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Abstract

As the plateau environment is characterized by low air pressure and low density, it greatly limits the heat dissipation perfor-
mance of high-power electromechanical equipment. Especially for new military combat equipment in China, such as hybrid
armored vehicles, effective heat dissipation of power batteries is essential for their operational viability in intricate plateau
terrains. This paper focuses on the thermal management and heat dissipation attributes of a lithium-ion battery assembly
within a military hybrid armored vehicle stationed at an altitude of 4000 m. Firstly, a comprehensive three-dimensional
thermal model was constructed for the battery unit to establish an air-cooled dissipation framework. Secondly, the effect of
structural parameters of the battery pack, specifically inlet and outlet sizes, quantity, and layouts, on heat dissipation was
investigated. The results indicate that larger air inlet and outlet sizes contribute to better battery pack heat dissipation. And
using two air inlets and outlets not only leads to lower maximum temperatures but also enhances overall temperature uniform-
ity and cell module temperature consistency. Additionally, the forced convective heat transfer was analyzed by investigating
the influence of inlet velocity. It was observed that forced air-cooled is suitable for battery packs with discharge rates below
1.6 C. Strategic optimization of battery pack structural parameters and the adoption of the carrier air-cooled approach can
notably enhance battery cooling efficacy in plateau environments. These insights serve as a blueprint for refining battery
pack designs to bolster heat dissipation performance, ultimately bolstering stability and reliability in plateau environments.
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Introduction

The field of electromechanical equipment spans a wide
array of applications encompassing various aspects of pro-
duction and daily life [1-3]. It finds extensive applications
in mechanical, electrical, abrasive design and manufactur-
ing, automotive industries, as well as testing [4-9]. With
the rapid growth of the economy, an increasing number of
enterprises and industries are recognizing the significance of
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incorporating mechanical and electrical equipment into their
production and operational processes [10—12].

Plateau environment generally refers to elevated regions
above 1500 m above sea level. These areas are character-
ized by low atmospheric pressure, thin air, and substantial
temperature fluctuations between day and night, significantly
differing from those at lower altitudes [13]. The most appar-
ent feature is the reduction in atmospheric pressure. The
dissipation of heat in electromechanical equipment primar-
ily relies on air convection [14]. However, the decrease in
atmospheric pressure leads to a decline in air density and air
flow per unit volume, thereby weakening the convective heat
transfer effect. This poses considerable challenges to the heat
dissipation performance of electromechanical equipment,
ultimately affecting its normal operation and functionality.
Consequently, research into methods for enhancing the heat
dissipation of mechanical and electrical equipment in pla-
teau environments becomes an urgent problem.
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Numerous scholars have conducted research on the heat
dissipation of electromechanical equipment in high-altitude
regions. Steinberg et al. [15] analyzed the performance equa-
tion of printed circuit boards (PCBs) under uniform heat
transfer, considering the effect of air density changes on the
dissipation of heat from electromechanical equipment in
elevated regions. Their findings emphasize the importance
of accounting for air density fluctuations to prevent exces-
sive pressure drops and ensure sufficient airflow for cooling.
Belady et al. [16] examined the influence of altitude on flow
characteristics and heat transfer in equipment, highlight-
ing the role of altitude alterations on fan airflow through
Fan Laws. Hall et al. [17] focused on exploring the effect
of altitude on electronic device heat dissipation, measuring
and comparing the heat source temperature of two identical
PCB boards in two cities with different altitudes through
experimental methods. Xun et al. [18] compared measure-
ment data obtained at high altitudes with those gathered on
the ground, utilizing dimensionless correlation methods to
assess temperature rise changes in high-power electrome-
chanical equipment. Wong et al. [19] investigated the effect
of altitude and changes in wind speed on electronic devices
heat dissipation by constructing a low-pressure wind tun-
nel to simulate environmental conditions in plateau regions.
Esayed et al. [20] evaluated the heat dissipation character-
istics of an air-cooled forced convection system within an
aircraft wing compartment at altitudes ranging from 0 to
12,000 m. Their study also examined the thermal resistance
of the radiator under different fin configurations. Jordi et al.
[21] designed a high-temperature proton exchange mem-
brane fuel cell, demonstrating the effectiveness of cooling
system in maintaining the battery temperature of light UAV's
below 160 °C at altitudes ranging from O to 10,000 m.

The heat dissipation issue in hybrid armored vehicles
arises mainly from the use of lithium-iron phosphate batter-
ies. These batteries produce substantial heat during opera-
tion [22-24], and the battery life would be affected if the heat
could not be discharged in time. There is limited space in
military armored vehicles for special reasons, such as requir-
ing the storage of a substantial amount of military equip-
ment. Due to the low cost and lightweight characteristics of
air cooling, researchers have extensively explored air-cooled
heat dissipation solutions for lithium batteries installed in
hybrid armored vehicles. Xu et al. [25] conducted a simu-
lated air-cooled experiment within the battery compartment,
analyzing heat dissipation under operating conditions of 1
C and a wind speed of 4ms~'. Their findings demonstrate a
reduction of 4.57 °C, 4.3 °C, and 3.65 °C, respectively, in
average temperature, maximum temperature, and tempera-
ture differential within the battery compartment after incor-
porating a guide plate. By introducing a baffle, the air-cooled
effects were enhanced, resulting in improved temperature
uniformity between modules and enabling the modules to
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operate at more suitable ambient temperatures. Xie et al.
[26] investigated the influence of inlet and outlet angles, and
channel width between battery units on lithium-ion battery
pack heat dissipation. Through single-factor analysis and
orthogonal testing, three structural parameters were opti-
mized. The results reveal that optimum cooling performance
was achieved with an inlet angle of 2.5°, outlet angle of 2.5°,
and equal channel width. Additionally, Husam et al. [27]
examined the heat dissipation characteristics of air-cooled
with varying spacing between batteries, specifically from 2
to 6 mm. Their findings indicate that greater spacing leads
to higher average Nussel numbers, thus enhancing heat dis-
sipation performance.

In conclusion, air cooling presents significant advantages
for thermal management of mechanical and electrical equip-
ment in plateau and high-altitude environments due to its
low cost and portability. This paper focuses on the lithium-
iron phosphate power battery pack employed in military
hybrid armored vehicles, investigating its heat dissipation
characteristics and thermal management in a high-altitude
plateau at 4000 m. Besides, this paper mainly evaluates the
performance of lithium-iron phosphate power battery under
air-cooled heat dissipation conditions.

Numerical method
Physical model

Firstly, a three-dimensional geometric model of the lith-
ium-ion battery was established. Due to the intricate inter-
nal structure of the lithium-ion battery, comprising diverse
materials arranged in multiple layers, direct modeling would
prove excessively time-consuming. Therefore, a simplified
model of the battery unit was devised, encompassing the
entirety of the interior structure, while disregarding varia-
tions in heat production within the battery. The lithium-ion
battery model established in this paper is shown in Fig. 1.
For an individual cell (a), the dimensions are as follows:
length—130 mm, width—36 mm, height—185 mm, with a
pole post height of 10 mm. A single battery module encom-
passes nine lithium-ion battery units (b). Utilizing these lith-
ium-ion units as a foundation, an air-cooled heat dissipation
model (c) was formulated for the lithium-ion battery pack. In
this investigation, the dimensions of the battery pack in the
air-cooled thermal model (c) measure 820 mm in length, 424
mm in width, and 265 mm in height. The original air inlet
and outlet ports for airflow are positioned on the transverse
walls on either side of the battery pack, employing a singu-
lar inlet and outlet airflow configuration. Circular inlet and
outlet shapes were regulated, with an initial diameter of 120
mm. The layout dimensions of the battery pack are shown
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Fig. 1 Geometric structure of the battery module. a Single lithium-
ion battery; b lithium-ion battery pack; ¢ 3D diagram of the BTMS

in Fig. 2, while the properties of both the air and battery cell
are detailed in Table 1.

Numerical description

This study employed the CFD method to compute the tem-
perature and flow patterns of the BTMS. The assessment
of cooling performance for each BTMS was based on the
maximum battery temperature (7,,,,) and the greatest tem-
perature differential (A T,,,) across four batteries. Here, bat-
tery temperature denotes the mean temperature of individual
battery cell. Battery thermal management primarily involves
convective heat transfer, with the governing equations out-
lined as follows [28, 29].
Continuity equation:

Vou=0 ey
u indicates the flow velocity vector.
Momentum conservation equation:

—

pd—u =-—Vp+uV? u 2
dt
p and u represent fluid density and dynamic viscosity,
respectively, while p denotes pressure.
Energy conservation equation:

pCp% + V- (pCouT)=V-(kVT) 3)
o Inlet C, and k demonstrate the specific heat and thermal con-
I . 1 ductivity of the fluid, while T denotes the fluid temperature.
3, In this investigation, the value of y* was small, indicating
that the Reynolds number, based on the inlet velocity of the
BTMS, exceeded 3000, reaching 10,566. Consequently, the
3 L0 @ 8 o ) @ flow regime within the BTMS was classified as turbulent.
5 For the calculation of turbulent flow, the standard k- model
y with an improved wall treatment was utilized. The govern-
t ing equations for turbulent flow are delineated as follows
| [30, 31].
| Outlet z - Turbulent kinetic energy equation:
Fig.2 2D diagram of the BTMS
Table 1 Properties of the air Property Air (height at 4000 m) Value
and battery cell
Density/kgm > 0.819 1862.8
Specific heat/Tkg™'K™! 1005 1150
Dynamic viscosity/kgm™'s™! 2.187x10° -
Thermal conductivity/Wm ™K~ 2.304 Ay:0.9:A,
A,:15.3
Initial temperature/K 288.15 288.15
Heat generated of each battery at 1 C/Wm™> - 8650
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Turbulent kinetic energy dissipation equation:
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®
in this equation, #, is turbulence viscosity coefficient, ¢, ¢,
and c, are three empirical coefficients, and oy, o,, and o, are
three constants, the general values are shown in Table 2.

Additionally, the numerical simulations incorporated the
following assumptions. (1) The cooling air was assumed to
be incompressible. (2) Heat dissipation within the battery
pack was solely attributed to the battery discharge process,
treating the heat output of battery module as constant. (3)
Radiation heat transfer emitted by the battery was disre-
garded [32].

Moreover, this study established the battery pack wall
boundary and the surrounding environment as sites of
convective heat transfer. The convective heat transfer coef-
ficient was determined to be 5 Wm 3K ™!, while the ambi-
ent temperature was defined as the maximum daily average
temperature (7 pieny)> S€t at 15 °C for the 4000 m plateau
[33]. The inlet boundary was designated as a velocity inlet
boundary, with the natural convection wind speed set at 5
ms~! in plateau environment, and the air temperature at the
inlet matched the ambient temperature.

Utilizing ANSYS FLUENT, the resolution of flow and
temperature fields was executed, encompassing fluid—solid
coupling for heat transfer, thus demanding the utilization
of the simple algorithm for velocity—pressure coupling. To
harmonize the calculation time and accuracy, the continu-
ity equation was set to achieve a root mean square error of
less than 107, Similarly, for the energy equation, velocity

% 4 pu %E
Por TP T

Table 2 k-e equation constant

C &) (o % O¢ or

1.44 1.92 0.09 1.0 1.3

Fig. 3 Plan view of the battery
pack mesh model. a Internal
grid; b surface grid

@ Springer

components, as well as k and epsilon, the root mean square
error was set to under 107°. The hybrid initialization method
was utilized for simulation initialization, and the calculations
were executed until convergence was attained.

Grid dependence analysis

Fluent meshing was employed to construct the three-dimen-
sional geometric model mesh for air-cooled heat dissipation.
To guarantee mesh quality, convergence, and accuracy, a
polyhedral mesh was utilized. The minimum unit length was
configured at 0.8 mm, while the maximum unit was capped
at 2.8 mm. The mesh diagram of the model is depicted in
Fig. 3.

Grid independence verification was conducted to ensure
that the simulation results remained unaffected by the num-
ber of grids and to conserve computing resources. The grid
independence results are shown in Fig. 4. Under the condi-
tion of 1 C discharge multiplier, the number of grids was
set to 68,563, 194,553, 280,498, and 760,765, respectively.
Upon increasing the grid count from 280,498 to 760,765, the
maximum temperature of the battery pack exhibited a slight
change, approximately 0.75%, falling within an acceptable
margin of error attributable to grid variations. Consequently,
a grid count of 280,498 was deemed sufficient for calculating
all BTMSs in this study.
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Fig.4 Numerical results of grid dependency test
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Validation of the CFD method

To validate the accuracy of the thermal impact model for
the lithium-ion single cell, a structural model validation
for the lithium-ion single cell was conducted. Temperature
measuring points were positioned at the front, side, and
upper surface center points of the power battery. Subse-
quently, the transient thermal impact simulation of the lith-
ium-ion battery monomer was executed, and a comparison
between the simulation and experimental temperatures
[34] at the three measuring points of the battery mono-
mer is presented in Fig. 5. It is evident that the disparity
between the simulated and experimental temperatures at
the three measuring points is below 3 °C, with an error
margin within 10%. Therefore, the effectiveness of the
thermal impact model for the lithium-ion battery monomer
is validated, rendering it suitable for subsequent battery
pack heat dissipation investigations.

45
—— Literature experimental data
—=— Simulation data
O 40
g
g
2
o
Q 35+
1S
@
30
25 T T T T T T T
0 200 400 600 800 1000 1200

Discharge time/s

Results and discussion

Influence of inlet and outlet diameter on heat
dissipation

Based on the dimensions of the transverse wall of the bat-
tery pack, four distinct inlet and outlet diameters (D) were
devised for the investigation of battery pack heat dissipation.
Specifically, D value changes from 120 to 210 mm, with
an interval of 30 mm, with a single inlet and outlet for 1 C
discharge rate. Figures 6 and 7 illustrate the temperature
distribution within the central section of the battery pack
and the relationship between T, and A T,,,, of the battery
module concerning the dimensions of the inlet and outlet of
the battery pack.

Observations indicate significant influence of different
values of D on T,,,, when the inlet velocity is 5 ms™' and
the discharge rate is 1 C. At D, of 120 mm, the T,,, of the
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Fig.5 Variation of battery surface center point temperature with time. a battery front; b battery side; ¢ battery upper surface
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Fig.6 The temperature contours T°C
under different sizes of inlet and 53.1
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battery pack registers 56 °C, whereas at D, of 150 mm, it
drops to 41 °C, a 15 °C decrease compared to D, notably
improving the heat dissipation effect. Furthermore,

with D5 at 180 mm and D, at 210 mm, the T,,, of the
battery pack decreases to 37 °C and 34.7 °C respectively,
which is 19 °C and 21.3 °C lower than that of D,, repre-
senting reductions of 19 °C and 21.3 °C from D, indicat-
ing enhanced heat dissipation with larger inlet and outlet
sizes. However, the influence on heat transfer gradually
diminishes with diameter increase.

In addition, it is evident that battery modules 1 and 4 on
both sides of the battery pack exhibit poor heat dissipation
performance due to inlet and outlet location and air duct
shape. At D, situation, the A T,,, of the battery module
reaches its peak, while overall temperature uniformity of
the remaining three battery packs sees significant enhance-
ment. At the same time, enlarging the diameter of the inlet
and outlet from 120 to 210 mm leads to a decrease in the
AT,,, from 20.4 to 10.7 °C, accompanied by a reduction
in T .. This is attributed to enhanced airflow volume in
the flow channel between battery modules, resulting in

max*
significant T, and A T, reduction.

Fig. 8 Battery pack layout
at different inlet and outlet
numbers

Influence of the number of air inlet and outlet
on heat dissipation

The effect of inlet and outlet numbers on the battery pack
heat dissipation was investigated while maintaining a con-
stant total area for the inlet and outlet. The layout for three
inlet and outlet number configurations depicted in Figs. 8
and 9 showcases temperature contours of the battery pack
with inlet and outlet diameters set at 210 mm, 149 mm, and
121 mm, respectively. Additionally, the bar chart depict-
ing T, and A T, variations of battery modules within
the battery pack with different inlet and outlet numbers is
presented in Fig. 10. Notably, at a discharge rate 2 C and
the inlet velocity of 5 ms~!, as N changes from 1to 3, T,
is 93.8 °C, 88.6 °C, and 94.6 °C, respectively. Moreover,
with Nsetat2, T,,, is 5.2 °C lower than that of under N of
1 and 6 °C lower than that under N of 3. The overall tem-
perature uniformity of the battery pack under N of 2 nota-
bly surpasses that under N of 1 and 3. Therefore, it demon-
strates that a battery pack exhibits optimal heat dissipation
performance with N set at 2, while performance is poorest
with N set at 3. Furthermore, the T, ,, of a battery pack

max

under N of 2 is significantly lower than that under N of 1

(@Q)N=1

(b)N=2

(c)N=3
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Fig.9 The temperature contours T/°C
under different air inlet and 912
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and 3, indicating superior heat dissipation performance.
The T,,,, of the four battery modules in the battery pack is
nearly identical under N of 2, with the overall temperature
uniformity being the best. Conversely, under N of 1, the
A T, between battery modules 2 and 3 is 47.4 °C, while
under N of 2, the maximum temperature difference among

the four battery modules remains consistent. Compared to
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Number of air inlet and outlet/N

Nof 1, the A T, among the four battery modules under N
of 2 is reduced by only 0.2 °C. Therefore, the temperature
uniformity of the battery modules under N of 1 and 2 is
similar. Conversely, the battery pack under N value of 3
exhibits the poorest temperature uniformity, witha A T,
of 51 °C. Therefore, the comprehensive heat dissipation

performance is optimal under N of 2.



Influence of air-cooled heat dissipation on the thermal characteristics and thermal management... 7545

Influence of inlet and outlet air modes on heat
dissipation

Through the above analysis, the number of inlet and out-
let was selected as 2, and battery packs with six inlet and
outlet air modes were designed for further heat dissipation
research. The specific inlet and outlet air types are shown
in Fig. 11.

Aiming at the six different air inlet and outlet configu-
rations of the battery pack, the temperature contours and
velocity charts at 2 C discharge rate are depicted in Fig. 12.
Battery modules are sequentially numbered from 1 to 4,
left to right. The density of the trace reflects the airflow
within the channel. With the first method, airflow is evenly
distributed, albeit with reduced airflow above the module,
resulting in satisfactory overall temperature uniformity
despite limited heat dissipation efficiency and negligible A
Tax- Type 2 demonstrates superior heat dissipation com-
pared to type 1 due to increased airflow, particularly on

Fig. 11 Six different inlet—outlet
types of BTMSs

(a) Type 1

the sides, resulting in poorer heat dissipation for modules
2 and 3. Conversely, type 4 resembles type 1, with limited
airflow between modules, favoring better side heat dissipa-
tion over the middle module. Type 5 experiences airflow
blockage, notably lowering heat dissipation efficiency at
module 4, worsening overall uniformity. Lastly, airflow
velocity of type 6 diminishes between modules, intensify-
ing turbulence in the middle, reducing heat dissipation for
modules 1 and 4. Figure 13 illustrates maximum tempera-
ture and temperature differences among the six layouts,
with maximum temperatures ranging from 88.6 to 93.6 °C.
Type 2 exhibits the lowest maximum temperature, reflect-
ing superior heat dissipation. The maximum temperatures
of the modules vary, with type 1 displaying the smallest
disparities and best overall uniformity. Moreover, maxi-
mum temperature differences range from 42.6 to 50 °C,
with type 5 demonstrating the best uniformity and type 3
the worst. Overall, type 2 boasts the most effective cool-
ing performance, considering maximum temperature and
uniformity.

(b) Type 2

(c) Type 3

(d) Type 4

(e) Type 5

(f) Type 6
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The effect of forced convection wind speed on heat
dissipation

Based on the previous research, the battery pack heat dissi-
pation model of type 2 with the best comprehensive heat dis-
sipation effect was selected as the research model of forced
air-cooled. The battery pack heat dissipation under different
inlet velocities (V,,) was investigated. Inlet velocities range
from 5 to 30 ms™!, incrementing in 5 ms~! intervals. Fig-
ure 14 depicts the corresponding changesin 7,,,, and A T,
within the battery pack with altering inlet velocities.

It is demonstrated that as V,, increases from 5 to 10
ms~!, T of the battery pack decreases by 14.8 °C, and
A T, decreases by 4.1 °C. Conversely, when V;, further
increases from 25 to 30 ms~', the T, experiences only a
3.8 °C decrease, with A T, ,, decreasing merely by 1.8 °C.
The trend indicates that a gradual decrease in 7,,,, and A
T .ax as inlet velocity rises, but the enhancement of battery
pack heat dissipation is gradually weakened. The suggested
temperature range for such lithium-ion batteries typically
extends from 25 to 45 °C [35]. Nevertheless, due to the
limited power of the fan, the inlet velocity of forced air-
cooled cannot be endlessly increased. Consequently, forced
air-cooling suffices to meet the battery pack heat dissipation
requirements at temperatures below a 1.6 C discharge rate.
Beyond this threshold, alternative heat dissipation meth-
ods become necessary to maintain the battery pack within
the optimal temperature range. When the discharge rate is
greater than 1.6 C, additional heat dissipation methods are
required to maintain the battery pack within the optimal tem-
perature range.

Conclusions

In this paper, the lithium-iron phosphate power battery pack
of a military hybrid armored vehicle was selected to study its
heat dissipation characteristics at an altitude of 4000 m on
the plateau. The main conclusions are as follows:

(1) The effect of structure parameters of battery pack was
investigated on its air-cooled heat dissipation perfor-
mance. The results indicate that when there is only
one inlet and outlet, size increasing enhances the heat
dissipation performance. As the inlet and outlet diam-
eters increase from 120 to 210 mm, the maximum
temperature difference of the battery module decreases
from 20.4 to 10.7 °C. This is predominantly due to the
increased convective heat transfer coefficient resulting
from the larger volume of inlet air.

(2) Keeping the inlet and outlet air volumes as constant,
the battery pack achieves optimal heat dissipation per-
formance when there are two inlets and outlets. The
second inlet and outlet configuration, with the air inlet
located at the front of the battery pack and the outlet on
its side, exhibits the most comprehensive heat dissipa-
tion effect. Specifically, the maximum temperature of
the battery pack is 5.2 °C when there are two inlets and
outlets, which is lower than that of one or three inlets
and outlets.

(3) Building upon the second type of inlet and outlet con-
figuration, the effect of inlet velocity for forced air-
cooled was investigated, ranging from 5 to 30 ms™'.
The results demonstrate that higher inlet velocity cor-
relates with lower maximum temperatures of the bat-
tery pack. However, the rate of temperature decrease
gradually slows down as the inlet velocity increases.
Additionally, forced air-cooled heat dissipation can
only maintain the temperature of battery packs within
an optimum range for discharge rates of up to 1.6 C.

Fig. 14 Temperature variation (a) (b)
of battery pack at different inlet 90
velocities ——1.0C——16C 45 ——1.0C——16C
80k ——12C——18C ——12C——18C
—14C 20C 40 - ——14C 20C
70 35 F
O 60} o %or
\é I:
=5 50} <

20

i §
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