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ABSTRACT 
In this study, the thermal-hydraulic performance of eight different printed circuit heat exchanger (PCHE) configurations with supercritical liquefied 
natural gas as the working fluid are studied by a numerical method. Firstly, the thermal-hydraulic performance of the PCHE with different airfoil fins 
are investigated at different operating pressures, which indicate that the PCHE with airfoil fins has better thermal performance but worse hydraulic 
performance when it operates at higher pressure condition. Furthermore, the effects of different airfoil configurations on the thermal-hydraulic 
performance are analyzed in detail. The results show that asymmetric airfoils can provide better heat transfer performance than symmetrical airfoils. 
Finally, the overall heat transfer performance of PCHEs is evaluated by the identical mass flow rate criterion, identical pressure drop criterion and 
identical pumping power criterion, respectively. The results show that NACA 0024, NACA m18 and NACA 23021 airfoil fins exhibit the best 
comprehensive performance, respectively. 
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1. INTRODUCTION
Natural gas (NG) is well-known as one of the cleanest form of fossil fuels, 
and it is the fastest growing primary energy source owing to its 
advantages such as clean and efficient combustion, reliable and durable 
supply, energy and specific density, convenient and clean usage, and 
flexible implementations (vehicles, power generation plants, industrial 
and residential usage, etc.) (Smil, 2015). The liquefied natural gas (LNG) 
technology provides an economically feasible way of transporting NG 
over long distances and currently accounts for nearly 30% of the 
international trade of this resource (Popov et al., 2019). Floating 
liquefied natural gas is an alternative LNG supply method, and it is easy 
to produce, carry and import of the LNG as it is compared to the 
traditional LNG supply chain for the offshore reserves (Won et al., 2014), 
and liquefied natural gas-floating production storage and offloading 
(LNG-FPSO) is a promising energy-efficient method compared to 
onshore NG treatment facility when the gas source is located in a distant 
offshore ocean. A further development is the floating regasification units 
that transform LNG back to NG at the market location, and such units 
are called liquefied natural gas - floating storage and regasification units 
(LNG-FSRU). Process technology for LNG-FSRU can be presented as 
follows: LNG is transferred into cargo tank by dedicated LNG feed pump, 
then LNG is sent to high pressure booster pump which is used to make 
high pressure before entering LNG vaporizer, after that LNG will be 
vaporized and sent to end user (Lee et al., 2014). Four main kinds of 
LNG vaporizers are commercially available, that is, intermediate fluid 
vaporizer, open rack vaporizer, super open rack vaporizer, and 
submerged combustion vaporizer. However, the heat exchangers for 
LNG-FPSO and LNG-FSRU should be more compact than the ones in 
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onshore liquefaction plant due to its limited platform area (Baek et al., 
2011). Printed circuit heat exchanger (PCHE) is a newly developed heat 
exchanger with favorable characteristic of compactness, and its potential 
to further penetrate the market is rather substantial, especially if the heat 
exchanger size, weight and endurance are major concerns (Popov et al., 
2019).  

The first PCHE was originally developed in 1980 at the University 
of Sydney, while a major PCHE manufacturer and pioneer is the Heatric 
company (UK), which is highly specialized in the area since 1985 (Fan 
and Luo, 2008). PCHEs are manufactured by photochemical etching (Xin 
et al., 2017) and diffusion bonding technologies, and can able to reliably 
operate under large temperature range (from -200 ℃ to 900 ℃) and high 
pressure (60 MPa) conditions (Reay et al., 2013). During the past few 
years, researchers have spent considerable effort to study the thermal-
hydraulic performance of PCHEs. The common flow channels of PCHEs 
are straight channels, wavy channels, zigzag channels, S-shaped channels 
and channels with airfoils. Chen et al. (2016) experimentally investigated 
the thermal-hydraulic performance of a zigzag channel PCHE in a high 
temperature helium test facility at the Ohio State University. New 
thermal-hydraulic correlations for current zigzag channels with rounded 
bends were developed based on the experimental data. Compared to 
thermal performance in straight circular pipes, zigzag channels provided 
a small advantage in the laminar flow regime but significant advantage 
near the transition flow regime. Considering the huge pressure loss 
caused by a zigzag channel, Ngo et al. (2006) proposed a new channel 
called the S shaped channel applied to a hot water supplier in which cold 
water was heat-exchanged with supercritical CO2, which was found to 
provide about 3.3 times less volume, and reduced pressure drop by 37% 
on the CO2 side and by 10 times on the H2O side. Ma et al. (2015) studied 
the thermal-hydraulic performance of zigzag-type printed circuit heat 
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exchanger with helium as the working fluid operating at the typical 
temperature of 900 ℃ in the very high temperature reactor. The results 
showed that the flow and temperature at high temperature could not 
achieve a fully-developed condition due to the significant variation of 
thermal physical properties arisen from the large temperature difference. 

Lian et al. (2021) considered the difference between the two-side 
channels, and put forward a new structure for the printed circuit heat 
exchanger. Compared with the conventional printed circuit heat 
exchanger, the core volume of the optimized hybrid printed circuit heat 
exchanger was reduced by 49%, and the heat transfer rate per unit volume 
was increased by 145%. Xu et al. (2022) proposed a simplified 
mechanical stress method based on homogenization method for PCHE. 
And proposed an optimized rectangular channel, which had the same 
mechanical characteristics with a semicircular channel. The mechanical 
characteristics of the optimized rectangular channel were close to the 
corresponding semicircular channel, which can benefit for the weight and 
volume reduction of PCHE. Chang et al. (2021) proposed a novel 
precooler based on printed circuit heat exchanger. Segmented thermal 
design method and genetic algorithm were used for structure 
optimization. The results indicated that the novel precooler had higher 
compactness and volumetric power. Ma et al. (2021) established a 
numerical model to study the thermal-hydraulic characteristics of 
transcritical natural gas in the printed circuit heat exchanger in rolling 
conditions. The results showed that the rolling condition had few effects 
on the total heat transfer rate, but significantly affected the local friction 
factor and heat transfer characteristics. The rolling condition enhanced 
the local heat transfer performance of transcritical natural gas. Tsuzuki 
et al. (2007) obtained an optimal flow channel configuration considering 
the thermal-hydraulic performance by changing the fin shape and angle 
parametrically. The new configuration had discontinuous fins with an S-
shape, similar to a sine curve, in contrast to a conventional continuous 
zigzag configuration, and the new configuration had one-fifth of the 
pressure drop compared to the conventional zigzag configuration with 
equal thermal-hydraulic performance.  

Fan et al. (2021) investigated the local and global thermal-hydraulic 
performances of different PCHEs using supercritical LNG and liquid 
nitrogen by a numerical method. The PCHE channel shapes included 
straight, zigzag with different sharp, round corners and sinusoidal shapes 
were compared. The results showed that the sinusoidal channel had the 
best thermal-hydraulic performance higher than others among the PCHE 
configurations. Jiang et al. (2022) provides a novel design method for 
optimizing the flow channel profile of PCHE by applying adaptive 
segmented non-uniform finned microchannels. The results show that the 
deviation of the entropy generation number between the optimized and 
validated values for the non-uniform design is very small, much less than 
that in the uniform design. Moreover, under the premise of the similar 
heat transfer efficiency, the volume for the PCHE by the non-uniform 
design can be reduced by 9.3%. Tang et al. (2020) studied the thermal 
and hydraulic performance of supercritical liquefied natural gas (LNG) 
in a printed circuit heat exchanger (PCHE) with airfoil fins under a 
rolling condition. Results indicated that the PCHE had better thermal 
performance but worse hydraulic performance at a lower pressure 
condition. Zhao et al. (2019) numerically investigated the thermal 
hydraulic performance of supercritical produce liquefied natural gas 
(LNG) in the zigzag channel of PCHE. They discussed the effect of the 
channel bend angle, mass flux and inlet pressure on local convection heat 
transfer coefficient, and pressure drop. The results showed that the 
supercritical LNG has a better heat transfer performance when bend 
angle is less than 15 with the mass flux ranging from 207.2 kg/(m2·s) to 
621.6 kg/(m2·s). The heat transfer performance was better at larger mass 
flux and lower operating pressures. Jiang et al. (2022) numerically 
investigated the thermal–hydraulic characteristics of trans-critical NG 
through the improved staggered S-shaped fin channels. The results 
showed that except for a few data points across critical temperature 
affected by entrance effect, the peak HTC always appeared in the vicinity 
of the pseudo-critical points. Additionally, the simulated results also 
agreed with the predictions from Ngo correlation. 

Kim et al. (2008) designed an airfoil fin to optimize the thermal-
hydraulic performance of a PCHE. The pressure drop of the airfoil fin 
could be reduced to one-twentieth of that of the zigzag channel but the 
total heat transfer rate per unit volume was almost the same. Yoon et al. 
(2014) compared the overall heat transfer performance of four different 
PCHEs, which were straight, zigzag, S-shape, and airfoil PCHEs. The 
comparison results showed that the airfoil PCHEs provided the best 
overall heat transfer performance. From the above review, it was 
concluded that the thermal performance may be enhanced by non-straight 
channels, especially channels with airfoil fins. The PCHEs with airfoil 
fins received a lot of attention because of their good heat transfer 
performance. Xu et al. (2015) numerically investigated the effect of four 
discontinuous fin configurations (rectangle fin, rounded rectangle fin, 
ellipse fin, and airfoil fin) in inline and staggered arrangements on the 
thermal-hydraulic performance of a PCHE with supercritical CO2 as the 
working fluid. The results showed that fin configurations had little effect 
on the overall heat transfer performance, and the flow resistance 
dramatically increased during the heating process due to velocity 
increment caused by the decrease of density but was not significantly 
affected by the change in dynamic viscosity. Ma et al. (2015) numerically 
studied the effect of the fin-endwall fillet on the thermal-hydraulic 
performance of a PCHE with airfoil fins. It was found that the fin-
endwall fillet could increase heat transfer and pressure drop in the cases 
with the non-dimensional longitudinal pitch being 1.63. The effect of fin-
endwall fillet on the thermal-hydraulic performance decreased with the 
increase of transverse pitch, but the longitudinal pitch had little effect 
when the non-dimensional longitudinal pitch was greater than 1.88. Cui 
et al. (2018) proposed two novel fins based on the configuration of 
National Advisory Committee for Aeronautics (NACA) 0020 airfoil, to 
further improve the performance of a zigzag channel PCHE with airfoil 
fins. Chu et al. (2020) numerically investigated thermal-hydraulic 
performances of PCHEs with cambered NACA four-digit airfoil fins 
used as the condenser in a supercritical CO2 Brayton power cycle. 

According to the studies above, the previous researches mainly 
focused on investigating the applicability of fin structure, but limited 
studies have been done to explore the method of optimizing the 
configurations of different fins types applied in a PCHE. In this study, 
based on a numerical study of the influence of different airfoil fin types 
on the thermal-hydraulic performance in a PCHE using supercritical 
LNG as a working fluid, ways to improve the thermal-hydraulic 
performance and the direction of optimizing the fin structure are revealed. 
The results may provide a practical guidance on the heat transfer 
enhancement method for LNG vaporization devices in the supercritical 
LNG heat exchange process. 

2. NUMERICAL METHOD 

2.1 Physical Properties and Date Reduction 
Methane is the major chemical component of LNG. As is well known, 
gas exists as a single-phase medium when the pressure and temperature 
is above the critical state, so the phase change phenomenon of methane 
no longer happens when its pressure and temperature is above 4.59 MPa 
and 190.56 K. The thermal-physical properties of methane, i.e., specific 
heat cp, density ρ, thermal conductivity λ and viscosity μ, are calculated 
by REFPROP at different pressures (7.0 MPa, 8.0 MPa, and 9.0 MPa, 
respectively). In comparison with the traditional fluid flow and heat 
transfer behavior, the thermal-physical properties of supercritical 
methane change dramatically with temperature as shown in Fig. 1. The 
variations of the thermal-physical properties with temperature can be 
expressed by the user defined function (UDF) function in ANSYS 
FLUENT 19.0, and the deviations between data from REFPROP and the 
computed data by UDF are within ±2%. 

The Reynolds number (Re) is defined as 
max h h

min

m ρu D DRe
μ μA

= =   (1) 
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where umax is the velocity of methane evaluated at the minimum cross-
section, m is the mass flow rate, and Amin is the minimum cross-section 
in the channel. ρ is the density of methane, and μ is the dynamic viscosity 
of methane, which are evaluated at the mean temperature of methane. Dh 
is the hydraulic diameter and is defined by 

min
h

4 AD
P

=   (2) 

where P is the perimeter. 
The local Nusselt number (NuL) is defined as 

L h
L

L

 h DNu
λ

=   (3) 

The mean Nusselt number ( Nu ) is defined as 
p,i i+1 i h

L
i1 1 i

( )1 1 
n n

i i

mc t t D
Nu Nu

n n Tλ= =

−
= =

∆∑ ∑  (4) 

in which, the local logarithmic mean temperature difference ΔTi is 
defined as 

i+1 i
i

w i

w i+1

 
ln( )

t tT t t
t t

−
∆ =

−
−

  (5) 

where hL is the local heat transfer coefficient, n is the total cross section 
number. ti is the temperature of methane in the i cross section, tw is the 
temperature of the top and bottom surfaces of the local passage. λi is the 
thermal conductivity and cp,i is the specific heat, which are evaluated at 
the mean temperature of methane in the local passage.  

The Darcy friction factor (f-factor) can reflect the pressure drop of 
the channel and is given as 

f h
2

max 2

2 
( )

p Df
u Lρ
∆

=   (6) 

where Δpf is the frictional pressure drop and L2 is the length of the 
channels. The frictional pressure drop Δpf can be obtained by 

f a p p p∆ = ∆ − ∆   (7) 
2 2

a out out in in ( ) ( )p u uρ ρ∆ = −   (8) 
where Δp is the total pressure drop, and Δpa is the acceleration pressure 
drop. ρin, uin and ρout, uout are the density and velocity evaluated at the 
inlet and outlet of the channels, respectively. 
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Fig. 1 Thermal-physical properties of methane at different pressure 

2.2 Physical Model 
A three-dimensional heat exchanger unit is designed to implement the 
numerical simulations, as shown in Fig. 2 (a). The methane-flow is 
described in a coordinate system, in which x, y, z are streamwise, 
spanwise, and normal coordinates, respectively. The channel height H is 
1.0 mm, and the channel width W is 2.0 mm. Since the PCHE with airfoil 
fins was first proposed by Kim (Kim et al., 2008) in 2008, its excellent 
overall heat transfer performance has gained more and more attentions. 
A 4-digit NACA airfoil fin is determined by three dimensions: the height 
(Hf), the maximum thickness (Wf) and the chord length (Lf), as shown in 
Fig. 2 (b) and (c). From the mechanism of chemical etching, processing 
cost does not increase with the complexity of the airfoil structure, which 
ensures the availability of airfoil fins. However, considering the 
operability of chemical etching, the channel depth is kept at 0.5-1.0 mm 
(etched deeper, more serious side etching) (Xu et al., 2014). In this study, 
Hf = 1 mm, and Lf = 4 mm. In order to support a uniform velocity at the 
inlet and suppress the backflow at the outlet, the inlet and the outlet are 
both extended to 16 times of the channel height. Therefore, the channel 
lengths (L1, L2, L3) are 16.0 mm, 64.0 mm and 16.0 mm, respectively. 

In this study, seven different airfoils are compared: NACA 0024, 
NACA 2421, NACA 23021, NACA 4418, NACA 63, NACA m18 and 
NACA m21. The geometric parameters are listed in Table 1. 
 

 
(a) Three-dimensional view of physical model 

 
(b) Schematic diagram of the airfoil 

 
(c) Top view of seven different airfoil structures 
Fig. 2 Physical model of the PCHE with airfoil 

2.3 Numerical method 
The governing equations for continuity, momentum and energy may be 
expressed in tensor notation as 

) ( )· Γ(ρU Sφ φφ φ∇ ⋅ = ∇ ∇ +


  (9) 

In the above equation, the dependent variable, φ, stands for the 
velocity components, temperature, k and ε. The terms Γφ and Sφ represent 
the appropriate diffusion coefficients and the source terms, respectively. 
The particular expressions for φ, Γφ and Sφ (Versteeg, 2007) are 
summarized in Table 2.  
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Table 1 Geometric parameters of different PCHE configurations 

Parameter Symbol/unit NACA 0024 NACA 2421 NACA 23021 NACA 4418 NACA 63 NACA m18 NACA m21 
Channel length L2/mm 64.0  64.0  64.0  64.0  64.0  64.0  64.0  
Channel width W/mm 2.0  2.0  2.0  2.0  2.0  2.0  2.0  
Channel height H/mm 1.0  1.0  1.0  1.0  1.0  1.0  1.0  
Max airfoil thickness Wf/mm 0.96  0.84  0.84 0.72  0.71  0.48 0.48 
Airfoil chord length Lf/mm 4.0  4.0  4.0  4.0  4.0  4.0  4.0  
Airfoil height Hf/mm 1.0  1.0  1.0  1.0  1.0  1.0  1.0  
Row N 8 8 8 8 8 8 8 

Table 2 Expressions for φ, Γφ and Sφ 

φ Γφ Sφ 
1 0 0 

u t+μ μ  ( ) ( ) ( )u t t t
∂ ∂ ∂ ∂ ∂ ∂ ∂     = − + + +     ∂ ∂ ∂ ∂ ∂ ∂ ∂     

p u v wS μ + μ μ + μ μ + μ
x x x y x z x

 

v t+μ μ  ( ) ( ) ( )v t t t
     ∂ ∂ ∂ ∂ ∂ ∂ ∂

= − + + +     ∂ ∂ ∂ ∂ ∂ ∂ ∂     

p u v wS μ + μ μ + μ μ + μ
y x y y y z y

 

w t+μ μ  ( ) ( ) ( )w t t t
∂ ∂ ∂ ∂ ∂ ∂ ∂     = − + + +     ∂ ∂ ∂ ∂ ∂ ∂ ∂     

p u v wS μ + μ μ + μ μ + μ
z x z y z z z

 

t t t/ /+μ Pr μ σ  tS  

k t k/+μ μ σ  k k= −S ρG ρε  

ε t /+ εμ μ σ  ( )1 k 2= −ε
εS c ρG c ρε
k

 

where
2 2 22 2 2

t
k

u v w u v u w v wG
x y z y x z x z y

µ
ρ

      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂      = + + + + + + + +           ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂           
, μt=cμρk2/ε, cμ=0.09, c1=1.44, c2=1.92, σt=0.85, σε=1.3, 

σk=1.0. 
 
The supercritical methane-flow in the computational domain is 

regarded as three-dimensional, incompressible, turbulent and quasi-
steady. The boundary conditions for computational model are shown in 
Fig. 3. The flow channels formed by the fins are symmetrical in the 
longitudinal direction, so the symmetry condition is used for the x-z plane 
in this study. The flow velocity uin is assumed to be uniform, the 
temperature tin is taken as 195 K, and pressure is specified at the outlet 
of the channels. On the solid surfaces, no-slip conditions are used, and a 
constant temperature of 340 K is applied at the top and bottom surfaces 
of the channels. The temperature distribution in the fins will be 
determined by solving the conjugated heat transfer problem between 
supercritical methane and the fins in the computational domain. 

 

 
Fig. 3 Boundary conditions for computation model 

The foregoing governing equations and boundary conditions are 
solved by Ansys Fluent 19.0. A preprocessor Gambit 2.4 is used to mesh 
the computational domain for the solver. In order to control the mesh 
number and improve the grid quality, a hexahedral grid is used for 
meshing as shown in Fig. 4. Due to the stringent requirements for 
boundary grid density under supercritical flow and heat transfer, five 

boundary layers are used near the top and bottom walls and fin surfaces, 
with the thickness of the first layer being 0.01 mm. 

All variables, including velocity components, pressure and 
temperature, are averaged to a control volume. The coupling between 
pressure and velocity is implemented by the semi-implicit method for 
pressure-linked equations (SIMPLE) algorithm. The quadratic upstream 
interpolation for convective kinematics (QUICK) method is used to 
discretize the convection terms. The residuals are set to be less than 10-5 
and 10-8 for continuity and energy equations, respectively, to ensure 
convergence of the computations. After validating the solution 
independence of the grid number, the reference grid systems for the 
PCHE with airfoil fins are about 1,067,680 cells. 

 

 
Fig. 4 Selected grid system 
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2.4 Numerical Method 
In order to validate the reliability of the numerical simulation procedure, 
a model set up from the experiments of Dang and Hihara (2004) is 
simulated with different turbulence models, i.e., SST k-ω turbulence 
model, standard k-ε turbulence model, RNG k-ε turbulence model, and 
realizable k-ε turbulence model, at the same operating conditions as in 
the experiments, and compared with the experimental correlations near 
the pseudo-critical temperature. The thermal-hydraulic correlations used 
for comparison are described as 
 

f
b

2
3f

( )( 1000)8 
1.07 12.7 ( 1)8

f Re Pr
Nu

f Pr

−
=

+ −
  (10) 

p,b b b p,b p

 p b b p,b p b b f f

p f f p,b p b b f f

 ,    for      

   ,   for    and 

   ,    for   <   and 

c c c

Pr c c c

c c c

µ λ

µ λ µ λ µ λ

µ λ µ λ µ λ

 ≥
= < ≥


<

 (11) 
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Fig. 5 Nu
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 and f-factor comparisons between simulated and experimental 
results 
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−
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2
f 10 f (1.82log ( ) 1.64)f Re −= −   (13) 

f
f

 GdRe
µ

=   (14) 

where subscript b represents the mean bulk temperature, and f represents 
the film temperature. tf can be obtained by 

b w
f  

2
t t t +

=   (15) 

Figure 5 shows the comparisons between the simulation results and 
the experimental results. Compared with the experimental results, the 
mean relative deviations of the Nusselt number and f-factor in turn SST 
k-ω turbulence model, are -16.8% and -6.6%, respectively. The 
simulation results of the SST k-ω turbulence model has good agreement 
with the experimental results, so the SST k-ω turbulence model is 
adopted in this paper. 

3. NUMERICAL RESULTS AND DISCUSSION 

3.1 Effect of Pressure on The Thermal-Hydraulic 
Performance 

In this study, the pseudo-critical temperature of methane at 7.0, 8.0, and 
9.0 MPa is about 205.2, 210.1, and 214.3 K, respectively. From Fig. 1, it 
can be seen that the temperature of methane along the flow direction in 
PCHE channels for different cases goes through the pseudo-critical 
temperature at different operating pressures. 

The local thermal and hydraulic performance of NACA 0024 at 
different operating pressures along the main flow direction is described 
in Fig. 6.  

As shown in Fig. 6, the local Nusselt number NuL in the first row is 
the highest due to the inlet effect, and then the local Nusselt number NuL 
decreases along the main flow direction and reduces to the minimum in 
the second row. After that, it increases and achieves approximately fully 
developed condition since the 6th row. The curves of specific heat at 
different operating pressures show a parabolic distribution along the 
main flow direction, and specific heat reaches its peak value at the 
pseudo-critical point. From Fig. 6, it can be seen that the local heat 
transfer performance is reduced as pressure increases, but it is worth to 
point out that the local heat transfer performance is enhanced near the 
pseudo-critical point at different operating pressures. 
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The average thermal and hydraulic performance of NACA 0024 is 
compared at different pressures as shown in Fig. 7, where the Reynolds 
number in the channel is taken as the abscissa. In Fig. 7, it is found that 
the average Nusselt number Nu

_______

 increases with the increase of Reynolds 
number, and the heat transfer performance is reduced as pressure 
increases. This can be explained as follows. The methane velocity is 
larger at a lower pressure, and the larger velocity can improve the heat 
transfer performance. On the other hand, the specific heat is larger at a 
lower pressure in Fig. 6, and the larger specific heat can also greatly 
improve the capability of supercritical methane for heat transfer 
enhancement. As a consequence of the above two main reasons, the heat 
transfer performance is increased as the pressure decreases. Figure 7 also 
shows the variation of the f-factor with the change of inlet velocity at 
different operating pressures. With the increase of inlet velocity, the f-
factor decreases. The reason is that the methane velocity is decreased 
with the increase of pressure, the friction performance is reduced as the 
operating pressure increases from 7.0 to 9.0 MPa. 
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Fig. 7 .Nu

___
 and f-factor comparisons at different pressures. 

3.2 Thermal-Hydraulic Performance Comparisons for 
Different Airfoil Configurations 

The inlet pressure for different airfoil is set at 8.0 MPa, and the inlet 
velocities are set at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m/s, respectively. The 
heat transfer characteristics of different PCHE configurations are 
compared in Fig. 8 and Fig. 9, where the Reynolds number in channels 
is taken as the abscissa. As can be seen from Fig. 8 and Fig. 9, the heat 
transfer performance of different PCHEs increases with the increase of 
Reynolds number. In this study, only NACA 0024 is a symmetrical 
airfoil structure, and the other six airfoils are asymmetric. Compared with 
all airfoils, asymmetrical airfoils have better heat transfer performance 
than symmetrical airfoils. Due to the similar structure of NACA m18, 
NACA m21 and NACA 4418, the heat transfer performance of them are 
almost the same. Similarly, the heat transfer performance of NACA 2421, 
NACA 63 and NACA 23021 are also almost the same. Compared with 
NACA 0024, the thickness of NACA m18 is smaller. As is known, the 
velocity increases when the area of minimum cross-section decreases at 
the same mass flow rate. Therefore, the heat transfer performance of 
NACA m18 is better than that of NACA 0024. At the same inlet velocity, 
NACA m21 provides the best effectiveness of the heat transfer 
enhancement, the next is NACA 4418, then NACA m18, NACA 0024, 
NACA 2421, NACA 63 in descending order, and the last one is NACA 
23021. 

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000

20

30

40

50

60

70

80

90

100

110

N
u

Re

 NACA m18
 NACA 63
 NACA 4418
 NACA 2421
 NACA 23021
 NACA 0024
 NACA m21
 Straight 

 
Fig. 8 Nu
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 comparisons for different airfoil configurations. 
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Fig. 9 Heat transfer rate per unit area (Q/A) comparisons for different 

airfoil configurations. 

Figure 10 shows the streamlines at the central cross section in the z-
direction of NACA 0024 at uin=1.5 m/s. From Fig. 10, it can be observed 
that the flow direction of supercritical methane upstream the airfoil is 
almost parallel to the x-direction, then the flow direction is changed and 
consistent with the direction of the airfoil surface. Figure 11 shows the 
streamlines in the 8th row of other airfoils along the main flow direction 
at uin=1.5 m/s. It can be seen from previous studies that the increase of 
the flow rate can greatly improve the effect of supercritical methane to 
enhance heat transfer. Comparing NACA 4418 and NACA 63, it can be 
found that the former has a higher velocity along the airfoil fins, and the 
heat transfer effect of NACA 4418 is significantly better than that of 
NACA 63. It can also be seen from Fig. 8 that comparing NACA m18 
and NACA m21, the heat transfer performance of both is almost the same. 
It can be seen that NACA m21 has a more complex structure and a higher 
velocity along the airfoil, and also has a higher airfoil velocity. It has 
good heat transfer performance. Comparing NACA m21 and NACA 
0024, it can be found that NACA 0024 has a higher velocity along the 
airfoil fins, but the heat transfer enhancement performance is not as good 
as that of NACA m21. 
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Fig. 10 Streamlines at the central cross section in the z-direction of 

NACA 0024 at uin=1.5 m/s. 

 
Fig. 11 Streamlines in the 8th row for different airfoil configurations at 

uin=1.5 m/s. 
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Fig. 12 Variation of pressure drop per unit length for different airfoil 

configurations. 

Figure 12 and Figure 13 illustrate the variations of friction factor for 
all airfoils above. The f-factor decreases with the increase of inlet 
velocity. The flow resistance of supercritical methane from the inlet to 
outlet of the channel with airfoils is composed by the acceleration 

resistance of supercritical methane, the frictional resistance of the 
channel surfaces and the local resistance of the airfoils, and the local 
resistance of the airfoils plays a dominant part of the total pressure drop. 
The results show that the flow resistance of the symmetrical airfoil is the 
largest, and the flow resistance of the asymmetrical airfoil is the smallest. 
Because of the maximum airfoil thickness: NACA m21 < NACA 4418 
< NACA 2421 < NACA 0024. the hydraulic performance of NACA 0024 
and NACA 2421 is worse than that of NACA 4418 and NACA m21. This 
means that simply increasing the airfoil thickness to obtain a higher fin 
speed along the airfoil cannot continuously improve the comprehensive 
heat transfer performance, and the actual heat transfer area and flow 
resistance should also be considered. 
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Fig. 13 Friction factor performance comparisons for different airfoil 
configurations. 

3.3 Comprehensive Evaluation of the Overall Heat Transfer 
Performance 

As mentioned above, it is found that different airfoils have different 
effects on heat transfer and flow characteristics. As usual, the 
enhancement of heat transfer is always accompanying with the increase 
of pressure drop. So, in order to compare the performance of heat 
exchangers, attention is now turned to the comprehensive evaluation of 
the seven different airfoils in this section. And identical mass flow rate 
criteria, identical pressure drop criteria and identical pumping power 
criteria are used. These criteria were successfully used by Yu et al. 
(1999), Wang et al. (2001) Tang et al. (2009). and Wang et al. (2007). 
Based on the constant thermal properties assumption, the above 
constrains and the same characteristic length, the formulations of these 
criteria are given as follows. 

(a) Identical mass flow rate criterion (IMF)： 
c,min c c r,min r r( ) (Re )=ReA D A D   (16) 

where the subscript ‘‘c’’ stands for the compared airfoil structure (NACA 
4418, NACA 0024 et al.) and the subscript ‘‘r’’ means the reference 
airfoilless straight channel (Straight Channel).  

(b) Identical pressure drop criterion (IPD)： 
2 3 2 3

c c c r r r( ) ( )=f Re D f Re D   (17) 
(c) Identical pumping power criterion (IPP): 

3 4 3 4
c c,min c c r r,min r r( ) ( )=f Re A D f Re A D  (18) 

Figure 8 and Figure 13 show the correlations of Nu with Re and f 
with Re for different airfoils. All the correlative expressions of the 
coefficients are acquired by the linear fitting methods in the logarithmic 
coordinates. Besides, Correlations and Relative error for different airfoil 
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configurations are shown in Table 3. The ratio of the heat transfer rate 
between the compared different airfoils and the reference channel may 
be calculated by Eq. (19) with the constant thermal properties and the 
same temperature difference between the fluid and the wall. Then we 
may obtain 

[ ]
[ ]

o cc c

r o c r

( ) /
( ) /

⋅
=

⋅

Nu Re A DQ
Q Nu Re A D

  (19) 

where Nu(Re) represents the correlation of Nusselt number vs. 
Reynolds number.  

The Reynolds number (Re) of straight channel is taken as the x-
coordinate and the heat transfer rate Qn/Qstr is the y-coordinate. The 
symbols n=NACA 0024, n = NACA 2421 and n= NACA 23021 stand 
for the ratios of the heat transfer rate of NACA 0024, NACA 2421 and 
NACA 23021 over that of straight channel, respectively. 

 
Table 3 Correlations and Relative error for different airfoil 
configurations. 

 Correlations Re Relative 
error 

Straight 
Channel 

0.7290.0371=Nu Re  
8500-44000 

-0.25% 
0.4150.459=f Re  -0.14% 

NACA 0024 
0.8390.0185=Nu Re  

11000-56000 
-0.58% 

0.2450.306=f Re  0.33% 

NACA 2421 
0.8020.0162=Nu Re  

11000-51000 
0.0038% 

0.3130.549=f Re  0.26% 

NACA 
23021 

0.8020.016Nu Re=  
11000-51000 

-0.74% 
0.2670.359f Re=  0.57% 

NACA 4418 
0.8070.017=Nu Re  

10000-50000 
0.26% 

0.2280.218=f Re  -0.85% 

NACA 63 
0.8140.0142=Nu Re  

9000-47000 
-0.22% 

0.1930.14=f Re  0.06% 

NACA m18 
0.7710.0246=Nu Re  

9000-42000 
1.51% 

0.1940.115=f Re  -0.80% 

NACA m21 
0.7850.022=Nu Re  

9200-43000 
1.25% 

0.2640.282=f Re  0.49% 
 
Figure 14 shows the heat transfer performance comparisons for 

different airfoil configurations in identical mass flow rate criterion. It can 
be found from Fig. 14 that, the heat transfer rates for all airfoils are higher 
than 1. The heat transfer rate of all the airfoils increased with the increase 
of Reynolds number. From Fig. 14, NACA 0024 provides the best 
effectiveness of the heat transfer enhancement, the next is NACA 4418, 
then NACA 2421, NACA 23021, NACA 63, NACA m21 in descending 
order, and the last one is NACA m18. The reason can be explained as 
follows. The minimum cross-section area of the channel decreases as the 
airfoil maximum thickness increases, and the fluid velocity at the 
minimum cross-section increases at the same volume flow rate. 
Therefore, the local heat transfer performance at the minimum cross-
section is enhanced, and this can improve the total heat transfer 
performance in the channel, but the corresponding pressure drop is also 
increased.  

It can be seen clearly that from Fig. 15, the heat transfer rates are all 
less than 1 in identical mass flow rate criterion. It means that the 
comprehensive heat transfer performance of straight channel is the best 
among the eight PCHE configurations. Among the seven airfoil 
configurations, the heat transfer performance of NACA m18 are best than 
those of the other six airfoils, the next is NACA 4418, then NACA 63, 
NACA 2421, NACA 23021, and NACA 0024, the last one is NACA 

m21. the penalty of pressure drop is increased with the increase of airfoil 
maximum thickness. That is to say, NACA m18 is the best choice for 
situations where enhanced heat transfer and reduced pressure loss are 
required. 

For identical pumping power criterion, it can be seen clearly that 
from Fig. 16, the heat transfer rates are all less than 1. Among the seven 
airfoil configurations, the heat transfer performance of NACA m18 are 
best than those of the other six airfoils, the next is NACA 4418, then 
NACA 63, NACA 2421, NACA 23021, and NACA 0024, the last one is 
NACA m21. On the whole, it can be found that more consideration is 
given to the influence of economic factors on the heat transfer effect 
under pumping power criterion, the comprehensive heat transfer 
performance of NACA m18 is the best.  

The above comprehensive comparison definitely shows that for the 
PCHE with different airfoils configurations, the effects of the airfoils on 
the overall performance are completely different. It can be found that in 
the present study, the performances of the airfoil configurations for 
PCHE are better than straight channel.  
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Fig. 14 Heat transfer performance comparisons for different airfoil 

configurations in IMF. 
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Fig. 15 Heat transfer performance comparisons for different airfoil 

configurations in IPD. 
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Fig. 16 Heat transfer performance comparisons for different airfoil 

configurations in IMF. 

If the pressure drop factor is not considered, the thickness becomes 
the main factor affecting the comprehensive heat transfer performance. 
This means that increasing the airfoil thickness can improve the 
comprehensive heat transfer performance. The best comprehensive heat 
transfer performance is NACA 0024, the next is NACA 4418, NACA 
2421, NACA 23021, NACA 63, NACA m21, the last one is NACA m18. 
Considering the pressure drop factor, reducing the thickness can obtain 
better comprehensive heat transfer performance. The NACA m18 
becomes the best, the next is NACA 4418, NACA 63,NACA 2421, 
NACA 23021, NACA 0024, and the last one is m21. 

4. CONCLUSIONS 
This article compares the effects of seven different airfoil configurations 
on the heat transfer and flow friction characteristics for supercritical 
LNG by three dimensional numerical simulations. Main conclusions can 
be summarized as follows:  

(1) At the same inlet velocity, the effects of different heat transfer 
enhancement models are concluded such that NACA 4418 > NACA 
0024 > NACA 2421 > NACA 23021 > NACA m21 > NACA m18 > 
NACA 63 > Straight channel. The comparative results of all airfoil 
configurations can indicate that asymmetric airfoils can provide better 
heat transfer performance than symmetrical airfoils. This means that the 
structure of asymmetric airfoils should be properly designed in order to 
further enhance heat transfer. 

(2) Moreover, the comparative results indicate that the f-factors of 
NACA 2421 and NACA 4418 are smaller than that of NACA 0024. the 
hydraulic performance of NACA 0024 and NACA 2421 is worse than 
that of NACA 4418. This means that simply increasing the airfoil 
thickness to obtain a higher fin speed along the airfoil cannot 
continuously improve the comprehensive heat transfer performance, and 
the actual heat transfer area and flow resistance should also be considered. 

(3) Comprehensive comparisons of heat transfer performance for 
the PCHE under different airfoil configurations are evaluated with three 
criteria. It can be found that the PCHE with different airfoils 
configurations has completely different effects on the overall 
performance for different heat exchangers. For identical mass flow rate 
criterion, NACA 0024 provides the best effectiveness of the heat transfer 
enhancement, the next is NACA 4418, then NACA 2421, NACA 23021, 
NACA 63, NACA m21, in descending order, and the last one is NACA 
m18. For identical pressure drop criterion, among the seven airfoil 
configurations, the heat transfer performance of NACA m18 are best than 
those of the other six airfoils, the next is NACA 4418, then NACA 63, 
NACA 2421, NACA 23021, and NACA 0024, the last one is NACA m21. 
Therefore, the penalty of pressure drop is increased with the increase of 

airfoil maximum thickness. For identical pumping power criterion, it can 
be found that more consideration is given to the influence of economic 
factors on the heat transfer effect under pumping power criterion, the 
comprehensive heat transfer performance of NACA m18 is the best. 
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NOMENCLATURE 

A area, m2  
Amin minimum flow area, m2 
Ao total heat transfer area, m2 
cp  specific heat at constant pressure, J/(kg·K)  
d inner diameter, mm 
Dh  hydraulic diameter, m  
f  Darcy friction factor 
G mass flux, kg/(m2·s) 
Gk generation of turbulence kinetic energy, kg/(m·s3) 
h* enthlpy, J/kg 
h heat transfer coefficient, W/(m2·K) 
H channel height, mm 
Hf airfoil height, mm 
k overall heat transfer coefficient, W/(m2·K) 
L length of front area 
L1, L2, L3 channel length, mm 
Lf airfoil chord length, mm 
m mass flow rate, kg/s 
n total cross section number 
N number of fin rows 
NACA National Advisory Committee for Aeronautics 
Nu Nusselt number 
Nu
____

 mean Nusselt number 
NuL local Nusselt number 
p pressure, Pa 
P perimeter, mm 
PCHE printed circuit heat transfer 
Pr Prandtl number 
Q heat transfer rate, W 
Re Reynolds number 
SST shear stress transport 
Sφ source tern, W/m3 
t temperature, K 
u, v, w x, y, z velocity components, m/s 
UDF user defined function 
W width of front area, m 
Wf  maximum airfoil thickness, mm  
x, y, z Cartesian co-ordinates 
 
Greek Symbols  
Γφ diffusion coefficient, m2/s 
Δp total pressure drop, Pa  
Δpa acceleration pressure drop, Pa 
Δp frictional pressure drop, Pa 
Δt temperature difference, K 
ΔT logarithmic mean temperature difference, K 
ε dissiaion rate, 1/s 
δ thickness, m 
λ thermal conductivity, W/(m·K) 
μ dynamic viscosity of fluid, kg/(m·s) 
μt turbulent eddt-viscosity, kg/(m·s) 



Frontiers in Heat and Mass Transfer (FHMT), 19, 18 (2022)
DOI: 10.5098/hmt.19.18

Global Digital Central
ISSN: 2151-8629

 
   

10 

ρ density, kg/m3 
σ contraction ratio of the fin array 
σk, σt, σε turbulence model constant 
φ dependent variable 
ω specific dissipation rate, 1/s 
 
Subscripts  
b mean value 
f fin, frictional, film temperature 
in inlet 
L local 
max maximum value 
min minimum value 
out outlet 
r reference value 
str straight channel without airfoil 
w wall 
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