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Abstract
In conventional horizontal cold plates, the internal heat generated by the battery pack
cannot be effectively dissipated. The temperature inside the battery pack is significantly
higher than that of the surrounding areas. To address the significant temperature
gradient between the central and peripheral regions of the battery pack, the heat
dissipation method of phase change material-fence liquid cooling was used to analyze
the influence of fence structure, the parallel counter flow coolant arrangements, and the
wrapping method of phase change material on the battery heat dissipation. The results
showed that the parallel-counter flow of coolant can avoid the temperature increase of
the battery with the flow direction. The battery cooling method with the parallel-counter
flow coolant arrangements and fence structure reduces the maximum temperature from
32891 K to 315.86 K compared to the Parallel flow cooling arrangement. The
temperature difference is decreased from 6.47 K to 5.78 K, improving the uniformity

of the temperature distribution. In addition, the temperature uniformity of the battery



module can be improved by adopting a scheme where phase change material is wrapped
around it, reducing the temperature difference from 5.78 K to 4.12 K.
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Nomenclature variables
[  operating current (A) a, the transfer coefficients of|

the cathode

V,. open-circuit voltage (V) n Overpotential (V)
V' operating Voltage (V) P, Density (kg/m?)
i Current density (A/m?) v kinematic  viscosity  of]

water (m?/s)

iop exchange current (A) 0 thermal conductivity of
PCM (w/mxK)
L electrode thickness (m) p the coefficient of thermall

expansion of the fluid

(1/K)
F" faraday constant (96485 C/mol) Subscripts
R general gas constant (8.314 J/molxK) / liquid
C, specific heat capacity at constant pressure s solid

(J/kexk)
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K thermal conductivity of battery (w/mxK)  matrix porous medium

v flow velocity (m/s) eff effective

p Pressure (pa) Acronyms

H Enthalpy LIB lithium battery

T Temperature (K) PCM  phase change material

f, Liquid phase fraction NCM  lithium  nickel  cobalt
manganese oxide

L latent heat of phase transition (J/kg) LFP lithium iron phosphate

Greek symbols NTGK Newman, Tiedemann Gu|
and Kim

a, the transfer coefficients of the anode ECM  equivalent circuit model

1 Introduction

Compared with other batteries, lithium batteries have the advantages of high energy
density, long service life and high cycle time!'?!. Lithium batteries account for more
than 80% of the utilization of power batteries in automobiles. However, the
performance and lifespan of lithium batteries are closely tied to the battery's operating
temperature!>=]. When the temperature is too high or too low!®”), it will accelerate the
battery life decline. Furthermore, power batteries are being designed to be larger and
larger. This makes it harder for internal heat to dissipate, leading to more issues, such
as uneven temperature distribution and rapid local heating. If the battery continues to

operate with excessive temperature differences persisting over time, it will seriously



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

affect the battery's cycle life and performance®!!],

Currently, based on the variations in battery packs and cooling media, the cooling
systems for power battery modules are primarily categorized into three types: air
cooling, liquid cooling, and PCM-based cooling systems. Although air cooling is safe
and simple, the heat capacity and thermal conductivity of air are much lower than many
other mediums, thus air-based systems still face issues with temperature rise and uneven
temperature distribution among cells!'>'4, In PCM-based cooling, phase change
materials with a large specific heat capacity can alter their physical state, a process that
absorbs a large amount of heat!!>17!. Using phase change materials to cool batteries is
highly energy efficient and well suited to various shapes of batteries. However, phase
change materials can only help control the temperature of the battery when they are not
completely melted!!®!°]. The current use of a single phase change material cannot be
adapted to the complex environment of power batteries due to large-scale and high
discharge rates, it may melt into liquid after absorbing heat, leading to a more complex
and dangerous battery pack structure, or even destroy the battery pack structure!?%-2%,

In liquid cooling, which is more efficient due to higher heat transfer coefficient of
water?24 Liu et al.”! found that liquid cooling was generally more effective in
temperature reducing compared to phase-change material, while the latter can lead to
more homogeneous temperature distribution. Therefore, coupling liquid cooling with

PCM cooling can leverage the respective advantages of both thermal management

methods?®28]. Zhang et al.*®! experimentally investigated a large-sized power battery
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module by PCM and bottom liquid cooling techniques, finding that compared with a
single cooling method, the hybrid cooling reduced the maximum battery temperature
and temperature difference. However, this structure can cause temperature
accumulation in the middle part of the battery pack, resulting in uneven temperature
distribution. Bai et al.*%ldesigned a hybrid cooling methods, that liquid cooling is used
in the upper part and phase change material is placed in the lower part between the two
battery cells. This structure can timely take away the heat in the middle of the battery
pack and reduce the temperature difference, but the temperature distribution around the
battery pack is uneven. At 3 C discharge rate, Ping et al.®!! proposed a novel phase
change material-liquid-phase tube coupled thermal management method, suggesting
that the maximum temperature and temperature difference of the battery pack were
47.6 °C and 4.5 °C, respectively. Gao et al.’*] proposed a novel battery thermal
management system that combines composite phase change materials with dual S-
shaped microchannel liquid cooling technology, to enhance the thermal conductivity of
the phase change materials, they added expanded graphite (EG) to paraffin, the
maximum temperature and the maximum temperature difference were 41 °C and 5.9 °C,
respectively. Zhuang et al.l** proposed a hybrid battery thermal management system
(BTMS) that combines phase-change materials (PCM) arranged in a honeycomb
pattern with cooling plates, wax and ethylene glycol are used as the PCM and coolant
respectively, the maximum temperature is 48.5 °C and the maximum temperature

difference is 6.3 °C.
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Most of the aforementioned studies have integrated horizontal cold plates with phase
change materials (PCMs). However, this traditional planar contact method is often
constrained by a restricted heat exchange area. Under high-rate battery discharge or
complex operating conditions, it is prone to issues such as localized overheating and
uneven temperature distribution within the battery pack, thereby limiting the overall
efficiency of the thermal management system. To overcome the heat transfer
bottlenecks of traditional horizontal cooling structures, this research proposes an
innovative multi-dimensional battery thermal management system. This system
features a uniquely designed fence-structured cold plate, a parallel-counter flow coolant
configuration, and a PCMs wrapping technique. Numerical simulations were conducted
using ANSYS to analyze the effects of the discharge rate, cold plate configuration,
coolant inlet velocity, and PCM thickness. Furthermore, rather than relying solely on
macroscopic indicators like maximum temperature and temperature differences, this
study investigates the underlying mechanisms by calculating the heat flux of individual
cells and conducting a variance analysis.

2 Model
2.1 Physical problem

As shown in Fig. 1a, the hybrid cooling method incorporates the fence structure, the
water flows in opposite directions and the wrapping method of phase change material.
The battery pack consists of five individual cells configured in the arrangement

illustrated in Fig. 1b. The fence structure is composed of horizontal cold plate and
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vertical cold plate, as shown in Fig. 1c. The symmetric serpentine channel is selected
as the flow path, compared with the serpentine channel, it has little pressure difference
and low energy consumption**¥1. Meanwhile, the structural design of the symmetric
serpentine channel is more effective in controlling the maximum temperature and the
overall temperature difference of the model. The horizontal cold plate is shown in Fig.

1d, with a size of 148x98x4 mm.

J U
d)

Fig.1 a) Schematic of the hybrid cooling method with liquid cooling and PCM cooling
b) Physical Layout of the Battery Pack c) Schematic of the fence structure d) The
horizontal cold plate

In the case of cold plate cooling applied above and below the battery, the four lateral
surfaces of the battery pack can be effectively cooled by using composite phase change

materials, thereby enhancing temperature distribution uniformity. In this study, to
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enhance the thermal conductivity of the phase change material*®37!, a copper foam -
paraffin composite phase change material was adopted. The thermal conductivity, latent
heat, and specific heat capacity of these materials vary with porosity. By calculating the
properties at different porosity levels, the corresponding thermal parameters are
determined.

Table 1 Specific heat capacity and thermal conductivity at different porosity rates

Specific heat Equivalent specific
Mass fraction
capacity of Thermal heat capacity of
Porosity of copper
composite phase  conductivity composite phase

(%) foam
change materials (W/mxK) change materials
(Y0)
(J/kgxK) (J/kgxK)
70 82 3256 119.8 634
80 66 2039 79.9 761
90 55 1633 40.4 1015
100 0 822 0.156 1770

(The equivalent specific heat capacity of a composite phase change material is the
specific heat capacity of the composite phase change material with respect to time when
the phase change occurs.)

As listed in Table 1, the composite phase change material (CPCM) employed in this
study features copper foam with a porosity of 90%, because the percentage of copper

foam in this material was relatively small (cost savings), but the material has a high
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specific heat capacity, thermal conductivity and equivalent specific heat capacity.

2.2 Battery model

Currently, the batteries predominantly utilized in electric vehicles are lithium nickel

cobalt manganese oxide (LiNixCoyMn,O>, NCM) and lithium iron phosphate (LiFePOs,

LFP) batteries?®®*!. Huang et al.[*%! conducted a comparative analysis of the thermal

runaway (TR) propagation behavior in NCM and LFP modules. Although NCM LIB

exhibits a higher energy density!*!), the duration of thermal runaway and the peak

temperature are significantly higher compared to those of LFP LIB. The battery pack

module consists of 5 single batteries connected in series and the single NCM LIB

parameters are shown in Table 2.

Table 2 NCM LIB parameters

parameters value parameters value
Battery length, Positive Length

width and height 148*28%92 Width 38*18*6

/mm Height/mm
Negative Length,

Nominal capacity
Width and Height 22*18*6 40
/Ah

/mm

Operating voltage
3.65 Weight/Kg 0.83
IV

The electrochemical model of a battery is very complex. Generally, the Bernadine
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equation is used to calculate the heat generation of the battery, which consists of two

parts: Joule heat and reaction heat.

oV,
q:]'(Voc'V)']'T' (1)
Or

Where ¢ is volumetric heat generation rate, / is operating current, V,. is open-

VUC

circuit voltage, V' is operating Voltage, T is absolute temperature, is entropy
heat coefficient.
In this work, the NTGK model in fluent software is adopted to calculate the heat

generation of the battery, which correlates the current with the overpotential of the

battery through an analytical expression:

o,
RT

a.F

”) 'EXP( RT ”)] @

Where j, iy, L, a,, a., F, R, T and 5 represents the current density, exchange

_ o
=2 [EXP (
L

current, electrode thickness, the transfer coefficients of the anode and cathode, faraday
constant, general gas constant, temperature and overpotential, respectively. The NTGK
model can simultaneously calculate the Joule effect and reaction heat of the battery.
Compared with the ECM model which only calculates the Joule heat, the heat
generation rate is more accurate.
2.3 Governing equations

For the square lithium batteries, which is regarded as porous media or solids, and the
energy conservation equation is as follows:

oT
P Coms = V(K T)q 3)

Where p, C,ns and Ky are the density, specific heat capacity at constant pressure
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and thermal conductivity of battery.
The water was selected as the cooling medium in the LIB module. The energy
conservation equation of liquid water within the cooling-plate is as follows:
or 5
—+(»'V)T=aV-T 4)
ot
Where Vv is cross-sectional average flow velocity and o is thermal diffusivity.
The continuity equation of cooling water is shown in equation (5):
V=0 (5)
The momentum conservation equation of cooling water is given as follows:
a{; - - 1 2=
—+('V)v=-=VptyV<vy (6)
ot p
Where p and v is the density and kinematic viscosity of water, Vp is the pressure
drop.

PCM absorbs heat and undergoes a phase change, the energy conservation equation

in PCM can be seen as the following equation:

oH (&*H o°H o0°H
@)

P N\ e e
where p, Hand 6 are the density, enthalpy and thermal conductivity of PCM.
To consider the natural convection effect of PCM materials, the Boussinesq
approximation is applied, which only considers the density change in the term related
to volume force (gravity). While treating density as a constant in all other parts of the
control equation, it results in a buoyancy source term. The equation is as follows:

The density change is very small and can be expressed as:

p=p,[1-B(T-Tp)] (8)
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Where p is the actual density, p, is the reference density at the reference
temperature 7, S is the coefficient of thermal expansion of the fluid.

Simplify the momentum equation in the y-direction to:

O, 0\_ % (T OV, ©)
Po\"3,""3,) 5, "\oa 8.) "%

Usually, the pressure p is decomposed into hydrostatic pressure and dynamic

2
pressure, p=p,*p , and ai}‘f:—pog. The final expression is given in Equation (10):

o, 8\ O, (& &
22 =Py (220 20 L, o 1-B(T- 10
pO(”ax V@) 3, ”(axz o, Pogl1B(T-1To)] (10)

Among them, -p g[1-B(T-Tj)] directly reflects the buoyancy effect driven by
temperature difference.

The foam metal material is filled into the PCM material. The composite phase change
material (CPCM) combines the dual advantages of PCM's high heat storage density and
foam copper's high thermal conductivity.

To consider the flow and melting process of PCM material in a porous medium (foam
metal), the following assumptions are made: 1) The porous medium is rigid, uniform
and isotropic. 2) PCM is incompressible both in solid and liquid states. 3) The flow of
liquid-phase PCM is laminar. 4) Considering natural convection, the Boussinesq
approximation is adopted. 5) Use the assumption of local thermal equilibrium!#?],

The governing equations are as follows.

%

oT
(pcp)eﬂE+(pcp)1v'VT:V'(k6ﬁ"VT)'pl ot (11)

Where v is the Darcy velocity of liquid PCM, L is the latent heat of phase
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transition of PCM, f, is the liquid phase fraction, (pCp)eﬁr is the effective volumetric

heat capacity, the equation is listed as follow:

(pcp)e_{f':d) [flplcp,l+( 1 _fl)ps Cp,s]+( 1 _¢)pmatrix Cp,matrix (12)
0 7<T,
) (13)
™ T, R
1 T>T,

Where ¢ is the porosity of porous media, C, represents specific heat capacity at
constant pressure, the subscripts /, s and matrix respectively represent liquid PCM,
solid PCM and porous medium.

The heat generated within the battery is conducted to its surface and subsequently
dissipated by a cooling medium (e.g., air or liquid coolant). At the solid-fluid interface,
the heat flux balance is governed by the following equation:

aT
—k% = h(T; — Ty) (14)

Where —k Z—; i1s heat flux, h is the convective heat transfer coefficient of the
cooling system, T is the battery surface temperature, Ty is the temperature of the
cooling medium.

2.4 Numerical method and validation

For the battery pack, to simulate the natural convection of the battery pack under the
vehicle, it is set that there is natural convection between the surface of the battery pack
and the environment, with a convection coefficient of 5 w/kxm?. For the liquid cooling

area of the battery pack, the cold plate is made of aluminum, and water is selected as

the coolant. The flow of the coolant adopts the Realizable wall function, and both the
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speed inlet and pressure outlet are used. For the PCM cooling region, due to the use of
the Boussinesq approximation, the overall model needs to be calculated under a
gravitational acceleration of 9.8 m?/s.

Transient simulations of the liquid and phase-change cooling systems were
performed using the pressure-based transient solver in ANSYS Fluent, accounting for
the natural convection of the phase-change material (PCM) and the non-uniform heat
generation of the battery. To accurately capture the phase transition phenomenon, the
energy equation was solved in conjunction with the solidification/melting model.
Furthermore, the SIMPLE algorithm was employed for pressure-velocity coupling, and
a second-order upwind scheme was utilized to discretize both the momentum and
energy equations, thereby enhancing the overall accuracy of the solution.

In the simulation, the model is divided into different mesh numbers, and the
relationship between the maximum temperature and the mesh number is calculated as
shown in Fig. S1.

In Fig. S1, when the mesh number increases from 1591335 to 3992975, the
maximum temperature change range is within 0.08%. If the number of grids continue
to increase, the difference between the results is small, proving the grid independence
of the model.

To verify the accuracy of the lithium battery thermal behavior model, the simulation
results are compared with the experimental data of the maximum temperature at

43]

different discharge rates in ref. 411*¥), the model uses the same boundary and
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thermophysical parameters as those in the experiments**!. The comparison results are
shown in Fig. S2. At different discharge rates, the maximum deviation between the
maximum temperature data of the battery pack experiment and the numerical
simulation does not exceed 1k. The good consistency confirmed the accuracy of the
battery heating model in this study.

For the verification of the PCM cooling model, a 2D model of 100 x 100mm was
established for paraffin and copper foam-paraffin composite phase change materials
(copper foam with a porosity of 98%), respectively. The left side is set as the heating
wall with a heat flux of 1200 w/m?, while the other three sides are adiabatic non-sliding
walls. The simulation results are shown in Fig. S3. Under the same boundary conditions,
The liquid fraction distribution of the phase-change material during melting, obtained
through numerical simulation, showed good agreement with the experimental results
reported by Zheng et al.[**], under the same boundary conditions, due to the influence
of natural convection, the melting speed of the upper part of both materials is faster
than that of the lower part. However, the copper foam in the composite material can
increase the thermal conductivity of the phase change material, making the temperature
distribution of the composite phase change material more uniform than that of the single
phase. Composite materials are more suitable for cooling battery packs.

3 Results and Discussion
3.1 Hybrid cooling arrangement at different discharge rates

The battery pack is operated in a hybrid cooling arrangement. The ambient



261  temperature is 300 K, and the water flow rate is set as 0.1 m/s. The temperature cloud
262  at different discharge rates with the hybrid cooling arrangement are shown in Fig. S4.
263 At different discharge rates, the lowest temperature of the battery pack is located at the
264  water inlet of the lower cold plate. Moreover, as the discharge rate increases, the
265  temperature stratification at the water inlet of the lower cold plate becomes obviously.
266  Fig. 2 is the temperature cloud of the symmetry axis section of the battery pack,
267  indicating that the temperature distribution of the batteries in the middle of the battery
268  pack is very uniform. The temperature stratification mainly occurs on the first battery
269  close to the water inlet of the lower cold plate, while the temperature distribution of the
270  other batteries is relatively uniform. It is attributed to the setting arrangement of the
271  cold plate and the PCM around.
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Fig. 2 Temperature cloud of the symmetry axes (X, y) of battery packs at different
discharge rates

Subsequently, the maximum temperature and temperature difference are extracted

to provide a quantitative assessment of the thermal performance. Fig. 3 showed the
maximum temperature and temperature difference of the battery pack at different
discharge rates in the hybrid cooling arrangement. As the discharge increased from 1 C
to 4 C, the maximum temperatures were 303.62 K, 309.47 K, 314.31 K and 319.51 K,
respectively, with maximum temperature differences of 1.1 K, 2.84 K, 4.12 K and 6.05
K, respectively. It can further be observed from Fig. 6 that, at discharge rates of 3 C and
4 C, the temperature-difference curve exhibits a temporary dip, indicating a slowed
growth trend, whereas no such inflection appears at 1 C and 2 C. This phenomenon is

closely associated with the melting behavior of the PCM, which absorbs a considerable



293  amount of latent heat once its melting temperature is reached.
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299 Fig. 4 Heat flux under hybrid cooling conditions at a discharge rate of 3 C
300 To further elucidate the underlying mechanism, the liquid fraction (LF) contours

301  of'the PCM at discharge rates of 3 C and 4 C are shown in Fig. S5. At lower discharge
302 rates (1 C and 2 C), the heat generation is insufficient to initiate substantial phase
303 transition, so the PCM dissipates heat primarily through sensible heat, and no inflection
304  is observed in the temperature-difference curve. In contrast, at 3 C and 4 C, the PCM

305  undergoes significant melting, and the latent heat absorption effectively suppresses the
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temperature rise, which explains the inflection observed in the AT curves. This confirms
the critical role of the PCM in stabilizing the thermal response of the battery pack under
high-rate discharge.

To further investigate the contribution of each cooling pathway, Fig. 4 presents the
heat flux composition of the five battery cells at a discharge rate of 3 C, decomposed
into three cooling routes: the upper cold plate, the lower cold plate, and the PCM.
Overall, Cell-1 and Cell-5 (the edge cells) exhibit the highest total heat flux, reaching
approximately 20 W/m?, while the middle cells (Cell-2, Cell-3, and Cell-4) show
slightly lower values in the range of 17-18 W/m?. In terms of the cooling pathway
distribution: 1) Edge cells (Cell-1 and Cell-5) rely predominantly on the PCM, which
accounts for more than half of their total heat dissipation (approximately 11-12 W/m?).
2) Middle cells (Cell-2, Cell-3, Cell-4) show a much smaller PCM contribution (less
than 5 W/m?) but dissipate significantly more heat through the lower cold plate
(approximately 7-8 W/m?). 3) The contribution of the upper cold plate remains
relatively uniform across all cells, ranging between 4 and 7 W/m?, with slightly higher
values for Cell-2 and Cell-3.

In summary, Fig. 4 clearly reveals a spatially dependent cooling mechanism: edge
cells dissipate heat mainly through the surrounding PCM, whereas middle cells rely
more heavily on the lower cold plate. This complementary cooperation between the
PCM and the liquid cold plates ensures balanced heat removal across the entire battery

pack and underpins the excellent temperature uniformity observed in the preceding
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analysis.
3.2 Effect of cold plate arrangement

The cold plate is important for heat removing from the battery pack. The arrangement
of the cold plate has a significant impact on the maximum temperature and temperature
difference of the battery pack. In this section, four cases with different arrangement
were considered and simulated. The inlet mass flow velocity is 0.1m/s, the shapes of
the cold plate channels are all symmetrical serpentine and the pipe diameters are 2 mm.
In the four cases, the arrangements of the cold plate are different, but all without PCM
added, as shown in Fig. S6. The four cases differ only in the cold-plate arrangement:

Case 1: a conventional single cold plate placed beneath the battery pack;

Case 2: a single cold plate beneath the battery pack with an added fence structure;

Case 3: two cold plates with fence structure arranged on the top and bottom of the
battery pack, with adopting parallel flow;

Case 4: two cold plates with fence structure arranged on the top and bottom of the
battery pack, with counter-current flow.

Fig. 5 shows the temperature contours of the battery pack under the four cases,
providing a direct view of the spatial temperature field. Comparing Case 1 with Case 2,
the fence structure visibly shrinks the local high-temperature region on the cell surface,
indicating an enhancement of the local heat-extraction capability. From Case 2 to Case
3, the introduction of an additional cold plate on the opposite face of the battery pack

eliminates the strong temperature gradient in the thickness direction and produces a
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markedly more uniform field. Case 4 further smooths the streamwise temperature

gradient: the counter-current arrangement of the upper and lower cold plates

compensates for the coolant enthalpy rise along the flow path, so that no pronounced

hot zone can be identified near the outlet.
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Fig. 5 Temperature cloud diagrams of battery with different setting arrangement

(case 1, case 2, case 3, case 4) at 3 C.

Fig. 6 was the maximum temperature ( Ty,) and the maximum temperature

difference (AT 4, ) under the four cases at 3 C discharge rate. From case 1 to case 4,

the maximum temperatures were 320.72 K, 320.16 K, 316.33 K, and 315.86 K,

respectively, with maximum temperature differences of 5.99 K, 8.2 K, 6.47 K and 5.78
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K, respectively. A counter-intuitive result is observed between Case 1 and Case 2: the
fence structure lowers Ty, by only 0.56 K, yet raises ATy, by 2.21 K. The fence
enhances local convective heat extraction and pulls down the minimum temperature of
the cell surface, but this localized enhancement simultaneously enlarges the spread of
cell-surface temperatures and thus degrades the overall temperature uniformity. From
Case 2 to Case 3, adding a second cold plate on the upper surface of the battery pack
reduces Tyqx by 3.83 K and ATy4, by 1.73 K, demonstrating that increasing the
number of cooling surfaces substantially improves the overall cooling performance.
From Case 3 to Case 4, switching from parallel to counter-current flow further reduces
Tyax by 0.47 K and ATy, by 0.69 K, because the counter-current arrangement
balances the heat-removal capacity between the inlet and outlet ends and suppresses the

streamwise temperature rise.
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Fig. 6 Maximum temperature of the battery under different setting arrangement and
temperature difference of battery with different setting arrangement (Case 1, Case 2,

Case 3, Case 4) at 3 C.

To uncover the heat-transfer mechanism underlying the temperature behavior above,
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the cell-surface heat-flux distributions of the four cases are compared in Fig. 7. The
variance of the heat flux, g7(q), is adopted as a quantitative indicator of heat-
dissipation uniformity at the module level: a smaller g°(q) corresponds to more
consistent heat extraction across the five cells, whereas a larger value implies
pronounced cell-to-cell disparity. Comparing Case 1 and Case 2, g°(q) drops from
1.9724 to 0.9368, a reduction of about 52.5%. This shows that the fence structure not
only enhances the local heat-transfer coefficient but also redistributes the heat flux more
evenly among the cells. The effect of flow direction is examined by comparing Case 3
and Case 4. 02(q) decreases from 1.8417 under parallel flow to 1.2789 under counter-
current flow. As shown in Fig. 7, Case 4 exhibits a flat heat-flux profile across the five
cells, whereas Case 3 shows pronounced fluctuations with a clear disparity between the
cells near the inlet/outlet and those in the middle. This is fully consistent with classical
heat-exchanger theory: under a counter-current arrangement the local driving
temperature difference between coolant and cell remains nearly constant along the
channel, producing a uniform local heat flux; under parallel flow, the driving
temperature difference decays along the channel, leading to uneven heat extraction.
Combining the fence structure with the counter-current flow strategy is therefore an
effective route to reducing o°(q) and enhancing thermal consistency at the module

level.
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Fig. 7 Heat flux of the battery under different arrangement (case 1, case 2, case 3,
case 4) at 3 C.

Notably, in Case 2, the enhancement in heat flux uniformity is accompanied by an
increase in ATy, It indicates that enhancing local heat transfer uniformity does not
guarantee a uniform temperature distribution.

This divergence aligns with classical heat exchanger theory!*¥, which establishes that
thermal and heat transfer coefficient maldistributions are conceptually independent yet
coupled. Although Case 2 homogenizes the local heat flux, the coolant's continuous
sensible heat absorption along the flow path leads to a substantial temperature rise,
which often dominates the overall ATy, in battery cooling*!. Similar trade-offs are
frequently reported in related fields. Studies by Deng et al.[*®! found that improving the
local Nusselt number (Nu) distribution via channel modifications ironically increased
the module's ATy, due to flow redistribution. Chein and Chen!*” found that certain
inlet/outlet arrangements in microchannel heat sinks yield a more uniform h field but a
larger substrate ATy,,. These results collectively confirm that the non-monotonic
coupling between o?(q) and ATy, isa generic feature of liquid-cooled systems, not

an isolated artifact of the present geometry.
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3.3 Effect of the water flow velocity

The water flow velocity is an important factor affecting the cooling performance of
the cold plate when using liquid cooling. In this section, four inlet velocities ranging
from 0.1 m/s to 1 m/s were selected to study their influence on the cooling performance
of cold plates at 3 C discharge rate.

The temperature distribution of battery under different flow velocity at the end of the
discharging was shown in Fig. 8. The temperature distribution difference of the battery
pack becomes increasingly large with the increase of water flow velocity. Meanwhile,
the lowest temperature of the battery pack is in the water flow inlet area, the highest
temperature occurs at the battery pack electrodes, and color stratification appears at the

bottom and top of the battery pack.

V=0.3m/s v=0.5m/s v=1m/s

Fig. 8 Temperature distribution of battery under different flow velocity

The maximum temperature and temperature difference is shown in Fig. 9, as the
water flow velocity increased from 0.3 m/s to 1 m/s, the maximum temperatures were
311.3 K, 309.25 K and 307.38 K, respectively, with maximum temperature differences
of 6.23 K, 5.82 K and 5.17 K, respectively. By comparing the maximum temperature,

it can be found that as the water velocity increases, the maximum temperature
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continuously decreases, but the extent of the decrease becomes smaller and smaller. By
observing the temperature difference curve, from the start of discharge to 500 seconds,
the maximum temperature difference increases with the increase of water flow velocity.
However, in Fig. 9, the maximum temperature difference at water velocities of 0.5 m/s
and 1 m/s is lower than that at 0.1 m/s. It is because that at a higher water flow rate, the
maximum temperature of the battery pack is close to the ambient temperature and water

temperature.
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Fig. 9 The maximum temperature and temperature difference of the battery under
different flow velocity
Pressure drops under different flow velocity are shown in Table 3 and Fig. S7. The
water flow velocity increased from 0.1 m/s to 1 m/s, and the pressure drop rose from
196 pa to 4086 pa. As the water velocity increased, the pressure drop rose rapidly.
From the above analysis, it can be seen that a higher water flow rate can reduce the
maximum temperature of the battery pack. However, as the water flow rate increases,

it intensifies the uneven temperature distribution of the battery pack, and the pressure

drop increases rapidly, consuming a large amount of energy. Therefore, when choosing
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the water flow velocity, the relationship among the maximum temperature, temperature
distribution and pressure drop should be taken into consideration. In this study, it is
more appropriate to choose the water velocity of 0.1 m/s.

Table 3 Pressure drop under different flow velocity.

Flow velocity (m/s) 0.1 0.3 0.5 1

Pressure drop (pa) 196.4599 773.4367 1558.94  4086.132

3.4 Effect of the PCM thickness

The arrangement of the cold plate takes away most of the heat from the battery pack.
Due to the different heat transfer coefficients of the cooling medium, there is still a
temperature difference in the area around the battery pack that comes into contact with
the cold plate. To further reduce the temperature difference, the PCM is around the
battery pack. This section examines the effect of PCM thickness on the hybrid cooling
system performance at a water velocity of 0.1 m/s and 3C discharge rate. When the
thickness of the PCM changes from 1 mm to 4 mm, the maximum temperature and
temperature difference are shown in the Fig. 10.

As the thickness of the PCM increased from 1 mm to 4 mm, the maximum
temperatures were 314.43 K, 314.31 K, 313.73 K, and 313.32 K, respectively, with
maximum temperature differences of 4.16 K, 4.12 K, 3.9 K, and 3.71 K, respectively.
As the thickness of the PCM increases, both the maximum temperature and the
temperature difference of the battery pack decrease. From 1 mm to 4 mm, the maximum

temperature drops by 1.1 K and the maximum temperature difference decreases by 0.5
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K. As the thickness of the PCM increases, both the maximum temperature and the

maximum temperature difference of the battery pack decrease, but the decrease is very

small. Compared with liquid cooling, phase change cooling contributes less to reducing

the maximum temperature, but it makes a significant contribution to maintaining a

uniform temperature distribution.
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Fig. 10The maximum temperature and temperature difference of the battery at

different PCM thickness

The liquid fraction of the PCM and the temperature cloud map is also shown in Fig.

11 and Fig. 12. As the thickness of the PCM increases, the temperature distribution of

the battery pack becomes more uniform (the color of the cloud map is more consistent),

but the liquid fraction of the PCM gets lower and lower, and the utilization rate

decreases. Therefore, a thickness of 2 mm is more appropriate.
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Fig. 12 The temperature cloud map at different PCM thickness

4 Conclusion

A hybrid cooling method with PCM and liquid cooling for lithium battery packs was
proposed to improve the thermal performance of LIB battery pack. Under the hybrid
cooling method, the battery pack was discharged at 3 C rate, with a maximum
temperature of 313.31 K and a maximum temperature difference of 4.12 K, both
reaching the optimal temperature range of the battery pack. Meanwhile, the influence
of the cold plate setting arrangement, liquid flow velocity and PCM thickness were
studied. The fence structure and the water flows in opposite directions can control the
maximum temperature and the maximum temperature difference at 315.86 K and 5.78
K respectively. Meanwhile, the color of the temperature cloud map is more uniform. As

the water flow increases, the maximum temperature drops and the temperature
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difference widens. Considering factors such as pressure drop comprehensively, the flow
rate is selected as 0.1 m/s. Liquid cooling has a higher heat dissipation capacity than
PCM cooling, but the temperature uniformity of PCM cooling is better. As the thickness
of PCM increases, both the maximum temperature and the maximum temperature
difference decrease, but the liquid fraction of PCM reduces. Considering all factors, a
thickness of 2 mm is selected.
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