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Abstract
The plate heat exchanger is an efficient and compact heat exchanger, which has the advantages of high heat transfer coefficient 
and compact structure compared with other heat exchangers. The CFD simulation, radial basis function and multi-objective 
optimization are used to determine the optimal plate heat exchanger structure. Because there are two conflicting objectives 
that heat transfer coefficient j and friction coefficient f, the multi-objective genetic algorithm (MOGA) is selected, and the 
approximation model is obtained with radial basis function (RBF). The optimization results showed that heat transfer factor j 
increased by 26.9%, while friction factor f decreased by 25%, suggesting enhanced convective heat transfer and significantly 
reduced flow resistance. In each field of the longitudinal section, the optimized model velocity field increases by 0.01%, the 
pressure field decreases by 40%, and the temperature decreases by 2.5%. Then, the internal flow field is qualitatively compared 
from the aspects of field synergy angles and verified the rational optimization results. In this paper, multi-objective optimiza-
tion method and CFD simulation are used to predict the structure of heat exchanger, rather than through the expensive and 
time-consuming experiment. This optimization method can save the design expense and time for the designer to design the 
plate structure that meets the requirements. This kind of multi-objective optimization design combined with simulation can 
provide a precise design method for designers.
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Abbreviations
δ	� Wavy plate height [mm]
ci	� Center of clustering
λ	� Wavy plate angle [ ◦]
▽T	� Temperature gradient [℃ m−1]
β	� Wavy plate spacing [mm]
▽p	� Pressure gradient [Pa m−1]
t	� Wavy plate thickness [mm]
▽u	� Velocity gradient [s−1]
j	� Heat transfer factor
f	� Friction factor
k	� Heat transfer coefficient [W m−2·K−1]
Re	� Reynolds number
T	� Temperature [℃]
Pr	� Prandtl number
D	� Hydraulic diameter [m]
Nu	� Nusselt number

ΔP	� Pressure difference [Pa]
m	� Mass flow [kg s−1]
ρ	� Density [kg m−3]
cp	� Constant-pressure specific heat [J kg−1 ℃−1]
μ	� Dynamic viscosity [N sm−2]
w	� Mass
λt	� Thermal conductivity [W m−1 ℃−1]
n	� Number of sample
σ	� Variance of basis function
ui, vj, wk	� Velocity component in coordinate system [m s−1]

Introduction

As a kind of compact heat exchangers, plate heat exchangers 
have high efficiency and low mass, widespread applications 
in aerospace, automobile and power machinery. Plate heat 
exchanger used for oil can significantly improve the service 
life and efficiency of equipment. Therefore, improving the 
efficiency of heat exchanger has important engineering sig-
nificance. The optimization of internal flow field of heat 
exchanger is mainly to improve the performance of heat 
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exchanger optimally in a certain size range [1–4]. Through 
the experimental study of gully type of plate heat exchanger, 
the influence of gully on heat transfer performance is ana-
lyzed and determined, which provides the basis for the selec-
tion of plate style [5–9].

On the basis of the experiment, the numerical simula-
tion method is used to study the plate heat exchanger of 
different structure in detail. Through simulation analysis, 
the flow state of different inlet and outlet shapes of plate 
heat exchanger and the structural characteristics of plate are 
studied. The influence of different factors on fluid flow and 
heat transfer is analyzed [10–20]. Ranganayakulu Chennu 
[21] studied the single-phase steady-state heat transfer and 
pressure drop of passages and fins of compact heat exchang-
ers. Qinguo Zhang [22] analyzed the heat transfer charac-
teristics of the plate-fin heat exchanger in the cold air heat-
ing system of a PEMFC engine. Al-Obaidi A R [23–31] 
studied circular corrugated pipes of different structures and 
obtained corresponding flow field changes. Yuan Zhicheng 
[32] studied shape optimization and heat transfer analysis 
of welded plate-fin (WPF) heat exchanger with straight gas 
channels and corrugated water channels. Byung Hoon Shon 
[33] experimentally studied the characteristics of condensa-
tion heat transfer and frictional pressure drop. Jian Wen [34] 
numerically studied the comprehensive performance of ser-
rated fin in plate-fin heat exchangers by using the analytical 
methods based on fluid structural interactions.

The new fluid media has attracted the attention of 
researchers gradually. A large number of studies on the 
novel nanoflow and the results confirmed that nanoflow 
would become a new direction for enhancing convective heat 
transfer [35–38]. Wen Jian [39] established a mathematical 
model for the influence of flow maldistribution in multi-
channel heat exchanger. At the same time, computational 
fluid dynamics (CFD) technique was used to establish the 
heat exchanger model, considering the influence of the main 
channel, the collector and the distributor on the fluid distri-
bution in the heat exchanger core. Shah Z, Shutaywi M and 
Sheikholeslami M [40,41–43] studied nanofluid in porous 
closed bodies. The influence of nanoflow on flow and heat 
distribution is obtained by numerical simulation.

This paper provides a method of high-performance heat 
exchanger structure size which can be quickly obtained for 
designers according to the characteristic design require-
ments. We select four main parameters of wavy plate and 
carry out MOGA to enhance the performance of plate heat 
exchangers. The wavy height δ, wavy pitch λ, wavy angle β 
and plate thickness t were defined as the parameters vari-
able to obtain the heat transfer factor j and friction factor 
f. Then, the maximum j and minimum f were chosen as 
the standards of wavy plate heat exchangers. The opti-
mal structural parameters of heat exchanger are obtained 
by radial basis function and genetic algorithm. Finally, 

comparison with the original model verifies the rationality 
of optimization. This paper combines MOGA, RBF and 
CFD to find the optimal size structure within the scope 
of design, which provides guidance for designers to save 
design time and cost.

Structure parameters of WPFs heat 
exchangers

In the engineering field, there are many kinds of plate radi-
ators, but their working principle is basically the same. As 
shown in Fig. 1, the hot fluid 3 enters the hot fluid passage 
9 formed by the two plates through the corner hole 8 and 
flows through the channels formed by the upper and lower 
corrugated plates. Because of the flow passage is tortuous 
and complex, strong turbulence will be formed when the 
fluid flows. Hot and cold fluids flow in opposite directions 
on both sides of the plate, and heat transfer through the 
plate is more sufficient. Therefore, the required heat trans-
fer effect can be achieved. So the requirement of higher 
heat dissipation efficiency is put forward for wavy plate in 
reasonable size range. In order to obtain the optimal heat 
dissipation structure size, this research was carried out. 
The simplified three-dimensional model in this research 
is shown in Fig. 2. The δ is wavy plate length. The λ is 
wavy plate spacing. The β is wavy plate angle. The t is 
wavy plate thickness. In the experiment of this plate heat 
exchanger, the engine oil and water flow through the two 
side of plate which made of aluminum, respectively.

1 Floor 2 Flow of plates 3 Hot fluid; 4 Cold fluid 5 Bolt
6 Cover plate 7 First plate 8 The Angle of hole

9 Hot fluid channel 10 Cold fluid channel 11 Last plate

1 2

11

10
9

8

7 6

5
4 3

Fig. 1   Plate heat exchanger structure. 1—Floor; 2—flow of plates; 
3—hot fluid; 4—cold fluid; 5—bolt; 6—cover plate; 7—first plate; 
8—angle of hole; 9—hot fluid channel; 10—cold fluid channel; 11—
last plate
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Numerical simulation of wavy plate heat 
exchangers

Mathematical model

The CFD uses the fast computing power of computers to 
obtain approximate solutions of fluid governing equations 
[42–45]. Because the coolant flow through the wavy plate 
channel is a complex thermal flow process, CFD flow field 
is selected to solve it. Through solving the control equation, 
CFD obtains the distribution characteristics of flow field in 
the channel.

The continuity and momentum equations of incompress-
ible flow are as follows [47]:

where the Reynolds stress �ij is:

The most widely used turbulence model is the standard 
k–ε model. The model is based on the kinetic energy k equa-
tion, and then, an equation of turbulent dissipation rate ε is 
introduced. The ε is defined as:

The turbulent viscosity can be expressed as a function 
of k and ε:

Therefore, the transport equation of the standard k–ε 
model is [21]:

(1)

��

�t
+

�(�ui)

�xi
= 0

�(�ui)

�t
+

�(�uiuj)

�xj
= −

�p

�xi
+

�

�xj

(
�
�ui

�xj

)
+

��ij

�xj

(2)�ij= − �uiuj

(3)� =
�

�

(
�u�

l

�xk

)(
�u�

l

�xk

)

(4)�t = �Cμ

k2

�

(5)
�(�k)

�t
+

�
(
�kui

)
�xi

=
�

�xj

[(
� +

�t

�k

)
�k

�xj

]

+ Gk + Gb − �� − YM + Sk

 where the kinetic energy caused by the average velocity 
gradient:

The turbulent energy generated by the buoyancy effect 
Gb is:

The following values are used for standard k–ε model:
C1ε = 1.44, C2ε = 1.92, C3ε = 0.09, σk = 1.0, σε = 1.3.
The single-channel geometry for numerical simulation is 

shown in detail in Fig. 3. And the structural parameters of 
plate is shown in Table 1. Considering the symmetry of the 
wavy plate structure, to bring down the time cost, the peri-
odic boundary condition is used in simulation model. The 
inlet and outlet walls are set as adiabatic stationary walls. 
The inlet fluid velocity was 0.1 m s−1, and the temperature 
was 50℃. The fin contact wall is set as thermostatic wall, 
and the temperature is 80℃. The outlet is set as a pressure 
outlet with standard atmospheric pressure (Table 1).
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Fig. 2   Plate heat exchanger model

Outlet of cold fluid

Inlet of cold fluid

Staic wall

Staic wall

Constant temperature wall

Fig. 3   Boundary condition instruction

Table 1   Values of structural parameters

Wavy plate dimensions Values Core dimensions Values

Wavy plate length/mm δ Core width/mm 230
Wavy plate spacing/mm λ Core length/mm 60
Wavy plate angle/◦ β
Wavy plate thickness/mm t
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Grid independence tests and verification of CFD 
model

ANSYS Fluent used finite volume method to solve the gov-
erning equation. This research selected the implicit solution 
based on pressure. Second-order MUSCL format is used for 
the convection term, velocity coupled with pressure is solved 
by SIMPLE algorithm. The physical properties of fluid and 
solid are given in Table 2.

This research used ANSYS mesh to discretize the solution 
domain. Hexahedral mesh partition is selected in order to 
obtain the simulation results with higher accuracy as shown 
in Fig. 4. In the CFD verification process, its independence 
was studied under seven different grid solutions, among 
which the number of meshes was 2.08 million, 2.19 mil-
lion, 2.3 million, 2.39 million, 2.49 million, 2.61 million and 
2.73 million. Because the Nusselt number is an important 
parameter for evaluating radiators, the optimal number of 
grids is comprehensively evaluated according to the Nus-
selt number and the time required for calculation. With the 
increase in the number of grids, the computing time is obvi-
ously extended, and the change of Nusselt number tends to 
be stable as shown in Fig. 5. Considering the accuracy of 
simulation and the cost of calculation, the number of grid 
cells is set at 2.39 million, which can meet the requirements 
of this study.

In order to verify the correctness of the above settings, 
CFD numerical solution was conducted according to the 

A-type model parameters provided in literature [12]. The 
results were compared with experimental data as shown in 
Fig. 6. The error between simulation data and test data is not 
more than 10%, and the degree of coincidence is relatively 
high. The errors come from the iterative errors in the simula-
tion model and the equipment errors in the test.

Optimal process of wavy plate heat 
exchangers

The multi-objective genetic algorithm (MOGA) is a typi-
cal method to search the optimal frontier of Pareto based 
on Pareto sequencing and niche technology to improve 
population diversity and prevent premature convergence 
of the solution group. In the process of MOGA calcula-
tion, an initial population is randomly generated and the 
objective function of each point is calculated. Based on 
Pareto's optimal concept, each individual in the popula-
tion is sorted. This is done by associating each member of 
the group with the number of all other individuals in the 

Table 2   Physical properties of fluid and solid [45]

Coolant liquid Air Aluminum

Density/kg m−3 1009.86 1.23 2719
Specific heat/J kg−1 ℃−1 3679.4 1006.43 871
Thermal conductivity/W (m−1 ℃−1 0.643 0.024 237
Viscosity/Pa·s 7.13 × 10–4 0.011 –

Fig. 4   Gird for entire computational domain
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group that govern the individual. The optimal solution is 
determined according to the constraint conditions. Sam-
ple points were established by using experimental design 
methods of Latin hypercube sampling (LHS). The whole 
optimize process is shown in Fig. 7.

•	 Step 1: Constraint condition

The shape optimization of plate heat exchangers is 
designed to achieve high heat transfer capability and low 
flow resistance. A large heat transfer factor j indicates a 
high heat exchange and relatively complex structure. The 
low friction factor f indicates that the channel is smooth and 
the resistance is small. And the structure is relatively simple. 
The heat transfer factor j and friction factor f is calculated 
by [48]:

Nu, Re and Pr are Nusselt number, Reynolds number and 
Prandtl number. They are defined as follows [47]:

(9)
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The design parameters are wavy plate height δ, wavy plate 
spacing λ, wavy plate amplitude β and wavy plate thickness 
t. According to heat transfer factor j and friction factor f, the 
target function can be defined as follows:

According to the range of heat exchanger parameters 
[33], the wavy plate structure parameter is:

This research chooses the largest heat transfer factor j 
and the smallest friction factor f as the optimized target 
function. They are defined as follows [48]:
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•	 Step 2: Structural parameter selection

Because of the nonlinear relationship between struc-
tural parameters and performance, LHS was used to obtain 
50 groups of sample points to construct a three-dimen-
sional model (parameters of the model listed in Table 5). 
Through the data of each sample point calculated by CFD, 
nonlinear relationship is further obtained, as shown in 
Fig. 13. Figure 13 shows the relationship between differ-
ent structural characteristics, j and f.

•	 Step 3: Approximation model

Here, the RBF algorithm was applied to obtain the approxi-
mation model [48].

where wij is the mass of neurons between the hidden layer 
and the output layer, σ is the variance of basis function, n 
is the number of sample and ci is the center of clustering.

The approximate relationship between design variable 
and objective function is determined by the above principles. 
Twenty control sample points are selected through Table 6. 
And the availability of the approximate model was determined 
by comparing the CFD values of these points with the budget 
values of the approximate model. RMSE was chosen as the 
criterion for approximate model availability and the equation 
is shown in Eq. 7 [48]。

The results showed that RMSE j = 0.093 and RMSE 
f = 0.171. The error is lower than the engineering application 
requirement.

•	 Step 4: Multi-objective optimization

MOGA is used to solve the optimal solution in the approximate 
model and set the maximum value of j/f as the target function.

Optimal results

According to the above procedure, the maximum value of 
j/f is obtained and the corresponding optimized structure 
parameters of δ, λ, β, t are shown in Table 3. Table 4 shows 
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the results of j and f, respectively, calculated by approxi-
mate model and CFD optimization under corresponding 
optimization results. The comparison results show that the 
error of j and f of the approximate model is less than 8%, 
which verifies the reliability of the approximate model 
again. The benchmark solution was chosen as the before 
optimization [12].

Figure 13 shows that nonlinear relationship between 
parameters and performances. The wavy plate angle has 
the most obvious effect on j, and that of wave plate angle 
is the weakest. At The same time, the wavy plate angle 
has strongest effect on f, while the wavy plate spacing has 
almost no effect on f.

Figure 8 shows the CFD cloud diagram of the longi-
tudinal section of the flow rate, temperature and pressure 
between the optimized structure and the original structure.

It can be seen from the figures that the fluid flowing 
through the plate generates strong turbulent movement 
in the groove accompanied by obvious heat transfer. The 
bulge on the plate is a place with a higher velocity gradi-
ent. Because of the presence of the convex structure, the 
fluid impinges on the convex structure to thin the near-
wall flow layer and reduce the thermal resistance. There is 
the fluid turbulence phenomenon at the raised intersection 
point. The turbulence is good to heat transfer.

In general, the cloud map distribution of each field is 
basically the same before and after optimization. Fluid 
flow between plates is very uneven from the flow form. 
Compared with the average value of each field, the veloc-
ity increases 0.01%. The pressure field was decreased by 
40%, and the temperature was decreased by 2.5%. With the 
increase in the wave height, the flow form by cross-flow 
gradually becomes tortuous flow. At this point, the contact 
has a great impact on the flow of the fluid. The contact 
has a strong disturbance effect on the flow, making the 
heat exchange between the fluid and the solid wall surface 
and between the fluid and the fluid more intense, and the 
temperature rise decreases with the increase in the wave 

Table 3   Structural parameters before and after optimization

Δ/mm Λ/mm β/ ◦ t/mm

Before optimization 2.3 10 60 0.6
After optimization 2.87 16.67 63.85 0.49

Table 4   Comparison between the CFD and approximation

Heat transfer factor j Friction factor f

CFD 1.8 × 10–6 0.014
Approximation 1.7 × 10–6 0.013
Error 5.88% 7.14%
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distance. Because of the resistance of the contact to the 
fluid, the low-speed vortex area is formed after the con-
tact. The optimized fluid velocity is gentle, the pressure is 
small, the temperature distribution is more uniform, and 
the heat dissipation effect is more obvious.

To sum up, although the equivalent diameter of optimized 
structure increases, the fluid friction resistance decreases 
and the heat transfer capacity increases. The optimized wavy 
plate heat exchanger is improved.

The field synergy analysis

As we all known, in conduction and convection prob-
lems, the presence of heat sources leads to an increase in 
heat flux at the boundary. So, the heat transfer capacity is 

demonstrated not only by the velocity vector and the tem-
perature gradient, but also by their synergy.

The field synergy theory indicates that the synergetic 
between velocity vector and temperature gradient is better, 
and the heat transfer capacity is higher. In this research, the 
field synergy principle is introduced to evaluate the wavy 
plate. The relationship between the physical fields is shown 
in Fig. 9. The field synergy quantity is defined as follows 
[46]:

Field synergy angle α

The field synergy angle α is the angle between velocity 
vector and temperature gradient. The comparison of field 
synergy angle α between the original and optimized model 
is shown in Fig. 10. Combined with the heat transfer princi-
ple, the coolant flows to the right direction along the plate. 
Meanwhile, the plate continuously transfers heat flux by 
convection and its direction is perpendicular to the plate, 
so the velocity direction tends to be perpendicular to the 
temperature gradient. Moreover, the heat transfer capacity 
increases with the synergy angle decrease at the bending 
point of the plate. All in all, the optimized model achieved 
smaller α and better heat transfer capacity.
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Synergy angle θ

The synergy angle θ between velocity and pressure gra-
dient represents flow resistance, as shown in Fig. 11. The 
synergy angle of the two models is relatively similar. At 
the bend, the fin blocks the flow of coolant, resulting in a 
deviation between the near-wall flow and main flow direc-
tion. Then the θ is larger and the flow resistance is increased 
accordingly. In reality, elsewhere, it is clear that the θ of the 
optimized model is smaller than that of the original model. 
Combined with the pressure distribution in the flow field, it 
can be known that although the pressure drop in the opti-
mized model is larger, a reasonable structure parameter can 
reduce the friction coefficient f.

Synergy angle γ

A comparison of synergy angle γ which characterizes con-
vection intensity and drag reduce, is shown in Fig. 12. As 
is known, a larger γ indicates a better overall heat trans-
fer capacity. So, the performance improvement is shown 
through a relatively large γ obtained by the optimization 
model. It was also found that the γ near the bend of the fin 
was larger than the other locations in plate, indicating that 
major heat transfer was taking place here.

Overall, the optimization model has relatively small 
angle of β and θ indicate more efficient heat transfer. At the 
same time, larger γ values are also decided as better heat 
transfer capacity. The heat transfer mechanism of plate heat 
exchanger can be better understood by the field coordination 
theory, which provides a reasonable basis for the structural 
design.
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Fig. 10   Comparison of synergy angle α 
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Conclusions

In this research, the plate heat exchanger was chosen as 
research object and the plate structure was optimized by RBF 
and MOGA. The optimized structure reduced the coolant tem-
perature by 2.5% and the pressure drop by 40%. The speed of 
optimization has also improved significantly. In general, the 
optimized heat transfer rate of corrugated plate can fully meet 
the performance requirements of heat exchanger, and the field 

synergy number is analyzed. We will combine the heat transfer 
performance of heat exchanger with the economic efficiency of 
processing to optimize the design, in the future study.

Appendix

See Tables 5 and 6, Fig. 13.

Table 5   50 sets of structural 
parameters sample points

Num δ/mm λ/mm β / ◦ t/mm Num δ/mm λ/mm β / ◦ t/mm

1 2.26 18.18 64.38 0.46 26 1.82 10.98 54.08 0.72
2 2.58 17.16 46.62 0.74 27 1.96 13.06 68.16 0.56
3 1.86 13.26 70.6 0.42 28 2.46 19.8 51.74 0.44
4 2.32 15.56 45.32 0.34 29 2.22 8.8 47.64 0.32
5 2.36 10.24 59.82 0.52 30 2.94 18.86 60.94 0.72
6 1.22 12.08 47.2 0.44 31 2.06 16.7 72.76 0.24
7 1.12 9.7 55.9 0.76 32 3 6.12 62.58 0.4
8 1.62 8.12 48.08 0.64 33 2.02 7.26 53.18 0.66
9 1.42 15.32 66.6 0.68 34 2.7 19.24 61.96 0.66
10 2.16 10.1 56.5 0.6 35 1.76 7.98 51.5 0.26
11 2.8 10.42 50.42 0.38 36 2.74 14.18 46.18 0.7
12 2.3 9.16 65.74 0.2 37 1.6 14.78 50.24 0.28
13 1.26 19.68 57.52 0.26 38 1.04 7.66 71 0.3
14 2.5 13.64 67.6 0.58 39 2.42 5.24 53.76 0.32
15 2.68 14.32 71.52 0.78 40 1.9 15.08 58.86 0.48
16 2.12 17.38 63.22 0.34 41 1.04 18.56 49.74 0.22
17 1.66 15.9 68.68 0.76 42 1.12 17.68 49.12 0.56
18 2.6 8.5 67.18 0.8 43 1.7 5.86 55.7 0.5
19 2.84 11.04 57.7 0.54 44 1.96 9.2 58.36 0.38
20 1.54 16.32 60.52 0.28 45 2.56 6.94 69.96 0.68
21 2.84 6.24 61.58 0.6 46 1.48 12.26 73.22 0.5
22 1.3 5.5 74.02 0.22 47 1.34 11.6 69.26 0.64
23 1.6 13.84 72.12 0.72 48 1.78 18.42 52.38 0.58
24 2.88 16.64 63.86 0.52 49 1.36 6.66 74.5 0.36
25 2.16 11.82 54.88 0.46 50 1.46 12.64 64.9 0.46

Table 6   20 sets of contrast 
sample points

Num δ/mm λ/mm β / ◦ t/mm Num δ/mm λ/mm β / ◦ t/mm

1 1 10 55 0.4 10 2 10 45 0.4
2 1.5 10 55 0.4 11 2 10 55 0.4
3 2 10 55 0.4 12 2 10 65 0.4
4 2.5 10 55 0.4 13 2 10 75 0.4
5 3 10 55 0.4 14 2 10 55 0.4
6 2 5 55 0.4 15 2 10 55 0.2
7 2 10 55 0.4 16 2 10 55 0.4
8 2 15 55 0.4 17 2 10 55 0.6
9 2 20 55 0.4 18 2 10 55 0.8
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