Numerical investigation on the thermal-hydraulic performance of supercritical CO2 in a
modified airfoil fins heat exchanger
Zengxiao Han®?, Jiangfeng Guo**¢%”, Haiyan Liao®, Zhongmei Zhange, Xiulan Huai*"¢
aInstitute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing 100190, China
b School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China
‘Department of Chemical Engineering, Imperial College London, London SW7 2AZ, UK
dNanjing Institute of Future Energy System, Nanjing 211135, China

¢GD Power Development Co., LTD. CHN Energy, Beijing 100101, China

N.B.: This is the accepted version of this article. The final, published version of the article can be

found at: https://doi.org/10.1016/j.supflu.2022.105643

Abstract

The numerical studies on the modified airfoil fins channel using supercritical CO. as working fluid showed
that front-dense and rear-sparse (FDRS) and front-sparse and rear-dense (FSRD) distributions of fins could
enhance heat transfer by improving the distribution uniformity of temperature difference in channel. The match
of local dense distribution of fins with the region near pseudocritical point could obtain better overall thermal
performance in the modified airfoil fins heat exchanger. The differences of thermal-hydraulic performance
among channels with uniform, FDRS and FSRD distributions of fins could be explained with field synergy
principle. The FSRD distribution of fins is the optimum scheme in the three distributions of the modified airfoil
fins channel, because its comprehensive performance is 23 % to 29 % higher than that of the uniform
distribution of fins and 2 % to 7.6 % higher than that of the FDRS distribution of fins. The present work
provides insights into the mechanisms of supercritical CO; heat transfer characteristics as well as practical

guidance on the design and optimisation of relevant components.

Keywords: Supercritical CO, (SCO,); modified airfoil fins heat exchanger; distribution optimisation; field

synergy principle; thermal-hydraulic performance

1. Introduction
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With continuous development of economy and society, improving energy utilization efficiency has become a
consensus in the energy utilization field. The supercritical pressure CO, Brayton cycle (SCO2-BC) is an
efficient and compact power cycle, which has promising potentials in solar and nuclear power generation
systems [1-3]. The printed circuit heat exchanger (PCHE) is an ideal candidate as regenerator and cooler in
SCO,-BC due to its advantages of high compactness and efficiency.

In SCO,-BC cooler, the thermophysical properties of SCO, change drastically along the channel, which
affects the prediction of the thermal-hydraulic characteristics of SCOand brings great difficulties to optimise
the SCO; cooler. Liao et al. [4] found that the traditional correlations cannot predict the heat transfer
characteristics of SCO;accurately. Thus, the accurate knowledge of thermal-hydraulic characteristics for SCO;
near the pseudocritical temperature (T,c) and the appropriate optimisation for heat transfer structure are
significant to the optimisation of SCO; cooler.

The studies about the thermal-hydraulic characteristics of SCO, near T, have attracted lots of attentions.
Li etal. [5] concluded that the heat transfer coefficient (h) of SCO; reaches its peak when the bulk temperature
(Tv) of SCO; nears Ty under cooling conditions. Du et al. [6] analysed the thermal-hydraulic performance of
SCO: in horizontal cooling tube by simulation and found that the thermal performance of SCO; is improved
as heat flux increases. Dang and Hihara [7,8] found that the influence of heat flux on the thermal performance
of SCO; is more obvious in the region where T, of SCO- near Ty.. Xiang et al. [9] found that the increase of
heat flux and hydraulic diameter strengthens the buoyancy effect and heat flux affects the peak position of h
in tube. Zhang et al. [10] analysed the thermodynamic properties of SCO- in horizontal tubes by numerical
simulation. The results indicated that the effective thermal conductivity of SCO; affects its local thermal
performance. The heat transfer and flow characteristics of SCO; in cooling vertical tubes were analysed by
Guo et al. [11], the results showed that h reaches its maximum value (hpeak) When Tu/Tyc is about 1.01.

Besides, the optimisation of heat transfer structures based on the local thermophysical properties of SCO;
is more beneficial for the performance enhancement of PCHE. A variety of channels have been developed to
improve the performance of PCHE, including straight, zigzag, S-shaped fins and airfoil fins channels [12]. The
thermal-hydraulic performance of SCO; in straight channel with different cross-sections was compared by
Jeon et al. [13]. The empirical correlations of semi-circular straight channel were summarized by Kim et al.
[14]. The thermal-hydraulic performance of SCO; in zigzag channel was investigated by Zhang et al. [15], it
was found that the better performance is observed in zigzag channel with zigzag angle between 110°to 130<

Kim et al. [16] explored the influences of hydraulic diameter, zigzag angle and channel pitch on the thermal-
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hydraulic performance, and the relevant empirical correlations of zigzag channel were summarized. Serpentine
channel and some discontinuous fins channels were proposed to reduce additional pressure drop (AP) caused
by zigzag channel. Cui et al. [17] analysed the influences of camber, cross-sectional shape and curvature
diameter on the comprehensive performance of serpentine channel. The results showed that increasing the
camber or reducing the curvature diameter could strengthen comprehensive performance. Ngo et al. [18,19]
presented the S-shaped fins channel and compared the thermal-hydraulic performance between S-shaped fins
channel and zigzag channel. They reported that the thermal performance of S-shaped fins channel is poorer
than that of zigzag channel but the hydraulic performance of the S-shaped fins channel is better than that of
zigzag channel. Kim et al. [20] numerically investigated the performance of channel with NACA 0020 airfoil
fins, and found that the AP in this channel is 1/20 of that in zigzag channel. Chen et al. [21] reported that the
thermal performance of channel with airfoil fins increases as fins thickness increases. The effect of the
distribution of airfoil fins was investigated by Xu et al. [22], and they found that the performance of staggered
arrangement for fins is better than that of parallel arrangement for fins. A modified airfoil fins channel with
better thermal-hydraulic performance than NACAO0020 airfoil fins channel was proposed by Cui et al. [23].
Zhang et al. [24] conducted experimental studies on PCHE with the modified airfoil fins under the operating
conditions of SCO- cooler, the results showed that the pressure drop of PCHE with zigzag channel is about 6
times higher than that of PCHE with modified airfoil fins with a roughly equal heat load.

The studies [23,24] indicated that PCHE with modified airfoil fins channel has the better comprehensive
performance than PCHEs with zigzag channel and NACA 0020 airfoil fins channel. The experimental and
numerical studies about PCHE with modified airfoil fins channel mainly focused on the performance
comparison with other compact heat exchangers, and there are little researches about the optimisation of the
modified airfoil fins heat exchanger. In this present work, the local thermal-hydraulic characteristics of SCO-
in the modified airfoil fins channel were investigated under conditions of m = 1.06 g/s to 2.26 g/s, Tin= 328.7
K to 388.7 K, qw = -50 kW/m? and -100 kW/m?. Then two non-uniform distributions of fins were proposed to
enhance the overall thermal performance of the modified airfoil fins channel based on the uniformity principle
of temperature difference field (TDF) [25]. The thermal-hydraulic performance of channels with different
distributions of fins was compared under constant heat flux condition and coupled heat exchange condition.
This present work could provide an optimisation strategy for heat exchanger using supercritical fluids as

working fluids.



2. Numerical model
2.1. Physical model
As shown in Figure 1, the modified airfoil fins channel in Ref. [24] is selected to establish the physical model.
The length, width (W) and height (H) of the model are 270 mm, 4 mm and 0.8 mm. The length (Ls) of inlet and
outlet straight section is 15 mm. The length (L) of the main heat exchange region is 240 mm. The length (Ly)

of modified airfoil fins is 6 mm. The horizontal pitch (Ln:) of modified airfoil fins is 12 mm.

1 L I L 1 L,
| T - o Y o
SCO, inlet mp I - 1 | T = SCO, outlet
Lt | | | '
Ll' th

Figure 1. Modified airfoil fins channel with uniform distribution of fins, with L = 240 mm, Ls = 15 mm, L=

6 mm, Lpy =12 mm, W =4 mm, H=0.8 mm.

2.2. Numerical model

ANSYS CFX 15.0 is employed to conduct the numerical simulation for steady flow. The other assumptions
include the effects of axial conduction and the heat exchange with ambient are negligible achieved by ideal
insulation. According to Refs. [26,27], the Shear Stress Transport k- (SST k-w) model combines the
advantages in the accuracy of k-& model and the robustness of k-« model, which could obtain accurate
simulation results for supercritical fluids.

Continuity equation:
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where p is density, @ is energy dissipation due to viscosity, g is gravity, c, represents specific heat at constant
pressure, T is temperature, 1 represents thermal conductivity, u is velocity, x represents dynamic viscosity, i«
represents turbulence viscosity.

Turbulence kinetic energy k:
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where 7, and 7, are the effective diffusivities of k and @, G, is the production of k, G is the generation of

o, Y, and Y, arethe dissipations of k and @ caused by turbulence, S, and S, are user-defined source terms,

D, is cross-diffusion term.

2.3. Boundary conditions

To analyse the local heat transfer coefficient (h) of SCO; along the channel with modified airfoil fins under
SCO: cooler conditions, various constant heat-flux conditions referred from the experiments in Ref. [24] are
established and shown in Table 1. The working medium in the fluid region is SCO,, and the thermophysical
properties of SCO- referred from the NIST Standard Database [28] are written as a file to input into CFX for
simulation. The temperature and mass flux are applied for inlet conditions and pressure is imposed for outlet
condition. The left and right surfaces are set as symmetric boundaries. The top, bottom and fins surfaces are
set as constant heat-flux boundaries. The dimensionless wall distance (y*) is set to be less than 1 to assure the
accuracy of SST k-w model. The residual targets of variables for Egs. (1) to (5) are less than 110 to be

considered convergence.

Table 1 Detailed boundary conditions referred from experiments in Ref. [24], minus heat flux denotes

working fluid is cooled.

m (g/s) Tin (K) Pout (MPa) qw (KW/m?)

1.06, 1.36, 1.96, 2.26 328.7 8.35 -100




0.96 328.7, 348.7, 368.7, 388.7 8.35 -100

0.96 328.7 8.35 -100, -50

2.4. Grid independence verification and model validation

To complete the grid independence verification, four kinds of grid system are built and Nusselt number (Nu)
and Fanning friction factor (f) of different grids are calculated under conditions of gw=-100 kW/m?, Ti,= 328.7
Kand m=1.06 g/s. In Figure 2, the relative errors of Nu and f between Grid 3 and Grid 4 are 0.02 % and 0.19 %
respectively, indicating simulation results are barely influenced by grid number when grid number is larger
than 2.97 million. Considering accuracy and time saving, the Grid 3 with 2.97 million elements is chosen for

simulation in this present work.
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Figure 2. Grid independence verification results for Nusselt number (—#&—) and f factor (= ¥~ ) at

conditions of m = 1.06 g/s, Tin = 328.7 K, qw = -100 kW/m?, Pyt = 8.35 MPa under four gird systems.

Coupled model based on the modified airfoil fins heat exchanger in Ref. [24] is established for model
validation. Boundary conditions referred the experiment in Ref. [24] are tabulated in Table 2. The model
validation results are shown in Table 3. The maximum relative errors of AP and Q are 13.82 % and 9.06 %
respectively, which means simulation results agree well with experiment results. Therefore, the numerical

model is reliable and acceptable in the present work.



Table 2 Detailed boundary conditions for model validation referred the experiment in Ref. [24].

SCO; H.0
m (kg/s) Tin (°C) Pout (MPa) m (kg/s) Tin (°C) Pout (kPa)
Case 1 0.96x107 98.5 8.37 5.56x107 16.6 148.3
Case 2 1.27x103 100.3 8.53 5.49x10°3 20.6 142.4
Case 3 1.76x10° 100.8 8.05 5.57x103 23.2 144.1

Table 3 Comparison of AP and Q between simulation results and experimental data [24].

Experimental data Simulation results
AP error (%) Q error (%)
AP (Pa) Q (kw) AP (Pa) Q (kw)
Case 1 900 42.63 780 43.18 13.33 1.29
Case 2 2100 51.69 1990 52.82 5.24 2.19
Case 3 5500 58.61 4740 63.92 13.82 9.06

3. Data reduction

The data processing methods proposed in Refs. [23,29] are adopted in this present work. Quantities of planes

are established along the positive direction of x-axis in channel to acquire local thermal-hydraulic parameters

such as local Reynolds number (ReL), local Prandtl number (Pr.) and local Nusselt number (Nu.), and overall

thermal-hydraulic parameters could be acquired based on local parameters.

The Rer, Pr. and Nu, are obtained as:

Re, :pLuLDh
Hy
C

PrL — (ﬂ p)L
A’L



Nu, = (8)

where Dy represents hydraulic diameter.

The local h is expressed as:

qWL
h =———— )
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where q represents heat flux, subscripts L, w and b represent local, wall and bulk.
The calculation methods of Dn; and Dy, for channel with uniform and dense distributions of fins are

presented as follows [30,31]:

A,
Dy :S_u (10)
V, =L WH -V, (11)

Su = 2|‘hlw +$ fside 25 ftop (12)

AL WH -2V
" QLW +2S 4, —4S

) (13)

f,top
where V, is the volume of periodic unit shown in Figure 3, S, is the surface area of periodic unit, Stsige and St op

are the area of side surface and top surface for the modified airfoil fins.

Figure 3. Periodic units to define the hydraulic diameter of channel with (a) uniform and (b) dense

distributions of fins, with W =4 mm, H=0.8 mm, Ly:=12 mm, Lys=20 mm.

The local heat transfer factor (j), friction factor (f) and comprehensive performance criterion (CPC) [29]

are obtained as:
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where the subscript 0 represents the parameter of channel with uniform distribution of fins.

4. Results and discussion

In this section, the local h of SCO; in the modified airfoil fins channel is investigated firstly under conditions
of m=1.06 g/s to 2.26 g/s, Tin = 328.7 K to 388.7 K, qw= -50 kW/m?2 and -100 kW/m?. Then, two non-uniform
distributions of fins are proposed to enhance the overall thermal performance by improving the distribution
uniformity of AT along the channel. The overall h and AP of channels with different distributions of fins are
compared and the heat transfer mechanism is analysed. Finally, the effects of two non-uniform distributions

of fins on the thermal-hydraulic performance of the coupled heat transfer model are evaluated.

4.1. Local heat transfer characteristics

In this work, the Ti, of SCO; is from 328.7 K to 388.7 K and the T, of SCO, would be cooled to be around Ty
(about 309.7 K at 8.35 MPa), leading to the dramatic changes of local heat transfer characteristic of SCO;
along the positive direction of x-axis in channel. In Ref. [32], To/Tpc 0f SCO, was used to evaluate the overall
thermal performance of SCO; in PCHE. Analogy to this evaluation method, Tu/Tyc is adopted to delineate the
region near pseudocritical point (0.99 < Tu/Ty. < 1.02). The changes of thermophysical properties for SCO; is
dramatic in the region near pseudocritical point (0.99 < Tp/Tpc < 1.02).

The variations of local Tpand h along the x-axis positive direction under conditions of m = 1.06 g/s to
2.26 g/s, Tin=328.7 K, qw= -100 kW/m? and Po, = 8.35 MPa are presented in Figure 4. The region near
pseudocritical point (0.99 < Tp/Ty < 1.02) is mainly located in the region of x from 0 mm to 120 mm at m=
1.06 g/s and moves to the region of x from 120 mm to 240 mm when m increases to 2.26 g/s, which affect the
distribution of local h along the x-axis positive direction. As seen in Figure 4(b), hpeac appears at x = 66 mm at
m = 1.06 g/s and moves to the location at x = 174 mm when m increases to 2.26 g/s. In Figure 5, the region
near pseudocritical point (0.99 < Tp/Tyc < 1.02) from the region of x from 0 mm to 120 mm moves to the region
of x from 120 mm to 240 mm and the position of hpeac from x = 54 mm moves to x = 162 mm when Ti, changes

from 328.7 K t0 388.7 K. In Figure 6, the region near pseudocritical point (0.99 < Tp/T,c < 1.02) from the region
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of x from 0 mm to 120 mm moves to the region of x from 120 mm to 240 mm and the position of hpeax from x

= 54 mm moves to x = 150 mm when qw changes from -100 kW/m? to -50 kW/m? The region near

pseudocritical point (0.99 < Tu/Tye < 1.02) in channel is variable under different cooling conditions, leading to

the uneven distribution of local h along the modified airfoil fins channel.
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Figure 4. Distributions of local (a) Tyand (b) h along the x-axis positive direction in channel with evenly

distributed fins under conditions of qw = -100 kW/m?, Tin = 328.7 K, Pout = 8.35 MPa, m = 1.06 g/s (—%—),

m=1.36g/s(—®—), m=1.96g/s (—&—), m=2.26g/s(—¥ ).
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Figure 5. Distributions of local (a) Tyand (b) h along the x-axis positive direction in channel with evenly

distributed fins under conditions of gw = -100 KW/m?, m = 0.96 g/s, Pout = 8.35 MPa, Tin = 328.7 K (—%—),

Tin=348.7K (—® ), Tin=368.7K (—&—), Tin=388.7K (T ¥ ).
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Figure 6. Distributions of local (a) Tyand (b) h along the x-axis positive direction in channel with evenly
distributed fins under conditions of m = 0.96 g/s, Tin = 328.7 K, Pout = 8.35 MPa, g = -50 KW/m? (—%—),

Qw = -100 kW/m? (—&—),

4.2. Two non-uniform distributions of airfoil fins
It could be concluded from Eq. (9) that the smaller local AT represents the larger local h under constant wall
heat-flux condition. According to the uniformity principle of TDF [25], the redistribution of heat exchange
area is an effective approach to improve the uniformity of TDF in heat exchanger to enhance thermal
performance. In this work, the local heat exchange area could be redistributed by changing the positions of
fins when the total number of fins and total heat exchange area are constant. Thus, two channels with non-
uniform distributions of fins are proposed, including the channel with front-dense and rear-sparse (FDRS)
distribution of fins and the channel with front-sparse and rear-dense (FSRD) distribution of fins.

The channels with FDRS and FSRD distributions of fins are presented in Figure 7. The total length of
two channels and the total number of fins are the same as the channel shown in Figure 1. The horizontal pitches
(Lnhs and Lns) of fins in the region with dense distribution of fins are 20 mm and 4 mm, respectively. The

horizontal pitch (Ln2) of fins in the region with sparse distribution of fins is 15 mm.
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Figure 7. Channels with (a) front-dense and rear-sparse and (b) front-sparse and rear-dense distributions of
fins, with L =240 mm, Ls =15 mm, L= 6 mm, Lz =15 mm, Lz =20 mm, Lis =4 mm, W =4 mm, H=10.8

mm.

To investigate the effect of FDRS and FSRD distributions of fins on the thermal-hydraulic performance,
the overall h and AP of uniform, FDRS and FSRD distributions are compared under the boundary conditions
listed in Table 1. As seen in Figure 8(a), the overall h of FDRS and FSRD distributions are 5.1 % to 13 %
higher than that of uniform distribution under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K and qw = -
100 kW/m?2, 1t could be found from Figures 8(a) and 4 that the region near pseudocritical point (0.99 < Tu/Tpc
< 1.02) with higher local h is mainly concentrated in the region of x from 0 mm to 120 mm at m = 1.06 g/s to
1.36 g/s, and the overall h of FDRS distribution is 2.9 % to 5.5 % higher than that of FSRD distribution.
However, the region near pseudocritical point (0.99 < Tu/Tye < 1.02) with higher local h is mainly concentrated
in the region of x from 120 mm to 240 mm at m = 1.96 g/s to 2.26 g/s, and the overall h of FSRD distribution
is 2.1 % to 3.3 % higher than that of FDRS distribution.

In Figures 9(a) and 5, the overall h of FDRS and FSRD distributions are 8.4 % to 12.5 % higher than that
of uniform distribution under conditions of m = 0.96 g/s, qw = -100 kW/m? and Ti, = 328.7 K to 388.7 K. At
Tin = 328.7 K to 348.7 K, the region near pseudocritical point (0.99 < Tu/Tpc < 1.02) with higher local h is
mainly concentrated in the region of x from 0 mm to 120 mm and the overall h of FDRS distribution is 0.5 %
to 2.8 % higher than that of FSRD distribution. At Ti,» = 368.7 K to 388.7 K, the region near pseudocritical
point (0.99 < Tw/Tpec < 1.02) with higher local h is mainly concentrated in the region of x from 120 mm to 240

mm and the overall h of FSRD distribution is 1.5 % to 3.3 % higher than that of FDRS distribution.
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In Figures 10(a) and 6, the overall h of FDRS and FSRD distributions are 8.4 % to 13.3 % higher than
that of uniform distribution under conditions of m = 0.96 g/s, Tin = 328.7 K, qu=-50 kW/m? and -100 kW/m?,
At qw = -100 KW/m?, the region near pseudocritical point (0.99 < Typ/Tpc < 1.02) with higher local h is mainly
concentrated in the region of x from 0 mm to 120 mm and the overall h of FDRS distribution is 2.8 % higher
than that of FSRD distribution. At qw = -50 kW/m?, the region near pseudocritical point (0.99 < Tu/Tpc < 1.02)
with higher local h is mainly concentrated in the region of x from 120 mm to 240 mm and the overall h of
FSRD distribution is 2.4 % higher than that of FDRS distribution.

From the above comparisons of overall h between FDRS and FSRD distributions, it could be concluded
that local dense distribution of fins matches with the region near pseudocritical point (0.99 < Ty/Tpc < 1.02)
where the peak of h appears, leading to the better overall thermal performance. In addition, it could be seen in
Figures 8(b), 9(b) and 10(b) that the overall AP of FDRS and FSRD distributions are 1.5 % to 8.8 % higher
than that of uniform distribution. The overall AP of FDRS distribution is 3.3 % to 7 % higher than that of
FSRD distribution. Thus, the comparison of comprehensive thermal-hydraulic performance among the three

distributions of fins should be further considered.
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Figure 8. Comparisons of (a) h and (b) AP among uniform distribution (—®—), FDRS distribution

(—®—), FSRD distribution (—#&—) under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K, quw = -

100 kW/m?, Poy: = 8.35 MPa.
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Figure 9. Comparisons of (a) h and (b) AP among uniform distribution (—®—), FDRS distribution
(—®—), FSRD distribution (—#—) under conditions of m = 0.96 g/s, Tin = 328.7 K t0 388.7 K, qw = -

100 kW/m?, Pot = 8.35 MPa.

(3)8000 —=&— Uniform distribution (b) 1250 T
—®— Front-dense and rear-sparse distribution 200 —&— Front-dense and rear-sparse distribution
—4— Front-sparse and rear-dense distribution ! | —a— Front-sparse and rear-dense distribution
7500 - 1150 -
o 1100 F
Né 7000 = b
< < 1050 -
= h
= 6500 1000 -
950 |
6000 T,=3287K b T, =3287K
Mg = 0.96 g/s 00 Mg, = 0.96 g/s
5 500 1 1 1 1 1 1 850 L 1 1 1 1 1
-100 -90 -80 -70 -60 -50 -100 -90 -80 -70 -60 -50
gy, (kW/m?) 4 (kW/m?)

Figure 10. Comparisons of (a) h and (b) AP among uniform distribution (—®—), FDRS distribution
(—®—), FSRD distribution (—#—) under conditions of m = 0.96 g/s, Tin = 328.7 K, qw = -100 KW/m?

and -50 KW/m?, Pout = 8.35 MPa.

4.3. Analyses of heat transfer and flow mechanism
The field synergy principle proposed by Guo et al. [33] could reveal the mechanism of heat transfer
enhancement components very well [34-36] and is employed here.

Nu = RePr [ (U-vf )d\7 (17)
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U-V'I_'=‘U‘-‘Vﬂc05a (18)
where VT is dimensionless temperature gradient, U is dimensionless velocity, a is the synergy angle
between U and VT .

It could be found from Egs. (17) and (18) that the smaller « indicates the better synergy between U and
VT in channel, corresponding to the better thermal performance. As seen in Figure 11, the « of FDRS and
FSRD distributions are 3.3 % to 4.6 % smaller than that of uniform distribution under conditions of m = 1.06
g/s to 2.26 g/s, Tin = 328.7 K and quw = -100 kW/m?, indicating FDRS and FSRD distributions of fins could
improve the synergy between U and VT . The effect of FDRS and FSRD distributions on the synergy
improvement between U and VT is visualised in Figure 12. Moreover, the a of FDRS distribution is 0.49 %
to 0.6 % smaller than that of FSRD distribution at m = 1.06 g/s to 1.36 g/s, which means the overall thermal
performance of FDRS distribution is better than that of FSRD distribution. The a of FSRD distribution is
0.65 % to 0.73 % smaller than that of FDRS distribution at m = 1.96 g/s to 2.26 g/s, which indicates the overall

thermal performance of FSRD distribution is better than that of FDRS distribution.
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Figure 11. Comparison of field synergy angle « among uniform distribution (™), FDRS distribution (®),
FSRD distribution () under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K, qw = -100 KW/m?, Poy: =

8.35 MPa.
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Figure 12. Distribution of field synergy angle a in channels with (a) uniform, (b) FDRS, (c) FSRD distributions

of fins under conditions of m = 1.06 g/s, Tin = 328.7 K, gw = -100 kW/m?, Poy = 8.35 MPa.

The field synergy principle was extended to the analysis of flow resistance by Liu et al. [37], the

dimensionless AP is given as [37]:

s_ AP 0646/L 3(1-1/L) TR
T NI jvﬁ(u VU v (19)
U-Vlj:‘U‘-‘VL_J‘cosﬁ (20)

where VU is dimensionless velocity gradient, £ is the synergy angle between U and VU .

From Egs. (19) and (20), it could be found that the larger 8 indicates the smaller AP and better hydraulic
performance. As shown in Figure 13, the £ of uniform distribution is 5 % to 6.8 % larger than that of FDRS
and FSRD distributions at m = 1.06 g/s to 2.26 g/s, which reveals the hydraulic performance deterioration
caused by local dense distributions of fins cannot be ignored. The £ of FSRD distribution is 0.5 % to 1 % larger
than that of FDRS distribution at m = 1.06 g/s to 2.26 g/s, indicating the hydraulic performance of FDRS

distribution is worse than that of FSRD distribution.
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Figure 13. Comparison of field synergy angle  among uniform distribution (™), FDRS distribution (®),

FSRD distribution () under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K, qw = -100 KW/m?, Poyt =

8.35 MPa.

Based on the second law of thermodynamics, the irreversible losses of heat transfer and flow resistance

are employed to further evaluate the thermal performance enhancement and hydraulic performance

deterioration. The entropy generation proposed by Bejan et al. [38] is widely used in the analysis of irreversible

losses, and the local entropy generation related to heat transfer and flow resistance could be defined as [38]:
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To facilitate the comparison of entropy generation for different distributions of fins, the dimensionless

entropy generation number defined by Hesselgreaves et al. [39] is used to evaluate the irreversible losses of

different distributions of fins, which could be expressed as:

N,z =——
S,AT Q /Tin

N, p=—"—=
s,AP Q /Tin
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where Q is heat transfer rate.

As shown in Figure 14, the Nsat of FDRS and FSRD distributions are 2 % to 9 % smaller than that of
uniform distribution at m = 1.06 g/s to 2.26 g/s, which means the thermal performance of FDRS and FSRD
distributions is better than that of uniform distribution. The Nsap of uniform distribution is 55 % to 74 %
smaller than that of FDRS distribution and is 12 % to 30 % smaller than that in channel with FSRD distribution
of fins, which indicates the hydraulic performance of FDRS distribution is the worst among uniform, FDRS

and FSRD distributions.
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Figure 14. Comparisons of (a) Nsar and (b) Nsap among uniform distribution (—®—), FDRS distribution
(—®—), FSRD distribution (—#—) under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K, Qw = -

100 kW/m?, Py, = 8.35 MPa.

4.4. Performance comparisons of different distributions of fins
In section 4.2, the effects of FDRS and FSRD distributions of fins on the thermal-hydraulic performance of
modified airfoil fins channel under constant heat-flux conditions are analysed in detail. However, there is a
complex coupled heat transfer process between SCO, and H2O in real SCO; cooler, and the wall heat-flux is
variable. It is essential to analyse the effects of FDRS and FSRD distributions on the thermal-hydraulic
performance in the coupled heat transfer model.

In Figure 15, uniform, FDRS and FSRD distributions of fins are arranged in the hot-side channel of three

coupled models respectively, and uniform distribution of fins is arranged in the cold-side channel of three
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coupled models. The length (L), width (W) and height (H2) of three models are 270 mm, 4 mm and 3.6 mm.

The wall thickness (tw) between hot-side channel and cold-side channel is 1 mm.

B Hot side (a)
B Cold side

SCO, inlet S8CO, inlet SCO, inlet
H,0 outlet H,0 outlet H,0 outlet

Figure 15. Three coupled models with (a) uniform, (b) FDRS and (c) FSRD distributions of fins in hot-side

channel, with L =270 mm, W> =4 mm, H, = 3.6 mm, tw = 1 mm.

For coupled heat transfer model, the working mediums in fluid domain are H,O and SCO,, and the
material in solid domain is 316L stainless steel. The top and bottom surfaces in coupled model are periodic,
and the left and right surfaces are symmetric. The interfaces between fluid and solid domains are assigned as
smooth and non-slip walls, and the other surfaces are adiabatic. Several conditions are set in Table 4 to explore

the influence of two non-uniform distributions of fins on the thermal-hydraulic performance of SCO; in the

coupled models.

Table 4 Detailed boundary conditions of coupled heat exchange model, SCO; and H,0 are working

mediums in hot and cold sides.

Hot-side (SCOy) Cold-side (H20)
m (kg/s) Tin (°C) Pout (MPa) m (kg/s) Tin (°C) Pout (kPa)
Casel 0.96x10°3 70.6 8.35 5.47x103 16.4 147
Case2 1.86x10° 70.6 8.35 5.47x103 16.4 147
Case3 0.96x10°3 154.8 8.35 5.47x103 16.4 147

19



Case4 0.96 70.6 8.35 1.47 16.4 147

The thermal-hydraulic performance for hot-side channel in three models is evaluated by j factor, f factor
and CPC. As shown in Figure 16(a), the j factor of channels with FDRS and FSRD distributions are 21 % to
30 % higher than that of channel with uniform distribution under Cases 1 to 4. The j factor of channel with
FDRS distribution of fins is 2 % higher than that of channel with FSRD distribution under Case 1, and the j
factor of channel with FSRD distribution is 2.4 % to 2.8 % higher than that of channel with FDRS distribution
under Cases 2 to 4. Combined with Figure 17, it could be seen that the region near pseudocritical point (0.99
< Tu/Tpe < 1.02) with higher local h is mainly concentrated in the region of x from 0 mm to 120 mm under Case
1 and is mainly concentrated in the region of x from 120 mm to 240 mm under Cases 2 to 4. Thus, the match
of local dense distributions of fins with the region where the peak of h appears could obtain better overall
thermal performance. In Figure 16(b), the f factor of channel with FDRS distribution of fins is 7.5 % to 17 %
higher than that of channel with uniform distribution of fins and is 3.9 % to 14.3 % higher than that of channel
with FSRD distribution of fins under Cases 1 to 4, indicating the hydraulic performance of channel with FDRS

distribution of fins is the worst.
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Figure 16. Comparisons of (a) j factor and (b) f factor among hot-side channles with uniform distribution of

fins (™), FDRS distribution of fins (®), FSRD distribution of fins (#) under Cases 1 to 4.
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Figure 17. Distributions of local (a) Tpand (b) h along the x-axis positive direction in hot-side channel with

uniform distribution of fins under Case 1 (—®—), Case 2 (—®—), Case 3 (—#&—), Case 4 (— ¥ ).

To evaluate the comprehensive performance of channels with uniform, FDRS and FSRD distributions of
fins, the comparison of CPC among the three channels under Cases 1 to 4 is presented in Figure 18. The CPC
of channel with FSRD distribution of fins is 23 % to 29 % higher than that of channel with uniform distribution
of fins and is 2 % to 7.6 % higher than that of channel with FDRS distribution of fins under Cases 1 to 4.
Therefore, the comprehensive performance of channel with FSRD distribution of fins is the best among
channels with uniform, FDRS and FSRD distributions of fins, and the FSRD distribution of fins is the optimum

scheme for the distribution optimisation of fins in the modified airfoil fins channel.
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Figure 18. Comparison of CPC among hot-side channles with uniform distribution of fins (®), FDRS

distribution of fins (®), FSRD distribution of fins (#) under Cases 1 to 4.

5. Conclusions

The local thermal characteristics of SCO- in the modified airfoil fins channel are numerically investigated
under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K to 388.7 K, qw = -50 kW/m? and -100 kW/m?, Two
non-uniform distributions of modified airfoil fins are proposed to enhance the overall thermal performance,
and the thermal-hydraulic performance of channels with uniform, front-dense and rear-sparse (FDRS) and
front-sparse and rear-dense (FSRD) distributions of modified airfoil fins are compared. The conclusions
summarized in this present work are listed as follows:

(1) The dramatic changes of thermophysical properties of SCO, lead to the uneven distributions of local
h and AT along channel especially in the region near pseudaocritical point (0.99 < Ty/Tpc < 1.02). Based on the
uniformity principle of TDF, two non-uniform distributions of fins including the FDRS and FSRD distributions
of fins are proposed. The overall distribution uniformity of AT in channel could be improved by FDRS and
FSRD distributions of fins to strengthen the overall thermal performance.

(2) Under conditions of m = 1.06 g/s to 2.26 g/s, Tin = 328.7 K to 388.7 K, quw = -50 kW/m? and -100
kW/m?, the overall h of channels with FDRS and FSRD distributions of fins are 5.1 % to 13.3 % higher than
that of channel with uniform distribution of fins, so the overall thermal performance could be improved by
FDRS and FSRD distributions of fins. The overall AP of channels with FDRS and FSRD distributions of fins
are 1.5% to 8.8 % higher than that of channel with uniform distribution of fins, indicating FDRS and FSRD
distributions of fins increase the flow resistance. The differences of thermal-hydraulic performance among
channels with uniform, FDRS and FSRD distributions of fins could be explained by field synergy principle.

(3) The comparison of thermal performance between FDRS and FSRD distribution of fins indicates that
the match of local dense distribution of fins with the region near pseudocritical point (0.99 < Tu/Tpc < 1.02)
where the peak of h appears, could obtain better overall thermal performance in the modified airfoil fins heat
exchanger using as SCO- cooler.

(4) Under the coupled heat transfer process between SCO; and H;O, the CPC of channel with FSRD
distribution of fins is 23 % to 29 % higher than that of channel with uniform distribution of fins and is 2 % to
7.6 % higher than that of channel with FDRS distribution of fins. The FSRD distribution of fins is the optimum

scheme among the three distributions of fins for the distribution optimisation of fins in the channel.
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Nomenclature
A heat exchange area (m?)
Cp specific heat at constant pressure [J/(kg-K)]

CPC comprehensive performance criteria
Dy hydraulic diameter (m)

f Fanning friction factor

FDRS front-dense and rear-sparse

FSRD front-sparse and rear-dense

g gravity (m/s?)

h heat transfer coefficient [W/(m*K)]
H height of the channels (m)

H, height of the models (m)

J Colburn-j factor
[ inlet length (m)
L length of main heat exchange area (m)

Ly length of model (m)

L¢ length of fins (m)

Ly horizontal pitch of fins (m)

Ls length of inlet and outlet straight section (m)
m mass flow rate (kg/s)

Nu Nusselt number

N; dimensionless entropy generation number

P pressure (MPa)

Pr Prandtl number
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Gw wall heat flux (kW/m?)

0 heat transfer rate (kW)

Re Reynolds number

S surface area (m?)

Sg entropy generation rate per unit volume [W/(m3-K)]
T temperature (K)

TDF  temperature difference field

vT dimensionless temperature gradient
u velocity (m/s)

) dimensionless velocity

vU dimensionless velocity gradient

14 volume (m?)

w width of channels (m)

/%) width of models (m)

X length in positive x-axis direction (m)

Greek symbols

a field synergy angle between temperature gradient and velocity fields (9
S filed synergy angle between pressure and pressure gradient fields ()

AP pressure drop (Pa)

A thermal conductivity [W/(m-K)]

u dynamic viscosity (Pa-s)

Lt turbulence viscosity (Pa-s)

p density [kg/m®]

D energy dissipation caused by viscosity [W/m?]
Subscripts

b bulk

f fins

L local cross-section
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wall
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