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The performance of lithium-ion batteries is affected by the operational temperature
significantly for the new energy vehicles, and should be below 338 K and 5 K,
respectively, in the actual project. An efficient thermal management system is es-
sential for the battery, as it would ensure the safe operation and increase the bat-
tery life. In this study, the liquid cold plate with V-shaped ribs is applied to improve
the heat transfer characteristics for guaranteeing the safe operational temperature
of the battery. Based on the battery thermal models, the accuracy of numerical
simulation through classical experimental correlation is verified, and is adopted
to investigate the effects of different design factors on the heat dissipation of the
battery, including the ribbed shaped, the distance between adjacent ribs and the
inlet velocity of the coolant. The maximum temperature and the temperature dif-
ference of the battery and the pressure drop of the channel are taken as the design
objectives. An orthogonal test and an entropy weighted-TOPSIS method are used
to optimize the results with multi-objective analysis, then the optimal case of design
parameters is obtained. The optimal case for the liquid cold plate is the ribbed
shape of Model 2, the distance between the adjacent ribs of 30 mm and the inlet
velocity of 0.3 m/s. A good balance is achieved between the heat dissipation of the
battery pack and the pressure drop of the channel. The optimal case can reduce
the maximum temperature and the temperature difference of the battery by 7.41 K
and 4.94 K compared with the unoptimized cases, meanwhile the pressure drop is
also effectively controlled.

Key words: lithium-ion batteries, liquid cold plate, V-shaped ribs,
heat dissipation, multi-objective optimization

Introduction

The exhaust emitted from the internal combustion engine vehicles has become a prob-
lem that cannot be ignored with the growing severity of the global energy crisis and environ-
mental pollution [1]. In this situation, the new energy vehicles (NEV) are rapidly developing
due to their advantages, such as environmental protection and energy saving, low noise, simple
and compact structure [2]. It has received wide attention from governments around the world.
The endurance and power performance, reliability and safety of the NEV are directly affected
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by the battery as the core [3]. Operating temperature is the key factor affecting the performance
of the battery [4]. The performance, life and capacity of the battery pack will be reduced by
prolonged operation at high temperatures [5]. In addition, irreversible and destructive electro-
chemical reactions will occur inside the battery [6], when a large amount of heat generated by
the battery cannot be dissipated in time. It results in extensive short-circuiting and thermal run-
away of the battery, and even cause the NEV fires or explosions [7]. Therefore, an efficient
battery thermal management system must be designed and optimized to ensure the battery op-
erates safely and stably within an appropriate temperature range [8].

Liquid cooling is widely applied in the electronic equipment thermal management sys-
tem due to the excellent heat transfer performance [9]. The main types of liquid cooling system
are classified as direct contact and indirect contact. The direct contact is the method that directly
immerses the battery in coolant, and the liquid cold plate (LCP) are used for heat dissipation of
indirect contact types [10]. It is worth noting that the leakage and the corrosion are the drawback
of direct contact type at long-term work, which will be a negative impact for the NEV [11]. There
are the advantages of the LCP, such as compact structure, low cost and safety. Therefore, the LCP
is the main way to be applied in the liquid cooling system of the NEV at present [12].

Optimizing the structural parameters of the LCP is the method that effectively im-
proves the heat dissipation [13]. An experiment was carried out by Zhang et al. [14], on a chan-
nel with the roughness elements. The central focus of their research was on investigating the
influence of the rough elements on the flow and heat transfer characteristic. The result shows
that the thermal performance is improved due to the eddy currents generated near the rough
elements in the channel. In the early research [15], square cross-section straight ribs were
mainly added on the surface of the channel to enhance the thermal performance. With the fur-
ther study of heat transfer in channel with ribs, Kumar et al. [16] investigated the flow and heat
transfer characteristics by deploying the V-shaped ribs in the channel. The most important result
of their study was that the boundary-layer is effectively destroyed and the heat transfer was
improved by the twist tape vortex generated of the V-shaped rib. In the space layout optimiza-
tion, Promvonge et al. [17]. investigated the convective heat transfer of the square-duct with
the V-shaped ribs though a numerical simulation. The conclusions indicated that the secondary
flow is enhanced by enhancing the flow pattern of the original flow region in the channel, and
the convection heat transfer is further enhanced. Thus, the thermal performance of the discrete
V-shaped ribs is higher than the continuous V-shaped ribs. Xu et al. [18] experimentally studied
the influence of different ribbed distance on the heat transfer characteristic and friction in the
channel. They found that the thermal performance can be effectively increased by diminishing
the distance between adjacent ribs, but at the same time the friction was increased. The orthog-
onal test was applied by Zhao et al. [19], researched the influence of the LCP parameter struc-
ture on the heat dissipation of the battery pack. The outcome of their research was that the heat
dissipation of the battery pack was significantly improved by increasing the width and height
of the LCP channel. Wu et al. [20] adopted the entropy weight-TOPSIS method for multi-ob-
jective analysis, the balance of the energy consumption and heat dissipation in the electronic
equipment cooling system was obtained. The design parameter case of the optimizing heat dis-
sipation and reducing energy consumption was obtained. In the previous studies, the channel
with the V-shaped ribs was mostly employed in the large-scale heat exchangers to enhance the
heat transfer [21]. There are few studies on the heat transfer of the small diameter LCP, and the
research was limited to the analysis of a single factor and objective [22]. The multi-objective
analysis coupling with the influence of multi-parameter was still insufficient in the actual engi-
neering project of the battery liquid cooling system, which needs to the further research.
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In this study, the effects of various design parameters for the LCP with V-shaped ribs
on the heat dissipation of a battery pack. Key parameters include the rib shape, the spacing
between adjacent ribs, and the inlet fluid velocity. The design objectives focus on minimizing
the maximum temperature and temperature differences across the battery pack while also re-
ducing the energy consumption associated with pressure drops within the channels. An orthog-
onal test design is combined with the entropy weight-TOPSIS (technique for order preference
by similarity to ideal solution) method to optimize these parameters. This research provides
valuable insights and serves as a reference for the multi-objective optimization parameter de-
sign of LCP with V-shaped ribs for the battery.

Model and methodology

Model

In this study, the battery model is referenced from a practical engineering project [23].
The electrodes and other auxiliary devices are ignored, which can simplify the model to save
the time in numerical simulation. The length d; of 148 mm, a width d2 of 91 mm, and a thickness
ds of 27.5 mm in the battery. The battery pack model consists of twelve single batteries, and
the LCP is deployed underneath the battery pack, as shown in fig. 1. The detailed parameters
of the battery are shown in tab. 1.

AN NI
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d
Inlet
Figure 1. Battery model Figure 2. Liquid cold plate
Table 1. Cell parameter
Parameters Values
Nominal capacity [Ah] 40
Nominal voltage [V] 3.2
dy % dr % d3 [mm] 148 x 91 x 27.5
Density [kgm~] 2160
Specific heat [Jkg™'K™] 1129
Thermal conductivity [Wm™'K™] 1/25/25

The LCP is shown in fig. 2, it including four rectangular flow channels are added with
V-shaped ribs. In the LCP, where d represents the width of the rectangular flow channel, «
represents the angle between the ribs and the wall of the channel, and P represents the distance
between the adjacent ribs, and the parameters of the LCP are shown [24] in tab. 2
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Table 2. Geometric parameters of LCP

Parameters Values
LCP material Aluminum
Plate length [mm] 470
Plate width [mm] 148
Channel width [mm)] 20
Channel thickness [mm)] 6
Rib angle [°] 45
Rib thickness [mm] 1
Governing equations

Battery energy conservation

The heat will be generated by the battery pack during operation [25]. The energy con-
servation equation of the battery will be expressed as:

pbcpﬂzi(ixﬂj+i(ﬂyﬂj+g(lz ﬂj+Q Q)
ot ox ox ) oy oy ) oz oz
where py is the density of battery, c,— the specific heat capacity, and the material of battery is
assumed to be anisotropic, Ax, 4y, 4, are the thermal conduction coefficients [26] of length, width
and thickness in the battery, respectively, T — the temperature, and Q - the heat generation of
the battery.

A large amount of heat is generated by the internal resistance and internal electro-
chemical reaction of the battery when operation for a long time. The equation of the battery
heat generation is [27]:

Q1| (Uoey )7 e @
oT

where | is the current, Uocv and U are the open circuit voltage and operating voltage of the
battery, respectively. The item 1(Uocv — U) is the heat generated by the resistance and other
irreversible reactions. The item IT(6Uocv/0T) is the heat generated by the electrochemical re-
action inside the battery. In general, the heat generated by the electrochemical reaction of the
battery is usually ignored in the studies, because it is far smaller than the heat generated by the
resistance and other irreversible reactions [28]. Therefore, the heat exchange between the bat-
tery and the LCP during operation is expressed as:

A
Q=7(T-T) ®

where A is the contact area between the battery pack and the LCP, A — the thermal conductivity,
Ty and Tp — the temperature of the battery and the LCP.

Liquid cold plate energy equation
The energy equation of the LCP is expressed as:

oT,
ppcp,pgpzv(ﬂ“pv-rp) 4
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where pp is the density of water, c,p — the thermal capacity, v — the inlet velocity, Tp — the
temperature, and Ap— the thermal conductivity.

In this study, water is used as a coolant in the LCP of the battery pack. The continuity,
momentum, and energy equations of the coolant can be expressed as [29]:

V=0 ()
N 25
pc|:E+(VV)V}=pCf —Vp+uvV (6)
o7,
pCCPyCE"_v(pccp,cv-rc):v(lcv-rc) )
The equation for the k- turbulence model can be expressed as [30]:
ok - = —~
pc—-i-V(pckV) :V|:[,u+iJv(k):|+2;utEijz Pt (8)
8t O-k
o R ~ . - 2
e V(e = V| | ut L V() |+2C, £ R ~Cop, )
ot o, k k
k2
M= pccy ? (10)

where Ci, Cy, Cs, ax, and o, are the constants of the model, k — the turbulent kinetic energy, ¢ —
the turbulent dissipation rate, u:— the turbulent viscosity, Ej; — the deformation rate, and V — the
gradient operator.
The equation of channel pressure drop is expressed as [30]:
pecly fpv2
D

where f, is the friction factor, D — the hydraulic diameter of the channel, and L, — the length of
the channel.

AP = (11)

Parameter definition

Nusselt number is a dimensionless parameter that reflects the heat transfer character-
istics of the LCP. An increasing Nusselt number indicates that the convection heat transfer is
becoming more effective. Its equation is expressed as:

hD
NU = TC (12)
q
h=— W 13
A\Nall (Twall _Tm) ( )

where qw is the wall heat flux, Awan — the area of the heat exchange wall of channel, Twan — the
temperature of wall, and T — the average temperature of the fluid:

T =" (14)
Vm
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where v’ is the velocity fluctuation and v — the mean velocity along the mainstream in the
channel.

Boundary conditions and
grid independence validation
Boundary conditions

The commercial software FLUENT
2021R1 and the workstation with 52 cores
are used for numerical simulation in this
study. The calculation of heat transfer is em-
ployed only for the domain composed of the

battery pack, LCP and water to simplify. Itis Figure 3. Different ribbed shapes in the LCP
assumed that the LCP material is homoge-
nous and isotropic, and the fluid is incompressible. The inlet velocity boundary condition and
the outflow boundary condition are considered. The initial temperature of inlet is set to 300 K,
the inlet gauge pressure is set to 0 Pa, and the inlet velocity is set according to the specific
example given. The inner wall of channel is no slip, and the adiabatic boundary condition is
considered for the contact surface with air.

Different ribbed shapes are shown in fig. 3, including the continuous V-shaped ribs
(Model 1), the V-shaped ribs broken and staggered (Model 2), the V-shaped rib truncated on
both sides (Model 3), the V-shaped ribs broken in the middle (Model 4), and the smooth channel
(Model 0). Moreover, P are set to 20 mm, 30 mm, 40 mm, 50 mm, and 60 mm, the inlet v are
set to 0.1 m/s, 0.2 m/s, 0.3 m/s, 0.4 m/s, and 0.5 m/s.

Grid independence validation

As shown in fig. 4, the polyhedral grid is applied in the whole mesh model. The grid
boundary-layer between the solid domain and the fluid domain is refined to obtain more accu-
rate calculation. In addition, the independence of the grids must be verified to ensure the accu-
racy of the numerical simulation. The maximum temperature and the temperature difference of
the battery pack in different grids number are shown in fig. 5. The maximum temperature and
the temperature difference of the battery pack dropped sharply as the number of grids increased
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Figure 4. The mesh model of the battery pack Figure 5. Grid independence validation results
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from 2x10° to 1.13x106. It can be observed that the highest difference corresponding to these
grids is only 0.02 K as the number of grids increases from 1.13x10° to 4.56x10°. It has been
proven that increasing the number of grids enhances the precision of numerical simulation.
However, increasing the number of grids excessively will not significantly improve the accu-
racy, but will greatly increase the time of the numerical simulation. Therefore, the model of
grids number 1.13x10° is used for the numerical simulation in this study.

Results and discussion

The heat dissipation and the maintenance of temperature uniformity are the two
main roles of the LCP for the battery pack. The potential safety hazard for the NEV will be
posed when the operating temperature of the battery pack exceeds safe levels. In actual engi-
neering projects, the maximum temperature and the temperature difference of the battery pack
should be below 338 K and 5 K, respectively, [31] to ensure safe and stable operation of the
battery. In addition, the flow of coolant is driven by the pump to remove the heat of the battery
in the LCP. The consumption of the battery pack will be increased with the workload of the
pump rise, due to the flow resistance in the channel. Therefore, considering the overall effi-
ciency of the NEV, the pressure drop of the channel should be reduced, meanwhile ensuring
that the maximum temperature and the temperature difference of the battery are effectively
reduced.

Model verification

The accuracy of numerical simulation is verified though classical experimental cor-
rection. The Sieder-Tate correlation [32] is generally adopted to calculate the local Nusselt
number for the convective heat transfer of laminar flow in a smooth channel. The equation can
be express as:

1/3

0.14
Nu, =1.86| &P (L) (15)
L /uwall
D
20 The qualitative temperature is the average
ok e fluid temperature T, in the correlation, Twan is
No bSO e Sieder-tate correlation calculated according to the wall temperature, L —
BN the length of the flow channel, and D — the char-
14} ‘x“ acteristic length. The Re is Reynolds number and
&l % Pr is the Prandtl number. The agreement between
. the numerical results and the correlation results
L § L are shown in fig. 6, and the error between the nu-
8t "‘.‘. merical and correlation results is maintained at
Al W about 2%.
“".’"""‘."""
4 , , The effect of the coolant inlet velocity
e el o = B8 In this section, five different inlet veloci-
Figure 6. The result of the simulation and ties are set to investigate the heat dissipation ef-

Sieder-Tate correlation fect of the LCP for the battery pack. The Re =

1846, the flow is laminar [24], and Re = 2769, the k-¢ turbulence model is considered. The
temperature distributions of the battery with different inlet velocity of the coolant are shown in
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Temperature [K]

flg 7. The results of the maximum temperature, T e i |
the temperature dlfference and the pressu re drop 300.00 301.57 303.14 30471 306.20 307.86 309.43 311.00 31257 314.14 31571 317.20 318.86 32043 322.00

with the inlet velocity of the coolant are shown

in fig. 8. It indicates that the maximum tempera- \‘
ture and the temperature difference of the battery v V
pack are decreased with the inlet velocity rising. :

(a) 0.1 ms™ {0) 0.2ms™
The downward trend in the maximum tempera- ) !
ture and the temperature difference is very obvi-
ous when the inlet velocity of coolant varies be-
tween v =0.1 m/s to v=0.3 m/s. It is decreased
from 321.14 K and 6.11 K to 313.88 K and 1.28
K, respectively. This is due to the convective
heat transfer coefficient increases as the inlet ve-
locity increases. Notably, the heat dissipation ef-
fect of the LCP on the battery pack has reached
the actual operating temperature required at v =
0.3 m/s. However, there is a slight downward wosms
trend when the inlet velocity increases further. It Fh'gL;)re 7. The timpe;aéF‘f';e Cont.‘“irs Ofl .
is only respectively reduced by 0.6 K and 0.46 K ¢ Pattery pack with different infet velocity

(©03ms™

(d) 0.4ms™

compared with the v = 0.3 m/s. At the same time, 322 — |2
there is the obvious rising in the pressure drop £ 1 ——aT | i
can be observed as the inlet velocity increases, = *'%% ——aP i § {aE
the energy consumption of the battery pack is & °™° 300 {102 §
also increased. The outcome is that the heat dis- £ 7" 325 & {160 2
sipation of the LCP can be effectively improved £ ., 1260 § 1128 §
by increasing the inlet velocity of the coolant. = ,,,, [ g 1o
However, the temperature of the battery pack not 3120 | i
be reduced infinitely as the increasing of the inlet  s107. = 7=
velocity. It also increases the pressure drop, fur- o7 02 o3 o1 o5 o0
ther increasing the energy consumption of the A ]

battery pack. Excessive inlet velocity of the cool- Figure 8. The maximum temperature,

nt should not be used when considering the ef- ¢ temperature difference, and the pressure
ant 9 drop with different inlet velocity
ficiency of the battery pack.

The effect of the ribbed shape

The fluid will be interfered and the streamline will be changed by the V-shaped ribs
in the channel, and forming the multi-longitudinal swirl [33] and enhancing the intensity of the
second flow. In addition, the fluid flow from the wall boundary region to the core region to
enhance the mixing of fluid. It results in the enhanced heat transfer of the LCP [34]. Therefore,
the difference in the ribbed shape will further lead to different heat transfer characteristics of
the LCP, and affecting the heat dissipation on the battery pack.

The temperature distributions of the battery pack with different ribbed shapes are
shown in fig. 9. The results of the maximum temperature, the temperature difference and the
pressure drop with different V-shaped ribs are shown in fig. 10. It can be observed that the
maximum temperature and the temperature difference of the battery pack on the LCP with
Model 2 are lower than others. The heat transfer of the LCP with Mode 0 is the weakest. The
maximum temperature and the temperature difference of the battery pack with Model 1, which
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——— e 27€ reduced by 1.18 K and 1.03 K compared with

00 0157 0814 3071 002 5788 048 31 318y na s s sew e 20 Model 0. The maximum temperature and the
o = temperature difference of the battery pack with

Model 3, which are 1.07 K and 0.93 K lower

than that of Model 0. The maximum temperature
(a) Model 1 (o) Model 2 and the temperature difference of the battery
pack with Model 4 are 320.53 K and 5.58 K, re-

& spectively, which are 0.61 K and 0.53 K lower

— than that of Model 0. In summary, the LCP with

Model 2 has the greatest heat transfer character-

(¢) Moda! 3 — istic on the battery pack, which can effectively
a achieve the heat dissipation requirements.

‘ . The local Nusselt number distributions of

different ribbed shapes in the same spatial posi-

tion of the channel are shown in fig. 11(a). The
local TI distributions of the different ribbed

=
t23

{

(e) Model 0

Figure 9. The temperature distributions of

the battery pack of different ribbed shapes shapes are shown in fig. 11(b). It can be observed
w4 . thatthe local Nusselt number of Model O is uni-
5L - . . ' formly distributed entirely, and there is no obvi-

{4 ous high heat transfer region, because there is no
effective interference with the fluid in smooth
channel. A high heat transfer region occurs be-
hind the rib when the fluid flows through the rib
of Model 1. Since the secondary flow in these
regions are enhanced by the twisted tape vortex
sa.0y s | [24] generated of the near-rib. There is a low
3185} .. 1., heattransfer region in the boundary region due
ModelO  Model 1 Model2  Model3  Model4 to the presence of the boundary-layer, the sec-
Different ribed shapes -
Figure 10, The maximum temperature, ondary_flow is V\_/eak or _does not generate. The
the temperature difference, and the pressure vortex in the region behind _the rib is weakened
drop with different ribbed shapes due to the effect of shorter rib on the flow struc-
(Confidence level 2%) ture becoming weaker [35]. It results in that the
secondary flow is weakened behind the rib re-
gion. Meanwhile, the secondary flow along the rib from the core region to the boundary region
is weakened in advance. Therefore, the local Nusselt number of Model 3 and Model 4 along
the downstream lower than Mode | remarkably. Notably, the disturbance effect of Model 2 is
stronger than other ribs due to staggered in the channel. The region of vortex is increased at the
downstream of the rib, which effectively enhances the secondary flow, and the heat transfer
characteristics is enhanced with the turbulence intensity increases. The heat transfer is more
uniform as the high heat transfer region can cover the large areas behind the rib in the channel
with Model 2.

The turbulent intensity is effectively enhanced by the ribbed shaped change, which
improves the heat transfer. The maximum temperature of the battery pack is effectively reduced
by the LCP with Model 2, and maintain the temperature uniformity. Meanwhile, the pressure
drop of the channel is increase as the effect of the rib on the flow structure improves. A further
comprehensive analysis is needed to balance the heat dissipation and the energy consumption
of the battery pack.
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Figure 11. (a) Local Nusselt number distributions of different ribbed shapes and

(b) local T1 of different ribbed shapes

The effect of
distance between adjacent ribs

The distance between adjacent ribs reflects
the density of the rib arranged along the main-
stream direction. The heat transfer characteristic
and the pressure drop of the LCP are affected by
the density of ribs. The LCP with Model 2 is em-
ployed to analyze the effect of the distance be-
tween adjacent ribs. The temperature distribu-
tions of the battery pack with the distance be-
tween adjacent ribs are shown in fig. 12. The re-
sults of the maximum temperature, the tempera-
ture difference and the pressure drop with the dis-
tance between adjacent ribs are shown in fig. 13.
It can be observed that the maximum temperature
and the temperature difference of the battery
pack are decreased with the ribbed distance dec-

Temperature [K]

0000 0130 276 2418 658 700 841 WOH NI 2T IAIE NG60 708 65 3000

[ o

) P =30 mm

{

(a) P=20mm (

' 319.23 . 31957

(c) P =40 mm

'319.92.
. (e) P=60mm

Figure 12. The temperature distributions of
the battery pack with different distance of ribs

U

(d) P =50 mm




Wang, Y., et al.: Multi-Objective Optimization of Liquid Cold Plate with ...

THERMAL SCIENCE: Year 2025, Vol. 29, No. 1B, pp. 489-507 499
Togs T “ 17 rease. The maximum temperature and the tem-
& T 0 1za  perature difference are respectively reduced
@ anoss) ——P lis | - from319.92 Kand 5.02 K to 318.37 K and 3.82
8 sl 7% K, as the distance between adjacent ribs from 60
5 5 maa% mm to 20 mm. It can be attributed to shortening
s e 1= | 7 the distance between adjacent ribs, which en-
g sier} l,, 8 ¢ hances the disturbance of fluid between ribs and
£ prevents the development of the boundary-layer.

M 1“0 |.,, The high heat transfer region in the channel is
3183} {28 increased, thus the heat transfer characteristic of
o - o = o ‘5% the LCP is enhanced. In addition, the pressure

Distance between adjacent rbs [mm] drop also increases from 16.06 Pa to 17.42 Pa.

Figure 13. The results of the maximum Therefore, the structural design of the LCP
temperature, the temperature difference, and  should consider the overall efficiency. The en-
the pressure drop of the battery pack with ergy consumption can be reduced by increasing

different distance of ribs the ribbed distance while ensuring the effective

heat dissipation of the battery pack.

Multi-objective optimization

The single factor analysis in section Results and discussion showed that the ribbed
shapes, the ribbed distance and the inlet velocity affect the heat transfer characteristic of the
LCP. It is not possible to improve the heat transfer of the LCP by changing a single design
parameter in the actual project. The orthogonal test is employed to estimate the importance of
the design parameters to the heat transfer of the LCP. In addition, the entropy weight-TOPSIS
method is used to calculate the weights of each design targets from the orthogonal test results,
and the multi-objective analysis is further carried out to obtain the optimal case.

Orthogonal test analysis

The orthogonal test schedule is shown in tab. 3, and the ribbed shape, the ribbed distance
and the inlet velocity are represented as factors A, B, C. The results are shown in tab. 4. The range
analysis results of Tmax, AT and AP are shown in tabs. 5-7, respectively. The greater the R; is the
greater the impact of the factor on the design targets. The equation can be expressed as [36]:

Kij =D T (1= AB.C1 j=12,34) (16)
j=1
Kij :%Kij i=AB,C;j=1234) 17
R; = max(Kj) —min(k;)(i=A,B,C; ] =1,2,3,4) (18)

where i is the design factor, j — the level of design factors, n — the number of levels, and Rj —
the degree of influence of design factors on the result.

The standard deviation, S, is used to reflect the discrete degree of level on the design
targets to quantify the importance of the factor [37]. Its equation can be expressed as:

n

Z(kij ‘1Zn:ku}
| AN (19)
¢ n
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The results show that the Rj and S¢ of design factor C are the largest, and the R; and S¢
of design factor B are the smallest for the maximum temperature and the temperature difference
of the battery pack.

Therefore, the order of design factors affecting the maximum temperature and the
temperature difference of the battery pack are ranked as C > A > B. The influence of the inlet
velocity is the greatest on the maximum temperature and the temperature difference of the bat-
tery pack, while the influence of the ribbed distance is the smallest. Therefore, the optimal
combination of factors is AsBsC1. From this point of view, the parameter combination of Model
2, P =20 mm, v =0.5 m/s. The influence of design factors on the pressure drop also is ranked
as C > A > B, the optimal combination of factors is A1B1C1, the parameter combination of Model
Oandv=0.1m/s.

Table 3. Orthogonal test schedule

Factors
Level A B C
1 0 20 0.1
2 1 30 0.2
3 2 40 0.3
4 3 50 0.4
5 4 60 0.5
Table 4. Orthogonal test results
Number Factors Results
A B C Tmax [K] AT [K] AP [Pa]
1 0 20 0.1 321.14 6.11 15.95
2 0 30 0.3 319.72 5.34 121.38
3 0 40 0.5 318.87 4.86 296.60
4 0 50 0.2 317.6 4.12 48.17
5 0 60 0.4 313.88 1.28 200.14
6 1 20 0.5 313.04 0.67 322.01
7 1 30 0.2 316.34 2.57 51.56
8 1 40 0.4 313.38 0.92 203.89
9 1 50 0.1 319.97 5.08 16.17
10 1 60 0.3 313.84 1.27 123.75
11 2 20 0.4 313.24 0.82 221.30
12 2 30 0.1 318.84 4.1 16.83
13 2 40 0.3 313.73 1.17 125.75
14 2 50 0.5 313.15 0.74 303.69
15 2 60 0.2 316.85 3.69 50.07
16 3 20 0.3 313.69 1.16 128.97
17 3 30 0.5 313.14 0.74 311.88
18 3 40 0.2 316.97 2.03 51.10
19 3 50 0.4 313.45 0.96 197.99
20 3 60 0.1 320.29 5.37 16.13
21 4 20 0.2 316.14 2.35 52.40
22 4 30 0.4 3134 0.92 203.81
23 4 40 0.1 320.31 5.37 16.21
24 4 50 0.3 313.86 1.28 122.14
25 4 60 0.5 313.24 0.81 301.88
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The battery is still in the equilibrium state of continuous heat dissipation to the liquid
cold plate at the end of the numerical simulation. Therefore, the amount of heat transferred by
the battery to the LCP in unit time have been calculated. The heat dissipation values for all the
profiles as shown in tab. 8. The temperature of the battery lower indicates the heat dissipation
effect of the LCP is better. The heat transferred from the battery to the LCP becomes smaller
when the temperature difference between the battery and the liquid cold plate becomes small.
However, the pressure drop of the LCP will be increased when the heat dissipation effect of the
battery pack is better. The pressure drop of the LCP should be reduced, meanwhile ensuring
that the maximum temperature and the temperature difference of the battery are effectively
reduced to considering the overall efficiency of the NEV is the focus of this study. The results
should be further optimized with multi-objective analysis to obtained the optimal case of design
parameters.

Table 5. The Kix, Ri, and Sc of the Tmax

Factors
A B C

Kir 1591.21 1577.25 1600.55

Kiz 1576.57 1581.44 1574.84

Kis 1575.81 1583.26 1571.44

Kis 1577.54 1578.03 1583.90

Kis 1576.95 1578.10 1567.35

kil 318.24 315.45 320.11

ki2 315.31 316.29 314.97

ki3 315.16 316.65 314.29

kia 315.51 315.61 316.78

kis 315.39 315.62 313.47

Ri 3.08 1.20 6.64

Se 1.16 0.46 2.36

Table 6. The Kin, Ri, and Sc of the AT
Factors
A B C

Kii 21.71 11.11 26.03
Kiz 10.51 13.67 10.22
Ki3 10.52 14.35 7.82
Kis 10.26 12.18 14.76
Kis 10.73 12.42 4.90
kil 4.34 2.22 5.21
ki2 2.10 2.73 2.04
ki 2.10 2.87 1.56
kia 2.05 2.44 2.95
kis 2.15 2.48 0.98
Ri 2.29 0.65 4.23
Se 0.90 0.23 1.48
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Table 7. The Kin, Ri, and S. of the AT

Factors
A B C
Kir 1004.26 740.64 81.30
Kiz 717.39 705.46 622.00
Kiz 717.64 693.56 1536.06
Kis 706.08 688.16 253.31
Kis 696.45 691.98 1027.13
kil 200.85 148.13 16.26
ki2 143.48 141.09 124.40
ki3 143.53 138.71 307.21
kis 141.22 137.63 50.66
kis 139.29 138.40 205.43
Ri 61.56 10.50 290.95
Se 23.64 3.85 105.62
Table 8. The heat dissipation values
Number A Fe;sctors C Heat dissipated values

1 0 20 0.1 201.39 J/s

2 0 30 0.3 187.624 J/s

3 0 40 0.5 187.6 J/s

4 0 50 0.2 202.211 J/s

5 0 60 0.4 187.61 /s

6 1 20 0.5 186.26 J/s

7 1 30 0.2 191.2 J/s

8 1 40 0.4 187.453 J/s

9 1 50 0.1 197.87 J/s

10 1 60 0.3 198.005 J/s

11 2 20 0.4 186.526 J/s

12 2 30 0.1 193.77 J/s

13 2 40 0.3 186.32 J/s

14 2 50 0.5 186.87 J/s

15 2 60 0.2 191.42 J/s

16 3 20 0.3 187.13 J/s

17 3 30 0.5 186.99 J/s

18 3 40 0.2 190.23 J/s

19 3 50 0.4 187.2 J/s

20 3 60 0.1 200.15 J/s

21 4 20 0.2 188.85 J/s

22 4 30 0.4 187.53 J/s

23 4 40 0.1 198.91 J/s

24 4 50 0.3 187.58 J/s

25 4 60 0.5 187.7 J/s

Entropy weight-TOPSIS analysis

The entropy weight technique for order preference by similarity to ideal solution
(TOPSIS method) is that approximates the optimal solution by extracting the entropy in the
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data. It can objectively determine the weight among multiple targets and carry out the compre-
hensive analysis [38].

First, the evaluation matrix of TOPSIS is constructed, and the decision matrix of the
evaluation scheme is set as:

X1 X X1
X X coe X

X ="t t=o o (20)
Xmt Xm2 Xmn

The data in the decision matrix is normalized to ensure that all features are equivalent,
so that its value is in [0,1].

The obtained decision matrix is regularized, and the matrix R = (rij)mxn iS Obtained.
The equation can be expressed as:

O (21)

The entropy weight method is used to determine the weight of the target, and the in-
formation entropy of each index is calculated. The equation can be expressed as:

e = L Z pij In(p;) (22)

The difference coefficient of the target can be obtained from the entropy value e,
which can be expressed as:

The weight equation of each design object is determined by the difference coefficient:
d
D
k=1

Relative approximation #;i [39] indicates the degree of approximation between the
evaluation scheme and the positive and negative ideal solutions. The larger ;i is, the closer the
scheme is to the ideal solution. Combined with the weights of each evaluation scheme deter-
mined above, regularization weighting is carried out, and the result is vj; = wijrij. The equation
for calculating the positive and the negative ideal solutions are expressed as:

+ _ H _
S; _glsrrln{vij}n_],z,...,n (25)
Sj :]gls?n{vi-}n =12,...,n (26)

The Euclidean distance between each evaluation scheme and the positive and negative
ideal solution is adopted, and its equation is:
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The equation for calculating the degree of proximity can be expressed as:

L Sd* +Sd.”

(27)

(28)

(29)

It can be observed from the orthogonal test that the influence sequence of factors on
Tmax, AT, and AP is same, all of which are ranked as C > A > B. However, for Tmax and AT, the
best factor combination scheme is AsB1Cs. For AP, the optimal factor combination scheme is
A1B1Ci. The entropy weight-TOPSIS method is applied to analyze the results, to optimize the

design parameters.

The weights of Tmax, AT, and AP are 34.31%, 46.47%, and 19.22%, respectively. The
degree of proximity of the optimal ideal scheme at 25 groups of schemes is further obtained, as
shown in tab. 9. The optimal case for the LCP is the ribbed shape of Model 2, the ribbed distance
of 30 mm, and the inlet velocity of 0.3 m/s. A good balance is achieved between the heat dissi-
pation and the energy consumption in this case.

Table 9. The TOPSIS results

Number Sdi* Sdi ni Rank
1 0.578 0.192 0.250 23
2 0.494 0.154 0.238 24
3 0.470 0.144 0.235 25
4 0.354 0.284 0.445 18
5 0.133 0.518 0.796 9
6 0.192 0.576 0.750 13
7 0.217 0.401 0.649 16
8 0.121 0.555 0.821 6
9 0.478 0.217 0.312 20
10 0.093 0.529 0.851 3
11 0.130 0.564 0.812 8
12 0.383 0.275 0.418 19
13 0.087 0.538 0.860 1
14 0.181 0.578 0.762 10
15 0.306 0.323 0.514 17
16 0.088 0.539 0.860 2
17 0.186 0.568 0.753 12
18 0.205 0.425 0.674 15
19 0.119 0.551 0.823 5
20 0.506 0.205 0.289 21
21 0.197 0.419 0.680 14
22 0.121 0.554 0.820 7
23 0.506 0.205 0.288 22
24 0.093 0.528 0.851 4
25 0.180 0.561 0.757 11
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Conclusions

The LCP with V-shaped ribs is designed in the present study to optimize the heat
dissipation effect of the battery pack. The effects of design parameters of the LCP on the heat
dissipation of the battery pack are analyzed though a numerical simulation, such as the ribbed
shape and the ribbed distance of the LCP and the inlet velocity of the coolant. The optimal
parameter combination is obtained by the multi-objective analysis. The conclusions are as fol-
lows.
¢ The maximum temperature and the temperature difference of the battery pack can be effec-

tively reduced by increasing the inlet velocity of the coolant and reducing the distance be-
tween adjacent ribs. However, the downward trend will slow down, and the flow channel
pressure drop will increase when the inlet velocity exceeds 0.3 m/s and the ribbed distance
increase to 30 mm.

e The effect of heat dissipation of the LCP with Model 2 (The V-shaped rib broken and stag-
gered) is the greatest. The maximum temperature and the temperature difference of the bat-
tery pack are reduced by 1.57 K and 1.4 K, respectively, compared with the smooth channel
of the LCP.

¢ The entropy weight-TOPSIS method is applied to conduct a multi-objective comprehensive
analysis of the results, and the optimal case of design parameters is obtained. The optimal
case of parameters for the LCP is the ribbed shape of Model 2, the distance between adjacent
ribs of 30 mm and the inlet velocity of 0.3 m/s. A good balance is achieved between the heat
dissipation and the energy consumption of the battery pack. The optimal case can reduce
the maximum temperature and the temperature difference of the battery by 7.41 K and 4.94
K compared with the unoptimized cases, and the pressure drop of the channel is effectively
controlled.
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Nomenclature
A — area, [m?] R - range
Cp — specific heat capacity, [Jkg K] Re — Reynolds number
D — hydraulic diameter, [mm] Sdit - distance of positive
d — battery size, [mm] ideal solution
Eij — deformation rate Sdi- - distance of negative
f — friction factor ideal solution
— heat transfer coefficient, [Wm—2K-1] T — temperature, [K]
—current, [A] TI — turbulence intensity
— turbulent kinetic energy U — voltage, [V]
— length, [mm] v — inlet velocity, [ms™]

[

0T >IUUZCRX—=

— Nusselt number
— distance between adjacent ribs, [mm]

Greek symbols

r — Prandtl number o —rib angle, [°]

P — channel pressure drop, [Pa[ £ — turbulent dissipation rate
— pressure, [Pa] ni — degree of proximity
— heat generation of the battery, [W] A — thermal conductivity, [Wm=—K1]
— heat flux, [Wm~?] u — dynamic viscosity, [kgm-s]
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p — density, [kgm=2] Acronyms
; NEV - new energy vehicles
Sub t 0
ubscripts LCP  —liquid cold plate
b — battery TOPSIS — technique for order preference by
c — coolant similarity to ideal Solution
p —plate OCV - open circuit voltage
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