we further adapt the S, and Sy, SChemes
to obtain two composite sailfish airfoils. As shown in Figure
1(c), the NACA 0015 airfoil is initially modified to shift the
maximum inner tangent circle towards the leading edge by
6% of the chord length. Then, with the mean camber lines as
a baseline, the modified NACA 0015, Sy, and Syow, possessing
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the same aspect ratio, are placed at the identical horizontal
level. The S, and Sy, Schemes are shifted in the direction
indicated by the arrows until both the upper and lower
surfaces align tangentially with the modified NACA 0015 air-
foil. Ultimately, the geometric model undergoes segmentation
and reorganizing, linking the tail curve of the NACA 0015 to
the head curves of both Sy, and Sjow. The obtained new air-
foils are denoted as Syp-comp aNd Sigw-comn, respectively.

2.2 Simulation domain and boundary
conditions

The core, the primary pressure-bearing component and
heat transfer unit of a PCHE, consists of a metal block
fabricated through the stacking and welding of etched
plates. For airfoil PCHEs, the flow channel formed by the
periodically arranged fins is the platform for fluid flow and
heat transfer. In this study, the NACA 0015 airfoil is selected
as a reference to numerically investigate fins with various
shapes used in PCHE.

The simplified PCHE model, comprising two airfoil
channels depicted in Figure 2, is identified as an ideal
model to significantly reduce the computational and time
expenses [24]. The single banked computational model is
divided into two distinct areas: the heat transfer section
with fins, and the plate extension section devoid of fins.
The heat exchanger section houses 20 rows of staggered
fins on both the hot and cold side. The inlet extension
facilitates full development of the boundary layer, whereas
the outlet extension inhibits the effect of the return flow on
heat transfer. The incoming flow has an attack angle of 0,
progressing from the head to the tail of the fins, with the
counter-flow pattern causing the fins on the hot and cold
side to face in opposite directions. The sizes of the entire
simulation domain are 256.6 mm (L) x 2.2 mm (W) x 3 mm
(H), of which the length of the extension segment is 18 mm.
Figure 2 demonstrates the geometric parameters of the fin
layout, and the supplementary geometric details of the
simulation domain are listed in Table 1.

It is noteworthy that, to ensure a meaningful compar-
ison, the dimensional parameters summarized in Table 1
are the same across all types of airfoil fin PCHEs. However,
the variations in the shapes among the different types of fins
result in discrepancies in the average hydraulic diameter (Dy)
of the channel. Considering the geometry and arrangement
dimensions of the fins, Dy, can be written as [25] follows:

4Ac,unit
As,unit / L unit

- 4Vunit

As,unit

Dh = 3 (1)
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Figure 2: Airfoil PCHE simulation domain.

where Vynit, Asunit Acunit and Lyn;e Tepresent the volume,
heat transfer area, average cross-sectional area, and length
of the minimum periodic heat transfer unit in the fluid
domain, respectively. The calculated values for Dy per-
taining to the five types of airfoil channels are given in
Table 2. It can be seen that the heat transfer area and Dy,
of the four sailfish fins exceed those of the NACA 0015 air-
foil fin. Interestingly, both S, and Sigw-comb €xhibit iden-
tical Dy, values and possess the largest heat transfer area.

The setting of boundary conditions is shown in Figure 2.
Detailed information about the boundary conditions is as
follows:

The fluid domain inlet is subjected to a mass flow rate
inlet boundary condition, with the cold and hot fluid inlet
temperatures fixed at 292 and 333 K, respectively.

Table 1: Geometric information in the simulation domain
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The fluid domain outlet is set as a pressure outlet
boundary.

There is no slip between the contact wall surfaces of
the fluid domain and the solid domain. The contact wall
surfaces of the heat exchange section are set to be coupled.

Apply symmetric boundary conditions on the left and
right sides of the computational domain.

Apply periodic boundary conditions to the top and
bottom surfaces of the computational domain.

There is no heat flux exchange on the remaining
surfaces.

The thermophysical properties of N,, serving as the
working fluid in channels, are sourced from the NIST data-
base. Within the investigated range of operating condi-
tions, the density (p), thermal conductivity (4), dynamic

Parameters Value (mm) Parameters Value (mm)
Length of heat transfer section L, 220.6 Longitudinal pitch L, 10.8

Length of extended section L, 18 Transverse pitch L, 2.2

Height of top and bottom wall H,, 35 Staggered pitch Lg 5.4

Height of channel H. 8 Chord length of fin L. 6

Thickness of base plate tp, 7 Maximum thickness of fin L; 0.9




6 =—— ChulinYuetal. DE GRUYTER
Table 2: Calculated data for Dy, of five airfoil fin channels

Minimum heat transfer unit for channel Sup Siow Sup-comb Siow-comb NACA 0015
Heat transfer area Ag i (MmM?) 57.996 58.328 58.328 58.268 57.712
Volume Vit (mm?3) 16.2 16.336 16.336 16.312 16.064
Average cross-sectional area Acunit (mm?) 1.5 1.513 1.513 1.51 1.487

Dy, (mm) 117 1.12 1.12 1.1198 1.113
viscosity (u), and specific heat capacity (C,) exhibit a mono- 1 1 1 )

tonic temperature dependence.

2.3 Data reduction and model validation

The thermophysical properties of N, under an inlet pres-
sure of 3 MPa are presented in Table 3. It can be found that
the fluid properties exhibit only minor variations with
temperature within the examined operating conditions.
Given this, the logarithmic average temperature difference
method is employed to calculate the overall heat transfer
coefficient (U) of the PCHE, as shown in the following
equations:

Q, Ohot +
U= ave , Qave — hot cold ; (2)
As,totATm 2
AT, = (Thi — Teo) = (Tho — Tei) 3

 In[(Th - Teo)/(Tho = Te)]’

where Q.. and As o are the average heat transfer rate and
total heat transfer area, respectively, while ATy, refers to
the logarithmic average temperature difference. The sub-
stitutes h and c represent the fluid in hot and cold sides,
respectively; and the substitutes i and o denote the inlet
and outlet of the channel on both sides, respectively.

Due to the identical flow channel shape, mass flow
rate, and similar working media properties on cold and
hot sides, it can be considered that the heat transfer
between them has reached a high degree of balance. In
other words, the average convection heat transfer coeffi-
cients equate for both sides. The total thermal resistance is
described as follows:

= + y
UAs,tot hhAs,hot hcAs,cold

where h indicates the average convection heat transfer coeffi-
cient, and Aspor and Aseqq are the heat transfer areas for the
hot and cold sides, respectively. The thermal resistance method
described in the above equation neglects the plate thermal
resistance, which was verified in the study by Chung et al
[26]. Therefore, the convection heat transfer coefficient on
either side can be obtained by the direct method [27] as below:

2 Qave

hh=he=——,
¢ As,hotATm

(5)

For the evaluation of flow friction and heat transfer
characteristics in PCHE, key dimensionless parameters
such as the Reynolds number (Re), average Nusselt number
(Nu), Prandtl number (Pr), and Fanning friction coefficient
(f) are defined as follows:

D
Re = —m~h ©)
#Ac,unit

hD
Nu = Th )

C
Pr= % (8)

_ AP Dp o Gn —p

f= 2 I’ u= Y- AP = P, = Py, (9)

where ¢, represents the mass flow rate; u indicates the
flow velocity; P;, and P,y correspond to the pressures at
the inlet and outlet of the heat transfer section, respec-
tively; and g, p, A, and C, are the physical parameters at
the mean temperature.

Table 3: Thermophysical properties of N, at cold and hot side inlet temperatures

Thermophysical properties 333K (hot side)

292K (cold side) Difference (%)

p (kg m™) 30.272
u(Pas) 1.9761 x 107°
AWmTK™ 2.9365 x 1072
G (kg K™ 1,078

34.803 15
1.7984 x 107° 9

2.644 x 1072 10
1091.7 13
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A performance evaluation criteria (PEC) for PCHE,
which considers both thermal and hydraulic perfor-
mances, is defined as

With the NACA 0015 airfoil fin as a reference, PEC is
used to compare the heat transfer enhancement perfor-
mance of fins with various configurations at the same
pumping power. Consequently, a larger PEC value indi-
cates superior performance. When the value is greater
than 1, it indicates that the heat transfer enhancement
ratio is greater than the friction enhancement ratio for
this fin shape under the same pumping power.

The RNG k-¢ turbulence model is adopted for computa-
tional fluid dynamics (CFD) research, combined with enhanced
wall functions to reduce the sensitivity of the near-wall
grid density. The calculation is performed using the com-
mercial software Fluent, with the target residuals of the
continuity equation and the other control equations set to
107 and 107%, respectively. Using the PCHE with S, fins as
an example, Figure 3 gives the independence verification
results for five mesh schemes. To ensure the nodes of the
first layer grid to fall within the laminar sub-layer, a five-
layer boundary grid with a growth ratio of 1.2 is estab-
lished, with the y+ of the first layer grid always remaining
below 5. From the case indicated by the dashed line in
the figure, it is observed that numerical results exhibit
minimal fluctuations upon grid encryption, with varia-
tions in both pressure drop and heat transfer coefficient
staying within 1% threshold. Accordingly, the setting method
employing a grid count of 9,948,687 is implemented to the
mesh system across all examined cases.

Nu

Nuyaca o001

PEC = (10)

f ]1/3

f NACA 0015
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Figure 3: Mesh independence test results.
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A simulation of the NACA 0020 airfoil fin PCHE used in
Chung’s [26] test is conducted to validate the credibility of
the numerical results. As shown in Figure 4, the correlation
based on CFD data matches well with that obtained from the
experiment results. It is concluded that as the Re decreases,
the deviation increases, with a maximum value of 18.4%, a
level deemed acceptable for engineering studies.

3 Results and discussion

3.1 Comparison of thermo-hydraulic
performance for different fin
configurations

In this subsection, we examine the flow and heat transfer
performance of PCHEs with five distinct fin shapes.
The corresponding Re range for CFD models with inlet
mass flows of 0.13, 0.1975, 0.265, 0.3325, and 0.4 g/s are
5,000-15,500. Notably, the mass flow rates for both cold
and hot fluids are maintained to be consistent across all
operating conditions.

Figure 5 shows the heat transfer performance and flow
resistance of hot channels in PCHEs with five fin configura-
tions. It can be seen that the Nusselt number (Nu) and
pressure drop per unit length (AP/Ly) are proportional to
the Reynolds number (Re). This proportionality can be
attributed to the fact that an increase in Re enhances the
pulsating effect of turbulence, which in turn intensifies
heat transfer and the collisions among fluid microclusters.
As shown in Figure 5(a), the Nu among the five configurations
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Figure 4: Comparison of simulation results with the experimental
correlation.
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Figure 5: Heat transfer and pressure drop performance of PCHEs with bionic and NACA airfoil fins. (a) Nu vs Re and (b) AP/Ly, vs Re.

is quite close to each other, especially at low Re. The greatest
discrepancy is a mere 1.74%, occurring between NACA 0015
and Syy. The Nu of NACA 0015 is marginally higher than the
other four sailfish fin types, showing the best thermal perfor-
mance, while the heat transfer performance of Sgy.comp 1S
almost the same as that of NACA 0015. Thus, the bionic fins
do not necessarily offer superior heat transfer enhancements.
This might be attributed to sailfish fins reducing the fluid
disturbances, aligning with the findings from a wind-tunnel
test on a sailfish specimen [22], which concluded that the
unique outline of the sailfish promotes adherent fluid flow
over the majority of its body surface. Syo,, and Syp-comp present
the secondary resistance reduction ability compared to that
Of Siow-comn, but better than that of Sy,

12
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For the pressure drop per unit length (AP/Ly), as shown
in Figure 5(b), with an increase in Re, the difference in
AP/Ly, among the various fins becomes more pronounced.
It can be seen that NACA 0015 possesses the largest resis-
tance loss, whereas Syow-comp Shows the best improvement in
pressure drop performance, with an average of 4.4% reduc-
tion compared to NACA 0015. This means that the stream-
lined outline of the sailfish airfoil positively impacts flow
resistance reduction. Although Figure 5 indicates that NACA
0015 exhibits superior heat transfer performance, the edge
in enhancement is marginal, especially in the case of low Re.
Stow-comp has the best hydraulic performance, and mean-
while, its heat transfer performance level is the highest
among the four sailfish fins. The performance related to
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Figure 6: Comprehensive performance comparison of PCHEs with bionic and NACA airfoil fins. (a) Qave/Aspot Vs AP/L, and (b) PEC vs gp.
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heat transfer and pressure drop for Siow and Supcomp 1S
nearly identical, attributable to their same heat transfer
area and hydraulic diameter. Additionally, among the five
fins, Sy, manifests the worst hydraulic performance.

Figure 6 provides a comparison of the overall perfor-
mance for five types of fins used in PCHE. The ratio of heat
transfer rate per unit area (Qaye/Asnot) t0 pressure drop per
unit length (AP/Ly) is often employed as a criterion to assess
thermo-hydraulic performance and identify the drag reduc-
tion capability of various fins in PCHE [28]. Figure 6(a) plots
the variation in heat transfer rate per unit area (Qaye/Asnot)
with pressure drop per unit length (AP/Ly) in the numerical
models for five fin types. At the same AP/Ly, Siow-comp ShOW
the highest while NACA 0015 has the lowest heat transfer
performance. According to AP/Ly, vs Re plot in Figure 5(b),
the difference in thermal-hydraulic performance between
them becomes more obvious with the increase in Re. This
suggests that Sjow.comp POssesses the best thermal-hydraulic
performance among the five fin types, particularly at high
AP/Ly, resulting from high Re. Sio, and Syp.comp Showcase
similar overall performances, slightly better than that of
Sup and NACA 0015. Combined with Figure 5, it can be found
that the higher the flow resistance, the worse the overall
performance. Hence, in this study, the contribution of the
pressure drop performance to the overall assessment exceeds
that of heat transfer performance. In other words, intense
turbulence at the expense of high pressure drop does not
considerably augment heat transfer, while a weakly turbu-
lent degree of fluid can relatively significantly reduce the
drag loss. Although this may slightly decrease thermal per-
formance, it improves the overall performance.

Velocity [m sA-1]

| |

L L AV P > D O P A
Q‘Q 0% ’\/‘\ ’Lo’) '5’ \;b ‘o”\ 60 Q)"b ’\/\ ‘b‘%

up P e B

low - = p—

up-comb -

low-comb N

NACA

(@)

Numerical study on bionic airfoil fins used in PCHE === 9

Figure 6(b) demonstrates the comprehensive enhanced
heat transfer performance of the five airfoil fin channels at
various inlet mass flow rates (g,). Obviously, NACA 0015
serves as the reference fin, its PEC value is always 1. However,
Figure 6(b) yields different comparative results compared to
Figure 6(a). This discrepancy arises since the Qaye/Ashot t0 AP/
Ly, ratio emphasizes evaluating the effect of flow resistance
losses on thermo-hydraulic performance. In Figure 6(b), the
PEC values for Syp, Siows and Syp-comp remain below 1, and they
all follow similar variation trends, manifesting the insensi-
tivity to ¢. Hence, at the same pumping power, Sy, Siow
and Sypcomp d0 not exhibit the heat transfer performance
enhancements relative to NACA 0015. The PEC of Sigw-comp 1S
only greater than 1 at low mass flow rates, meaning its aptness
for applications with either low Re or elevated Re accompa-
nied by low pressure drop requirements.

3.2 Flow field analysis in channels with
different fins

Figure 7 shows the velocity and pressure fields near the
first four rows of fins in the five types of airfoil channels
when the inlet mass flow rate is 0.265 g/s. A similar flow
behavior around various fin types can be seen from the figure.
Primarily, a region of subdued flow velocity is evident near
the leading edge of the airfoil, a consequence of flow stagna-
tion stemming from the collision of the fluid with fins. Subse-
quently, the fluid around the leading edge of the airfoil surface
experiences a gradual acceleration owing to the diminishing

Pressure [kPa]

D PO HL F A DO PSS L
0% 0% Y 4 o & o oF o oF o

(b)

Figure 7: Velocity and pressure fields around the first four rows of fins in different types of airfoil channels (g, = 0.265 g/s). (a) Velocity and (b)

pressure.
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Figure 8: Velocity vectors and velocity profiles along the flow direction in channels (g, = 0.265 g/s). (a) NACA, (b) Sup-combs (€) Siow-comb» @nd (d) Stream

wise velocity profiles along b1, b2, and b3 lines.

flow cross-sectional area, culminating at the position near the
maximum thickness of the fins. Behind the fins, the separated
fluid streams eventually converge, giving rise to a segment of
the velocity boundary layer. The flow velocity within the
trailing zone is markedly lower compared to that in the
main flow area between two neighboring columns of fins.
Variations in fin shapes result in distinct flow fields
across different channels. Compared to NACA 0015 config-
uration, the sailfish airfoils, characterized by their concave
leading profiles, expand the fluid domain cross-section along
the flow direction. Consequently, these airfoils present a
larger low-velocity region near the leading edge, as shown
in Figure 7(a), facilitating smaller pressure losses but also
simultaneously attenuating heat transfer. Within this context,
Siows Stow-comb» aNA Syp-comp €Xhibit analogous extents of low-
velocity domain, which are noticeably broader than those seen
in S and NACA 0015. This phenomenon can be attributed to

the wider tail of the S, compared to the Syp.comy, leading to
more contraction of the flow domain along the flow direction
from the leading edge under the influence of adjacent columns
of fins.

Regions with high flow velocity, located near the widest
part of the fins, enhances heat transfer by promoting fluid
mixing between the main flow zone and the near-wall sur-
face. However, this also induces an inverse pressure gra-
dient in the flow field. The high flow velocity region com-
presses the thickness of the velocity boundary layer, causing
the dominant flow resistance in this range to switch from
viscous friction to differential pressure resistance. As shown
in Figure 7(b), the pressure distribution of the sailfish fins is
more uniform than that of NACA 0015. Consequently, with
the largest area of high-velocity flow region, NACA 0015
presents subpar hydraulic performance, though its heat
transfer performance is superior to that of the other four
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types of fins. Compared to Sy, with head profiles featuring
shorter concave segments, significant velocity gradients
exist in the high-velocity core regions of Sy, and Sup-comb
corresponding to the local low pressure at the same location
in Figure 7(b), which is believed to impede heat transfer.
Therefore, the velocity vectors and profiles of Syp combs Siow-
comp, and NACA 0015 are further analyzed at the second row
of fins, as shown in Figure 8. In Figure 8(al), (bl), and (cl), it is
found that different structural flow passages are streamlined
without any transverse vortices generated. Combining Figure
7(b), this indicates that the smaller adverse pressure gradient
along the flow direction is not enough to cause flow separation
on the wing surface, so the flow resistance is mainly generated
by friction. Figure 8(all), (bll), and (cll) show the velocity dis-
tribution of three types of wing channel flow fields. It can be
seen that at the leading-edge position, the smaller collision area
of the biomimetic wing results in a smoother flow field, which
is beneficial for reducing flow resistance. By comparing the
cross-sections a2 and a3, it is found that the closer the max-
imum thickness position is to the front, the larger the velocity
peak of the fluid flowing along the wall. In addition, in the
wing trailing edge and non-wing area, the velocity distributions
of the three types of wings are similar, which may be caused by
their identical rear shapes. In order to further analyze the
boundary layer flow characteristics on the wing surface, the
flow velocity profiles at three positions between cross-sections
al and a2, a3 and a4 are plotted, respectively, (x/L = 0.067, x/L =
0.333, x/L = 0.6), as shown in Figure 8(d). In Figure 8(dl), the
boundary layer of the biomimetic wing is obviously thicker
than that of the NACA 0015 wing, especially Sigw-comp- ThiS
indicates that the concave curve at the front end of the max-
imum thickness can smooth the velocity gradient of the wall
fluid, reduce the momentum exchange normal to the fluid, and
reduce the friction resistance. However, at the same time, due
to the increase in the thermal resistance boundary layer, the
heat transfer between the fluid and the wall is weakened. In
Figure 8(dll), compared with the NACA 0015 wing, the turbu-
lence core velocity of the biomimetic wing is higher. The pre-
sence of the boundary layer avoids the momentum exchange
between the high-speed mainstream and the wing surface,
resulting in drag reduction. In Figure 8(dlll), the boundary
layer flow characteristics of the three types of wings are basi-
cally the same, therefore, the contribution of the tail of the
biomimetic wing to drag reduction is the smallest.

4 Conclusion

Inspired by the sailfish, known for its remarkable hydro-
dynamic properties, we incorporate its silhouette into the

Numerical study on bionic airfoil fins used in PCHE =~ == 11

spoiler design of an airfoil PCHE, aiming to optimize the
airfoil structure and boost the thermo-hydraulic perfor-
mance of the PCHE. Numerical simulations for four proposed
sailfish airfoils and the NACA 0015 airfoil are conducted, with
two distinct comprehensive performance evaluation metrics
employed for comparison.

The simulations, conducted with N, as the working
medium, reveal that the performance parameters of the
five airfoil designs are closely matched. Although the sail-
fish airfoils have no overall performance advantage over
the NACA 0015 airfoil, the drag reduction capability is
improved. Among the four sailfish airfoils, Sjow.comp has
the best thermal and hydraulic performance, with an
average pressure drop per unit length 4.4 and 3.2% lower
than that of NACA 0015 and Sy, respectively. Its heat flow
density is slightly higher than that of NACA 0015 for the
same pressure drop. When the ratio of Quye/Asnot 10 AP/Ly,
is used as the comprehensive PEC, Sjgw.comp 1S Superior to
NACA 0015, with a maximum difference of 3.5%. When PEC
is used as the comprehensive performance assessment cri-
terion, Sjow.comp 1S greater than 1 only at Re = 5,000.
Therefore, Sjow.comp 1S Suitable for optimizing airfoil struc-
tures with low pressure drop requirements, especially
under conditions of low flow rate. However, for the exam-
ined operating conditions, the PEC values of Syp, Sup-comb
and Syow, all below 1, provide a reference for subsequent
bionic optimization studies of the airfoil structure.

According to the flow field analysis, no flow separation
occurred in all five types of fin walls. The concave curve
located in front of the maximum thickness of the airfoil fin
helps to increase the velocity boundary layer thickness and
reduce the frictional resistance. The more forward the
location of the maximum thickness, the greater the peak
velocity reached by the wall fluid. The present work provides
some methodological guidance for the biomimetic studies of
airfoil fins in PCHE. Future endeavors could incorporate the
sailfish motion behavior, utilizing 3D reverse engineering for
more accurate bionic designs, or developing parametric char-
acterization of airfoils to further optimize the airfoil struc-
tures for improving performance.
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