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A numerical investigation was conducted to explore the heat transfer and flow characteristics of welded plate
heat exchanger with chevron sinusoidal corrugated plates and to find the optimal parameter design in this paper.
For better thermo-hydraulic performance, the effects of chevron angle (8 = 30°,45°,60°), the height of the
corrugations (H = 3,5,7,9) and the pitch of corrugations (P = 15,20,30,45,60) were studied with inlet velocity
ranged from 0.1 m/s to 0.5 m/s. Moreover, artificial neural networks (ANNs) and multi-objective genetic al-
gorithm (MOGA) were employed to obtain optimization solutions of the structural parameters. With the analysis
of flow form inside the flow channel, it was proposed that the chevron sinusoidal corrugated plates were helpful
to transform the axial velocity of fluid to radial velocity, forming turbulence and secondary flow in the narrow
region. The numerical results showed that the comprehensive performance of the plate with = 45° was better
than the other two, while P = 30 mm and H = 9 mm also performed well in this paper. Besides, an optimal
parameters set was obtained with P = 15.132 mm, H = 3.005 mm, = 45.495° when the velocity of inlet was set

as 0.1 m/s, the maximum JF could reach 0.034 as the results of multi-objective optimization.

1. Introduction

Plate heat exchanger (PHE) was used as heat transfer equipment to
achieve the heat exchange of cold and hot fluids. It had the advantages
of low resistance coefficient, efficient utilization, low operating costs
and so on [2]. It was widely used in aerospace, petrochemical, refrig-
eration and low-temperature industries, and played a big role in in-
dustrial production. Welded plate heat exchanger (WPHE), as a special
type of plate heat exchanger with a special structure, was a new type of
high-efficiency heat exchanger made of a series of metal sheets with
certain corrugated shapes stacked and welded. Compared with the
conventional heat exchangers, its heat transfer coefficient was much
higher under the same working conditions, and it tended to replace the
conventional heat exchangers within the scope of application [3].

As the core heat transfer component of the PHE, the number and
structural size of corrugated plates highly affected the thermal perfor-
mance of the PHE. At present, many experts and scholars had conducted
relevant research on the heat transfer and flow characteristic of PHE,
mainly using experimental and numerical methods [4-8]. In terms of
experiments, W.W.Focke [9] measured the variation of Nu and f with the
chevron angle through experiments, and obtained the variation of the
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flow form in the flow channel. When the chevron angle was less than
60°, the flow form was “cross flow” while the chevron angle was greater
than 60°, the flow form was “zigzag flow”. With that, Dovic, Zimmer
[11] and others used visual experimental methods to explore single-
phase flow in a chevron sinusoidal corrugated plate. The results
showed that the mechanism of flow form Changing with chevron angle
obtained was consistent with the conclusion studied by W.W.Focke
through experiments, and it was found that there are two types of flow
forms in the flow channel; When the chevron angle was less than 60°, the
flow form was a “cross flow” flowing along the groove. If the chevron
angle was greater than 60°, the flow form would translate to a “zigzag
flow” that turned back at the contact surface of the corrugated plates.
Rush [12] carried out an experimental study on fluids in laminar and
transitional flow in the sinusoidal corrugated channel. It could be
concluded that the geometric parameters of the sinusoidal corrugated
channel and the Reynolds number were the main factors affecting the
position where the fluid began to mix. The fluid would always reach
unstable flow at the outlet under low Re. With the increase of Reynolds
number, this unstable flow developed towards the inlet. Muley et al.
[13] had studied the effects of chevron angle and corrugated area
expansion coefficient on heat transfer and flow resistance of PHE
through experiments, and took them into account in the fitted
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Nomenclature T Temperature of the working fluid (K)
Uin The velocity of working fluid (m/s)
Ape The area of heated wall (m?) \% Volume of working fluid (m®)
c The heat capacity of working fluid (J/kg e K~1) w The width of plate (m)
D The hydraulic diameter (mm)
f The friction factors Greek symbols .
< The mass flow of working fluid (kg/s) AP The pressure drops.between the inlet and outlet (Pa)
h The heat transfer coefficient (W/m? e K) At T}.1e .tem.perature difference (K,) .
I e Dissipation rate of turbulent kinetic energy of the k- ¢

The turbulence intensity

JF The performance evaluation

k Turbulent kinetic energy (m2s—2)
L The length of flow direction (m)
Nu The Nusselt number

p Pressure (Pa)

Pr Prandtl number

Q The total rate of heat transfer (w)
Re The Reynolds number

tout The temperature of the outlet (K)
tin The temperature of the inlet (K)
Twat The temperature of wall (K)

model (m2s—3)

A Thermal conductivity (W/m e K1)

U Dynamic viscosity (kg/mes™1)

v Kinematic viscosity (m? e s™1)
Density of working fluid (kg/m®)

Subscripts

in Inlet

out Outlet

T Turbulence

wall Wall

correlation between heat transfer and flow resistance. Sang Dong Hwang
[14] studied the flow form in the corrugated channel through experi-
ments, and found that the fluid produced a secondary flow perpendic-
ular to the main flow in the corrugated channel when the Reynolds
number was low, and the pattern of the secondary flow was observed.
Furthermore, D. Dovic [15] had experimentally studied the variation of
turbulence intensity in the corrugated plate channel with chevron angle.
The research showed that when the Reynolds number was low, the fluid
in the channel with larger chevron angle was more likely to reach the
turbulent state.

Although experimental data could accurately infer the thermo-
hydraulics of PHE, but experimental research was limited by the con-
struction of experimental platforms, making it difficult for researchers to
observe the flow of fluid throughout the entire flow field. With the
advancement of computational technology and simulation methods,
CFD had become a complementary tool with experiments, used by many
experts and scholars, and gradually occupying a place in the scientific
research. Due to the fact that CFD technology could help researchers
save time, reduced experimental costs, and make up for the shortcom-
ings of limited sampling points and positions , many scholars had also
used CFD for research in recent years. Han [16] simulated the single-
phase laminar flow of highly viscous fluid in the adjacent dual chan-
nels (including inlet and outlet sections) of a chevron sinusoidal corru-
gated plate using CFD technology, and obtained the distributions of
velocity, temperature and pressure fields in the flow channel. The dif-
ference between the high velocity zone and the low velocity zone in the
groove was obvious; The temperature gradient near the contact point of
the corrugated plate was larger than that of the middle area while the
heat transfer coefficient at the contact point was the highest. Ilian G
et al. [17] used CFD technology to numerically simulate the laminar and
turbulent flow and heat transfer in two adjacent flow channels (water/
water and water/oil respectively) of a chevron sinusoidal corrugated
plate. The distributions of the overall temperature, heat flux density, and
mass flow rate in the channel were obtained. The results showed that,
under the calculation conditions, the fluid in the hot channel flew in a Z-
shape along the mainstream direction. Liu et al. [18] used Fluent soft-
ware to carry out numerical simulation research on single-phase water
flow in chevron flow channel, who’s Re was set from 660 to 2200. The
flow distribution near the contact point and fully developed area had
been considered and the variation law of velocity and pressure at each
special section had been summarized. When the chevron angle was 60°,

a parallel Z-shaped flow was formed along the mainstream direction;
The high shear force on the wall near the center point of the corrugated
plate easily led to the deviation of the mainstream direction of the fluid.
Roetzel et al. [19] used temperature oscillation technology to carry out
experimental evaluation on the thermal properties of PHE, and used
mathematical models to calculate the heat transfer coefficient charac-
terized by the number of heat transfer units and Peklet number.

Owing to the coupling effect between various parameters, profes-
sional optimization algorithms were adopted to explore the optimal
solution in recent years. Hamed [20] utilized the NSGA-II algorithm to
achieve multi-objective optimization in spiral corrugated pipes and
obtained the optimal solutions. Optimized correlations could also be
used for the thermal design of fluid flow in spiral corrugated pipes. A
novel hybrid optimization approach was proposed by Hossein [21] and
the particle swarm optimization method was used by Octon’ [22], an
improved design was proposed. In order to improve the shape of fins in
aerospace applications, Bashir [23] developed a new algorithm based on
genetic algorithm (GA) combined with CFD.

From the above literatures, it could be concluded that the research on
parameterization of chevron corrugated plates had been quite complete,
while the further research on chevron sinusoidal corrugated plates was
needed; Besides, the structural optimization of plate heat exchangers
had gradually developed from single objective optimization to multi-
objective optimization. Therefore, this article had decided to take a
single flow channel in a chevron sinusoidal corrugated plate heat
exchanger as the object of research, and used a combination of CFD
numerical simulation and machine learning method to explore the in-
fluence of the angle, height, and pitch of the chevron sinusoidal corru-
gation, and ultimately obtain the optimal parameters after optimization.

2. Numerical methodology
2.1. Geometry of the model

For the numerical study of welded plate heat exchangers, this paper
conducted a model of the single flow channel between two chevron si-
nusoidal corrugated plates, which included the inlet section, outlet
section and test section. Fig. 1 showed a three-dimensional model of the
welded plate heat exchanger proposed in this study. Among them, the
length of the test section was 180 mm, and the arrangements of the inlet
and outlet sections were mainly to ensure the complete development of
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Fig. 1. 3D schematic diagram of the flow channel.

Fig. 2. The structural schematic diagram of the plates.

Table 1
Specific parameters of the model
Parameters of the plate unit value
Length of the test section(L) mm 180
Width of the test section(W) mm 22
Length of the inlet section(L;) mm 80
Length of the outlet section(Ly) mm 80
Total height of corrugation (H) mm 3,5,7,9
Pitch of corrugation (P) mm 15, 20, 30, 45, 60
Chevron angle(p) degree 30,45,60

the working fluid flow and prevent backflow at the outlet of the test
section. The length of both two sections were 80 mm. The flow channel
of the plate exchange was formed by squeezing two parallel corrugated
plates with opposite directions, so there were several contact points
inside the flow channel, the structural schematic diagram was shown in
Fig. 2. To facilitate subsequent calculations, this study cut out a circular
hole with a diameter of 1 mm in the intersection of the corrugations as
the contact point between the two plates. The specific geometric pa-
rameters of the flow channel were shown in Table 1.

2.2. Mathematical modeling

Before conducting numerical simulation, some basic assumptions
needed to be proposed:(1) The selected working fluid was an incom-
pressible, continuous and Newtonian fluid;(2) This study did not take
phase transition of the working fluid into account; (3) Thermal radiation
and buoyancy force were also not considered; Based on the above as-
sumptions, the numerical formula for this study were as follows:

The continuity equation, also known as the conservation of mass
equation, was expressed as:

au,»
0x,~

=0(i=1~3) M

Momentum equation:

d_ P, 0 (u%>(i,j=1~3) ©)

ui(?xi - 0_x, ox; \" ox;

The energy equation was essentially the first law of thermodynamics,
which must be followed for heat exchange during fluid flow. Its
expression was as follows:

or TN,

Turbulent flow was a common form of flow in daily life, which was
not a regular and slow flow like laminar flow. Instead, it was a chaotic
flow composed of vortices of different sizes. These vortices had
nonlinear random motion in time and space when they flowing in the
mainstream direction. Therefore, turbulence was an irregular flow that
was often used to enhance heat transfer. When solving problems
involving turbulent flow, it was necessary to comprehensively consider
the performance of the computing equipment and the flow form of the
research object in order to quickly and accurately obtain the corre-
sponding results. Therefore, suitable turbulence models should be
selected for simulations in different turbulence problems. At present, the
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standard k-¢ model, Realizable k-¢ model, and RNG k-¢ model were most
widely used in engineering [24]. Some scholars have evaluated and
compared the three turbulence models and ultimately found that the
RNG k-e model could handle flows with high streamline curvature and
high strain rates [25]. Therefore, the RNG k-¢ model was used in this
design.

Based on the theory of the standard model, RNG added an item to the
equation of ¢, corrected the dissipation rate equation, improved the
calculation accuracy, changed the calculation formula of turbulent vis-
cosity, considered the influence of complex eddy currents on turbulence,
derived the relevant formula of flow viscosity under the condition of low
Reynolds number, showing a small-scale effect on large-scale flow and
the corrected viscosity item. Compared with the standard k - € model, it
was suitable for the fully developed high Re turbulence model, and has a
higher reliability for the calculation of more complex fluid problems
such as shear flow, flow separation and secondary flow. Its expression
was as follows:

J 7} 7} ok

5 (pk) +07x,< (pku;) = e (akugﬁa—x) + Gy —pe (@)
] il 0 O £ £ 5)
a(ﬂf) + o (peu;) = o <asﬂeﬂd7j) + ClsGk% - Czd’;

where Gy represented the turbulent kinetic energy.
2.3. Boundary conditions

The inlet boundary condition selected the velocity inlet, and the
temperature of the working fluid was constant at 363.15 K. The velocity
of inlet flow was set from 0.1 m/s to 0. 5 m/s while the corresponding
range of Re was from 1821 to 9106. Meanwhile, the outlet section was
set as a pressure outlet. The left and right walls of the test section were
both set as adiabatic boundaries rather than symmetry boundaries due
to their different shapes; Besides, the upper and down walls were set as a
constant temperature, with a constant wall temperature of 288.15 K. All
other interfaces were set as the type of interior and the details of the
boundary conditions were also shown in Fig. 3. The settings of the above
boundary conditions were all based on the relevant work of previous
scholars in the research of plate heat exchangers [26]. In the simulation
solution method, the momentum and energy equations in the spatial
discrete part were selected as second-order upwind, and the gradient
solution was selected as Least squares cell based. The residuals of the
continuity, momentum and energy equations were set as 107°. All
simulation work in this article was achieved through fluent 19.0.

In addition, aluminum was selected as the main material for each
component, and water was used as the working fluid at the hot end. The
specific parameters of the working fluid were shown in Table 2 [27].

Velocity inlet, 7m=3 63.15K} Contact point

(Down wall, Tw —288‘151(}

Adiabatic wall
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Table 2
Thermo-physical properties of water
Thermo-physical properties Value
p 998.2 kg/m>
A 0.6 W/(m-K)
" 1.003 x 1073 kg/(m's)
c 4182 J/(kg-K)

2.4. Data reduction

Nu, f and Re [28], as the main measuring indicators, could be
expressed as:

Dh
Nu=— 6
u=— (6)
2DAP
f= 3 (7)
Lpu
D
Re =" ©)
i
Except that, other main indicators were also given as follow:
Q
= 9
AhtAtm ( )
Q = Cg|tin - toul‘ (10)
At = tmax — tmin
lntml an

Lmin

where ¢, g and Ay, represented specific heat capacity of the working
fluid, mass flow rate in flow channel and the area of heated wall,
respectively.

In order to verify the optimization effect of the designed structure, JF
[29] was selected as the evaluation index for evaluating the compre-
hensive performance of WPHE, its expression was given as:

Nu 1

Jj= E‘Pr’j 12)
JF = J% (13)

2.5. Meshing independence

In the process of numerical simulation calculation, the meshing of
the computational domain was the most important step, which directly
affected the accuracy of the simulation results. High quality grids not
only ensured the accuracy of the calculation results, but also improved
the speed of calculation convergence. For the existing geometric
modeling, the test section was the main research area, and this study

Upper wall , 7w =288.15K }

Pressure outlet

Fig. 3. Specific settings of boundary conditions.
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Fig. 4. Grids for numerical simulations.

Table 3

Grid independence test
Total element number Nu f
1,065,419 246.135 0.7921
3,203,125 250.943 0.8101
6,690,759 258.551 0.8916
8,735,446 258.966 0.8986
11,416,892 259.129 0.903

chose unstructured tetrahedral grid generation for it, with the grid size
set as 0.3 mm; The inlet and outlet sections, on the other hand, adopt a
sweeping division method to save time and computational resources.
The grid size was set as 0.5 mm. The specific grid division was shown in
the Fig. 4.

In order to better capture the temperature and velocity boundary
layer, this article also made appropriate settings for non-dimensional y
+ parameter. Finally, the value of y + was set in the range of 0.58- 0.86
when Re was from 1821 to 9106. According to the Fluent users’ guide
[28], the boundary layers could be well captured if the y + less than 1.
Thus, this grid division method was suitable for subsequent research.

The number of grids is often determined by the partitioning method
and grid size. The smaller the grid, the corresponding increase in the
number of grids, the higher the requirements for computer performance,
and the longer the time spent. However, the calculation results did not
always change with the number of grids. When the number of grids
increased to a certain value, the calculation results tended to stabilize.
Therefore, finding out the appropriate number of grids was particularly
important in the numerical simulation process, as it could not only
improve computational accuracy but also saved time and cost. There-
fore, it was necessary to carry out relevant work on grid independence
verification. This study provided a total of five different numbers of grids
at a flow rate of 0.1 m/s. It was not difficult to observe from the Table 3
that when the number of grids reached 6.69 million, the relative errors
of Nu and f in the flow channel were already small enough. Therefore,
6.69 million grids were ultimately selected as the number of grids for
this study.

2.6. Model validation

In order to verify the authenticity and reliability of the model and
simulation results in this article, the simulation results were compared
with Focke’s experimental data [29]. Fig. 5 showed the distribution of f
between the two. The conclusion drawn from the figure was that under
the same Re, the maximum relative error of the two was 14.11%, while
the minimum error was only 4.52%, and the calculated average error

1.0
n —8— Focke’s experimental data (water)
\ | —=— simulation data
0.8
S~
0.6
| | | 1

2000 4000 6000 8000 10000

Fig. 5. Verification between simulation data and experimental data.

was 9%. Good fitting also provided assurance for the accuracy of sub-
sequent simulations.

3. Optimization method
3.1. The principles and processes of optimization

Due to the strong coupling effect between various parameters, the
optimal parameters obtained from parameter analysis cannot represent
the optimal structure. In this case, optimization algorithms needed to be
used to solve for the optimal results. It should be noted that multi-
objective optimization algorithms optimize multiple mutually exclu-
sive objective functions simultaneously, resulting in a set of non-inferior
solutions rather than a specific solution. As a commonly used optimi-
zation algorithm, multi-objective genetic algorithm (MOGA) [30] was
selected to provide Pareto solutions in this paper.

Before algorithm optimization, a suitable surrogate model was
needed. This article used artificial neural networks (ANNs) to express
the relationship between geometric parameters and optimization ob-
jectives. First, multiple groups of data calculated by numerical simula-
tion were imported into ANN for training, and a surrogate model
containing the relationship between geometric parameters and optimi-
zation objectives could be obtained. Then, the surrogate model was
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Confirm design
parameters

Numerical solution data
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Fitted objective function
obtained by ANN

Pareto front calculated
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End

Fig. 6. The optimization program.

optimized by optimization algorithm and pareto front was obtained. The
optimization process was shown in Fig. 6.

3.2. Design of ANNs

Optimizing the structure of the flow channel not only increased the
heat transfer area and changed the form of flow, but also accompanied
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an increase in Ap, resulting in an increase in flow resistance. Therefore,
in this study, the two mutually constrained indicators, Nu and AP, were
selected as optimization objectives, and their definitions were as follow:

Jl = Nu (14)

The network consisted of three layers: input layer, hidden layer, and
output layer. In this study, the proportion of data in the training, vali-
dation, and testing sets was set to 70%, 15%, and 15%, respectively. Eq.
(18) represented the correlation between normalized J; and J,.

m 2
JiorJ, = Z wyj - + by (16)
Jj=1 ,2( Y
1+e

Z WiiXi+bj
i=1 —1

The mean square error (MSE) and regression coefficient (R?) could
effectively evaluate fitting performance of neural networks. The larger
R2, the smaller MSE, and the higher the accuracy of ANNs; Their
mathematical expressions were as follows:

1 n
MSE = ]T/Zi:l (Vianw *Yi)z a7)
R =1 Z (yiANN _yi)z 18)
=1 e
i1 Vi

4. Result and discussion
4.1. Analyses on flow field

The distribution of streamlines in the flow channel of a welded plate
heat exchanger had been shown in Fig. 7. From the picture, it could be
analyzed that the flow velocity of the outer fluid which near the wall and
local area near the contact point were relatively low. The main reason
was that the outer fluid was easily squeezed by the inner fluid and
generated a tangential force perpendicular to the direction of the flow
channel. Therefore, the flow form of the outer fluid generally turned to
cross flow, the flow rate decreased sharply and secondary flow was also
formed easily. In addition, Fig. 7(a), (b) and (c) had displayed the dis-
tribution of the streamlines in front of the contact area, around the
contact area and behind the contact area, respectively. The above three
local images of different cross-sections in the flow channel could also
confirm this opinion. On the other hand, the inner fluid far from the
contact point was slightly disturbed, and the flow pattern was similar to
that of the flat plate. The velocity distribution of the flat plate was
provided in Fig. 8. The inner fluid near the contact point was disturbed
the contact part, thus the average velocity of this part was lower than
that of the others.

Fig. 9 mainly showed the temperature, velocity, and pressure dis-
tribution of a certain cross-section when the velocity was set as 0.3 m/s.
It was obvious to find that the space of the connecting line area between
the contact points in the flow channel was relatively narrow, so the
average velocity of that area was relatively slow. Due to the decrease in
turbulence intensity, the tangential force perpendicular to the flow di-
rection was also significantly reduced, causing the fluid passing through
the contact point to spray out at high speed along the direction of the
flow channel, while the average flow velocity in the local area behind
the contact point was relatively low. However, the heat transfer area in
the narrow channel has also been increased, and a large number of
working fluids converged here from all directions, and the mixing of the
working fluid was quite sufficient, so the heat transfer could be
enhanced in this area. This point could also be verified in the
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Fig. 7. The streamlines distribution of the flow channel.
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Fig. 8. Velocity distribution of the flat plate.
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Fig. 9. The Temperature, Velocity and Pressure distributions of a selected cross section.

temperature distribution of the cross section, and the average temper- 4.2. The effect of H in flow channels

ature of working fluids decreased significantly after flowing through the

narrow area; The distribution of the pressure once again indicated that Fig. 10 showed the distributions of temperature in a longitudinal
the corrugated structure of the plate will accelerate the decrease of section under different H, it could be observed that as the height of the
pressure in the flow channel, and compared with flat plate, the Ap corrugations increased, the average temperature at the same position in
increased by 2.79- 6.37 times. the flow channel decreased sharply, and the difference of temperature

between the inlet and outlet of the flow channel gradually increased.
These effects indicated that with the increase of H, the heat transfer
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Fig. 10. The distributions of temperature in a longitudinal section under different H.
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Fig. 11. The effect of H on Nu under different velocities.

efficiency in the flow channel was improved. The main reason might be
the total heat transfer area obviously increased, and fluid mixing in the
flow channel became more and more uniform and sufficient. In addition,

within the same period, the average temperature of the area near contact
point was lower than that of others, which also confirmed the changing
in the flow form of the working fluid, exacerbating the mixing between
fluids and promoting the heat transfer efficiency of this area.

The effect of height on Nu under different velocities was displayed in
Fig. 11. As the speed increased, the turbulence intensity increased
instead, and the heat transfer capacity in the flow channel was also
enhanced; Furthermore, the increase in velocity would enlarge the de-
viation of Nu between structures under different H. According to the
results, Nu increased by 3.02-3.71 times when the height increased from
3 mm to 9 mm.

The distribution of velocity in longitudinal section could represent
the flow characteristics in the channel more intuitively. As shown in
Fig. 12, with the space inside the channel continuously compressed, a
large number of working fluids refracted from different channels gather
at the front of the contact point, resulting in a higher average velocity in
this area. As the height decreased, the velocity of the working fluid
gradually became uniform within the same cycle. The inner fluid had a
relatively small disturbance and a higher velocity, while the flow rate in
the local area behind the contact point was relatively low. However, as it
developed, the flow rate will continue to increased and eventually
converged with the fluid from other areas at the front of the next contact
point.

The structure of corrugated plate would inevitably increase the
resistance and pressure drop in the flow channel, which could also be
seen from Fig. 13. In addition, as the velocity of the fluid increased, the
variation amplitude of the resistance coefficient would become smaller

| ] ] ]
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Fig. 12. The distributions of velocity in a longitudinal section under different H.
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Fig. 13. The effect of H on f under different velocities.

and smaller. The peak of the f occurred at the speed of 0.1 m/s, and the
increase factor reached 1.91.

4.3. The effect of § in flow channels

Fig. 14 represented the distributions of temperature in a cross section
under different . The increase in § was accompanied by a decrease in
the number of corrugations in the flow channel, resulting in a decrease
in the total heat transfer area and heat transfer efficiency. The Nu
naturally decreased with the increase of , which could also be verified
in Fig. 15. Therefore, within the range considered in this article, the
thermal performance of f = 30°was the best, with the maximum tem-
perature difference between the inlet and outlet. In addition, it could be
seen from the Fig. 15 that as the velocity increased, the improvement of
heat transfer performance became gentle.

Fig. 16 represented the distributions of velocity in a cross section
under different 5. As mentioned above, the total heat transfer area in the
flow channel gradually increased with the decrease of $, and it would
also be accompanied by an increase in along resistance. Therefore, the f
at 30° was significantly higher than that of the other two structures. It
could be verified from Fig. 17. Besides, it could also be concluded from
Fig. 16 that the area of the low-speed area behind the contact point

Temperature

362.2
357.6
352.9
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would increase as the g increased. Attributed to low resistance, high flow
rates might prone to create dead zones.

4.4. The effect of P in flow channels

The distributions of temperature in a cross section under different P
had been shown in Fig. 18. The decrease of P gradually increased the
number of corrugations, making the structure more complex, and the
total heat transfer area in the flow channel also gradually increased
accordingly. Therefore, it was not difficult to observe that as P
decreased, the thermal performance continuously enhanced; When P
was set as 15 mm, the thermal performance in the flow channel was the
best, and the difference of temperature between the inlet and outlet was
also the largest.

Fig. 19 showed the effect of P on Nu under different velocities. The
content in the figure confirmed the above opinion. In addition, it could
also be concluded that as the speed increased, the heat transfer perfor-
mance gradually deteriorated. The main reason might be that the
excessively high velocity created dead zones of heat transfer in the flow
channel, which were not conducive to the enhancement of heat transfer.

—— p=30° —
—e— f=45°) /./
—A— f=60°

Nu
. \

150 y _—
g /
w0 @ /
F g
50 | " 1 L 1 L | ' |
0.1 0.2 0.3 0.4 0.5

v (m/s)

Fig. 15. The effect of # on Nu under different velocities.

N

H=9mm , P=30mm and $=60°

Fig. 14. The distributions of temperature in a cross section under different f.
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H=9mm , P=30mm and f=45°

H=9mm , P=30mm and f=60°

Fig. 16. The distributions of velocity in a cross section under different .
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Fig. 17. The effect of f on f under different velocities.

The distributions of velocity in a cross section under different P was
displayed in Fig. 20. The average velocity in the area near the contact
point was obviously higher than that in other areas, and the flow pattern
in the flow channel was described earlier. The complexity of the flow
channel led to continuous changes in the flow form, and the average
velocity also significantly increased.

Fig. 21 represented the effect of P on f under different velocities. It
could be observed that when PP was set as 15 mm and 20 mm, the flow
resistance in the channel was significantly higher than that of other
structures. Compared to the case of P = 60 mm, f could be increased by
up to 4.53 times as the P set as 15 mm. As the flow rate increased, the
trend of resistance changing became gentle.

4.5. Comprehensive evaluation based on parameter analysis

The variation of JF of WPHE with flow velocity under three geo-
metric variables had been shown in Fig. 22. Generally, the higher the
corrugations height, the better the overall performance of the corru-
gated plate. However, the JF of the corrugated plate with a height of 5

10

mm was slightly lower than that with a height of 3 mm when the flow
rate reached 0.4 m/s. This phenomenon indicated that the influence of
resistance in the flow channel was stronger than the strengthening effect
of heat transfer; Within the range of this paper, the JF factor reached the
highest when the height was designed as 9 mm, reaching 0.043; In terms
of angle f, the comprehensive performance of the two types of plates
with angles of 30°and 60° was relatively close, while the comprehensive
performance of the plate with angle of 45° was significantly stronger
than the other two. When the flow rate reached 0.3 m/s, JF reached a
peak of 0.042; Pitch was the most important factor affecting the struc-
ture of the plate. When the pitch was the smallest, the number of
corrugated plates was the highest. When the pitch was taken as 30 mm,
the plate could have a better comprehensive performance, and it also
reached its peak at a flow rate of 0.3 m/s.

5. Results of optimization
5.1. Analysis of ANNs

In the previous parameter analysis, it was observed that chevron
angle g, height H, and pitch P had a significant impact on the thermo-
hydraulic performance in the flow channel. Hence , the above three
design variables were used as optimization solutions, as shown in the
Tables 1,3,4 and 5 levels were chosen for 5, H and P, respectively. A total
of 60 numerical data would be imported into ANNs for training.

The number of hidden layer neurons directly determined the accu-
racy of ANNs fitting function. Fewer neurons might cause insufficient
training effect of simulation data and failure to capture data charac-
teristics, while too more neurons might lead to overfitting. In order to
avoid both of the above situations, this section tested the number of
hidden layer neurons, and the fitting effects under different numbers of
hidden layer neurons were shown in the Table 4. The final results
showed that the optimal number of hidden layer neurons for two
objective functions both were 7.

In addition, the CFD data was compared and validated with the
model data trained by ANNSs, and the final results from Fig. 23 showed a
good match between the two, with maximum errors of 13.7% and 8.4%,
respectively.

5.2. Multi-objective optimization results analysis
Minimization: J; = fi(8,H, W) and Jo = f2(8,H, W).

Subject to: f[30,60], He [3,9] and We[15,60].
This article prepared to use MOGA to optimize the two conflicting
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Fig. 18. The distributions of temperature in a cross section under different P.
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Fig. 19. The effect of P on Nu under different velocities.

objectives as mentioned above. In addition, the relevant working con-
ditions of the algorithm could be found in Table 5. What’s more, all
points located at the front of Pareto were globally optimal. Moving along
the Pareto frontier, when one optimization goal improved, the other one
would inevitably deteriorated. From the results, it could be seen from
Fig. 23 that the range of the Pareto front obtained by MOGA was
considerable and suitable for this study. The optimal ranging of Nu was
from 29.83 to 96.42 and the optimal ranging of AP was from 131.28 Pa
to 331.26 Pa.

5.3. Optimal compromise solution selection and comparison

How to obtain the optimal compromise solution from several non-

11
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ms(’)\.-o /a VV v" 7 vv ‘/’
o IR

H=9mm , P=15mm and f=45°

Fig. 20. The distributions of velocity in a cross section under different P.

inferior solutions was the key to this article. The main principle of the
classic decision algorithm TOPSIS had been introduced in relevant
literature [31] in detail.

According to reference [31], two optimization objectives had equal
importance. In order to obtain the optimal compromise solution that met
practical requirements, this parameter could be adjusted accordingly in
different situations.

Fig. 24 showed the distribution of closeness between each non-
inferior solution and the ideal optimal solution. The ranking scores of
both endpoints A and B were relatively low, indicating that improving a
single objective function would lead to a decrease in overall perfor-
mance. Therefore, this article ultimately chose point C, which was close
to the maximum value. The results showed that the value of JF at point C
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Fig. 22. The JF of three variables under different velocities: (a) H; (b) p; (c) P.
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Table 5
Multi-objective optimization results analysis

MOGA Population size 500
Pareto fraction 0.2
Generation 100
Migration fraction 0.2
Crossover fraction 0.8
Function tolerance 5x107°
150
of)
,”‘5 .
= 0
= o +13.7% O
> i
=
=
50 -
0 4 1 1 L 1 L 1
0 50 100 150
Nu by CFD

(@

o0 L . 1 " L . |
200 300

Ap by CFD
(b)

Fig. 23. Comparison of CFD values with ANN predicted values: (a) Nu; (b) AP.

was slightly higher than that of points A and B, reaching 0.034. Under
the same working conditions, the optimized structure had the best
thermal-hydraulic performance.

At the end of this article, point A, B, and C were re-modeled and re-
calculated. Table 6 showed the structural parameters corresponding to
points A, B, and C and the relevant results were shown in Table 7. Under
the same working conditions, the simulation results obtained were
generally consistent with the predicted values of the ANNs, with a
relative error of less than 4%. This further confirmed the accuracy of the
prediction model proposed in this paper.
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Fig. 24. The Pareto front of MOGA and variation in relative closeness.

Table 6
Geometrical parameters of different solutions

Solutions Geometrical parameters
H, mm B P, mm
A, Nu minimization 3.003 44.772 25.141
B,Ap minimization 3.002 52.193 15.008
C, TOPSIS 3.005 45.495 15.132
Table 7
Verification of the solutions on the Pareto front
Solution Objectives  Predicted value Calculated value Relative
by ANN by CFD error
A, Nu Nu 29.83 28.88 3.29%
minimization Ap 131.28 133.04 1.32%
B,Ap Nu 96.42 98.66 2.27%
minimization Ap 331.26 335.64 1.31%
C, TOPSIS Nu 51.93 50.36 3.12%
Ap 297.81 298.73 0.31%

6. Conclusion

In this paper, the numerical simulations were carried out to explore
the heat transfer and flow characteristics of the WPHE with chevron
sinusoidal corrugated plates. Parametric analysis based on Fluent soft-
ware and optimal solutions by means of algorithm both have been
investigated. The geometric variables of the plate include the height of
the corrugations(H), the pitch of the corrugations(P) and the chevron
angle (p). The velocity of the inlet was in the range of 0.1 m/s to 0.5 m/s.
The mechanism of heat transfer and flow form in flow channels also had
been discussed. The main conclusions could be concluded as follow:

(1) The shape of the flow channel in WPHE could easily change the
flow form of the working fluid. Due to outer fluid easily squeezed
by the inner fluid and generated a tangential force perpendicular
to the direction of the flow channel, the flow form of the outer
fluid generally turned to cross flow instead. Thus, the flow rate
decreased sharply and secondary flow was also formed easily.

(2) The increase of H would enlarge the total heat transfer area and
the enhancement of heat transfer could also been improved. Ac-
cording to the results, Nu increased by 3.02— 3.71 times when H
increased from 3 mm to 9 mm, while f increased by 1.33- 1.49
times; The $ mainly affected the number of corrugations and heat
transfer area. When 8 = 30°, Nu reached the maximum and f was
also the highest than the other two; P has the greatest impact on
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the structure of flow channel. As P increased, both Nu and f
gradually decreased.

(3) Within the range of this paper, the JF factor reached the highest
when the height was designed as 9 mm, reaching 0.043.

(4) With the help of ANNs and MOGA, the optimized structure had
the best thermal-hydraulic performance under the same working
conditions. The maximum JF could be obtained when P = 15.132
mm, H = 3.005 mm, § = 45.495°.
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