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ARTICLE INFO ABSTRACT

Keywords: Electric vehicles (EV) played an important role fighting greenhouse gas emissions that contributed to global
ICEPAK simulation warming. The construction of the charging pile, which was called as the "gas station" of EV, developed rapidly. The
Charging pile

charging speed of the charging piles was shorted rapidly, which was a challenge for the heat dissipation system
of the charging pile. In order to reduce the operation temperature of the charging pile, this paper proposed a fin
and ultra-thin heat pipes (UTHPs) hybrid heat dissipation system for the direct-current (DC) charging pile. The
L-shaped ultra-thin flattened heat pipe with ultra-high thermal conductivity was adopted to reduce the spreading
thermal resistance. ICEPAK software was used to simulate the temperature and flow profiles of the new design.
And various factors that affected the heat dissipation performance of the system were explored. Simulation results
showed that the system had excellent heat dissipation capacity and achieved good temperature uniformity. Rather
than solely relied on the fans, this new design efficiently dissipated heat with a lower fan load and less energy

heat transfer
Ultra-thin heat pipe
Chip cooling

consumption.

1. Introduction

With the advantages of cleanliness and efficiency, the electric vehicle
(EV) showed great potential in reducing greenhouse gas emissions and
environmental pollution [1]. As early as 2011, the European Union pro-
posed a ban on the sale of traditional fuels vehicle. Then China, France,
the United Kingdom, Norway, and some other countries also announced
deadlines of stopping the production of conventional fuel vehicles. Si-
multaneously, funds and policies were also established to support the
development of EVs [2], hoping to alleviate the global warming trend
[3]. In recent years, the Chinese government had been committed to the
popularization and application of EV [4]. The government had provided
subsidies for the sale of EVs based on vehicle prices and greenhouse gas
emission levels [1, 5]. China had become one of the most active coun-
tries in promoting the development of EVs [6].

EV DC charging piles mainly consisted of the power input modules,
power modules, charging buses, fans, charging control units, electric
energy metering units, and human-computer interaction units, etc. [7].
The progress of the charging pile technology, particularly the charging
speed, was crucial to the development of EVs [8]. On the one hand,
the facilities such as batteries and cables should be updated to meet the

Abbreviations: EV, Electric vehicle; UTHP, Ultra-thin heat pipes.
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needs for fast charging. On the other hand, the heat dissipation system
inside the charging pile should also be improved. However, because the
heat flux density of the new generation of EV DC charging pile could
reach 100 W/cm? [9], the increase in temperature significantly affected
the reliability of the charging module [10]. It was reported that the reli-
ability of electronics was halved for every 10°C increase in the operating
temperature [11]. If the dissipation system was not well designed, the
reliability of electronic devices and the service life could be reduced by
two-thirds [12], and thermal runaway was a severe safety problem [4].

Currently, the heat dissipation design of the DC charging piles for
EVs mainly adopted the forced air convection driven by the fans [13].
However, due to the miniaturization of the chip, the surface for the
heat convection was limited [14]. Therefore, the fans with higher power
were widely adopted for the charging pile cooling. However, the use of
higher power not only increased the energy consumption and operat-
ing costs, but also generated strong noise during the operation. Many
efforts in the field of electronic thermal management have focused on
developing cooling solutions that cater to steady-state operation [10b].
Ryan et al. [15] believed that the heat generation of the cabinet in-
tegrated with multiple chips had reached the limit of the forced con-
vection heat dissipation. There was an urgent need for the design of a
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Nomenclature

z Stress tensor (Pa)

¢ Thermal capacity (J - K~! - kg™!)

P Pressure (Pa)

Pr, Turbulent Prandtl number

K Von Karman constant

I Unit tensor

Sij Mean strain rate

t Time (s)

T Temperature (K)

L, Effective length of the heat pipe (m)

/ Mixing-length (m)

h Sensible enthalpy (J)

Sy Source term for the energy equation

Tyni Uniformity index

S Modulus of the mean rate-of-strain tensor
R, Effective thermal resistance of the heat pipe (K - W™1)

Ky r Turbulent dissipation rate (W -m~! - K~1)
Molecular conductivity (W - K~ - m~2)

u Dynamic viscosity (kg - m~! - s71)

p Density (kg - m™3)

new and efficient heat dissipation system. Many researchers had done
tremendous work to explore high-efficient and feasible electronics heat
dissipation method. In order to improve the power density of electronic
packaging, innovation and improvement in heat transfer were urgent
[16]. The heat pipe, which had an axial high thermal conductivity [17],
was considered to be one of the most efficient phase change heat ex-
changers. The heat pipe owned many good characteristics, such as good
starting performance, compact and flexible geometry design [18], high
heat transfer efficiency, excellent temperature uniformity and high re-
liability [19]. The traditional heat pipes had cylindrical shells, but in
practical engineering, heat pipes were usually compressed into UTHPs
through various technical means to meet the narrow space and struc-
tural requirements for electronic equipment [20]. Aoki et al.[21] pro-
posed a use of a high-temperature redox sintered mesh as the wick for
UTHPs with a thickness of less than 1.0 mm. They made and tested the
heat transfer characteristics of a UTHP with a thickness of 0.7 mm and 1
mm, respectively, and verified that this structure had the high capillary
force to provide the circulating power for the working fluid. Zhou et al.
[22] developed a new UTHP with a helical braided mesh wick, which
not only improved the heat dissipation power of the heat pipe, but also
reduced the weight of the heat pipe by 64.51%. Such UTHP was used
for the heat dissipation of smart phones. They [23] also proposed a new
type of UTHP with a two-hole spiral woven mesh wick, which saved
production costs and achieved the high thermal performance require-
ments of UTHPs. M. Ivanova et al. [24] proposed a flat radial structure
silicon heat pipe, established a one-dimensional two-phase flow model,
and tested the heat transfer performance of the samples. It was found
that the heat transfer power of the modified UTHP was in the range of
50-70 W.

The emergence of ultra-thin flattened heat pipes technology was an
important breakthrough in developing the heat dissipation system of
electronic devices [25]. Its structure (shown in Fig. 1 [26]) consists of
three parts in the length direction: evaporator, condenser, and adiabatic
section, in which the adiabatic passage connects the evaporator and con-
denser [24, 27]. Generally, the thickness of the ultra-thin flattened heat
pipe was less than 2.0 mm [28]. The UTHP was especially suitable for
the heat dissipation of electronic equipment in narrow space. Thus it
could be directly attached to the surface of the electronic components
[29] to cool the heat source. However, few researches reported on the
application of UTHPs to the heat dissipation of the DC EV charging piles.
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Table 1
Dimensions and heating power of each device.

Component name Size(mm) Heating power(W)
Crate 206x470x83 0

PFC capacitor Radius=20;height=50 20

Heating chips 5x140x60 100

Heat dissipation fins 10x140x1 0

In this paper, a numerical model was built to simulate the heat dis-
sipation performance of the charging module with ultra-thin heat pipes
integrated. The simulation model was validated by the experimental re-
sults of a product with the conventional thermal design. To further ex-
plore the factors that influencing the heat dissipation performance of
the charging module, the temperature of the chip under different air
volume rate and fin thicknesses were compared. This research could
provide some useful guidelines for the thermal design of the charging
modules.

2. Computational method
2.1. Geometric model

The geometric model was established based on the 20 kW charg-
ing module of the DC charging pile produced by a company and had
been put into use, as shown in Fig. 2(a). The overall geometric size of
the charging module was 206x470x83 mm?. The shell thickness was 2
mm. The module was equipped with two fans with toal air volume of
134.292 CFM. As shown in Fig. 2 (b), its internal structure consisted a
charging chip, a PFC capacitor, an isolation transformer, an input differ-
ential mode inductance, an input insurance, etc. According to the power
curve of the product, the maximum efficiency of the charging module
could reach 96%. The corresponding module load rate was in the range
of 45%-55%. However, when the module was fully loaded, its efficiency
reduced to 95%. The entire charging pile was equipped with 16 such
charging piles, with a total heat load of 16 kW. It took 2~3 hours to
complete a charge, which meant that the charging module need to be
fully loaded for at least 2 hours, so the heat dissipation problem of the
charging module was imminent. In this simulation, the thermal mod-
eling of each device in the module was carried out under the full load
working condition of the module, as shown in Fig. 3. The dimensions
and heating power of each device were shown in Table 1.

2.2. Numerical model

2.2.1. Governing equations

This simulation was conducted by ANSYS ICEPAK 15.0. The ICEPAK
15.0 software uses the FLUENT 15.0 solver for calculation [30]. The
temperature field distribution inside the module was calculated to study
the heat dissipation problem of the electronics. The modeling results
could directly and quantitatively guide the better thermal design. The
fundamental governing equations, including the continuity, momentum,
and energy conservation equations, were demonstrated below.

Continuity equation

dp .

—+V-u=0 1

5 TV ()]
Momentum equation

2 (pB) =—Vp+ V- (7) +pF + F @

where stress tensor 7 = ul(Vo + V'U'T) — %V -vI], I was the unit tensor,
(Vi + VoT) represented the effect of volume dilation, y represented the
molecular viscosity, F was the other source terms that may arise from
resistances, sources, and so on. The specific parameters were set by the
user independently.
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Fig. 1. The structure of UTHPs.
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Fig 2. (a) The prototype of charging module; (b) the internal structure.
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Fig. 3. The computational model.
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Energy equation (fluid region)

J

E(ph): V[(k+k)VT] +S, 3)
Energy equation (solid region)

2 (phy = V() 4

T

where h was the sensible enthalpy, h= [ c,dT, and T, 7=298.15K;
Tref

k was the molecular conductivity; k, represented the thermal conduc-

tivity due to turbulent transport, k, = c,u,/ Pr;; S, represented any vol-
umetric heat sources.

2.2.2. Turbulence model

In this simulation, the flow volume at the inlet was set as 134.3
CFM with a Reynolds number of 87,317.6. The air was considered as
an incompressible fluid. The zero-equation model [31] based on the
mixing-length theory was selected for the turbulence modeling. The
zero-equation model was selected because it was thought more robust
and accurate to model the cases when the transition from the bound-
ary layer to the mainstream layer was accidental [32]. The turbulent
viscosity was calculated by the following relation

H = pt*S ®)

where the mixing-length / = min(xd,0.09d,,,,), d was the distance from
the wall, and x = 0.419 represented the von Kdrman constant, S =
y/25;;S;; was the modulus of the mean rate-of-strain tensor, and S;; =

ou, %

%(ﬁ + —L) represented the mean strain rate.

ox 7]
2.3. The simplification of the heat pipe

The L-shaped UTHP was made from an 8 mm diameter round heat
pipe with a length of 80 mm, which was flattened to a thickness of
1 mm, a width of 12.3 mm. Because the two-phase flow heat transfer
inside the heat pipe [33] was complex, the heat pipe was simplified to
a solid block with the same geometry and effective anisotropic thermal
conductivities. The thermal conductivity in the thickness direction was
set as 202.4 W/(m+K) [34], which was the thermal conductivity of the
heat pipe body material made by 6061 aluminum alloy. The thermal
conductivity in the heat transfer direction was K, , which was given
by Eq. (6) [35].

Ly
Kepr= AR, 6)
where, L, was the effective length of the heat pipe, A was the cross-
sectional area of the heat pipe. In the study, these values were taken
from the actual size of the heat pipe. R,, was the heat transfer resistance
of the heat pipe, which is measured as 0.238 K/W. The K, ;  of the heat
pipe could be calculated by Eq. (6), which was 28,000 W/(meK) [36].

2.4. Boundary conditions

The ambient temperature was set to 35 °C to make sure the device
could work in most region around the world. Other components, such
as chips and capacitors, were set as blocks with volume heat source. The
fans were given an air volume of 134.3 CFM and set to the velocity-inlet.
The opening was set as a pressure outlet with a relative pressure of 0 Pa.
The module crate was set as an adiabatic wall with a given heat flow of
0 W.

2.5. Validation

The temperature profiles of the numerical model with grid numbers
of 1,360,428, 2,239,482, and 3,370,419 were compared to check the
grid independence. The chips from right to left were numbered as chips
#1-#6, respectively. The temperature profile on the bisecting line in the
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Fig. 4. Mesh independence verification.

height direction of chip #1 was taken as the basis for grid independence
verification. As shown in Fig. 4, it was found that the differences were
less than 3%, and it was considered that the modeling result was grid
independent.

Fig 5

To validate the accuracy of the numerical simulation, the DC charg-
ing pile were tested experimentally. The temperature values during the
charging process were recorded. The temperature was recorded until
the DC charging pile worked for 3.0 hours when it reached the steady
state. The temperature values under the full load were used to vali-
date the simulation result. The experimental and modeling results for
the temperatures of five surfaces in the charging module was compared
(Fig. 6). The average temperatures of the two PFC capacitors were also
compared, as shown in Table 2. The relative errors of each item were
calculated, which were all less than 10%.

3. Results and discussion
3.1. Optimal design of the heat dissipation system

3.1.1. Heat transfer performance enhanced by adding heat pipes

The evaporation section was close to the surface of the chip. The
working fluid in the wick of the evaporation section absorbed part of
the heat, and evaporated into steam and then reached the condensation
section through the adiabatic passage. The steam released heat in the
condensing section and condenses into liquid, and this part of the en-
ergy was transferred to the shell of the charging module through the
condensing area. The working fluid that became liquid passes through
the wick to return to the evaporation section under the combined action
of capillary pressure and gravity to continue the above process. In this
cycle, heat was transferred from the evaporating end of the tube to the
condensing end.

Fig. 7. (a) showed the temperature distribution of the chip surface
under the condition without the heat pipe. The lowest temperature was
45.89°C, the peak temperature was 63.01°C, and the mean temperature
of the chip was 57.15°C. When two L-shaped UTHPs were attached to
the surface of each chip, the minimum temperature of the chip surface
was 35.79°C, the highest temperature was 48.21°C, and the average tem-
perature was 42.82°C. The temperature distributions on the surface of
the chip for the two cases were presented in Fig. 7.(b).

To study the heat dissipation effect of the heat pipe more intuitively,
the temperature profile on the bisecting line in the direction of the chip
height was selected as a reference, as shown in Fig. 8. It was found that
the temperature of the chip was significantly reduced, the peak tem-
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Fig. 5. Grid system of the model.

Table 2
Error analysis of comparison between simulation and experiment.

Fig. 6. Internal ambient temperature verification.

Temperature(°C)

63.9025
60.2897
56.6769
53.0641
49.4513
45.8384
42.2256
38.6128
35.0000

Number of the

measuring point Experiment (°C) Simulation result(°C) Deviation
Steady Max Mean
PFC 116 49.745 45.969 45.347 8.771%
capacitor 46.169 45.417
Ambient 316 42.302 45.953 37.400 6.624%
temperature 46.2023 37.800
61.892 41.900
55.7352  40.900

perature was reduced by 15.35°C compared with the case without heat
pipe, the temperature of the part close to the heat pipe was significantly
reduced, and the local temperature difference reached 26.19°C.

3.1.2. Heat transfer performance variation with the fan air volume rate
In this section, the effect of the influence of the fan air volume on the
heat dissipation performance of the charging module chip was studied.
The simulations were conducted for eight cases with different fan
air volumes, including 74 CFM, 94 CFM, 114 CFM, 134 CFM, 154 CFM,
174 CFM, and 194 CFM, respectively. It could be seen in Fig. 9 that
when the fan’s air volume increased, the temperature of the chip surface

gradually declined. The peak temperature and mean temperature of the
chip under different fan volume rates were shown in Fig. 9. However,
the temperature of the chip was not sensitive to the air volume rate.
With the flow rate increased from 74 to 194 CFM, the temperature of
the chip only decreased by about 1°C. This showed that the traditional
heat dissipation method was low in efficiency and cannot rapidly and
effectively cool down the internal components of the charging module.

In order to describe the heat dissipation situation more clearly. The
temperature of the fin surface with the fan air volume rate was shown
in Fig. 10. The temperature of the fin surface was lower than that of the
chip surface, but their trends were the same. In the part close to the heat
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45.8384
42.2256
38.6128
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Temperature(°C)

48.2323
H: 46.5782
44.9242
43.2702
41.6161
39.9620
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36.6540
34.9999

Fig. 7. (a)The temperature profiles on the surfaces of the chip without heat pipes;
(b) The temperature profiles on the surfaces of the chip with heat pipes.
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Fig. 8. The temperature profiles on the bisecting line of the chip surface.

pipe, the temperature of the fin surface was lower, which was consistent
with the temperature curve shown in Fig. 8. With the increase of the fan
air volume rate, the temperature of the fin surface decreased graduatlly.
The decreasing trend was synchronized with the temperature of the chip
surface.
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|—®— Mean temperature| |
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2
<
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T R T T
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Volumetric flow (c[m)

Fig. 9. Influence of flow rate.

3.1.2. Heat transfer performance variation with the fin thickness

The main function of the fins was to increase the heat exchange area
and improve the heat dissipation efficiency of electronic devices [37].
The simulation was did for different fin thicknesses, including 1.0 mm,
1.5 mm, 2.0 mm, 2.5 mm, 3.0 mm, respectively. The surface tempera-
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Temperature(°C)
41.6370
41.1388
40.6405

38.6476
38.1494
37.6512

(a)

Temperature(°C)

38.5517
38.0667
37.5818

(b)

Temperature(°C)

38.4519
37.9757
37.4994

Temperature(°C)
41.1632

40.6948
40.2264
39.7580

37.8844
37.4160

Fig. 10. The temperature contours of the fin surface with the fan air volume rate of (a)114CFM; (b)134CFM; (c)154CFM; (d)174CFM.

ture of chip #1 was shown in Fig. 11. The peak temperatures of each
cases were draw in Fig. 12 for comparison. It could be found that the
temperature of the chip decreased with the larger fin thickness. The
fin thickness was increased from 1 mm to 3 mm. The peak temper-
ature of the chip was reduced from 48.21°C to 40.47°C. Increase the
fin thickness was more effective to reduce the chip temperature than
increasing the air volume, as described in the previous section. How-
ever, as the fin thickness continued to increase, the heat dissipation ef-
fect would decrease, as shown in the Fig. 13. When the fin thickness
reached 3.5mm, the best heat dissipation effect was achieved. As the
fin thickness continued to increase, the surface temperature of the chip
increased. This was because the increase of fin thickness lead to the nar-
rowing of air flow channel between fins. Then the thermal boundary lay-
ers were disturbed, and the increase of fin thickness would hinder heat
transfer [37].

3.2. Temperature uniformity of the chip

The purpose of thermal management was to ensure the high-
performance and stable operation of electronic devices. The uniformity
of the chip temperature had the significant impact on the service life.
The uniformity index T,,; was introduced to quantify the temperature
uniformity of the chips. The temperature uniformity index was defined
by Eq. (7):

Tpour = T
T = p— )

mean

where T, represented the peak temperature of the chip surface, 7,,,,
represented the lowest temperature of the chip surface, and T,,,, rep-
resented the average temperature of the chip surface. According to the
definition of uniformity index, the smaller the value, the better the tem-
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Fig. 12. The peak temperature of the chip under different flow rate and fin

thickness.
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Fig. 11. The temperature of the chip surface with the fin thickness of (a)1.5mm; (b)2.0mm; (c)2.5mm; (d)3.0mm.
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Fig. 13. The temperature of the chip under different fin thickness.

Fig. 14. Comparison of uniformity index when the flow rate was 134 cfm.
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Fig. 15. The peak temperature of the chip varied with heating power and fin
thickness.
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Fig. 16. The peak temperature of the chip varied with heating power and flow
rate.

perature uniformity of the device [38]. The uniformity index of each
case was summarized in Fig. 14. Since the fan air volume had a small
effect on the heat dissipation, only the modeling results for the case with
a flow rate of 134 CFM were presented. It was found that the hybrid
heat dissipation system proposed in this paper significantly improved
the temperature uniformity of the chip. Compared with the original heat
dissipation method, the temperature uniformity index was reduced by
about 54.3%, which could effectively increase the service life of the chip.

3.3. Overall heat dissipation capacity of the novel design

The peak temperature of the chip were studied with the heating
power increased from 100 W to 450 W. According to the "Off-board bi-
directional charger for electric vehicles general technical requirements"
(Q/GDW 397-2009) formulated by Chinese government, the peak tem-
perature of the chip should be lower than 85°C for safe and stable oper-
ation.

Fig. 14 and Fig. 15 showed the peak temperature of the chip with
different fin thickness and flow rate. According to the analysis in
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Section 3.1.2, when the air volume reached 174 CFM, the temperature
drops of the chip became unsensitive. As expected, the peak temperature
of the chip increased with the heating power. The peak temperature of
the chip increased about 10°C with the heating power increased by 100
W. When the heating power reached 450 W, the peak temperature of
the chip was close to the margin temperature. When the heating power
of a single chip was 450 W, the charging power of the entire module
reached 54 kW, which was much higher than the rated charging power
of the original product. With the increase in charging power, the charg-
ing speed of the module could be enhanced. The new heat dissipation
design can better serve the fast charging of the charging piles Fig 16.

4. Conclusions

The influence of the fin design and flow rate on the heat dissipation
capacity of the heat pipe-fin hybrid heat dissipation system were studied
in this paper. The mathematical model was validated by the experiments
before it was applied for the numerical simulation in this paper. The heat
dissipation performance was evaluated by the peak temperature and
temperature uniformity on the chip surface. According to the simulation
results, the following conclusions can be drawn:

(1) UTHPs could significant enhance the heat dissipation capacity of the
charging module. The peak temperature of the chip was reduced by
about 17.71°C with the introduction of the UTHPs.

(2) The flow rate of the fan exhibited a weak influence on the heat dis-
sipation performance of the charging module. With the flow rate
increased by 20 CFM, the chip temperature reduction was less than
0.5 °C. When the fin thickness was less than 3.5 mm, the chip surface
temperature decreased by 1-2°C with the fin thickness increased by
every 0.5 mm. We could conclude that the heat dissipation effect of
the UTHPs was the best, followed by the thickness of the fins, and
finally the flow rate.

(3) It was found that the hybrid heat dissipation system could signifi-
cantly improve the temperature uniformity of the internal chip of
the charging module. Under the optimal working conditions, the
chip uniformity index was reduced by 0.163, and its temperature
uniformity performance was increased by 54.33%. The new thermal
design could effectively reduce the thermal fatigue caused by non-
uniform temperature distribution.

The charging power of the original charging module increased from

20 kW to 54 kW using the hybrid heat dissipation system. The tech-

nical upgrade of the various accessories of the charging pile would

ultimately increase the charging speed of EVs, making charging more
efficient and convenient.

(4

—

The hybrid heat dissipation system could effectively improve the
heat dissipation efficiency of the charging pile. At the same time, it
had advantages in improving temperature uniformity, fan noise reduc-
tion, and increasing charging speed. Based on the above, the hybrid heat
dissipation system provided a certain reference for the heat dissipation
system design of the charging piles.
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