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In this study, a high voltage heater system with a size of 310 mm % 210 mm % 60 mm
has been numerically studied and experimentally verified to explore the influence
of the cavity structure on the flow and heat transfer performance. The response
surface model and analysis of variance are used to determine the influence of the
length of the mainstream area of the inlet, L,, the length of the mainstream area of
the outlet, L,,, the length of the parallel flow channel, L., and the single channel
width, W, on the flow heat transfer, and ultimately find the best structural plan. The
results show that the structural parameters of the parallel flow channel are signifi-
cantly more important than those of the mainstream area, with the width and length
of the parallel single channel being the primary and secondary structural parame-
ters, respectively. The optimization scheme obtained by the NGSA-II algorithm can
simultaneously meet the requirements of heat transfer and flow uniformity. Specif-
ically, compared with the original model, the flow distribution uniformity coeffi-
cient, S, and the inlet/outlet pressure drop, P ., decreased by 53.49% and 19.52%,
respectively, while the average heat transfer coefficient increased by 28.05%.

Key words: high voltage heater system, serpentine parallel flow channels,
enhanced heat transfer, structure optimization

Introduction

In recent years, due to their advantages of high efficiency, simple structure, high driv-
ing comfort, and low emissions, electric vehicles have become more and more accepted by
people, and have reached a more practical stage. However, the problem of low cruising range
in low temperature conditions continues to be one of the main obstacles restricting their de-
velopment [1-3]. Therefore, under the premise that the heating demand of electric vehicles is
guaranteed in a low temperature environment, it is important to reduce the shortening of the
cruising range as much as possible for the development and popularization of electric vehicles.

Currently, there are two common heating systems for electric vehicles, namely the
positive temperature coefficient (PTC) thermistor heating system and the heat pump heating
system. Experimental studies have shown that the PTC heating system can meet the require-
ments of defogging and defrosting in low temperature environment and heating in winter [4].
However, this heating system has the disadvantage of low efficiency [5, 6]. The heat pump
heating system, on the other hand, has obvious advantages in heating efficiency, but its heating
efficiency is greatly affected by low temperature. When the ambient temperature is lower than
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0 °C, the heat pump heat exchanger is prone to frost formation [7]. Although the heat pump
heating system has obvious advantages in heating efficiency, its heating efficiency is greatly
affected by low temperature. Accordingly, when the ambient temperature is lower than 0 °C,
the heat pump heat exchanger is easily frozen, and the heat pump heating efficiency is reduced
[8, 9]. In order to overcome the disadvantages of the PTC heating technology and heat pump
heating systems, high voltage heater (HVH) system has become a new choice for electric ve-
hicle heating systems [10], a schematic diagram illustrating an HVH system is shown in fig. 1.
On the one hand, compared with the PTC heating technology, the heating efficiency of the HVH
system has been significantly improved. On the other hand, compared with the heat pump heat-
ing technology, at an ambient temperature of —45 to +70 °C, the high power output of the HVH
system can also be maintained.

The interior of the heat exchanger cavity
of'the HVH system is a parallel serpentine flow
channel structure, which has the advantages
of compact structure and large heat exchange
area. It is widely used in various devices such
as microelectronic radiators and lithium bat-
tery cooling systems [11-13]. However, stud-
ies have found that uneven flow distribution

Low voltage
interface
High voltage

interface ﬁ°°""‘”t usually occurs in parallel flow channels. The
Figure 1. Schematic diagram of the high degree.of uneven flow distribution is mainly
voltage electric heating system determined by structural parameters, such as

the shape and size of the flow channel. It is
worth noting that such uneven flow distribution will ultimately have a great impact on the
performance of the equipment [14-17]. Therefore, it is necessary to investigate the influence of
the cavity structure parameters on the heat and mass transfer characteristics of the high voltage
electric heating system to improve its working performance.

Many studies have been conducted on the influence of the flow channel structure
parameters on the flow characteristics of the fluid in the flow channel and the design of a flow
channel structure with more uniform flow distribution [18-20]. Maharudrayya et al. [21] de-
signed seven flow channel structures by CFD simulation, optimized the original model using
the uniformity of the flow distribution and pressure drop as evaluation indicators. Their results
showed that the parallel flow channel can significantly improve the uniformity of the flow
distribution through the control of the pressure drop by improving the structural parameters.
Huang et al. [22] performed theoretical calculations and CFD simulations on single-layer and
multi-layer parallel flow channels with the same structure. They found that the flow channel
structure has a great influence on the flow characteristics of the fluid, which is consistent with
the finding of [21]. Liu et al. [23, 24] studied the heat transfer and flow performance of the new
T and T-Y micro-channel heat sinks with liquid GalnSn coolant. They found that both structures
have excellent heat transfer and temperature-evenness performances. Biswal ef al. [25] studied
the heat and mass transfer characteristics of a rectangular radiator with parallel flow channel
structure through experiments and CFD simulation calculation methods, and analyzed the in-
fluence of parameters, such as flow channel aspect ratio, radiator substrate thickness, material,
inlet flow rate, etc., on the thermal resistance and pressure drop of the radiator. Wang [26, 27]
performed calculations using CFD simulations on the flow and pressure distribution in the
U-shaped and Z-shaped parallel flow channels in the fuel cell stack, and proposed a design op-
timization method for parallel flow channels based on the results of the simulation of multiple



Dong, F., et al.: Numerical Study on Flow and Heat Transfer Performance of ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 735-752 737

flow conditions and flow channel structure parameter combination schemes. Tong et al. [28]
designed and calculated a variety of parallel flow channel structure schemes using CFD simula-
tion calculation methods, compared the advantages and disadvantages of each scheme using the
exit flow of each subchannel as the evaluation index. They ultimately obtained the rule for the
influence of multiple channel structure parameters on the uniformity of the flow distribution.

However, few studies on HVH systems have been reported and there is hardly pub-
lished research on serpentine parallel flow channels in HVH systems. Therefore, according to
the aforementioned research status, it is valuable and necessary to investigate serpentine par-
allel flow channels in HVH systems to enhance the stability and heat transfer capacity of such
energy-efficient heating systems.

The main objectives and procedures performed in this study can be summarized as
follows. The simulation is carried out on the existing HVH system, and the model accuracy is
verified by heat transfer performance experiments. The approximate model of the cavity main-
stream area-parallel flow channel structure in the HVH system is established by the response
surface method. Also, the influence of multiple structural parameters on the evaluation index of
the flow heat transfer characteristics of the heater is determined. In addition, the contribution
rate of each parameter to the evaluation index of the flow heat transfer characteristics was ana-
lyzed by analysis of variance (ANOVA), and the optimization scheme was implemented using
the NGSA-II algorithm.

Numerical analysis
Original geometry model

The existing HVH systems, excluding the upper and lower shell models, are defined
as the simulation domain. The structure of the geometric model of the HVH system is shown in
fig. 2. Specifically, an HVH system with a total size of 310 mm x 210 mm x 60 mm is shown
in fig. 2(a), and the geometric model of the parallel flow channel area in the duct is shown in
fig. 2(b).

Figure 2. The 3-D structure of the geometric model of the high voltage heating system;
(a) overall structure diagram [11] and (b) mainstream area-parallel flow path

Governing equations

This paper assumes that the heat exchange medium is an incompressible steady-state
fluid in 3-D. Then, the Reynolds number of the heat exchange medium at the inlet of the heat
exchanger is calculated to be 11948.9 higher than 2300, and it is finally confirmed that it is tur-
bulent. Therefore, the heat exchange medium should follow the three basic conservation laws,
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namely conservation of mass, conservation of momentum and conservation of energy. In this
paper, the Euler method is used to describe the motion form of the fluid particle in the flow field.
The three equations are:
— Continuity equation

0
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— Momentum equation
opu;) ap o ou
=Lyt 2)
ox; Ox; oOx;\ Ox;
— Energy equation:
o(,or
—| A— |=V(AVT
8x,( ax,) ( ) 3)

Here, the SST k- model is used to calculate the flow field and temperature field in-
side the heat exchanger. The SST k-w model combines the advantages of the k- model in the
near-wall region and those of the k~w model in the far field, and can obtain a high resolution
in the near-wall flow solution that is more in line with the physical situation [29], the transport
equation of the turbulent kinetic energy, &, and specific dissipation rate, w, can be expressed:
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where p is the density and u is the dynamic viscosity,
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v, = — PAT iSthe eddy viscosity coefficient
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Q is the vorticity, and
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where F, F, are compound functions, 7, = — pu/u; — the Reynolds stress, 7,(0u,/0x;) — the gener-
ation term of the turbulent kinetic energy, o, = 031, = 0.09, #=0.075, and k= 0.41.

In this paper, a second-order upwind scheme are used to solve momentum, energy and
k-o equation, and SIMPLEC algorithm is used to solve pressure-velocity coupling.

Boundary conditions

The numerical simulation was developed using the commercial CFD soft-
ware SC/Tetra V13 (MSC/Cradle, Osaka, Japan). Accordingly, the actual condition of the
heating performance test of the high voltage electric heating system at a rated power of
5 kW is used as the boundary condition for numerical simulation. The flow boundary conditions
are set the inlet flow rate is 700 Iph, the inlet temperature is 73.96 °C, and the outlet relative
static pressure is 0 Pa.
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The setting of the thermal boundary con-
ditions can be summarized as follows. The heat-
ing element power is set to 5 kW, since the heat
exchanger is in direct contact with the external
environment, there is natural-convection heat ex-
change with the air, so the natural-convection heat
transfer coefficient (HTC) of the heat exchanger
outer wall is set to 5 W/m?K. The fluid-solid cou-
pling interface is composed of the heat exchanger
cavity cover and the inner wall surface of the cav-
ity, which achieves data exchange between the
fluid and solid during the numerical simulation,
so its type is defined as interface. The detailed
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Inlet flow >

=700 L/H Flow
route
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transfer coefficient Heating
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Figure 3. Numerical calculation model diagram

schematic diagram of the calculation model with ~ °f HVH system with boundary conditions

boundaries is shown in fig. 3.

Graphene nanofluid is used as the heat transfer medium and its main physical pa-
rameters when the temperature is 73.96 °C are shown in tab. 1. The thermal conductivity of
graphene/propylene glycol nanofluids is tested using the Hot Disk TPS-500S thermal constants
analyzer (Hot Disk AB), a Changji NDJ-5S inner cylinder rotational viscometer (Shanghai
Changji Geological Instrument Co., Ltd.) was used to test viscosity, Xiangke (BRR-3C) specif-
ic heat capacity measuring instrument was used to test Specific heat capacity.

Table 1. Thermophysical parameters of graphene nanofluid
plkes'] |G, [Tkg 'K ]| &, [Wm k']
1013.15 3.56 0.398

Material u [Pa-s]

1.31

Graphene nanofluid

Grid independence

The best grid scheme to ensure the accuracy of the simulation calculations and save
the computing resources of different grid schemes is found by verifying the grid indepen-
dence. The inlet temperature, 7T}, intermediate runner temperature, 7,4, output temperaturem,
Tou, and inlet and outlet pressure drop, P, in different grid schemes are recorded, and the
specific temperature measurement place is shown in fig. 3. Then, the temperature of these
measuring points and the size of the pressure drop at the inlet and outlet are used as grid-in-
dependent evaluation indexes, and the changes of each evaluation index value with the basic
grid size are compared. The total numbers of mesh of solid and fluid domains and calculation
results of the grid-independent indicators in different grid types are shown in tab. 2. Compar-
ing grid Types 5 and 6, the errors of the temperature of each measurement point are 0.23%,

Table 2. Grid independence calculation results

Mesh type | Number of mesh | 7}, [°C] Twia [°C] Tou [°C] | Prowi [Pa] Y
1 863632 79.34 99.82 86.97 3688.57 1.35
2 1434845 80.19 100.31 86.05 3667.09 1.23
3 1985960 80.70 101.64 85.24 3656.28 1.12
4 2465816 81.27 102.28 84.68 3645.19 1.10
5 2969177 81.68 102.79 84.20 3634.04 1.05
6 3432218 81.87 102.98 84.06 3626.03 1.02
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0.19%, and 0.17%, respectively, and the error of the pressure drop is 0.22%. The error is the
smallest among Schemes 1-6. These results indicate that when the body grid is less than 1.2
mm, the simulation results are independent of the body grid size. Therefore, after weighing
the calculation accuracy and calculation cost, the grid Scheme 5 with a basic grid size of
1.2 mm was selected as the grid scheme for the simulation calculations of the high voltage
electric heating system. The grid model of the cavity structure and fluid domain of the high
voltage heating system is shown in fig. 4.

Figure 4. Mesh model of the cavity structure in high voltage electric heating system;
(a) solid domain and (b) fluid domain

Model verification

In order to ensure the accuracy of the simulation results and that the analysis based
on the simulation results is reasonable and credible, the simulation results and their corre-
sponding test results are compared and verified. The diagram of the HVH system experimen-
tal used in this study is shown in fig. 5. The measured point temperatures 7i,, Timig> Tou, and
Py are still used as evaluation indicators for the verification of the accuracy of the simula-
tion results. The simulation results, test results and their errors for each evaluation index are
shown in tab. 3. The maximum error occurs at the temperature measuring point 7}, which is
2.13%, and the errors of the remaining evaluation indexes are within 1.6%. The simulation
and test results show good agreement. Therefore, the simulation model established in this
paper is highly accurate.

Water tank High frequency switching

direct-current power supply

) O
Air-cooled
radiator

{ ) =
\;7/ <—7
Shielded booster B
g b HVH system
Lowvoltage 12v &
powier supply

Turbine flowmeter ThermocOUﬂ

Temperature inspection instrument

Figure 5. Diagram of the heating test bench for the HVH system; / — radiator, 2 — shieled booster pump,
3 — turbine flowmeter, 4 — dual-channel K-type thermocouple, 5 — HVH system, 6 — temperature monitor
instrument, and 7 — U-shaped manometer
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Table 3. Comparison of the simulation results and test results

Comparison parameters T [°C] Twia [°C] | Tow[°Cl | Piowm [Pa]
Simulation results 81.68 102.79 84.2 3634.04
Test results 83.46 101.66 85.53 3597.12
Relative error [%] 2.13 0.85 1.56 1.03

Experimental scheme

As shown in fig. 6, the length of the mainstream area of the inlet, L;,, the length of
the mainstream area of the outlet, L, the length of the parallel flow channel, L, and the sin-
gle channel width, W, are selected as variables for multi-objective optimization. The L, is the
maximum distance between the two top ends of the flow channel, and /¥ is the width of a single
flow channel in a single serpentine sub-flow channel. A single serpentine subchannel containing
three single channels is shown in red in fig. 6. Since the reserved position of the HVH system
installed in a real vehicle is relatively fixed, when designing the sample scheme, the range of
values of the optimized variables is based on not changing the outer edge of the inner wall surface
of the existing heat exchanger cavity. The total 310 mm
length, L., inside the heat exchanger cavity gﬁfla"t -
in the inlet direction is 209 mm. As indicated
by the yellow mark in fig. 6, the single channel
wall thickness of the serpentine subchannel is |H|W\|H\
2.2 mm and fixed. The number of flow chan- H‘M Mm
nels is negatively related to W. After W is de-
termined, the number of flow channels is ob- U‘”
tained by a trial and error approach. Schematic inOOIant ﬁ 2SS
diagram of the flow path marked in red. Finally, -
based on the aforementioned idea of selecting
the range of optimization variables, the upper ~ Figure 6. Schematic diagram of structural
and lower limits of each optimization variable {’;‘rame_ters and optimization variables of
ultimately determined are shown in tab. 4. ¢ cavity

210 mm

Table 4. Range of the design optimization variable

Factors Lower value Upper value
L;, [mm] 56 91
Lo [mm] 55 76
Le, [mm)] 114 142

W [mm)] 2.8 5.6

Design of sample

In this paper, the sample schemes for different optimization variables are designed by
the Latin hypercube sampling method [30]. The number of sampling points needs to satisfy:

§ (M+1)2(M+2) ©6)

where N is the minimum number of sample points required and M — the number of optimization
variables.
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Using this sampling method, a higher sampling accuracy can be obtained with a small-
er sampling scale, which has the great advantage of giving a high precision approximate model
response for a given space [30]. The simulation results of the 15 sample schemes designed and
the optimization goals corresponding to each scheme are shown in tab. 5. The sample standard
deviation of the flow at the entrance of each flow channel is defined as the flow distribution
uniformity coefficient, S. The S is used to evaluate the unevenness of the flow distribution. The
smaller the value of S, the more uniform the flow distribution, which is calculated:

13

LS (g-a)
S= v 24 -7) (7

i=1
where ¢; is the flow rate in the i flow channel and g [10#s™'] is the average flow rate of all flow
channels.

Table 5. Design of the sample schemes and results of the optimization objective

Test factors Test results
Test
L, [mm] | Loy [mm] | Ly [mm] | W [mm] | Pew[Pa] S HTC [Wm K]
1 91 62.5 134 4.8 2594.5 34.7 3462.5
2 56 59.5 130 4.2 2821.2 35.6 3890.2
3 73.5 55 126 52 2566.2 68.5 3674.9
4 63.5 68.5 142 34 35299 54.7 3795.2
5 86 67 132 2.8 4153.9 20.5 3501.2
6 83.5 74.5 118 3.8 2909.3 334 3893.1
7 58.5 73 128 5 2525.4 59.9 3728.5
8 88.5 61 116 4 2698.3 41.6 3583.7
9 71 58 120 3 3255.1 389 3481.9
10 61 71.5 124 32 3346.4 47.2 3866.7
11 76 56.5 138 3.6 2981.4 54.1 3933.6
12 81 70 122 5.6 2148.3 61.9 3570.9
13 78.5 76 136 4.4 2848.2 29.9 3747.8
14 68.5 64 140 54 2682.4 71.5 3708.6
15 66 65.5 114 4.6 2396.8 43.7 3595.1

Establishment of approximate model of the response surface

The response surface analysis method [31] is used as a proxy method, and the mul-
tivariate quadratic response surface approximate model formula for each optimization goal is:

M M M

n=Pot D BN+ D BX T YLD FKiX g (®)
j=1 Jj=1 i<j j=2

where 7 is the predicted value of the response surface, X;, X% and the variable value after X

encoding, f, — the regression constant, 5, 5;, and f; are the linear coefficient, co-ordination

coefficient, and square coefficient, respectively, M — the optimization number of variables, and

& — the random error.
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The data in tab. 6 shows that the errors between the optimization target values ob-
tained by the simulation calculation and response surface analysis are small, and the coefficient
of determination R? is very close to 1. Therefore, the established response surface model can
more accurately reflect the influence of optimization variables on optimization goals.

Table 6. Evaluation of the accuracy of the response surface model

Response results Average error | Maximum error R
S 2.14 3.18 0.9799
P [Pa] 2.52 3.21 0.9726
HTC [Wm?K™] 0.47 1.62 0.9935

Results and discussion

The influence of mainstream zone
parameters on optimization variables

The effects of the L;, and L., on the S, P, and HTC, when the L, is 138 mm and W
is 4.2 mm, are shown in figs. 7-9.

The influence of the mainstream parameters on S

As shown in fig. 7(a), the S value shows a downward trend with the increase of the
L;, and L,,.. At the maximum value of both L;, and L., S has a minimum value of 9.6. Taking
the middle value of L., and L;, (Lo, = 65.5 mm and L;,= 73.5 mm) as the research object.
The change trend of the S with the L;, alone can be determined, when the L, is 65.5 mm in
fig. 7, using the curve of the S with the L;, shown in fig. 7(b). With the increase of the L;,, the
S shows a monotonous decreasing trend, and the flow rate of the rear flow channel increased
with the increase of the L;,. Since the increase of the L,, weakens the diversion effect of the
front and middle flow channels, and the space near the entrance of the rear flow channel is
large, the uniformity of the flow distribution is improved. However, when the L;, is 73.5 mm,
the S shows a decreasing trend at first and then an increasing trend, as shown in the variation
curve of the S with L, in fig. 7(c). The uniformity of the flow distribution is not optimal when
its length reaches the maximum or minimum value. When searching for the law of influence
on the S, the influence of the coupling between the L, and L;, on the S should be considered.
The data shown in fig. 7(a) reveals that at the minimum L, value and the maximum L, val-
ue, the S reaches its maximum value of 56.59. Since the coupling effect of the L;, and L, is
the worst in this structural scheme, at the minimum L;, value, the space near the inlet of the
rear channel is narrow, and it is difficult for the heat transfer medium to enter the channel,
resulting in a small flow rate. At the same time, at the maximum L, value, the oblique angle
of the rear oblique flow channel reaches the maximum angle, which fully satisfies the space
requirements of the rear flow channel for outflow. As a result, after the heat exchange medium
flows out from the outlet of the flow channel, the pressure increases, and the flow velocity
decreases due to the sudden increase in the flow area. Similarly, at the maximum L;, value and
minimum L,, value, the S value (47.23) is also high due to the length mismatch between the
L;, and L,,. Therefore, when studying the uniformity of the flow distribution, the coupling of
the L;, and L, should be fully considered.
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The influence of mainstream parameters on the P,y

The illustration of the influence of the L;, and L, on the P, shown in fig. 8(a) reveals
that with the increase of the L;,, the P, decreases at first and then increases. Since the L;, value
is too small, the length of the oblique flow channel in the inlet mainstream area is relatively
large, and the increase in the length of the flow channel results in more loss of flow resistance.
Moreover, when the L;, value is small, the degree of narrowing of the overflow area in the main
flow area of the rear flow channel is increased. As a result, the heat exchange medium can main-
tain a relatively high flow rate when flowing to the rear flow channel. However, since the space
near the entrance of the rear flow channel is too narrow, the heat exchange medium has a greater
local resistance loss due to the higher flow rate and the rapid change of the flow direction.

The Py clearly moderately increases with the increase of the L. When the L, in-
creases, the length of the oblique flow channel in the main flow area of the outlet is shortened,
and the space near the outlet of the rear flow channel is increased, so that the structure of the
outlet of the rear channel drastically changes, the internal friction of the fluid and the loss of
local resistance are increased.

Considering the effect of the coupling of the L;, and L., on the P, the degree of
increase of the Py, due to the increase of the L., with the increase of the L;,. The 2-D contour
of the Py, with the L;, and L., is shown in fig. 8(b). The gradient of the P\, along the positive
direction of the L, becomes larger as the L;, becomes larger. Due to the increase of the L;,, the
flow in the rear flow channel increases, which leads the formation of vortices at the outlet of the
flow channel to be strengthened. Likewise, the effect of the outlet oblique flow channel on the
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suppression of vortex formation is increased. Simultaneously, the change of the Py, due to the
increase of the L, is larger than that with a smaller Z;, value.
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Figure 8. Effect of the length of the inlet and outlet main flow areas on the pressure drop;
(a) 3-D curved surface diagram and (b) 2-D isogram diagram

The influence of mainstreamm parameters on the HTC

As shown in fig. 9(a), the average HTC with the L;, and L, both show an increasing
trend at first and then a decreasing trend. At the same time, as shown in fig. 9(b), when the HTC
value is larger, the L;, value is 67.9~84.5 mm, and the L, value is 61.3~73.6 mm. According
with the results shown in fig. 7, in the aforementioned value ranges of L;, and L, the S value is
relatively small, which indicates that the S has an important influence on the HTC. Since, under
the same conditions, the HTC is determined by various factors, such as the physical properties
of the fluid, the flow rate, the thermal conductivity of the material, and the solid structure, the
average flow rate in the heat exchanger cavity plays a decisive role in the size of the average
HTC value. However, the L;, and L., values at the maximum HTC value do not completely
correspond to the values at the minimum S value. At the minimum S value, the values of L;, and
L, are both upper limit values, and the flow area of the main flow area at both ends of the inlet
and outlet is the largest among all schemes. Thus, when the inlet flow rate is fixed, the average
velocity of the fluid decreases with the increase of the flow area, so the average HTC decreases.
From the perspective of the effect of the coupling effect of the L;, and L., values on the HTC,

90
5000 e HTCIWMK'] T
_ T gA91s £ 84 HTC[Wm K]
L 4750 i = 4915
e ' J4661 |
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Figure 9. Effect of the length of the inlet and outlet main flow areas on the HTC;
(a) 3-D curved surface diagram and (b) 2-D isogram diagram
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the HTC value is smaller at the upper and lower limit values of the L;, and L,,.. However, the
corresponding S value is relatively high. Which indicates that the mismatch of the L;, and L
values deteriorates the overall flow characteristics in the heat exchanger cavity and reduces the
heat exchange capacity of the heat exchanger.

Influence of the flow channel parameters
on the optimization variables

The effects of the W and L, on the S, P, and HTC when the L;, is 73.5 mm and L,
is 65.5 mm, are shown in figs. 10-12.

The influence of the flow channel parameters on the S

As shown in fig. 10(a), the S shows a gradual increasing trend with the increase of
the width W of the unidirectional flow channel. However, in the process of increasing the W
from 2.8-3.2 mm, the change of the S is not obvious. When the W increases from 3.2-5.6
mm, the increase of the S is quite significant. The reason for this phenomenon is that the W
value is inversely proportional to the number of flow channels. When the W increases from

i 140 s
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72.20 £ 135 I
Y 67.35

3

63.96 130 60.08
5579 5281
125 | 45.54
47.48 3827
120 31.00
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Figure 10. Effect of the parallel channel length and single channel width on S;
(a) 3-D curved surface diagram and (b) 2-D isogram diagram
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Figure 11. Diagram of
velocity distribution for
different channel numbers
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2.8-3.8 mm, the number of flow channels decreases by 7.69%, but when the ¥ increases from
3.8-5.6mm, the number of channels is reduced by 25%. The results of the experimental research
on the uniformity of the flow distribution of parallel flow channels were obtained from a previ-
ous study [32], which revealed that the increase in the number of flow channels is conducive to
the improvement of the uniformity of the flow distribution. As shown in fig.11, when the num-
ber of channels increases from 9 to 14, the flow velocity in all areas increases. However, taking
a single Channel A as an example, in areas B and C, the uniformity of the velocity distribution
with the number of channels, 9, is lower than that with the number of channels, 14. At the same
time, with the parallel flow channel length L., the S shows a decreasing trend at first and then
an increasing trend. Also, the change in the L., value changes the width of the entrance and exit
of the mainstream area. Taking the effect of L., on the width of the entrance mainstream area as
an example, when the L, value is too large, the width of the entrance mainstream area is narrow,
and the space near the entrance of the rear flow channel is narrow, which obviously increases
the difficulty of the flow of the heat exchange medium into the rear flow channel. When the L.,
value is too small, the flow area of the inlet main flow area increases significantly. After the fluid
enters the water inlet, the flow rate decreases and the pressure increases, so that the inlet pres-
sure of the front and middle flow channels also increases, which affects the flow rate. The in-
crease of the inlet pressure of the front and middle flow channels is conducive to the increase of
its own flow rate, which strengthens the diversion effect of the front and middle flow channels.
However, it is not conducive to the uniformity of the flow distribution. Therefore, choosing a
moderate L., value will lead to a smaller S value. In addition, fig. 10(b) shows that the gradient
distribution of the S along the positive direction of the I is much greater than the L., and the
influence of the ' on the S is significantly greater than that of the L.

The influence of the flow channel parameters on the P,y

As shown in fig. 12(a), the P, shows a monotonous increasing trend with the in-
crease of the L. According to the Darcy formula, the longer the flow channel length, the greater
the resistance loss along the flow. The Darcy formula is shown:

12
— 9
d 2g ©)

where / is the coefficient of friction, / is the length of the flow channel, d is the width of the
runner, which is proportional to the ¥, v is the flow rate, and g is the acceleration of gravity.

The P shows a monotonous decreasing trend with the increase of the . There are
three reasons for this phenomenon. First, according to the Darcy formula, with the increase
in the W, the resistance loss in the single channel will decrease. Second, the increase in the W
reduces the number of flow channels, which more markedly reduces the total flow resistance
loss along the length of the flow channels. Third, the increase in the W facilitates the entry of
the fluid into flow channel, which reduces the local pressure loss of the fluid at the inlet corner.

As shown in fig. 12(b), the P, gradient in the positive direction of the ¥ is relatively
large. Taking the parallel flow channel length as 76 mm as an example, when the W is 2.8 mm,
the Py 18 4209.96 Pa, but when the ¥ is 5.6 mm, the P, 1s 2633.76 Pa, a decrease of 37.46%.
The P gradient in the positive direction of the W is much larger than that in the positive di-
rection of the L, which indicates that the /7 has a more significant effect on the P,y than that
of the L. To summarize, according to figs. 10(b) and 12(b), properly increasing the width of
the single channel can have a better effect on reducing the pressure drop at the inlet and outlet
without significantly deteriorating the uniformity of the flow distribution.
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Figure 12. Effect of the parallel channel length and single channel width on the
pressure drop; (a) 3-D curved surface diagram and (b) 2-D isogram diagram

The influence of the flow channel parameters on the HTC

As shown in fig. 13(a), with the increase of L., the HTC increases at first and then
decreases, and the same trend is observed with the change of the W of the single channel. The
range of the L., and ¥ values when the HTC has a larger value in fig. 13(b) is almost the same
as the range of the L, and W values when the S has a smaller value in fig. 10(b). These findings
are also consistent with the previous findings after analyzing the correlation between the S and
HTC with L;, and L, as variables. They once again verify that the improvement of the unifor-
mity of the flow distribution is beneficial to the enhancement of the heat exchange capacity of
the heat exchanger. However, a comparison of the results in figs. 13(b) and 10(b) revealed that
the range of W when HTC has a large value is slightly larger than the range value of W when S
has a small value. The flow characteristics of the heat exchange medium will improve with the
increase of the W value. Therefore, after ensuring a good uniformity of the flow distribution, the
average HTC in the heat exchanger cavity is increased by appropriately increasing the width of
the single channel.
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Figure 13. Effect of the channel length and single channel width on HTC;
(a) 3-D curved surface diagram and (b) 2-D isogram diagram

Analysis of the contribution rate of the parameters

The variance contribution rate of different optimization variables to the optimization
target was compared by analysis of variance (ANOVA) [33], which can quantify the signifi-
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cance of the influence of each optimization variable on the target, so as to obtain the ranking
of the influence degree of each parameter on each optimization target. As shown in fig. 14, the
W accounts for the largest proportion of the contribution rates of the S, Py, and HTC, which
are 90.09, 76.99, and 72.24%, respectively. These findings indicate that the width of a single
channel is a structural parameter that plays a key role in the flow of the heat exchange medium
and the heat exchange process in the heat exchanger cavity. At the same time, the results also
reveal that the L, of the parallel flow channel is a secondary factor affecting the flow and heat
transfer process, the impact of the L, on the P, is less than that of the remaining optimization
goals, with a variance contribution rate of 5.11%. However, the impact on the HTC is greater
than that of the remaining optimization goals, with a variance contribution rate of 14.18%. In
addition, the effect of the structural parameters L;, and L, in the mainstream area on the opti-
mization goal is less pronounced than the flow channel parameters /" and L. Compared with
the influence of the parameters in the mainstream area, the variance contribution rate of the L;,
to each optimization goal is higher than that of the L,,. This suggests that when considering
the optimization of the structure of the mainstream area to improve the optimization goal, more
attention should be paid to the influence of the structure change of the inlet mainstream area on
the flow and heat transfer process of the heat exchange medium.

.,

- Lm

0, o —
76.99% 90.09% 72.24% il
6.44% 6.13%
1.86%
6.59% 2.94% 7.45%
5.11%

9.62% 14.18%

Figure 14. Contribution rate of different optimization variables to each optimization goal;
(@) S, (b) P, and (¢c) HTC

Analysis of multi-objective optimization results via NSGA-II algorithm

The optimal solution of the objective function is searched using the NSGA-II algo-
rithm implemented in the iSIGHT software. The NSGA-II algorlthm was proposed by Deb
et al. [34] and is an improved algorithm based ‘ @ Pareto
on the genetic algorithm. After the optimiza-
tion algorithm is completed, several solutions 75
belonging to the Pareto solution set are ob- 60
tained. At this time, it is necessary to select
the most satisfactory optimization plan from
the Pareto solution set according to the actu- 30
al situation [35]. The leading edge of the 3-D 1s
Pareto solution set obtained by the NSGA-II
algorithm is shown in fig. 15. 21

The optimization scheme and its opti-
mization target response value determined af- 3500 260
ter comparing the optimization target results e 4900 3600
. . HTC W K]
of each scheme in the Pareto solution set, are
shown in tab. 7. The results reveal that the re- Figure 15. The 3-D Pareto solution frontiers
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sponse value derived from the response surface model and the simulation result derived from
the numerical simulation have a relatively high degree of agreement. The errors in the S, Py,
and HTC are 0.46, 2.68, and 1.51%, respectively, and the optimal results are reasonable. After
multi-objective optimization design of the cavity structure parameters, the S, P, and HTC
were significantly improved. The S and P, decreased by 53.49 and 19.52%, respectively,
while the HTC increased by 28.05%.

Table7. Verification and comparison of the optimization results

- Optimization results
fe Onrfclig?l Optimal Simulation Response value oG
solution model | verification model error [%]

L, [mm] 83.5 85.5 85.5 - -
Lo [mm] 59 70.3 70.3 - -
Le, [mm] 138 129.1 129.1 - -
W [mm] 2.8 3.8 3.8 - -
Evaluation index

S 42.43 19.72 19.81 0.46 -53.49
Py [Pa] 3893.35 3133.61 3217.62 2.68 -19.52
HTC [Wm>K'] | 3105.12 4037.13 3976.58 1.51 +28.05

Conclusions

In this paper, the Latin hypercube sampling method and the response surface approx-
imation model method are used to establish a response surface model with the L;,, Lo, W, and
L., as independent variables, and the S, Py, and HTC as the dependent variables. The influence
of each structural parameter and the coupling effect of the parameters on the evaluation index is
analyzed, and the optimal structural model is derived based on the NSGA-II algorithm.
® Based on the established response surface model, the degree of influence of each structural
parameter on the evaluation index is determined by combining the variance contribution
rate. The results show that the W is the primary structural parameter that affects the eval-
uation index. As the W increases, the S increases slowly at first and then abruptly, the Py
gradually decreases, and the HTC shows an increasing trend at first and then decreases. The
L., 1s a secondary structural parameter that affects the evaluation index. The importance
of the structural parameters of the parallel flow channel is clearly greater than that of the
mainstream area.

® The focus of the parallel flow channel design in the HVH system is to find an appropriate
balance between the enhancement of heat transfer and the reduction of the S and P to
find the best solution. When the structural parameters are L;, = 85.5 mm, L, = 70.3 mm,
Ly, =121.9 mm, and W = 3.8 mm, the combination of these parameters is optimal.

® The optimization goal of the most satisfactory optimization plan has been significantly im-
proved, and the ideal results are achieved through a multi-objective optimization design.
The results showed that the S and P, decreased by 53.49% and 19.52%, respectively, while
HTC increased by 28.05%.
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Nomenclature

C, — specific heat at constant pressure, [Jkg 'K ']
HTC — average heat transfer coefficient, [Wm2K™']
k  —turbulent kinetic energy

L — length of the parallel flow channel, [m]

L;, —length of the mainstream area of the inlet, [m]
L,y — length of the mainstream area of the outlet, [m]
S —flow distribution uniformity coefficient

P,y — inlet/outlet pressure drop, [Pa]

W — single channel width, [m]

Greek symbols

po — regression constant

B, — linear coefficient

p; — co-ordinate coefficient

i — square coefficient

& — the random error

k, — heat transfer coefficient, [Wm2K ]

q; —flow rate in the i flow channel, [ms™]

q —average flow rate of all flow channels, [ms™] u
Ti, — inlet temperature, [°C] p
Tmia — intermediate runner temperature, [°C] w

q

— viscosity, [mPa-s]
— density, [kgm~]
— specific dissipation rate

T, — output temperature, [°C]
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