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Abstract: The electro-hydrostatic actuator (EHA) is a new type of power-by-wire (PBW) actuation
system, which is utilized to realize a more electric aircraft. However, EHA suffers from serious
thermal problems, due to its high integration and high power density. Therefore, a reasonable heat
dissipation structure is an essential method for solving this problem. In this paper, a novel ribbed
honeycomb heat sink (RHCS) developed by combining a ribbed heat sink (RHS) with a honeycomb
heat sink (HCS) is proposed. Moreover, the optimization of heat sink parameters was achieved
by using a multi-objective particle swarm optimization algorithm (MOPSO). Initially, the thermal
resistance and mass models of the HCS were constructed, based on which the optimal structural
parameters of the honeycomb cell were obtained. In addition, the thermal resistance model of RHCS
was constructed using the response surface method, and parameters such as rib spacing, height and
width were obtained based on MOPSO. Finally, the heat dissipation capability of RHCS was verified
using both a simulation and experimental methods, and the results show that the heat dissipation
capability of RHCS is about 15%∼20% higher than that of RHS and 7.4%∼10.3% higher than that of
HCS. The configuration and design method of RHCS proposed in this paper provide a solution for
the thermal design of EHA.

Keywords: electro-hydrostatic actuator; heat sink; multi-objective particle swarm optimization

1. Introduction

The electro-hydrostatic actuator (EHA) is a new type of distributed power actuator
with a high power density, high efficiency and high integration. Generally, it is composed of
a motor, hydraulic pump, accumulator, actuator, controller, etc. [1–4]. EHA is an important
technology path for the realization of more electric aircraft and has been successfully
applied to Airbus A380 and F35 military aircraft [5].

However, the thermal runaway of EHA is an urgent issue that needs to be addressed [6].
The main reasons for the thermal runaway of EHA are the following: (1) EHA eliminates
the central hydraulic source, resulting in a reduction in the specific heat capacity of the EHA
system; and (2) EHA has a small heat dissipation area due to its high integration level. A
higher temperature can lead to the loss of control of the motor and hydraulic system, which
can significantly affect the flight safety of the aircraft [7]. Therefore, producing a reasonable
thermal design is a necessary part of the EHA design process [8].

Adding a heat sink is a simple and effective method to reduce the maximum system
temperature. However, there are more critical restrictions on the installation space and
maximum mass of the EHA. These restrictions make the structural design of the heat sink,
with low mass and efficient heat dissipation, an important area to explore in EHA thermal
design. According to a review of the relevant literature, the current thermal design for EHA
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is mainly through the development of active heat dissipation configurations [9], and the
optimal design method for additional heat sinks is rarely involved.

A heat sink with a ribbed structure is a frequently employed method, the structural
form and parameters of which are important factors affecting the heat dissipation effect.
The ribbed structure usually includes rectangular, trapezoidal, inverted trapezoidal, etc.,
configurations. Under the same heat dissipation conditions, the heat dissipation capacity
of the inverted trapezoidal has been proven to be 10% to 25% higher than the rectangu-
lar, trapezoidal heat dissipation structure [10]. In addition, a detailed optimization of
the structural parameters of the heat sink is required in order to obtain an optimal heat
dissipation performance. Theoretical models of heat dissipation in the case of natural and
forced convection have been developed, and the optimized design of the heat sink has been
completed using theoretical and experimental methods [11]. Furthermore, accurate models
based on finite element analysis and genetic algorithms have been proposed to achieve a
more accurate thermal design of the ribbed heat sink [12]. Meanwhile, a multi-parameter
constrained optimization procedure combining experimental design, a response surface
model, genetic algorithm, hybrid parameter optimization and computational fluid dynam-
ics was developed to complete the optimized design of the heat sink structural parameters,
and the optimized heat sink thermal performance was significantly improved [13,14].

Furthermore, multiple new heat dissipation structures such as pin fin, staggered pin fin,
offset bar fin, and flat perforated had been developed and designed to further enhance the
heat dissipation performance of the heat sink. According to the relevant research, the new-
type heat sinks have a lower thermal resistance and optimal heat dissipation capacity
compared to the traditional ribbed heat sinks [15]. Similarly, the structural parameters
of the novel heat sinks need to be further optimized in order to achieve optimal heat
dissipation. The structural optimization design of the inline cylindrical pin heat sink
has been accomplished based on the constructive theory and the entropy generation
minimization theory, and the results of this study have provided a theoretical basis for the
optimization design of the inline cylindrical pin heat sink [16]. Multi-objective optimization
methods have also been employed to achieve the optimal design of new radiator structural
parameters, such as circular and elliptical [17–20], and have largely improved the design
theory of new radiators.

However, all the above-mentioned studies have some limitations. Firstly, the above
research results were mainly applied to electronic components, and there were relatively
few research results on the optimal design of EHA heat sinks. Secondly, the new heat sinks
such as the pin-fin type proposed above are not fully applicable to aviation EHA systems
due to processing, installation space and other constraints.

Although the above-mentioned studies are not fully applicable to EHA systems, their
research methodologies can be adopted. Therefore, in order to optimize the heat dissipation
of EHA, this paper proposes a novel ribbed honeycomb heat sink (RHCS) based on the
ribbed heat sink (RHS) and honeycomb heat sink (HCS). Moreover, in order to obtain the
optimal parameter combination of RHCS under a specific configuration, the optimized
design of structural parameters is completed based on a multi-objective particle swarm
optimization (MOPSO) algorithm with the optimization objectives of light mass and low
thermal resistance. Finally, the RHCS is proven to have better heat dissipation and a lighter
mass than the traditional RHS and HCS through the use of the finite element simulation
method and experimental verification.

2. Multi-Objective Optimization Design for RHCS
2.1. Structure Design of RHCS

Effective heat dissipation and small mass are important evaluation indicators for heat
sinks. In order to improve the system heat dissipation capacity and reduce the mass of
the heat sink, a novel heat sink combining RHS and HCS sinks was designed, as shown
in Figure 1. As can be seen from the figure, there are many parameters that affect the
mass and thermal resistance of the heat sink, including the length and thickness of the
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honeycomb cells, and the spacing, height and width of the fins. Therefore, this section
begins with the optimal design of the honeycomb cell structure parameters, based on which
the optimization design of the RHCS is further completed.

Figure 1. Structure diagram of RHCS.

2.2. Optimization Design of Honeycomb Cell Parameters
2.2.1. Optimization Model Construction

The structure of HCS can be seen in Figure 2. Assuming the material is uniform,
the mass model can be defined as follows:

mhex = ρvρsLhexWhexHhex, (1)

where mhex is the mass of HCS; Lhex, Whex, and Hhex represent the length, width and height
of the HCS, respectively; ρs is the density of the material; and ρv is the volume ratio of the
solid in HCS, which can be calculated as

ρv = 1−
[

1− thex
lhexct

]2
, (2)

where ct is the shape factor, which is associated with the shape of the honeycomb cell;
and lhex and thex denote the side length and wall thickness of a single honeycomb cell,
respectively.

Figure 2. Structure diagram of HCS.

A single-cycle honeycomb calculation model is constructed along the y-axis for a spe-
cific cross-section in the x-axis direction to analyze the thermal resistance of the honeycomb
heat sink, as shown in Figure 3. Moreover, in order to calculate the thermal resistance more
easily and accurately, the following assumptions were taken into consideration:

• The honeycombs are uniformly and periodically distributed along the y-axis;
• The air temperature in the cross section which is parallel to the y–z plane is the same;
• The surface parallel to the x–y plane is called a parallel surface, and the internal

honeycomb cell surface is called a wrinkled surface;
• The temperature of the upper parallel surface is high.
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Figure 3. A single-cycle honeycomb structure diagram.

The differential equation for the thermal conductivity of the wrinkled wall surface can
be established as follows according to the heat transfer theorem [21,22].

d2Ts(x, ξ)

dξ2 −
2hhex,f

λsthex
[Ts(x, ξ)− Tf(x)] = 0, (3)

where Ts(x, ξ) and Tf(x) represent the temperature of the wrinkled surface and air on the
cross section, respectively; ξ is the local coordinate of the wrinkled surface; λs is the thermal
conductivity of the honeycomb material; and hhex,f is the convective heat transfer coefficient
which can be calculated as follows:

hhex,f =
Nu · λf

Dh
, (4)

where λf is the air thermal conductivity; Dh is the hydraulic diameter of the honeycomb
cell, and, for a regular hexagon, Dh = ahex, ahex is the height of a single honeycomb cell;
and Nu is the Nussle number of the honeycomb cell.

The boundary conditions for the upper and lower parallel surfaces of the HCS are
given as follows: {

−λs
dTs(x,ξ)

dξ |ξ=0 = qloss,

−λs
dTs(x,ξ)

dξ |ξ=cH H = ht
[
Ts(x, ξ)|ξ=cH H−Ta

]
,

(5)

where qloss is the power decrease per unit area of the wrinkled wall surface; cH is the
bending scale factor of the wrinkled wall surface; and ht is the convective heat transfer
coefficient between the lower surface and the air.

Equation (3) can be re-expressed as Equation (6) when we let θ = Ts(x, ξ) − Tf,
m2 = 2hhex,f/λst.

d2θ

dξ
−m2θ = 0, (6)

The general solution of Equation (6) can be expressed as

θ = c1emξ + c2e−mξ , (7)

The temperature distribution of the wrinkled wall surface can be finally obtained as
Equation (8) by combining Equations (5) and (7).

Ts(x, ξ) = Tf(x) + c1emξ + c2e−mξ , (8)
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where c1 and c2 are the coefficients and can be expressed, respectively, as follows:

c1 =
ht[Tf(x)− Ta] +

(
ht

qloss
mλs
− qloss

)
e−mcH H

(λsm− ht)e−mcH H − (λsm + ht)emcH H =
htTf(x) + c4

c3
, (9)

c2 =
qloss
mλs

+
ht[Tf(x)− Ta] +

(
ht

qloss
mλs
− qloss

)
e−mcH H

(λsm− ht)e−mcH H − (λsm + ht)emcH H =
qloss
mλs

+
htTf(x) + c4

c3
, (10)

where Ta is the temperature of the atmosphere; and c3, c4 represent the middle coefficients
which can be defined, respectively, as follows.

c3 = (λsm− ht)e−mcH H − (λsm + ht)emcH H , (11)

c4 = −htTa +

(
ht

qloss
mλs

− qloss

)
e−mcH H , (12)

Therefore, the heat entering the upper parallel surface and exiting the lower parallel
surface underneath per unit length in the x-axis direction can be obtained separately
as follows:

qt = −λst
dTs(x, ξ)

dξ

∣∣∣∣
ξ=0

= qloss · t, (13)

qd = −λst
dTs(x, ξ)

dξ

∣∣∣∣
ξ=cH H

= htt
[

Tf(x) + c1emcH H + c2e−mcH H − Ta

]
, (14)

where qt and qd represent the heat entering and exiting the HCS through the upper and
lower parallel surfaces under the unit and the length in x-axis direction, respectively.
Therefore, the heat entering the air through the wrinkled surface can be obtained according
to Equations (13) and (14) as follows:

qin = qt − qd = qloss · t− htthex

[
Tf(x) + c1emcH Hhex + c2e−mcH Hhex − Ta

]
, (15)

where qin is the heat entering the air through the wrinkled surface underneath per unit
length. The heat entering the air from the upper and lower parallel surfaces is further
known to be

qw = hhex,f(Whex − NscHt){[Ts(x, 0)− Tf]− [Tf − Ts(x, cHH)]}, (16)

where qw is the heat entering the air from the upper and lower parallel surfaces; and Ns is
the honeycomb cell number along the y-axis.

The air temperature change on the cross-section along the x-axis can be obtained based
on the gas energy balance equation by combining Equations (15) and (16).

ṁaircp,air[Tf(x + dx)− Tf(x)] = (Nsγqin + qw), (17)

The air temperature distribution inside the honeycomb along the x-axis can be ex-
pressed as follows:

Tf(x) = (T0 + c12)ec10x − c12, (18)
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where T0 is the HCS inlet air temperature, and c12 is an intermediate variable which can be
obtained as follows:

c5 = −htt− 2h2
t t cosh(mcHHhex)/c3,

c6 = qlosst− 2httc4 cosh(mcHHhex)/c3 − httqlosse−mcH H/(mλs) + httTa,
c7 = hhex,f(Whex − NscHt),
c8 = 2ht[1 + cosh(mcHHhex)]/c3,
c9 = 2c4[1 + cosh(mcHHhex)]/c3 + qloss

(
1 + e−mcH Hhex

)
/(mλs),

c10 = (c5Nsγ + c7c8)/(ṁaircp,air),
c11 = (c6Nsγ + c7c9)/(ṁaircp,air),
c12 = c11/c10,

(19)

where c5 to c11 are the intermediate variables used to calculate c12.
According to Equation (18), the heat dissipation of the HCS can be expressed as follows:

Qair = ṁaircp,air[Tf(Lhex)− Tf(0)] = ṁaircp,air

[
(T0 + c12)ec10Lhex − c12 − T0

]
, (20)

Furthermore, the equivalent heat transfer coefficient of the HCS can be defined as

h̄cv =
Qair

2LhexWhex∆Tm
, (21)

where ∆Tm is the average temperature difference between the HCS and its internal air,
which can be expressed as

∆Tm = c13

[
Ta +

c12

c10Lhex

(
ec10Lhex − 1

)]
+ c14 −

[
Ta +

c12

c10Lhex

(
ec10Lhex − 1

)]
, (22)

where c13 and c14 are intermediate variables which can be represented, respectively,
as follows:

c13 = 1 +
ht

c3
· 2 sinh(mcHH)

mcHH
, (23)

c14 =
c4

c3
· 2 sinh(mcHH)

mcHH
− qloss

mλs
· e−mcH H − 1

mcHH
, (24)

Finally, the equivalent thermal resistance can be obtained as

R̄cv =
1

h̄cvLhexWhex
, (25)

2.2.2. Parameter Optimization Design of the Honeycomb Cell

In order to obtain the optimal parameters for the honeycomb cell, the MOPSO algo-
rithm is adopted. MOPSO is based on the particle swarm optimization algorithm (PSO) and
Pareto theory, and this has many advantages: the optimization problem is less restrictive;
the search process is more inspiring; the search can be spread over the entire space of
the parameter definition domain; and the probability of finding the optimal solution is
greater [23–27]. MOPSO has been widely used in a variety of applications, including neural
networks, machine learning, data mining and adaptive control.

Therefore, the side length lhex and wall thickness thex of the honeycomb cell and the
height of the HCS Hhex are selected as the design variables. Moreover, in order to simplify
the calculation, the numbers of the honeycomb cells are used to represent the height of the
HCS. The range of values is shown in Table 1. Meanwhile, the length, width and basement
height of the HCS are defined as 70 mm, 50 mm and 5 mm, respectively. Furthermore,
the optimization objectives of the HCS can be defined as follows for a certain length, width
and height of the HCS.
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{
f1 = min(R̄cv),
f2 = min(mhex),

(26)

Table 1. Design parameters of HCS.

Design Parameter Symbol Range of Values Unit

Side length of the cell lhex [1, 5] mm
Wall thickness of the cell thex [0.5, 1] mm

Number of cells in the height
direction nhex [1, 3] -

The particle population size is set to 300, the size of the external reserve is set to 120,
and the number of iterations is set to 200 during the simulation. The Pareto front of the
optimization results can be obtained, as seen in Figure 4, according to MOPSO. As shown
in the figure, the range of thermal resistance is 0.2 K/W∼0.8 K/W, and the range of the
mass is 0.03 kg∼0.08 kg. Overall, the changes in the values of thermal resistance and mass
demonstrate an opposite relationship.

Figure 4. The Pareto front of HCS.

It should be noted that the Pareto front is a set of optimized solutions, and how
to select the optimal design parameters from the Pareto front requires further analysis.
Therefore, in order to obtain an optimal set of design parameters in the Pareto front
solutions, a parameter relationship matrix (PRM) for the heat sink is constructed based on
the quality function development (QFD) method [28,29]. The PRM can express the degree
of correlation between each component of the system and the characteristic parameters
of the system. Different system characteristics can use different weight coefficients to
express the overall evaluation index of the system [30,31]. The PRM of the heat sink can be
established as Table 2. The greater the weight of the characteristic parameters in the table,
the greater the importance of the feature parameter to the system. The weight Y indicates
the requirement that the system must satisfy. Generally, the value range of the weight can
be defined as [1, 5]. Moreover, mass is the decisive indicator to determine whether EHA
can be applied, and so its weight value is assigned as 5. The heat dissipation capability is
one of the important and guaranteed methods for the reliability of the EHA system, and its
importance is relatively weak compared with the mass, so its weight value is assigned as 3.

Table 2. The PRM of HCS.

Characteristic Parameters Weight Symbol

Mass mhex 3 δm
Thermal resistance R̄cv 5 δR

Reliability Y -
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Furthermore, the comprehensive evaluation function of the ribbed heat sink can be
constructed as follows, according to the PRM.

F = min f ( fm, fR)

= min
[(

fm

fm0

)γm

+

(
fR

fR0

)γR
]

,
(27)

where F is the comprehensive evaluation function, fm respects the mass, fR is the thermal
resistance, and fm0 and fR0 are the initial values of mass and thermal resistance, respectively,
which can taken as fm0 = 0.2 kg and fR0 = 0.1 K/W. γm and γR are the coefficients
associated with the weight in Table 2, and the expressions of γm and γR can be described as

γm = 1 +
δm + 1

2
= 3, (28)

γR = 1 +
δR + 1

2
= 4, (29)

where δm and δR are the weight values of mass and thermal resistance, respectively.
Finally, the comprehensive evaluation results of each design solution in the Pareto

front set can be obtained as seen in Figure 5. The smallest evaluation result in the figure
can be regarded as the optimal design solution, which is listed in Table 3.

Figure 5. The comprehensive evaluation results of the HCS.

Table 3. Optimal design parameters of HCS.

Design Parameter Symbol Value Unit

Side length lhex 3 mm
Wall thickness thex 0.5 mm

Number of cells in height direction nhex 2.5 -
Length of HCS Lhex 70 mm
Width of HCS Whex 50 mm

Thermal resistance Rth 0.4702 K/W
Mass mfin 0.0683 kg

2.3. Optimization Design of RHCS
2.3.1. Optimization Modeling of RHCS

The other structural parameters of the RCHS, shown in Figure 1, need to be further
optimized, on the premise that the structural parameters of the honeycomb cell have been
optimally designed. In order to complete the optimal design of the RHCS, MOPSO based
on mass and thermal resistance models will continue be employed in this section. However,
it should be noted that the heat transfer characteristic of RHCS is more complex, due to the
fact that it combines the heat dissipation characteristics of both RCS and RHS. To obtain
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accurate heat transfer characteristics, a theoretical model of heat transfer coefficients is
constructed by using the response surface theory [12,13], which is a statistical method used
to solve multivariate problems.

The mathematical model containing the primary term of each significant factor,
the squared term, and the first-level interaction term between any two factors can be
constructed using response surface analysis theory. Furthermore, 17 sets of simulation
experiments are designed, as seen in Table 4, by using the BOX–Behnken method according
to response surface analysis theory. Moreover, in order to simplify the calculation, the num-
ber of honeycomb cells is used to represent the fin height and width with the premise of
obtaining the optimal cell structure parameters. The simulation model is shown in Figure 6.

Figure 6. Temperature simulation model of RHCS.

Table 4. Simulation conditions based on response surface analysis method.

Serial Number

Number of
Honeycomb
Cells in the

y-axis Direction

Number of
Honeycomb
Cells in the

x-axis Direction

Spacing of the
Fins

Convection
Heat Transfer

Coefficient

1 3 1 2 7.3
2 3 5 10 9.24
3 3 5 2 7.53
4 5 3 2 6.14
5 1 1 6 11.05
6 1 3 10 13.88
7 3 3 6 9.49
8 3 3 6 9.5
9 3 3 6 9.51
10 5 1 6 8.82
11 5 5 6 7.42
12 3 3 6 9.52
13 3 1 10 11.17
14 1 3 2 13.87
15 5 3 10 7.01
16 3 3 6 9.48
17 1 5 6 14.05

According to the simulation data obtained from Table 4, the expression of the average
heat transfer coefficient of the RHCS can be obtained as follows:

hhex,fin = 10.48− 2.49nc + 1.66nt + 0.62shex,fin − 0.28ncnt

+ 0.027ncshex,fin − 0.066ntshex,fin + 0.28n2
c − 0.073n2

t − 0.025s2
hex,fin,

(30)
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where hhex,fin is the average heat transfer coefficient; nc and nt represent the number of
honeycomb cell in the y-axis and x-axis direction, respectively; and shex,fin is the spacing of
fins. Furthermore, the thermal resistance of RHCS can be obtained as

Rhex,fin =
1

hhex,fin Ahex,fin
, (31)

where Rhex,fin is the thermal resistance; Ahex,fin is the convection heat transfer area.
In addition, the mass model of RHCS can be expressed as follows according to Figure 1.

mhex,fin = nhex,finρvρsLhex,finchex,finthex,fin + ρsLhex,finWhex,fin
(
chex,fin + dhex,fin

)
, (32)

where mhex,fin represent the mass; nhex,fin is the number of fins; Lhex,fin and Whex,fin represent
the length and width of the RHCS; thex,fin and chex,fin represent the width and height of the
fin, respectively; and dhex,fin represent the basement height.

2.3.2. Parameter Optimization Design of RHCS

The number of honeycomb cells in the y-axis direction nc and in the x-axis direction
nt, as well as the spacing of the fins shex,fin, are selected as design variables with a range of
values, as shown in Table 5. Referring to the optimization method used in Section 2.2.2,
the Pareto front and the comprehensive evaluation result of the RHCS can be obtained
as seen in Figure 7, while Lhex,fin = 70 mm and Whex,fin = 50 mm. As can be seen from
Figure 7, the mass distribution of the Pareto front is between 0.05 and 0.09 kg, and the
thermal resistance is mainly distributed around 0.2 K/W∼1.2 K/W. The value of thermal
resistance decreases gradually with the increase in mass. Furthermore, the optimal design
parameters can be obtained based on the comprehensive evaluation result, as shown in
Table 6.

Table 5. Design parameters of HCS.

Design Parameter Symbol Range of Values Unit

Number of honeycomb cells in the
y-axis direction nc [1, 2] -

Number of honeycomb cells in the
x-axis direction nt [1, 2] -

Spacing of the fins shex,fin [1, 10] mm

Figure 7. The optimization results of RHCS. (left) The Pareto front of RHCS. (right) The comprehen-
sive evaluation results.
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Table 6. Optimal design parameters of RHCS.

Design Parameter Symbol Value Unit

Number of honeycomb cells in the y-axis
direction nc 2 -

Number of honeycomb cells in the x-axis
direction nt 2 -

Spacing of the fins shex,fin 5.4 mm
Width of RHCS Whex,fin 50 mm
Length of RHCS Lhex,fin 70 mm
Base thickness dhex,fin 5 mm

Thermal resistance Rhex,fin 0.4011 K/W
Mass mhex,fin 0.0637 kg

3. Simulation and Experimental Validation

In this section, RHS and HCS have been selected for comparative verification to
demonstrate the improved characteristics of the novel RHCS under the same conditions.
Meanwhile, the optimal structure parameters of the ribbed heat sink, listed in Table 7,
are also obtained using the MOPSO algorithm. As can be seen by comparing the data
in Tables 5–7, the RHCS has a much smaller mass and thermal resistance than RHS and
HCS. Furthermore, simulation and experimental methods are used to verify that the RHCS
possesses better heat dissipation characteristics.

Table 7. Optimal design parameters of RHS.

Design Parameter Symbol Value Unit

Fin height chs 6.5 mm
Fin thickness ths 1 mm
Fins spacing shs 2 mm

Width of RHS Whs 50 mm
Length of RHS Lhs 70 mm
Base thickness dhs 5 mm

Thermal resistance Rth 0.5022 K/W
Mass mfin 0.0783 kg

3.1. Simulation Validation

In order to demonstrate the better heat dissipation effect of the RHCS, the steady-state
temperature contours are achieved and analyzed in this paper. The basement surfaces of the
heat sinks are defined as high-temperature surfaces with a heat flow rate of 2.1× 104 W/m2.
The steady-state temperature contours of the heat sinks are shown in Figures 8–10.

Figure 8. Temperature contour of RHCS.
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Figure 9. Temperature contour of HCS.

Figure 10. Temperature contour of RHS.

Figure 8 clearly reflects the temperature distribution of RHCS under natural convection
conditions. As can be seen from the figure, the temperature distribution of the RHCS is
in a small range [41.79, 41.81] ◦C. Additionally, Figures 9 and 10 reflect the temperature
distribution of the HCS and RHS under natural convection conditions, respectively. As can
be seen from the figures, the HCS and RHS have a higher steady-state temperature range,
[45.14, 46.66] ◦C and [52.26, 52.29] ◦C, respectively.

The temperature cloud shows that the steady-state temperature of the RHCS is about
10 ◦C lower than that of the RHS, as well as 5 ◦C lower than that of the HCS under the
same simulation conditions, which indicates that the novel RHCS proposed in this paper
has better heat dissipation capabilities. Moreover, the multi-optimization method is also to
be proven to be effective.

3.2. Experimental Validation

Furthermore, in order to compare and analyze the heat dissipation effect of the heat
sinks, a steady-state temperature testing experimental device is designed, as shown in
Figure 11. The experimental device consists of three parts: (1) the direct-current power
source; (2) heat sinks; and (3) a heating resistor. To ensure consistency with the simulation
conditions, a single heat-generating power of 50W using a heating resistor is adopted.

The experimental setup is placed in a relatively closed environment, and the steady-
state temperature distribution of different heat sinks is measured using an infrared imager,
as shown in Figures 12 and 13. As can be seen from the figures, the average steady-state
temperature of the RHCS is 34.84 ◦C, while the average steady-state temperature of the RHS
is 41.35 ◦C. This result further verifies that the RHCS has better heat dissipation capabilities.

In addition, it can be found that the steady-state temperature of the heat sinks obtained
from the experimental results is lower than in the simulation results. The reason is that
the experiments are developed in a relatively closed environment; thus, there may be air
flow on the heat sinks’ surfaces. The flow of air leads to an increase in the convective



Processes 2023, 11, 2526 13 of 15

heat transfer coefficient between the radiator and the air, increasing the heat dissipation
capacity of the heat sinks and lowering the steady-state temperature. Although the above
phenomenon occurred, the experimental results can also prove that the RHCS has good
heat dissipation capabilities.

Figure 11. Temperature test experiment for the heat sinks.

Figure 12. Temperature test results for the ribbed honeycomb heat sink.

Figure 13. Temperature test results for the ribbed heat sink.

4. Conclusions

This paper proposes a novel RHCS structure, and the optimal design of heat sink
parameters was achieved by using the MOPSO method. Initially, the optimal design of the
honeycomb cell structure parameters was obtained by using the MOPSO method based on
the thermal resistance model and mass model. Furthermore, the thermal resistance model
of RHCS was established based on the response surface method. Finally, the optimized
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design of its structural parameters was achieved using the MOPSO method. Through
simulation and experimental analysis, it can be observed that the RHCS has a good heat
dissipation effect and a smaller mass compared to the RHS and HCS. The novel heat sink
can solve the contradiction between weight and heat dissipation. In addition, the heat
sink can effectively reduce the temperature of the EHA components and further improve
the reliability of the system, which provides a theoretical basis for the thermal design of
the EHA.
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