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As one of the key components of electric vehicles, the enhancement of the performance of the
power battery is closely intertwined with an efficient Battery Thermal Management System
(BTMS). In the realm of BTMS, Flat Heat Pipes (FHP) have garnered considerable attention due to
their lightweight structure and excellent thermal conductivity. Thus, a BTMS configuration
scheme based on FHP is proposed in this study. Utilizing orthogonal design and fuzzy grey
relational analysis as the evaluation methods, coupled with numerical simulations, an investi-
gation into the influence of four structural parameters of the novel biomimetic fins (namely, the
diameter, height, spacing of protrusions, and height of cooling fins) on the temperature distri-
bution of the battery pack is conducted. The research findings indicate that to maintain the
battery within an optimal operational temperature range, the optimal dimensional parameters
should be controlled at 17.5 mm, 4 mm, 13 mm, and 90 mm, respectively. Subsequent sensitivity
analysis reveals that the height of the protrusions exhibits the most significant influence on the
maximum temperature of the module, whereas the height of the cooling fins exerts a considerable
impact on the consistency of the module temperature. The optimized maximum temperature is
determined to be 36.52 °C, with a temperature difference of 2.65 °C.
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(continued)
P Density(kg/m®)
y Thermal conductivity(W/(m-K))
a Mass fraction(%)
u Dynamic viscosity(Pa-s)
v Vapor
Subscripts and superscripts
b battery
v volume
e evaporation
cl condensation
1 liquid
E energy
a air
Acronyms
BTMS Battery Thermal Management System
FHP Flat Heat Pipes
PCM Phase Change Materials
CFD Computational Fluid Dynamics
LCP Liquid cooling plates
GRA Grey Relation Analysis
ocv Open Circuit Voltage
DOD Depth of Discharge

1. Introduction

With continuous progress in both economy and technology, issues such as energy shortages, climate warming, and environmental
pollution are increasingly severe [1]. Measures are being taken by countries worldwide to promote the use of clean energy to replace
the combustion of fossil fuels [2,3]. Electric vehicles, as environmentally friendly transportation products, have received widespread
attention. Lithium-ion batteries, due to their high energy density and long cycle life, have become the most widely used type of power
battery [4-6]. However, the performance of lithium-ion batteries is closely related to their operating temperature [7]. In electric
vehicles, where batteries are numerous and densely packed, the heat generated during operation is difficult to dissipate rapidly and
uniformly. This not only leads to elevated battery operating temperatures and significant temperature differentials but also increases
the risk of thermal runaway and capacity degradation due to improper thermal management [8]. For lithium-ion battery packs, the
optimal operating temperature ranges from 25 °C to 40 °C, with a temperature differential of less than 5 °C [9]. Consequently,
configuring an appropriate battery thermal management system is crucial for maintaining optimal battery performance and preventing
thermal instability and capacity loss [10].

The classification of Battery Thermal Management Systems (BTMS) is based on their cooling techniques, which can be categorized
into two main types: active cooling and passive cooling [11]. Active cooling techniques primarily encompass methods such as air
cooling, liquid cooling, and immersion cooling, while passive cooling techniques include the utilization of heat pipes, Phase Change
Materials (PCMs), and natural convection for heat regulation [12]. Koorata et al. [13] explores a diagonal minichannel thermal
management system for a 20 Ah pouch cell, showing how optimal cooling strategies, including a specific inlet temperature and flow
rate, enhance temperature uniformity and reduce pressure drops. A comparative analysis confirms a 75 % improvement in temperature
homogeneity, with the system keeping peak temperatures 20 % below the safety threshold for Li-ion cells. Pu et al. [14] optimizes a
serpentine-channel cold plate (SCP) for lithium-ion battery thermal management, using a novel variable cross-section design
(VCDSCP). The VCDSCP significantly improves thermal management by reducing temperature peaks and disparities, enhancing
performance at high discharge rates with reduced pressure drop. Additionally, hybrid cooling systems combining both active and
passive cooling techniques are widely prevalent in modern battery thermal management [15]. From an efficiency perspective, active
cooling methods demonstrate superior performance in controlling battery temperature. For instance, liquid cooling systems, owing to
their high heat capacity and excellent thermal conductivity, exhibit outstanding performance in handling high-power output appli-
cations. This advantage makes them more favorable in long-distance driving and high-power demand electric vehicles [16]. However,
the design and implementation of liquid cooling systems are relatively complex, involving additional components such as pipelines,
pumps, and heat exchangers, thereby increasing manufacturing and maintenance costs and posing a risk of leakage.While air cooling
offers a simple structure, it faces challenges in meeting the high heat dissipation requirements of electric vehicles [17]. Phase Change
Materials (PCMs) and heat pipes are typically employed as heat transfer media in passive cooling systems. PCMs have lower thermal
conductivity and are more challenging to encapsulate, limiting their application. Talele et al. [18] explore innovative solutions to
thermal management challenges in lithium-ion batteries by employing graphene-enhanced composite phase change materials (CPCM).
By incorporating a layer of CPCM, the study seeks to delay the onset of thermal runaway, thereby enhancing safety through the
provision of early warning alerts for elevated temperatures. Hossein et al. [19] study investigated the impact of heated wall shapes on
PCM melting within a rectangular cavity. The curvy wall configuration significantly enhanced the melting process, reducing time by
57.6 % and increasing energy storage by 16.3 %. Heat pipes, on the other hand, possess excellent heat transfer performance and
temperature uniformity due to their extremely high thermal conductivity. However, constrained by limited heat transfer surface area,
heat pipes are usually used in conjunction with other cooling elements or strategies to achieve better cooling performance [20].
Typically, fins are used to enhance the cooling performance of heat pipe-based battery thermal management systems.Zheng et al. [21]
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designed a thermal management system based on finned heat pipes, which reduced the temperature of a battery discharged at 1 C
(Represents the ratio of the speed of charging or discharging to its nominal capacity.) to 35.6 °C. When the spacing between fins was 3
mm, the battery achieved optimal temperature uniformity. Wang et al. [22] proposed a BTMS configuration scheme based on flat heat
pipes, establishing a coupled model of heat pipes and batteries by considering the vapor flow effect of the working medium in the heat
pipes. Experimental results showed that this model could limit the highest temperature to below 50 °C. Ren et al. [23] introduces a top
liquid-cooling thermal management system (TLC TMS) using a Z-shaped micro heat pipe array as the core heat transfer element,
compared to the traditional bottom liquid-cooling system. Results indicate that the TLC TMS significantly outperforms the bottom
system in managing thermal conditions at a 3C charge-discharge rate, effectively reducing temperature rise and variance across the
battery module. Due to its flexibility in manufacturing and long lifespan, heat pipe cooling still holds significant potential in battery
thermal management. However, research on heat pipe-based BTMS primarily focuses on simple combinations with other cooling
methods, lacking further optimization of the structure and specific analysis of multiple factors.

In addition to cooling strategies, enhancing the performance of battery management systems is also of paramount importance.
Researchers have been searching for factors influencing BTMS to obtain the optimal cooling method. Experimental testing and nu-
merical simulations are utilized to analyze the temperature distribution of battery packs. A variable heat transfer pathway BTMS was
developed by Wu et al. [24] using numerical algorithms combined with Computational Fluid Dynamics (CFD), optimizing parameters
of the slots in the structure, thereby reducing temperature differences on the battery surface but slightly increasing the maximum
temperature of the battery. Chen et al. [25] proposed a novel hybrid BTMS, incorporating PCM and embedded liquid cooling structure,
utilizing response surface methodology to optimize structural parameters. The results indicated that at a flow rate of 0.09 g/s, the
liquid proportion of PCM decreased from 57 % to 26 %. Xie et al. [26] conducted extensive research on the shape and macrostructure
design of liquid cooling plates (LCP), analyzing the relationship between the internal structure of LCP and temperature control per-
formance. The results demonstrated that increasing the number of diverters within a certain range effectively reduces temperature and
temperature differentials. However, the aforementioned studies still have limitations in controlling battery temperature distribution,
failing to adequately balance temperature differentials and high temperatures within the system, with room for further optimization in
structure.

In industrial manufacturing, inspiration from the wisdom of nature’s organisms is often drawn upon to develop relevant biomimetic
structures. Inspired by bionic principles and based on the Tesla valve’s design, Zhang et al. [27] introduced an innovative bionic
blade-like mini-channel liquid cooling plate. An initial thermal simulation model for this cooling plate was developed under 5C
discharge conditions using Computational Fluid Dynamics (CFD) methods. The model’s reliability was subsequently confirmed
through empirical testing. It was found that the channel height exerted the most substantial influence on both the average temperature
and the friction coefficient. Moreover, a strong correlation was observed between the internal angle and the heat transfer coefficient.
Xu et al. [28], inspired by the unique 3D wavy microstructure of grapefruit peel vascular bundles, proposed a honeycomb structure
with wavy features to develop a novel energy-absorbing structure with ideal energy absorption performance. Experimental results
indicate that the layered honeycomb design helps reduce initial peak forces, thus preventing excessive peak collision forces from
causing harm to personnel or equipment. Xiong et al. [29] designed a heat exchanger with a biomimetic flow channel structure and
applied it to cylindrical lithium battery modules. Experiments showed that the highest temperature, maximum temperature difference,
and pressure drop of the heat exchanger BTMS under optimal parameters were calculated as 302.656 K, 3.726 K, and 29.69 Pa,
respectively. These biomimetic designs can yield significant thermal performance optimizations while considering the feasibility of
actual industrial manufacturing applications. However, due to the complexity of their structural processing, they often encounter
challenges in practical implementation.

In this paper, a novel thermal management structure based on flat heat pipes and biomimetic fins is designed, employing a thermal
pad to enhance the heat conduction between the battery and the heat pipe. Numerical models of the heat pipe and battery module are
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Fig. 1. Orthogonal experiment diagram.



Z. Liu et al. Heliyon 10 (2024) e35387

established, and their effectiveness is comprehensively validated through experiments. Simulations based on orthogonal design are
conducted to analyze the impact of four factors of the fins on the temperature distribution of the battery system. Fuzzy correlation
analysis is employed to evaluate the relationship between the factors and the temperature of the battery pack. Optimal combinations of
the main influencing factors and parameters are obtained. Moreover, given that most studies on heat pipes currently adopt simplified
thermal resistance models due to the complexity of their operational processes, this paper focuses on considering the phase-change
process within the heat pipe. The aim of this research is to provide theoretical guidance for the optimized design of battery ther-
mal management systems based on heat pipes and fins.

2. Evaluation method
2.1. Orthogonal design

When it comes to the impact of multiple factors on the system, conducting sensitivity analysis efficiently is a crucial issue.
Orthogonal experiments are a method based on probability theory and mathematical statistics, utilized to obtain comprehensive data
by selecting a small number of representative experimental conditions when considering multiple factors [30]. The core concept of this
method is to design an experimental matrix, ensuring that the combinations of factor levels appear with equal frequency in the ex-
periments, thereby enabling the experimental results to better represent the overall situation.The orthogonal experimental model is
shown in Fig. 1.

In this study, the impact of four structural parameters on the maximum temperature and temperature difference of the battery pack
was investigated using orthogonal experimental methods. A Latin square experimental design containing four factors and four levels,
namely L16 (44), was employed.

2.2. Fuzzy grey relational analysis

In 2008, The Grey Relational Analysis (GRA), a multi-attribute decision-making (MADM) method, has been proposed for selecting
the best option from multiple available alternatives [31]. GRA is primarily aimed at addressing relationships among objects with few
samples, lacking experience in problem handling, and unclear potential relationships. GRA offers significant analytical advantages and
is also extremely convenient [32].

Grey relational analysis belongs to the theory of grey systems and has been proven to be applicable for handling problems with
insufficient information and uncertainty, significantly reducing losses caused by asymmetric information. Simultaneously, grey
relational analysis helps to mitigate the shortcomings of statistical regression, suitable for resolving complex interrelationships among
multiple factors and variables. It requires less data and demonstrates distinct advantages in addressing multi-objective optimization
problems. Building upon this foundation, fuzzy membership degree and Euclidean grey correlation are utilized to enhance this
method, thereby assessing the influence of various factors. The specific steps are as follows.

Step 1. Reference and comparison sequences are selected. The reference sequence reflects the data sequence of the behavioral
characteristics of the system under study. The changing pattern of each data group can be regarded as the actual variation of a certain
behavioral characteristic of the system, as illustrated by Equation (1).

Yr=0:(1) y:(2) ¥:(3)-y:(n)] (¢D)

The comparison sequence reflects the data sequence composed of factors influencing the behavior of the system under study.
Assuming there are m factors affecting the system under study, and each factor has n operating conditions, the corresponding com-
parison sequence matrix is shown in Equation (2).

Xl(k) xl(l) X1(2) x1(3) e xl(n)
X, (k) x2(1)  x2(2) x2(3) - x2(n)

XT: X3(k) = Xg(l) X3(2) X3(3) x3(n) (2)
Xm(k) Xm(1)  Xm(2) Xm(3) - Xm(n)

Step 2. Non-dimensionalization of the original data is performed. When applying grey relational analysis, it is essential to non-
dimensionalize the original data because each value may have different physical meanings and numerical units, making direct
comparative analysis of values impossible. Therefore, non-dimensionalization of the original values is indispensable. The non-
dimensionalization of relevant parameter data is based on the method of data range normalization.

Xj= [xj(l) %(2) xj(3)"'xj(")} (3)
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x;(k) — minx;(k)
X} (k) _ . 1Sk§n. . (4)
lrgng( ) — g,ggnxj( )

In the equation, j represents the number of different influencing factors, with j = 1,2,3; k represents the different operating con-
ditions of the influencing factors, with k = 1,2,3,---,n.

Step 3. Fuzzy membership degree calculation is performed. The cosine angle method is utilized, which is unaffected by the linear
proportional relationship of the data. The similarity between the reference sequence and the comparison sequence can be assessed by
the cosine value of the angle between the parameters. The expression is as follows:

2 yelk)x (k)
r= (5)

In the equation, y;(k) and x;(k) represent the corresponding values of the reference sequence and the comparison sequence under
the k-th operating condition.

Step 4. The degree of correlation refers to the extent of difference in the geometric shapes of the corresponding curves of the target
objects under study. The closer the curves are, the greater the correlation between the corresponding sequences; conversely, the farther
they are, the smaller the correlation. In general, a reference sequence may correspond to multiple comparison sequences. The cor-
relation coefficient between these two types of sequences under different operating conditions can be expressed as Equation (6). The
grey correlation coefficient reflects the degree of correlation between them under different operating conditions.

min min|y, (k) — x;(k)| + pmaxmax|y. (k) — x;(k)|

1jzmi<jsn 1<j<ml<j<n
(k) = .
] (k) = (k)| + pmaxmax(y, (k) — (k)

In the equation, p is the resolution coefficient, which is an important factor directly influencing the resolution of the entire system’s
correlation analysis. Its value is inversely proportional to the resolution and is an empirical constant independent of Yr and X7. Its
calculation formula is as follows:

e 22 22 i) = %K)
&fS @
{nga;ﬁgéﬁb’t(k) —x(k)|
_ [1.25b,b<1/3
/’_{1.75b,b2 1/3 )

Step 5. : The calculation of Euclidean grey correlation degree is conducted. To enhance the accuracy of the evaluation method, the
Euclidean distance from fuzzy mathematics is adopted to assess the differences between the reference array and the comparison array.
Specifically, the calculation steps of the Euclidean grey correlation degree (r2) are as follows:

1 n

ne=l-— kz; [1-¢&(k)]? ©

Step 6. The calculation of fuzzy grey correlation degree is conducted. The calculation of fuzzy grey correlation degree depends on the
level of fuzzy membership degree and the value of Euclidean grey correlation degree r.

_ m+n
=y 10)

Step 7. The evaluation and analysis of the correlation degree of the investigated factors are conducted. By ranking the fuzzy grey
correlation degrees, the degree of correlation between factors can be determined, and the closer the correlation is to 1, the stronger the
correlation of this factor is indicated.
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3. Model description
3.1. Geometry model description

In electric vehicles, the battery thermal management system is typically comprised of battery modules, cooling channels, and heat
conducting media. In this study, the L148N50 ternary lithium-ion battery was used as the power source, as shown in Table 1 for the
technical parameters. Flat heat pipes and heat dissipation fins were utilized as the heat conduction components, with forced air cooling
provided by fans. The designed thermal management system structure is illustrated in Fig. 2. The structure consists of 12 battery
modules arranged in parallel, with aluminum plates placed between the batteries. This arrangement can improve the heat dissipation
performance, temperature uniformity, and structural stability of the battery modules, thus enhancing the safety and reliability of the
battery system. Flat heat pipes are positioned below the battery modules, with the structure depicted in Fig. 3.

The heat pipes consist of a shell, a liquid core, and internal working fluid. The designed dimensions are 446 x 148 x 5 mm. Thermal
grease is applied between them to reduce the contact thermal resistance and ensure efficient heat transfer. Above the condensation
section of the heat pipes, 24 fins with a thickness of 1 mm are arranged in a staggered pattern for air cooling. The surface of the fins is
designed with a streamlined biomimetic structure to increase surface area and enhance convective heat transfer. The raised small
blocks disturb the boundary layer, increasing its thickness and improving heat transfer efficiency, while the streamlined biomimetic
structure prevents the formation of adverse pressure gradients, reducing system energy consumption. During operation, the heat
generated by the battery modules is transferred to the evaporation section of the heat pipe via a thermal pad, where it evaporates into
vapor. Subsequently, the vapor flows to the condensation section due to the pressure difference and enters the fins, finally being carried
away by air cooling. The dimensions of the thermal management structure have a certain influence on the heat dissipation of the
battery modules. This study investigates the effects of four structural factors, namely biomimetic structure parameters D, H, S, and the
height of the heat dissipation fins L, on the maximum temperature and temperature uniformity of the battery modules.

3.2. Geometry model description

Utilizing numerical simulation for battery thermal simulation offers cost-effectiveness, flexibility, good safety, and abundant data
acquisition, enabling the analysis of sensitivity factors affecting the temperature distribution of battery packs. In this study, three-
dimensional models were constructed using CATIA software. Subsequently, simulation tasks were performed using ANSYS Fluent
2022R2 software, supplemented by Fluent Meshing for effective grid partitioning. Fig. 7 illustrates the computational domain for the
battery thermal management system model employing Flat Heat Pipes (FHP), with the unstructured grid of the solution domain
segmented using Fluent Meshing. In regions containing thin fins, the surface mesh is densified, and three boundary layers are
established in the forced convection areas, each layer approximately half the size of the initial grid at the contact boundary. Generally,
surface mesh distortion should remain below 0.7 and volume mesh distortion below 0.9 to be deemed acceptable. If certain meshes

Table 1
Lithium battery technical parameters.
Type Parameter Specifications
Dimensions 148.3mm x 26.7mm x 98 mm
Positive Electrode Material NCM
Electrolyte LiPF6
Negative Electrode Material Graphite
Norminal Capacity 50Ah
Rated Voltage 3.65V
Battery Weight 895g
Operating Voltage Range 2.75V-4.25V
Max Charging Current 300A(instantaneous), 60A(continuous)
Max Discharge Current 400A (instantaneous), 50A(continuous)

Thermal Pad Heat Pipe Insulation Material \ / |

Fig. 2. The thermal management system structure.
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Fig. 3. The structure of flat heat pipes.
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Name Density (kg/ Specific Heat Capacity (J/ Thermal Conductivity (W/ Viscosity (Kg/ Latent Heat Vaporization (KJ/
m?%) kg-K) m-K) m-s) kg)
Acetone(Gas) 0.5542 1452.37 0.0261 7.25 x 10°° 523
Acetone 791 2160 0.18 3.31 x 107
(Liquid)
Table 3
Thermal Properties Table [34].
Name Density(kg/m%) Specific Heat Capacity(J/kg-K) Thermal Conductivity(W/m-K)
Battery 2249 1022.8 13/8/9
Heat Pipe 1359.5 1271 220.4/1200.8/220.4
Aluminum 2719 871 202.4
Copper 8978 387.6 381
Air 1.225 1005 0.0262

exhibit inferior quality, optimization is imperative; surface meshes are refined using the Diagnostic Tool, and volume meshes through
Auto Node Move. The resulting mesh configuration consists of 334,565 elements with a maximum skewness of 0.37. A y + value of 1
suggests that the non-dimensional distance from the wall to the first layer of nodes is optimally chosen for this model, enabling a
reliable simulation of the turbulence characteristics in the vicinity of the wall. Hexahedral meshes are employed throughout the areas
including the battery pack module, FHP, and cooling fins. Acetone (parameters listed in Table 2) was utilized as the working fluid for
the heat pipe due to its high thermal conductivity, low surface tension, low viscosity, high latent heat of evaporation, wide temperature
range, and ease of availability, making it suitable for applications requiring efficient heat transfer. The physical properties of the
materials used in the numerical model are detailed in Table 3.

3.2.1. Battery model

In this paper, the positive and negative electrodes of lithium batteries are not considered, and it is assumed that various materials
inside the battery exhibit isotropy and uniform distribution. Their specific heat capacity, density, and thermal conductivity are
assumed to remain constant with temperature variations. The heat generation within the battery is assumed to be uniform [35].
Therefore, the heat conduction differential equation for the battery in Cartesian coordinates is expressed as follows:

oT, . T, . T, 0T

= Ax 2 v 11
o e Thige Thgs T4 a1

Prlb—=—

In the equation, py, cp, v, and T, represent the density (kg/m>), specific heat capacity (J/(kg-K)), volumetric heat generation rate (W/
m3), and temperature (K) of the battery, respectively; A, 1y, and 1, denote the thermal conductivity (W/(m-K)) of the lithium battery in
the x, y, and z directions, respectively. The variable t stands for time (s).The value of g, in the equation above is obtained from the
battery heat generation equation delineated in Ref. [36].

1 aUOCV
,=— | PR —IT, 12
q Vb( T, ) (12)

dUocv

In the equation, V; represents the volume of the battery (m>); I denotes the charging current (A); %55 represents the temperature

entropy coefficient of the battery, which ranges from 1 to 2.8 x 10~*V/K; R stands for the internal re51stance of the battery (Q). The
electrical characteristics and thermal property parameters of the battery are obtained from Ref. [37].

To obtain the internal resistance of the cell, used to verify the accuracy of the battery heat generation model. The internal resistance
of the battery was tested using the Hybrid Pulse Power Characterization (HPPC) method. The total internal resistance of the battery can
be obtained by adding the ohmic resistance and the polarization resistance, as shown in the following formula:
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Ul_UZ Uz—Ug

Riotat =Rq + Rp = I I

where U; is the battery voltage before applying the pulse current (V), U, is the battery voltage at the moment the pulse current is
applied, Us is the battery voltage after the pulse current has been applied for a period of time, and I is the applied pulse current (A).

Fig. 4 shows the experimental results of HPPC tests under different ambient temperatures and discharge rates. By analyzing the
graphs, the following conclusions can be drawn.

(1) Atthe same ambient temperature, when SOC >0.3, the total internal resistance of the battery changes little; when SOC <0.3, the
internal resistance increases significantly. The pulse current rate has a large impact on the internal resistance.

(2) At the same pulse current rate, an increase in temperature reduces the battery’s internal resistance, especially at low states of
charge.

(3) Under constant pulse current rate and ambient temperature, the internal resistance of the battery is stable when SOC >0.3;

when SOC <0.3, the internal resistance changes dramatically due to polarization reactions causing an increase in internal
resistance.

3.2.2. Heat pipe model

The flat heat pipe utilizes the principle of heat absorption through phase change of the working fluid, characterized by a high heat
transfer coefficient, high temperature uniformity, and variable heat flow direction.The thermal resistance R of the flat heat pipe can be
determined by Fourier’s law of heat conduction, as follows:

AT
_= 1
R=2 a3

The overall thermal resistance R,, of the flat heat pipe can be defined as the ratio of the temperature difference between the average
temperatures of the evaporator section T, and the condenser section T to the input heat flux under steady-state operation.
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Fig. 4. Total internal resistance of lithium battery experiment (a)Ambient 10 °C (b)Ambient 20 °C (c)Ambient 30 °C (d)Ambient 40 °C.
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Te — Tcl
Ry = (14)
Qi
The equivalent heat transfer coefficient of the heat pipe is calculated using the following formula:
QelLy
K= d
(Te - cl) 4 Ac

where K, is the equivalent heat transfer coefficient (W/m-K); A, is the cross-sectional area of the heat pipe (m?); Ly is the effective
length of the heat pipe (m), calculated using the following formula:

Le+1L
L= 62 ‘+ 1,

where L. is the length of the evaporator section (m); L. is the length of the condenser section (m); L, is the length of the adiabatic
section (m).

Figs. 5 and 6 show the relationships between the equivalent thermal resistance and the equivalent heat transfer coefficient of the
designed micro-grooved flat heat pipe with the heat source power, respectively. The equivalent thermal resistance of the heat pipe
decreases with the increase of the heat source power, while the equivalent heat transfer coefficient increases. The reason is that as the
heat source power increases, the phase change process of the working fluid inside the heat pipe becomes more intense, thus enhancing
the heat transfer performance of the heat pipe. The thermal conductivity or thermal resistance of the heat pipe changes with tem-
perature or heat source variations, which is achieved in the simulation through interpolation of the above formulas and simulation
results.

During the simulation, the volumetric heat source simulation results of each battery were extracted, and the flat heat pipe was
simplified as a conductor. The thermal conductivity in the length direction was calculated by interpolating the total heat generation
power of the battery, while the thermal conductivity in other directions adopted the thermal conductivity of the shell material. The
steady-state fluid-solid coupling simulation used the SIMPLE algorithm and First Order Upwind discretization scheme, with a
convergence precision set to 107>,

From the current perspective of heat pipe research, due to the complexity of heat pipe operation, the model research on heat pipe
heat transfer performance mainly adopts simplified heat pipe models, which simplifies the heat pipe to a thermal resistance and
verifies the results through relevant heat pipe experiments, most of which do not study heat transfer from the phase change process of
the heat pipe itself. Therefore, in this paper, emphasis will be placed on considering the phase change process inside the heat pipe and
establishing an overall thermal resistance equivalent model of the heat pipe through numerical simulation methods.

When conducting phase-change heat simulation of the heat pipe using Fluent software, the simulation of the internal phase-change
process of the heat pipe is achieved by modifying the control equation source terms through the creation of UDFs. These source terms
encompass energy source terms for the conversion between gas and liquid phases and mass source terms for the mutual conversion
between gas and liquid phases. The expressions for each source term are provided below.

(1) Mass source term: When the evaporation temperature T; > T, for the liquid phase:

Tl — Tsat
Tsar

Su= —0.1ap;

(15)

Where ; is the liquid phase volume fraction, p; is the liquid density in kg/m?>, T is the liquid working fluid temperature in Kelvin, Ty, is
the working fluid phase change temperature in Kelvin, and Sy is the mass source term.
For the gas phase:

o
o
T

/

Equivalent Thermal Resistance(°C/W)
-
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=
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Fig. 5. Equivalent thermal resistance of flat heat pipe.
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Fig. 7. The grid partitioning of the battery thermal management system.

T, — T,
Sy =0.1ap,|-—4 (16)
TSﬂE
When the condensation T, < Ty for the liquid phase:
Tv - Ts
Sy=0.1a,p, | % a7
TSC[[

Where a, is the gas phase volume fraction, p, is the gas density in kg/m?, and T, is the gas working fluid temperature in Kelvin.
For the gas phase:

Tv - Tsat

Su= —0.1ayp, T
sat

18)

(2) Energy source term:

Evaporation:

Tl — T:at

Sg= —0.1ap, T
sat

AH (19)

Where AH is the enthalpy of vaporization of the working fluid in kJ/kg, and Sg is the energy source term.
Condensation:

Tv - Tsat

Sg=0.1a,p, T
sat

AH (20)

The user-defined functions written based on the above expressions are loaded into each phase during simulation."

3.2.3. The overall governing equations
The general equations consist of unsteady terms, convective terms, heat transfer terms, and source terms.The energy conservation
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equation and conductive elements of lithium-ion batteries are as follows [38]:

oT
pCE =V(kVT)+q, 2n
Where C is the specific heat capacity, k is the thermal conductivity, and g, is the volumetric heat source.
The governing equations for air-cooling are as follows [39]:

oT, - ke

Pa ot + V(puVTa) =V (C_VTH> (22)
dv ~

pad—‘t': ~Vp 4 uvEy 23)

Where p, , T4, kq , and ¢, represent air density, temperature, effective thermal conductivity, and specific heat capacity respectively; Vis
the velocity of the air; p and y are the static pressure and dynamic viscosity of the air.

3.2.4. Bionic model design parameters

In the optimization of fluid cooling in industrial manufacturing, inspiration is often drawn from structures found in nature to
develop relevant biomimetic designs, as shown in Fig. 8 [40]. Fins inspired by fish scales enhance heat exchange efficiency by
increasing surface area, promoting turbulence, and extending the heat exchange pathway. These biomimetic designs can generate
favorable thermal performance optimization while considering the practical possibilities of industrial manufacturing applications. By
analyzing the erosion patterns of fluids on mechanical surfaces and the structural principles of fish scale surfaces, a biomimetic fish
scale structure with protrusions was established, as depicted in Fig. 9. The shape of the protruded surface approximates an ellipse.
Considering the characteristics of erosion patterns, the lowest point of the semi-circular protrusion is shifted backward by 1/2R to
constitute the biomimetic streamlined structure proposed in this paper, where key structural parameters include R, D, and H. Air fluid
should enter from the blunt end of the protrusions of the fish scale biomimetic structure to ensure the effectiveness of the optimized
structure. H is calculated according to the formula below based on laminar boundary layer conditions.

H= \/I-J%z— 24
X
Re, :”Mﬂ (25)

In the equation, H represents the boundary layer thickness, x denotes the displacement in the fluid direction, Re, is the corresponding
Reynolds number at position x, v stands for the average fluid velocity, and p represents the dynamic viscosity of the fluid.The dynamic
viscosity of air was set at 1.81 x 10~° Pa s, and the haracteristic length was selected as 0.08 m. This configuration yielded a Reynolds
number of 5420. Given the focus on the flow near the fins, the k-omega model was chosen to analyze the fluid dynamics.

Fish scale structure

Incoming flow d
R

~8 mm

4 Moderate curvature

High curvature

~30—-50 cm

~30 mm ~5 mm

Fig. 8. Fish scale structure.
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Fig. 9. Biomimetic structure related parameters.

3.2.5. Initial and boundary condition

Before simulation, the initial temperature of the entire system was set to ambient temperature (25 °C). The boundary conditions at
the inlet of the air domain were defined with an inlet temperature of 25 °C and an inlet velocity magnitude of 0.1 m/s. The outlet of the
channel was set as a pressure outlet with a gauge pressure of 0 Pa. The aluminum plate, heat pipe, and thermal pad between the battery
and them were defined as coupled surfaces. Considering the heat transfer during the actual operation of the battery, the third type of
boundary condition (i.e., convective heat transfer boundary condition) was applied to solve the equations. Therefore, it was necessary
to determine the heat transfer coefficients of the battery’s various surfaces and the ambient temperature. Except for the bottom in
contact with the thermal pad and the front in contact with the aluminum plate, the remaining surfaces were exposed to natural
convection with air, dissipating heat. Hence, the heat transfer coefficients on the battery surfaces were calculated using the following
formula:

1 1
ha:NM“:O.664 PaVal\2 (1aCp\34a (26)
l Ha Aa l

In the equation, Nu represents the Nusselt number; v, denotes the velocity of the cooling fluid in meters per second (m/s); p, stands for
the density of the gas in kilograms per cubic meter (kg/m>); y, represents the dynamic viscosity of the cooling gas in Pascal-seconds
(Pa-s); A, signifies the thermal conductivity of the cooling gas in watts per meter-kelvin (W/m-K); C, represents the specific heat
capacity of the cooling gas in joules per kilogram-kelvin (J/kg-K); and [ denotes the characteristic length of the heat transfer surface in
meters(m). The surface natural convection heat transfer coefficient was calculated to be 8.32 W/m?>K.

A no-slip boundary condition was applied at the interface between the fluid channel and the heat dissipation fins. A layer of
insulation material was installed at the bottom of the thermal management system and set as an adiabatic wall condition.

3.2.6. Grid independence

Fig. 7 depicts the application of a hexahedral mesh in the computational domain of the BTMS model based on FHP. The initial
boundaries were set according to the operating conditions described in the previous section. To ensure the accuracy of the numerical
simulation results, an independence test was conducted on the computational domain mesh, and the results are presented in Fig. 10. As
the number of grid cells increased from 320,000 to 480,000, the maximum temperature deviation of the battery remained below 1 %.
Therefore, a grid with 320,000 cells was selected for the numerical simulation.

48.9

1.8 .\./ —

48.7

Ty (C)

48.5

1 1 1 1
0.0 2.0X10° 4.0X10° 6.0%10° 8.0X10°
Grid number

Fig. 10. Grid independence analysis.
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4. Experimental validation
4.1. Heat pipe verification

In order to verify the accuracy of the flat plate heat management theoretical model, testing was conducted on the temperature
distribution of the heat pipe under various operating conditions. The testing cross-section is depicted in Fig. 11. The experimental setup
comprised a heat pipe, heat sinks, a direct current power supply (KANGKESI), a data acquisition instrument (TOPRIE TP9000), and a
cooling fan. Throughout the experimental procedure, a constant heat flux was transferred to the evaporator section of the heat pipe
from the direct current power supply via a uniform heat source. Air at 25 °C circulated through the heat sinks of the condenser section,
and several K-type thermocouples (with an accuracy of +0.5 °C) were arranged on the surface of the heat pipe for temperature
measurements. Fig. 12 illustrates the temperature distribution of the heat pipe under different operating conditions and compares the
numerical simulation results. It is evident from the figure that the maximum relative errors between experimental and simulated
results are 5.6 % and 4.4 % for heat generation rates of 15 W and 20 W, respectively. The notable consistency in temperature dis-
tribution between numerical simulations and experiments indicates a good agreement between the theoretical model of the heat pipe
and actual observations.

4.2. Battery thermal management system verification

Fig. 13 depicts the schematic diagram of the temperature sensor arrangement within the battery pack. The final assessment of the
battery pack’s temperature is derived by averaging the readings from sensors on three strategically positioned batteries—at the front,
middle, and rear. This calculated average reflects the comprehensive thermal state of the entire battery pack. To ensure the accuracy of
the simulations, the experimental setup depicted in Figs. 14 and 15 was employed to validate the Flat Heat Pipe-based Battery Thermal
Management System (BTMS) model. This setup included battery testing equipment, a constant temperature and humidity chamber,
data acquisition instruments, a control computer, a prismatic battery array, and a flat heat pipe with fins at the condensation section.
The battery cells were sequentially numbered from 01 to 12 from left to right in accordance with the direction of vapor flow. Thermal
grease was applied between the battery module and the evaporation section of the flat heat pipe to reduce contact thermal resistance.
Additionally, an insulated mat was installed beneath the flat heat pipe to prevent heat transfer to the ground. Air cooling was facil-
itated by a fan and air channel at the condensation section, with the air velocity measured by an anemometer. The BTMS operated
under natural convection conditions, with the ambient temperature maintained at approximately 25 °C. The module was allowed to
cool in the environment for over 8 h before initiating the subsequent discharge process. The battery testing instrument (CTE-8000) was
utilized for real-time monitoring and recording of battery current, voltage, and other relevant data, exhibiting a relative measurement
error of less than 0.1 %. The constant temperature and humidity chamber (SY-303) was used to maintain precise environmental
temperatures, with an error margin of less than 0.5 °C. The data acquisition system, coupled with K-type thermocouples (Model WRNT-
01-2PBO, with a temperature measurement range of 0-600 °C), was utilized to record surface temperatures and estimate the average
temperature of the battery. Temperature data was captured at a rate of one sample per second. In this experiment, temperature was the
primary source of uncertainty, stemming from measurement errors associated with the instruments used. Initially, the error in tem-
perature primarily originated from the thermocouples and data acquisition system. The K-type thermocouples employed in this study
had an accuracy of 0.4 %. The temperature data collected using a data acquisition system with an accuracy of +0.1 % were analyzed
to calculate the standard deviation of measurement error, op, found to be 3.3 %. Consequently, the total error, ¢, was calculated using
the following formula to be 0.412 %.

6= £ /(c6% + 63)

Thermal pads were utilized to fill gaps between components to reduce thermal resistance. Furthermore, the system’s exterior was
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Fig. 11. The cross-section of the test system.
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Fig. 14. Schematic diagram of experimental device based on flat heat pipe.

Fig. 13. Temperature sensor layout diagram.
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covered with insulating material to minimize heat exchange with the surroundings.

The experimental comparison between battery surface temperature variations and simulations is depicted in Fig. 16. Discharge
rates of 1 C and 3 C were applied, with the abscissa indicating the depth of discharge (DOD), which refers to the ratio of the discharged
capacity to the total capacity of the battery. In other words, it denotes the proportion of available capacity that the battery has dis-
charged. It can be readily observed from the figure that, towards the end of discharge, the errors between experimental and simulated
temperatures are less than 1.8 % and 4.5 %, respectively. This outcome suggests that the simulation model established in this study
effectively represents the actual temperature variations.
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5. Results and discussions

5.1. Orthogonal experiment analysis

Fig. 15. Overall experimental setup diagram.
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Fig. 16. The variation of battery surface temperature.
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As mentioned earlier, the main factors influencing the temperature distribution of battery modules include four factors. In order to
obtain balanced samples for multiple influencing factors and reduce the time cost of experiments, an orthogonal experimental method
was employed in this study. The orthogonal experimental method can effectively obtain balanced samples for multiple factors by
selecting representative cases, while also reducing the number of tests in the experiment. The computational domain of the battery
module includes 12 battery cells and an aluminum plate sandwiched between them. The factors investigated include protrusion
diameter (D), protrusion height (H), protrusion spacing (S), and fin height (L). A four-level orthogonal experiment was conducted for
these four factors, with the maximum temperature and temperature difference of the battery being used as performance evaluation

indicators. The orthogonal experimental table for the four factors and four levels is shown in Table 4.

Table 4
Four-factor level.
Level Factors
D(mm) H(mm) S(mm) L(mm)
1 10 1.75 7 75
2 12.5 2.5 9 80
3 15 3.25 11 85
4 17.5 4 13 90
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Table 5
Parameter setting and results of 16 orthogonal experiments.
Case Factors Indicators
D(mm) H(mm) S(mm) L(mm) Tnax (°C) AT (°C)
1 10 1.75 7 75 42.05 6.18
2 10 2.5 9 80 40.08 5.01
3 10 3.25 11 85 38.77 4.13
4 10 4 13 90 37.78 3.39
5 12.5 1.75 9 85 39.67 4.66
6 12.5 2.5 7 90 40.21 5.68
7 12.5 3.25 13 75 37.89 3.01
8 12.5 4 11 80 38.20 3.71
9 15 1.75 11 90 38.17 3.57
10 15 2.5 13 85 37.24 2.79
11 15 3.25 7 80 39.73 5.31
12 15 4 9 75 38.77 4.25
13 17.5 1.75 13 80 37.48 2.78
14 17.5 2.5 11 75 37.96 3.23
15 17.5 3.25 9 920 38.08 4.07
16 17.5 4 7 85 39.08 5.10
39.6 40.5
39.4 F 40.0 |
39.2 39.5
owor o »or
Fassh [—; 38.5
38.6 [ 38.0 F
38.4 1 37.5 F
38.2 L L L L 37.0 L L L L
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(a) (b)
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(c) (d)

Fig. 17. The impact of factors at different levels on the maximum temperature.

The detailed arrangement of the orthogonal experiments is presented in Table 5. In each scenario, the battery was discharged at 3 C.
Table 5 also provides the results of the orthogonal experimental designs. According to the survey results, the maximum temperatures of
Scenarios 1, 2, and 5 exceeded 40 °C, while those of Scenarios 5, 11, and 16 approached 40 °C. Additionally, the maximum temperature
differences of Cases 1, 2, 6, 11, and 16 exceeded 5 °C, indicating that these cases failed to meet thermal management requirements.
Thus, to ensure the proper operating conditions of the battery, appropriate values for each influencing factor must be selected. To
determine the suitable range for each factor, the average values of indicators at different levels were calculated and analyzed. Fig. 17
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Fig. 18. The distribution of battery temperatures under various operating conditions.

illustrates the variation of the maximum temperature with different levels of each factor. The results indicate that as the value of each
factor increases, the battery’s maximum temperature decreases. This is because increasing the values of D, S, and L increases the
contact area between components and the fluid, thereby enhancing heat dissipation. When the value of H increases, it not only in-
creases the heat transfer area of the fluid but also generates local turbulence, enhancing the heat transfer coefficient, reducing thermal
resistance, improving heat transfer efficiency, and consequently lowering Tmax. It is recommended to set 40 °C as the upper limit for
Tmax, with values of D, H, S, and L being greater than 12.5 mm, 3.25 mm, 9 mm, and 80 mm, respectively. Fig. 18 illustrates the
temperature distribution of some numerical cases.

The maximum temperature of the battery module is influenced by the total thermal resistance of the overall cooling system, while
the temperature difference is primarily caused by the non-uniformity of the thermal conductivity of the battery in three-dimensional
space. The variation of temperature difference with different levels of each factor is depicted in Fig. 19. Changes in S and L significantly
affect temperature uniformity. When the values of S and L increase from Level 1 to Level 4, the temperature difference decreases by
approximately 0.92 °C and 2.55 °C, respectively. However, the impact of D and H on temperature uniformity is relatively minor.
Therefore, further investigation is necessary to analyze the sensitivity of these influencing factors to the maximum temperature and
temperature difference. In general, larger values of these influencing factors reduce the system’s thermal resistance and lead to
improved cooling performance of the system.

5.2. Parameter sensitivity evaluation

The maximum temperature and temperature uniformity of the battery module are influenced by four key factors. These factors
were systematically evaluated using orthogonal experiments to ensure a comprehensive understanding of their individual and com-
bined effects.To assess the correlation between these factors and the targeted indicators, the study employed the fuzzy grey relational
analysis method. By integrating the results of the orthogonal experiments with the fuzzy grey relational analysis, the study provided a
robust framework for optimizing the thermal management system in battery modules.

5.2.1. Analysis of the maximum temperature
The maximum temperature is a critical parameter for assessing the operational performance and safety of battery packs. Based on
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Fig. 19. The influence of factors at different levels on the maximum temperature difference.
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Fig. 20. Fuzzy correlation analysis on maximum temperature.

16 computational cases, the four influencing factors, D, H, S, and L, are respectively considered as comparison arrays X1, X2, X3, and x4.
Meanwhile, Tmax is established as the reference array Y;. The comparison and reference arrays can be expressed as follows:

X1 10 10 10 10 125 125 125 125 15 15 15 15 175 175 175 175
X 175 25 325 4 175 25 325 4 175 25 325 4 175 25 325 4
X= xs | | 7 9 11 13 9 7 13 11 11 13 7 9 13 11 9 7
X4 75 80 8 90 8 90 75 80 90 8 80 75 80 75 90 85
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Fig. 21. Fuzzy correlation analysis on the maximum temperature difference.
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Y, =[42.05 40.08 38.77 37.78 39.67 40.21 37.89 38.20 38.17 37.24 39.73 38.77 37.48 37.96 38.08 39.08]

As the objective of thermal management strategies is to reduce the maximum temperature of the battery pack, it is necessary to
normalize and dimensionless Y; to accurately demonstrate its correlation with temperature reduction. Therefore, the expression for
dimensionless treatment of Y; is as follows:

Y (k)/ _ y1(k) —max y;(k)

=— 27
min y;(k) — max y;(k) 27)

Through equation (4), dimensionless treatment can be applied to the comparison array for comparison. After dimensionless
treatment, the matrices of the comparison and reference arrays are as follows:

X1 0 0 0 0 033 033 033 033 067 0.67 067 0.67 1 1 1 1

X2 0 033 067 1 0 033 067 1 0 0.33 0.67 1 0 0.33 0.67 1
X= X3 |0 033 067 1 033 0 1 067 0.67 1 0 0.33 1 0.67 0.33 0

X4 0 033 067 1 067 1 0 033 1 0.67 0.33 0 0.33 0 1 0.67

Y;=[0 041 068 0.89 049 038 086 080 081 1 048 068 0.95 085 0.83 0.62]

Based on the matrices, the cosine values of fuzzy membership degrees and Euclidean grey relational degrees are calculated using
equations (5)-(9). These metrics assess the similarity and distance between factors and indicators. The results show that factor H has
the highest values, while factor L has the lowest. The fuzzy grey relational degree is then computed using equation (10). For maximum
temperature, the fuzzy grey relational degrees for the four factors, S, D, H, and L, are 0.7312, 0.6898, 0.7871, and 0.6697, respectively,
as shown in Fig. 20. This indicates that the primary factor influencing the maximum temperature of the battery module is H, followed
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by S and D, with L having the least impact.

5.2.2. Analysis of the maximum temperature difference

Temperature difference is an important parameter for evaluating the uniformity of battery modules, significantly impacting the
operational performance of batteries. In this section, the influence of four factors on temperature difference will be investigated, with T
being designated as the reference array Ys, expressed as follows:

Y,=[6.18 501 413 339 466 568 3.01 371 357 279 531 425 278 323 407 5.10]

The dimensionless treatment of Y2 is calculated using equation (4). The fuzzy membership degrees and Euclidean grey relational
degrees of temperature difference are computed using equations (5)-(9), based on the comparison arrays xi, X2, X3, X4, and the
reference array Yo.Fig. 21 illustrates the fuzzy membership degrees and Euclidean grey relational degrees for the four factors on
temperature difference. L ranks first in both fuzzy membership degrees and Euclidean grey relational degrees, indicating a significant
correlation with temperature difference. The values of D and H are relatively small, suggesting their relative independence from
temperature difference. The fuzzy grey relational degrees of the four influencing factors are calculated through equation (10), yielding
values of 0.6798, 0.6356, 0.8494, and 0.6182 (as shown in Fig. 21). The structural parameters of L significantly impact the tem-
perature uniformity of battery modules. The ranking of factors influencing temperature uniformity is as follows: L, S, D, and H.

The structural parameters of fins are crucial for the cooling performance of the system. The height (H) of protrusions has the most
significant impact on the distribution of maximum temperature in the battery module. The fin height (L) greatly influences the
temperature uniformity of the battery pack. The optimal settings for multiple parameters are: D =17.5 mm, H = 4 mm, S = 13 mm, and
L = 90 mm. In the optimal scenario, the maximum temperature of the battery module is 36.52 °C, with a temperature difference of
2.65 °C. The temperature distribution of the optimal scenario is depicted in Fig. 22. The optimal model demonstrates superior cooling
performance compared to other scenarios.

6. Conclusions

This paper explores the cooling efficacy of a battery thermal management system, specifically examining the thermal behavior of a
flat heat pipe. Orthogonal design experiments coupled with fuzzy grey relational analysis were utilized to assess four structural pa-
rameters of the aluminum plate: height, thickness, and angles of coverage relative to the battery and the heat pipe. This study identified
the key influencing factors and their optimal configurations.

The results indicate that to keep the battery temperature below 40 °C, the dimensions of the heat pipe’s diameter, height, the
spacing between protrusions, and the height of the heat sink fins should be a minimum of 12.5 mm, 3.25 mm, 9 mm, and 80 mm,
respectively. The fuzzy grey relational analysis demonstrated varying impacts of these parameters on the maximum temperature and
temperature disparity across the system.

Optimal parameter values were established as follows: protrusion diameter of 17.5 mm, height of 4 mm, spacing of 13 mm, and heat
sink fin height of 90 mm. Under these conditions, the maximum temperature recorded for the battery module was 36.52 °C, with a
temperature differential of 2.65 °C. These findings offer critical insights into refining the design of battery thermal management
systems to enhance cooling performance and maintain safe operational temperatures.
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