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ABSTRACT

To improve the thermal performance and temperature uniformity of battery pack, this paper presents a novel
battery thermal management system (BTMS) that integrates oscillating heat pipe (OHP) technology with liquid
cooling. The primary innovation of the new hybrid BTMS lies in the use of an OHP with vertically arranged
evaporator and condenser, enabling dual heat transfer pathways through liquid cooling plate and OHP. This study
experimentally investigates the performance characteristics of the ⊥-shaped OHP and hybrid BTMS. Results show
that lower filling ratios significantly enhance the OHP’s startup performance but reduce operational stability, with
optimal performance achieved at a 26.1% filling ratio. Acetone, as a single working fluid, exhibited superior heat
transfer performance under low-load conditions compared to mixed fluids, while the acetone/ethanol mixture,
forming a non-azeotropic solution, minimized temperature fluctuations. At 100 W, the ⊥-shaped OHP with a
horizontally arranged evaporator demonstrated better heat transfer performance than 2D-OHP designs. Compared
to a liquid BTMS using water coolant at 280 W, the hybrid BTMS reduced the equivalent thermal resistance (RBTMS)
and maximum temperature difference (ΔTmax) by 8.06% and 19.1%, respectively. When graphene nanofluid was
used as the coolant in hybrid BTMS, the battery pack’s average temperature (Tb) dropped from 52.2°C to 47.9°C,
with RBTMS and ΔTmax decreasing by 20.1% and 32.7%, respectively. These findings underscore the hybrid BTMS’s
suitability for high heat load applications, offering a promising solution for electric vehicle thermal management.
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Nomenclature

I input current (A)
Q heating power input (W)
QOHP heat load transferred via OHP (W)
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R thermal resistance (°C/W)
T temperature (°C)
t time (s)
U input voltage (V)
FR filling ratio
wt% weight percentage
�T temperature difference (°C)
�t time difference (s)
Tmax maximum temperature (°C)
Tb the average surface temperature of the batteries (°C)
σ T temperature standard deviation (°C)
RBTMS equivalent thermal resistance of BTMS (°C/W)
FR filling ratio (%)
con condensation
eva evaporation
max maximum
2D two dimensional
3D three dimensional
BTMS battery thermal management system
PCM phase change material
OHP oscillating heat pipe
CNT carbon nanotube
Crate the battery discharge/charge rate relative to its maximum capacity

1 Introduction

Lithium-ion batteries, the primary power source for electric vehicles (EVs), offer numerous
performance advantages but also generate significant heat during charging and discharging cycles,
leading to increased battery temperatures [1]. Excessive battery temperatures can severely degrade
the performance and cycle life of lithium-ion batteries. Therefore, developing a reliable and efficient
Battery Thermal Management System (BTMS) to control battery temperatures is crucial. To extend
electric vehicle range, researchers worldwide are striving to maximize the volume utilization of
power batteries, fitting more lithium-ion battery packs within the limited space of vehicle chassis [2].
Additionally, high power motors and fast charging technologies are increasingly adopted to enhance
electric vehicle performance and user experience [3]. This results in the rapid accumulation of heat in a
confined space under heavy loads, significantly raising the requirements for battery cooling technology
and intensifying the challenges facing battery thermal management in vehicles [4,5].

Current battery cooling technologies include air cooling [6,7], liquid cooling [8,9], phase change
material cooling [10], and heat pipe cooling [11]. Heat pipe cooling achieves efficient heat transfer
through the physical processes of vaporization, condensation, and reflux within a sealed tube. Due
to its high thermal conductivity, reversible heat flow, and excellent isothermal characteristics, the
heat pipe cooling system has drawn considerable academic interest. However, the relatively high cost
of heat pipes remains a limitation [12]. In the past few years, the oscillating heat pipe (OHP), a
revolutionary heat pipe without a wick structure, has shown great promise due to its superior heat
transfer performance, simple design, and low production cost [13,14]. An OHP’s interior diameter
generally ranges between 1 and 4 mm, with the working fluid forming many randomly dispersed liquid
and vapor plugs driven by surface tension. When the OHP’s evaporator and condenser portions are
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heated and cooled, respectively, the liquid-vapor plugs oscillate, transferring heat by phase change and
convection [15,16].

Current research on OHP-based BTMS focuses on optimizing OHP structures [17,18], mixed
working fluids [19,20], and nanofluids [21–23]. In these studies, standard 2D planar structures are
commonly used for OHPs [24,25]. Many researchers have shown interest in structural innovations for
OHPs. Chotmanee et al. added a check valve to the OHP, which significantly reduced both the startup
temperature and startup time. In a closed-loop OHP with a check valve, when the maximum heat
transfer reached 98.6 W, the simulated battery temperature dropped to 55.8°C [17]. Chi et al. modified
the traditional U-shaped bend at the bottom of the OHP to a right-angle design, reducing the vertical
length of the condenser section, optimizing space within the vehicle [18]. Similarly, they introduced an
L-shaped OHP, characterized by a longer heating section and shorter cooling and adiabatic sections,
enabling a more compact spatial arrangement of the battery and cooling system [26]. Chung et al. used
a 3D-OHP to encircle two 18650 cylindrical batteries and studied its heat dissipation performance
under 5 and 10 W thermal loads [27]. Cattani et al. experimented with a 3D-PHP featuring three
bends, conducting air-cooling tests on a battery module composed of nine cylindrical cells, exploring
the effects of airflow velocity and fin structure on the battery’s thermal performance [28].

Although current studies have demonstrated the feasibility of applying OHPs in BTMS, lim-
itations remain. In OHP-based cooling systems, battery cells must be positioned near the OHP’s
evaporator section, while the condenser section is reserved for housing cooling components. This
configuration leads to low space utilization for the batteries. Additionally, heat from the battery can
only be dissipated through the oscillating heat pipe, which restricts the heat transfer limit of the cooling
system. Research indicates that in order to keep battery temperatures below 60°C, the heat transfer
capacity of BTMSs using a single OHP generally ranges from 10 to 60 W [28], with a maximum
observed value of 99.6 W [27]. However, by introducing a liquid cooling path alongside the OHP heat
transfer route, a hybrid BTMS could substantially enhance cooling efficiency, meeting the thermal
management needs of battery packs under higher charge-discharge rates [22,29,30]. Although extensive
research has been conducted on hybrid BTMSs using flat heat pipes [31], gravity heat pipes [32], and
loop heat pipes [33], studies on hybrid BTMSs incorporating OHPs remain limited.

To address these challenges, this study proposes a liquid-cooled BTMS based on a ⊥-shaped
OHP. As illustrated in Fig. 1, the system features a vertical arrangement of the OHP’s evaporator
and condenser sections, unlike conventional liquid cooling systems. This OHP structure is well-suited
to the design characteristics of prismatic batteries, effectively addressing the issue of limited space
for the OHP’s condenser section. Furthermore, the system retains the benefits of liquid cooling by
allowing direct heat transfer through contact between the liquid cooling plate and the two sides of the
battery cells. The liquid cooling plate incorporates an open-close design, with circular channels tailored
to fit the OHP’s condenser section, facilitating efficient heat dissipation. The evaporator section of
the OHP is in contact with the bottom surface of the prismatic battery via a custom aluminum heat
collector plate, absorbing heat from the battery. This hybrid BTMS integrates both liquid cooling and
OHP-based heat transfer without increasing the number of liquid cooling plates, thereby expanding
the battery’s heat exchange area. As a result, the system effectively reduces the battery’s average
temperature and enhances temperature uniformity across the battery pack.
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Figure 1: Schematic of the hybrid BTMS

However, this specialized OHP structure inevitably affects the gravitational distribution of the
working fluid in the evaporator and condenser sections, as well as the complex multiphase flow within
the tube, which in turn influences the startup and heat transfer performance of the OHP [34]. A
comprehensive and systematic study of the ⊥-shaped OHP is therefore necessary. The startup and heat
transfer performance of an oscillating heat pipe is significantly influenced by the physical properties
of the working fluid. In battery thermal management applications, where operational temperatures
are constrained, the selection of working fluids and filling ratios is critical to achieving effective
temperature control [35]. Kumar et al. examined acetone, deionized water, methanol, and ethanol
as working fluids in OHPs for BTMS, finding that acetone, with its low boiling point and high
latent heat, performed better than other fluids for battery cooling [36]. However, there is a typical
trade-off between the startup performance and dry-out resistance when using a single working fluid
in OHPs. To enhance overall thermal performance, Xu et al. proposed using mixed working fluids,
suggesting that an optimal blend can balance OHP characteristics [37]. Research on mixed working
fluids for OHP-based BTMS is limited, with Wei and Zhou’s team being one of the few to explore
this area. They found that ethanol and water, with their complementary thermal properties, allowed
an ethanol-water binary mixture to achieve better temperature control at a 48 W heat load in battery
cooling [19,22]. Current research on mixed fluids primarily focuses on “dry-out” resistance, but the
experimental working temperatures are not always suitable for BTMS applications. Furthermore, the
filling ratio is crucial to the startup and stability of the OHP, and there is ongoing debate regarding
the optimal range. Generally, experiments indicate that OHPs perform best with filling ratios around
50% [35,38]. However, Chen and other researchers have suggested that the optimal filling ratio for
OHP-based BTMS might be below 40% [26–28]. For example, Wei et al. found that a 30% filling ratio
was optimal [19], while Zhou’s team determined an optimal range of 30%–35% when using CNTs as
the working fluid [22]. Chung et al.’s study on 18650 batteries showed good performance with a filling
ratio between 10% and 15% for methanol and FC-72 fluids [27]. The structure of the OHP in this study
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differs from previous designs, necessitating experimental verification of the optimal working fluid type
and filling ratio to address the current gap in knowledge for these parameters in novel OHP structures.

In summary, we first conducted experimental research on OHPs with vertically arranged evapo-
rator and condenser sections, analyzing the effects of different structures, working fluids, filling ratios,
and heat loads on the startup and heat transfer characteristics of the OHP. Subsequently, we carried
out experimental investigations on the heat transfer performance of the hybrid BTMS based on the ⊥-
shaped OHP and further explored the enhancement effects of graphene nanofluids on the performance
of the hybrid BTMS. The findings of this study offer both theoretical and practical insights for the
structural design of OHPs and the development of OHP-based hybrid cooling systems.

2 Experimental Setup and Procedure
2.1 Experimental Apparatus

An experimental system was designed and constructed, as shown in Fig. 2. The experimental setup
primarily comprises a simulated battery module (heat source), OHP, heat collector plate, liquid cooling
plate, water cooling unit, and data acquisition system. To minimize heat loss from the experimental
system to the surrounding environment, aluminum foil and thermal insulation cotton were used for
insulation. The heat source, heat collector plate, and liquid cooling plate used in this experiment were
consistent with those described in the literature [39]. To further optimize the performance of the hybrid
system, a layer of thermally conductive silicone grease was applied between the contact surfaces of the
simulated battery, heat collector plate, and liquid cooling plate. A constant-temperature bath (HX-101)
was used to supply thermostatic cooling fluid, with the flow rate controlled by an external TL-B10H
variable-speed pump. The cooling fluid in the constant-temperature bath circulates through piping
connected to the liquid cooling plate, forming a closed-loop water circulation system. Temperature
signals were recorded using a Zctek ZC300V-64 multi-channel data logger and PT100 thermal resistors,
with a data acquisition interval of 1 s. The accuracy of the main equipment used in the experiment is
shown in Table 1.

Figure 2: Schematic diagram of the test bench
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Table 1: Instrument accuracy and uncertainty

Parameters Type Accuracy Uncertainty

Thermal resistor (°C) PT-100 0.1% ±0.1°C
Temperature logger (°C) ZC300V-64 0.1% ±0.1°C
DC power supply (V) MS10030D 0.1% ±0.005 V
Variable-speed pump (L/min) TL-B10H 0.2% ±0.02 L/min
Thermostatic bath (°C) HX-101 0.05% ±0.05°C

This study focuses on eight batteries to determine the dimensions of the OHP, liquid cooling plate,
and heat collection plate. However, actual battery pack typically contains a much larger number of
cells. In practice, owing to the easy manufacturability and high adaptability of oscillating heat pipes,
the hybrid BTMS is modular and can be flexibly designed with dimensions tailored to match the
specific number of cells required in real-world applications.

The liquid cooling plate consists of two detachable plates, each measuring 120 mm × 100 mm ×
15 mm, fastened together with bolts. This plate is designed to dissipate heat directly from the battery
surface and to remove heat from the condenser section of the OHP. One side of the liquid cooling
plate features semi-circular grooves with both the number and diameter matching those on the heat-
collecting plate, allowing for the installation of the OHP’s condenser section. The opposite side has
four 8 mm-deep channels that accommodate square copper tubes with an outer diameter of 8 mm,
forming cooling channels that make flush contact with the battery surface.

The experiment utilized an MS10030D DC power supply to power the heat source. It is important
to note that the primary focus of this study is on OHPs with different structural designs and the hybrid
BTMS based on the ⊥-shaped OHP. When examining the startup and heat transfer performance
of OHPs under various structural parameters, it is critical to ensure that the heat source does not
come into direct contact with the liquid cooling plate, so that heat transfer occurs exclusively through
the OHP.

As shown in Fig. 3, heat input to the OHP is provided by a metal heating film (encased in
polyimide material) attached to the heat collector plate of the evaporator section. For consistency, two
metal heating films were used in each OHP BTMS with different structures. For the hybrid BTMS
experiments, the heat source is a simulated battery pack made of eight aluminum blocks, substituting
for the LP-51A·h ternary prismatic lithium-ion battery produced by Lishen Company. This lithium-ion
battery model is widely used in the electric vehicle industry [39,40]. The basic parameters of the battery
are listed in Table 2. Each aluminum block measured 148 mm × 26 mm × 97 mm, with circular holes
(6 mm in diameter and 70 mm deep) machined at the electrode positions to house 6 mm × 60 mm
heating rods. These heating rods were used to simulate the battery’s heat generation under various
operating conditions. A PT100 temperature sensor was installed in the center of each simulated battery
to monitor and record real-time temperature variations in the core areas of the cells.
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Figure 3: (a) Heat source used in the study on OHP; (b) heat source used in the study on hybrid BTMS

Table 2: Basic battery parameters

Parameter Specification

Operating voltage 2.8 V∼4.2 V
Rated capacity 51 A·h
Maximum charge rate 1 C
Maximum continuous discharge rate 2.0 C
Maximum peak discharge rate 3 C
Optimal operating temperature (charge/discharge) 15°C∼50°C
Maximum allowable charge temperature −10°C∼55°C
Maximum allowable discharge temperature −30°C∼60°C
Dimensions (L ∗ W ∗ H) 148 mm × 26.5 mm × 97 mm

Similar to many studies on OHP-based BTMS, this study also uses same-sized heated aluminum
blocks as substitutes for the heat generated by battery cells [22,26,27]. It is important to note that the
calculation of the simulated battery’s heat release rate in this study is based on the Bernardi equation
[41], which estimates heat generation by measuring the internal resistance and open-circuit voltage
of sample cells during charging and discharging. This method reflects the average thermal power
for specific discharge rates over time, which differs from the instantaneous thermal power of actual
cells. The battery is permitted to operate at a maximum discharge rate of 3 C. In the experiment, the
equivalent heat loads for the battery pack at discharge rates of 0.75, 1.5, and 3 C are 29.6, 90.4, and
277.6 W, respectively [39,40]. In this paper, the equivalent heat release power at the maximum discharge
rate is used to evaluate the cooling performance advantages of the hybrid system.

Based on the dimensions of the battery pack, the primary specifications of the copper OHP used
in the experiment include an outer diameter of 3 mm, an inner diameter of 2 mm, and four bends
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with a radius of 7 mm. The straight section length of the evaporator is 148 mm, while the condenser’s
straight section length is 97 mm. During the fabrication of the OHP, measures were taken to ensure
its airtightness. The connection between the oscillating heat pipe and the filling port was secured with
silver brazing. After filling, the port was sealed twice using crimping pliers to prevent any leakage.

It is important to note that due to manufacturing tolerances in OHP fabrication, the theoretical
volume formula for thermal management cannot be directly used to calculate the OHP volume. To
determine the OHP volume, the pipe should first be completely filled with deionized water, and then
the volume of the deionized water should be measured to obtain the OHP volume. The filling ratio of
the OHP is defined as the ratio of the working fluid volume injected into the OHP to the total volume
of the OHP. For example, a working fluid volume of 1.5 mL corresponds to a filling ratio of 19.6%.

Gravity significantly influences the movement of the working fluid within the OHP. When the
condenser is positioned above the evaporator, gravity assists the flow of the two-phase working fluid.
Conversely, if the evaporator is positioned above the condenser, gravity acts as a resistance rather
than a driving force, greatly reducing the OHP’s performance and potentially rendering it inoperative.
As shown in Fig. 4a, a conventional OHP with the evaporator, adiabatic, and condenser sections
aligned in the same plane is referred to as a 2D-OHP. Following the design principle of positioning the
condenser above the evaporator, two new OHP structures were developed for the novel hybrid BTMS,
as illustrated in Fig. 4b,c. The structure with a vertically arranged condenser is named the ⊥-shaped
OHP, while the structure with a horizontally arranged condenser is named the T-shaped OHP.

Figure 4: Structural diagrams of OHP used in experiment: (a) 2D-OHP (control group); (b) ⊥-shaped
OHP; (c) T-shaped OHP

2.2 Experimental Procedure
The experimental research in this study consists of two parts. First, the effects of filling ratio,

mixed working fluids, and heat load on the performance of the ⊥-shaped OHP and T-shaped OHP
are investigated, with the 2D-OHP serving as the control group. Based on the optimized results, the
second part of the study compares the heat transfer characteristics of the hybrid BTMS based on the
⊥-shaped OHP with those of a liquid BTMS control group, as shown in Fig. 5. Additionally, the study
examines the heat transfer enhancement characteristics of the Hybrid BTMS based on the ⊥-shaped
OHP, using both pure water coolant and graphene nanofluid coolant with a mass fraction of 0.2%.
In all experiments, the ambient temperature and the cooling liquid temperature in the heat dissipation
system were maintained at 25°C. The variables and parameters involved in the experiments are listed
in Table 3.
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Figure 5: Different BTMSs used in experiment: (a) liquid BTMS (control group); (b) hybrid BTMS
with ⊥-shaped OHP

Table 3: Key experimental conditions

Experimental study on OHP

Variables Parameters

Structural characteristics 2D-OHP, ⊥-shaped OHP, T-shaped OHP
Filling ratios 19.6%, 26.1%, 32.6%, 39.1%
Working fluid types Acetone, acetone-methanol, acetone-ethanol,

and acetone-water
Mixed working fluid volume ratio 2:1
Heating loads/(W) 10–100 W

Experimental study on BTMS

Variables Parameters

BTMSs Liquid BTMS, hybrid BTMS
Heating load/(W) 280 W (3 C)
Coolant types Water, graphene nanofluid (0.2% wt)
Flow rate/(L/min) 2.6 (constant flow)

During the experimental preparation phase, the experimental testing platform was assembled
according to the schematic diagram of the testing apparatus. The heating, cooling, and temperature
acquisition devices were then inspected and calibrated to ensure proper operation. After preparing
and calibrating the experimental apparatus, experiments were conducted on the various variable
parameters. Although the specific research parameters differed between each set of experiments, to
ensure the accuracy of the measurements, the heat source was only turned off, and the experiment
was stopped after the OHP had reached a stable state or had been running for over 2000 s, with the
heat source temperature exceeding 60°C. During this period, temperature-time data were recorded
and saved. Following each experiment, the liquid cooling system remained operational until the
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temperature at all measurement points returned to ambient levels. Before initiating the next set of
experiments, a one-hour waiting period was observed to allow the gas and liquid plugs within the
OHP to return to a randomly distributed steady state, preventing the results of the previous experiment
from influencing the subsequent one. It is worth noting that under conditions where the OHP cannot
operate stably (at low loads), the initiation and cessation of oscillations occur somewhat randomly. In
such cases, three sets of tests are conducted under identical conditions, and the average of the measured
results is taken to enhance the reliability of the data.

2.3 Data Acquisition and Processing
Due to the inherent randomness of the working fluid movement inside the OHP, it is essential to

account for temperature variations at different locations when positioning the thermocouples. In all
experiments, the temperature measurement points on the OHP were distributed as shown in Fig. 6a.
Temperature collection points T1 to T4 were located on the evaporator section, T5 to T8 on the
adiabatic section, and T9 to T12 on the condenser section. As illustrated in Fig. 6b, when studying the
effects of structural parameters on OHP performance, metal heating films were used, and temperature
data for the heat source were collected by measuring the temperature on the heat collector plate in
the evaporator section. For the hybrid BTMS experiments, simulated batteries were used as the heat
source, and surface temperature monitoring was conducted for simulated batteries 1, 3, 6, and 8. The
temperature collection points for each simulated battery were the same. Taking simulated battery 1
as an example (as shown in Fig. 6c), the center temperature was recorded by a probe-type PT100
sensor at T15, while T13 and T14 measured the temperature near the heat collector plate, and T16 and
T17 measured the temperature farther from the heat collector plate. Additionally, T13 and T16 were
positioned closer to the liquid cooling plate.

T4

T1

T3

T2

T8
T7

T6
T5

148mm

97
m

m

101mm

No.1

Condensation
section

Evaporation
section

No.3

No.6
No.8

T9
T10

T11
T12

No.3

No.6
o.8

T13

T14
T15

T16
T17

T15

T13 T14

T16

T18

T17

T20

T19

T21T22
(a) (b)
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Figure 6: Layout of temperature measuring points: (a) temperature measurement points on OHP; (b)
temperature measurement points on heat collecting plates; (c) temperature measurement points on the
No. 1 cell

The performance of the OHP can be evaluated using thermal resistance. The definition of thermal
resistance R is expressed in Eq. (1) as follows:

R = Teva − Tcon

QOHP

(1)
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Teva = 1
n1

n1∑
i=1

Ti (2)

Tcon = 1
n2

n2∑
i=1

Ti (3)

In the equation, Teva and Tcon represent the average wall temperatures of the evaporation and
condensation sections, respectively, and QOHP refers to the heat transfer capacity of the OHP. n1 and n2

denote the number of temperature measurement points arranged in the evaporation and condensation
sections, respectively. The unit of thermal resistance R is °C/W.

In addition to thermal resistance, another key performance metric of the OHP is the evaporator
temperature at the moment the OHP starts operating. The variation in evaporator temperature during
stable operation is also an important indicator. The thermal stability of the OHP can be evaluated
using the standard deviation σ T of the evaporator temperature during stable operation. The definition
of the standard deviation σ T is given in Eq. (4):

σT =
√√√√1

n

n∑
i=1

(
Teva,i − Teva

)2
(4)

where: Teva, i is the temperature at the i-th measurement point in the evaporator, n is the number of
temperature measurement points in the evaporation section.

The cooling performance of a BTMS can be directly evaluated through the temperature and
temperature difference of the battery pack. The better the cooling performance, the lower the
maximum and average surface temperatures of the battery, and the smaller the temperature difference.
Therefore, this study focuses on the following key parameters: average battery temperature (Tb),
maximum battery temperature (Tmax), Maximum temperature difference (ΔTmax), and the BTMS
equivalent thermal resistance (RBTMS). The definitions of these parameters are as follows:

Tb = 1
n

n∑
i=1

Ti (5)

Tmax = max{T1, T2, . . . Ti, . . . Tn} (6)

�Tmax = Tmax − Tmin (7)

RBTMS = Tb − Tout

Qtotal

(8)

In these contexts, n refers to the number of temperature measurement points within the battery
pack, and Ti is the surface temperature at the i-th measurement point. Tout represents the outlet
temperature of the cooling liquid.

To facilitate a comparison of the performance advantages of the hybrid BTMS with dual heat
transfer paths over the traditional liquid BTMS, a performance enhancement index (EP) can be
defined. This index evaluates the enhancement of key parameters under different conditions, including
Tb, Tmax, ΔTmax, and RBTMS. The performance enhancement indices for EPTb

, EPTmax , EP�Tmax , EPRBTMS
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are defined as follows:

EPTb
= Tb,0 − Tb,x

Tb,0 − 25
× 100% (9)

EPTmax = Tmax,0 − Tmax,x

Tmax,0 − 25
× 100% (10)

EP�Tmax = �Tmax,0 − �Tmax,x

�Tmax,0

× 100% (11)

EPRBTMS
= RBTMS,0 − RBTMS,x

RBTMS,0

× 100% (12)

In these contexts, Tb,0, Tmax,0, ΔTmax,0, and RBTMS,0 refer to the average battery temperature,
maximum battery temperature, maximum temperature difference, and equivalent thermal resistance,
respectively, when using the liquid BTMS with water as coolant. Tb,x, Tmax,x, ΔTmax,x, and RBTMS,x

represent the corresponding parameters (Tb, Tmax, ΔTmax, and RBTMS) when using the hybrid BTMS
with graphene nanofluid as coolant.

2.4 Error Analysis
During the experiment, the experimental errors mainly consist of direct measurement errors and

indirect measurement errors. Based on the error propagation law [42], the formula for calculating the
error is as follows:

δy =

√(
∂f
∂x1

)2

δx1
2 +

(
∂f
∂x2

)2

δx2
2 + · · · +

(
∂f
∂xn

)2

δxn
2

y
(13)

This study primarily investigates the ⊥-shaped OHP and the hybrid BTMS based on the ⊥-shaped
OHP. In the experiments, the main sources of direct measurement errors arise from the temperature
data collected from various points on the battery pack and the OHP. Indirect measurement errors are
associated with the heat source power and thermal resistance. The uncertainties and accuracy of the
instruments used in the experiments are listed in Table 1. By addressing these errors, the reliability of
the measurements and results is ensured, and the propagation of uncertainties is carefully considered
throughout the experimental process. Using the error propagation law and combining it with Eq. (13),
the indirect measurement errors for the heat load Q and the thermal resistance R of the OHP can be
calculated as follows:

�Q
Q

=
√(

�U
U

)2

+
(

�I
I

)2

(14)

δR =

√(
∂R
∂T

)2

δT 2 +
(

∂R
∂Q

)2

δQ2

�T/Q
=

√(
1

�T

)2

δT 2 +
(

1
Q

)2

δQ2 (15)

As the heat load decreases, the uncertainty in measurement error increases, assuming the precision
of the equipment remains constant. Conversely, as the heat load increases, both the measurement
error and the indirect error decrease significantly. Based on the previously mentioned formulas, at
the minimum heat load in the experiment, the uncertainty of the heat load Q is 1.9%, and the
corresponding uncertainty for the thermal resistance R is 3.8%.
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3 Results and Discussion
3.1 Thermal Performance of the Vertically Structured OHP
3.1.1 Effect of Filling Ratios

The normal operating temperature of a BTMS typically does not exceed 55°C. If the OHP fails to
initiate within this temperature range, the OHP-based BTMS is considered nonfunctional. The filling
ratio (FR) of the working fluid significantly influences the initial distribution of liquid and vapor plugs
within the OHP, which plays a critical role in both startup and stable operation [34]. As shown in Fig. 7,
an experimental investigation was conducted to evaluate the effects of filling ratios on the startup and
heat transfer performance of three OHP configurations—⊥-shaped OHP, T-shaped OHP, and 2D-
OHP—using acetone as the working fluid under a relatively low heat load of 30 W. Theoretically, a
lower filling ratio reduces frictional resistance between the liquid plugs and the pipe walls, promoting
smoother fluid motion and improving the startup performance of the OHP. However, an excessively
low filling ratio results in a reduced volume of working fluid within the system. The efficient heat
transfer mechanism in OHPs relies on the rapid fluid motion between the evaporator and condenser
sections, which encompasses both latent heat transfer during phase change and sensible heat transfer of
the liquid. Extensive experimental studies have demonstrated that sensible heat transfer constitutes the
majority of the heat exchange process in OHPs [35]. Consequently, when the filling ratio is too low, the
sensible heat transferred during fluid motion from the evaporator to the condenser is diminished. This
limitation adversely affects the overall heat transfer performance and constrains the OHP’s capacity
for efficient thermal management.

Figure 7: (a) Temperature oscillation curves of ⊥-shaped OHP, T-shaped OHP, and 2D-OHP under
filling ratios between 19.6% and 39.1%; (b) startup temperatures of various OHPs under different
filling ratios; (c) thermal resistance (ROHP) changes of various OHPs under different filling ratios
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Fig. 7a illustrates the temperature oscillation curves at the evaporator section (T2) of the OHP
under various filling ratios. At a filling ratio of 19.6%, both the ⊥-shaped OHP and the T-shaped OHP
exhibit localized dry-out in the evaporator section due to an insufficient quantity of working fluid,
rendering them nonfunctional. Among the three OHP configurations examined, the lowest operating
temperature is achieved at a relatively low filling ratio of 26.1%. However, as the filling ratio increases
beyond this value, the startup performance of the OHPs progressively declines. For the T-shaped OHP
and the 2D-OHP, higher filling ratios contribute to improved operational stability. In contrast, the
startup performance of the ⊥-shaped OHP is particularly sensitive to variations in the filling ratio.
Under low heat loads, the ⊥-shaped OHP fails to initiate at a filling ratio of 39.1%, underscoring its
pronounced dependency on the optimal distribution of the working fluid for successful operation.

Fig. 7b,c presents the startup temperatures and thermal resistances of the three OHP configura-
tions under varying filling ratios. The conventional 2D-OHP demonstrates the best performance, with
a thermal resistance of 0.72 °C/W at a filling ratio of 39.1%. This result aligns with the findings of
Wei et al. [19], who used a similar 2D-OHP. In their study, employing the same coolant temperature,
a comparable acetone filling ratio (40%), and a similar heat load (32 W), they measured a thermal
resistance of 0.68 °C/W. This consistency indirectly validates the reliability of the experimental setup
used in this study. Compared to the 2D-OHP, both the ⊥-shaped OHP, with its horizontally arranged
evaporator section, and the T-shaped OHP, with its horizontally arranged condenser section, exhibit
diminished startup and heat transfer performance. This decline is reflected in significantly higher
startup temperatures and thermal resistances for these two configurations. The primary cause of this
performance degradation is the absence of gravity as a driving force in the horizontally arranged
sections, a limitation that is particularly pronounced under low heat loads. Since the OHP’s startup
process is initiated by the heat source at the evaporator section, the ⊥-shaped OHP requires a larger
temperature gradient to generate sufficient driving force for startup due to its horizontal evaporator
configuration. In contrast, the T-shaped OHP faces fewer constraints in this regard. This disparity
highlights the increased sensitivity of the ⊥-shaped OHP’s performance to variations in filling ratios
under low heat load conditions.

3.1.2 Effect of Working Fluids

The exceptional heat transfer performance of OHPs is fundamentally attributed to their thermally
driven, self-excited oscillations, with the physical properties of the working fluid playing a pivotal role
in influencing their startup and heat transfer performance. Commonly used working fluids in OHP
research include deionized water, methanol, ethanol, and acetone. In this study, as illustrated in Fig. 8,
the thermal performance of ⊥-shaped OHP, T-shaped OHP, and 2D-OHP was evaluated under a heat
load of 30 W using mixed working fluids. Acetone, selected as the base fluid due to its low boiling
point and latent heat, was combined with another fluid in a 2:1 volume ratio to form the mixture.

Fig. 8a depicts the temperature variation curves of the evaporator section for different OHP
configurations with various mixed working fluids. Among the vertically configured OHPs, the
acetone/methanol mixture demonstrates superior startup performance compared to other mixtures.
However, its operational stability is relatively poor. Specifically, after startup, the ⊥-shaped OHP
experiences localized dry-out over time, while the T-shaped OHP exhibits periodic low-frequency
oscillations with temperature amplitudes exceeding 10°C. In contrast, OHPs using acetone/ethanol
mixtures display higher startup temperatures than those using acetone/methanol mixtures, attributable
to ethanol’s lower saturation pressure gradient (dP/dT)sat, as shown in Fig. 8b. Additionally, the
temperature oscillations of OHPs with ethanol mixtures are more stable, characterized by smaller
fluctuations. Notably, although water has a higher boiling point than ethanol and the lowest saturation
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pressure gradient—factors that theoretically indicate poorer startup performance for acetone/water
mixtures—the ⊥-shaped OHP achieves a lower startup temperature with acetone/water than with
acetone/ethanol mixtures. This anomaly is primarily attributed to the phase-change suppression
characteristics of the acetone/water mixture. In this case, water remains predominantly in the liquid
phase within the heat pipe, enhancing the sensible heat transfer capability of the working fluid.

Figure 8: (a) Temperature oscillation curves of various OHPs under the mixed working fluids:
acetone—methanol volume ratio = 2:1, acetone—ethanol volume ratio = 2:1, acetone—water volume
ratio = 2:1, and acetone; (b) saturation pressure gradient (dP/dT)sat curves of different working fluids;
(c) temperature standard deviation (σ T) curves of various OHPs under different mixed working fluids

Fig. 8c shows the standard deviation of temperatures in the 1000–3000 s interval for various OHP
configurations with different mixed working fluids. The data reveal that, irrespective of the working
fluid used, the 2D-OHP exhibits significantly smaller temperature standard deviations, ranging from
0.16°C to 1.1°C, compared to the two vertically configured OHPs. This finding suggests that, under
a 30 W heat load, the vertical configuration of OHPs compromises heat transfer stability. Among
the mixed working fluids, the acetone/ethanol mixture consistently achieves the lowest temperature
standard deviations across all OHP configurations, indicating minimal temperature variation in the
evaporator section and superior operational stability. In contrast, methanol-based mixtures result in
the highest temperature standard deviations for all OHP designs. This instability is primarily attributed
to methanol’s higher volatility, which increases the likelihood of vaporization and the subsequent
formation of dry-out zones in the evaporator section.
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3.1.3 Effect of Heating Loads

Fig. 9 presents the temperature oscillation curves at the T2 point in the evaporator section for
⊥-shaped OHP, T-shaped OHP, and 2D-OHP under heat loads of 10, 50, and 100 W. To evaluate
the transient effects of heat load on evaporator temperatures, the instantaneous temperature variation
rate was analyzed over a 1000 s interval during steady operation. Fig. 9a–c depicts the temperature
oscillation curves for the different OHP configurations under a 10 W heat load. For the ⊥-shaped
OHP, oscillations are not initiated until the evaporator temperature reaches 41°C, at which point low-
temperature working fluid from the condenser section surges into the evaporator, temporarily reducing
the temperature. This behavior is followed by a cessation of oscillations, reflecting intermittent
operation. In contrast, the T-shaped OHP and the 2D-OHP, both featuring vertically arranged evap-
orators, successfully initiate oscillations and achieve steady operation at an evaporator temperature of
approximately 30°C. However, the horizontally arranged condenser in the T-shaped OHP impedes the
return flow of low-temperature liquid from the condenser to the evaporator. As a result, compared to
the 2D-OHP, the T-shaped OHP exhibits larger temperature oscillation amplitudes, higher transient
temperature variation rates, and intervals of oscillation cessation. These observations suggest that the
oscillatory behavior of the working fluid in the T-shaped OHP is inherently intermittent.

Figure 9: Temperature oscillation curves at the evaporation section (T2): (a) 10 W, ⊥-shaped OHP; (b)
10 W, T-shaped OHP; (c) 10 W, 2D-OHP; (d) 50 W, ⊥-shaped OHP; (e) 50 W, T-shaped OHP; (f) 50
W, 2D-OHP; (g) 100 W, ⊥-shaped OHP; (h) 100 W, T-shaped OHP; (i) 100 W, 2D-OHP

Fig. 9d–f presents the temperature oscillation curves for different OHP configurations under a
heat load of 50 W. With increasing heat load, the operating temperatures of the evaporator sections
rise across all three configurations. The 2D-OHP exhibits minimal temperature oscillation amplitudes
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and a transient temperature variation rate of approximately 0.3 °C/s, signifying stable operation. In
contrast, the two vertically configured OHPs display larger temperature oscillation amplitudes. The ⊥-
shaped OHP maintains relatively stable oscillations, with a transient temperature variation rate below
1 °C/s. However, the T-shaped OHP experiences intense oscillations within the 38°C–47°C temperature
range, with transient temperature variation rates exceeding 1.5 °C/s. These results indicate that as the
heat load increases, the operational stability of the T-shaped OHP declines, revealing a lower heat
transfer limit compared to the other configurations.

Fig. 9g–i depicts the temperature oscillation curves for different OHP configurations under a
heat load of 100 W. At this load, the ⊥-shaped OHP demonstrates excellent operational stability,
maintaining a transient temperature variation rate of approximately 1.5 °C/s. In contrast, the T-shaped
OHP initiates oscillations when the evaporator temperature reaches approximately 40°C. However,
these oscillations become progressively steeper, with the transient temperature variation rate peaking
at 3.0 °C/s. At around 720 s, oscillations cease entirely in the T-shaped OHP, leading to a sharp
temperature rise and indicating heat pipe failure. This behavior confirms that the heat transfer limit of
the T-shaped OHP is exceeded at 100 W. Notably, under the same heat load, the 2D-OHP operates
within a temperature range of 44°C–55°C but exhibits significant temperature fluctuations. These
fluctuations suggest that the heat transfer performance of the 2D-OHP under these conditions is
inferior to that of the ⊥-shaped OHP.

Fig. 10a illustrates the variation in thermal resistance for the ⊥-shaped OHP, T-shaped OHP, and
2D-OHP across different heat loads. As the heat load increases, the thermal resistance of all OHP
configurations initially decreases rapidly, then stabilizes, and eventually rises slightly after reaching
a minimum value. The structural design of the OHP plays a critical role in determining its thermal
performance. Compared to the 2D-OHP, the ⊥-shaped OHP encounters challenges during startup at
low heat loads (<30 W), while the T-shaped OHP successfully starts at 10 W but suffers from poor
operational stability and a maximum heat transfer limit of only 60 W. Notably, at higher heat loads
(>70 W), the thermal resistance of the ⊥-shaped OHP is lower than that of the 2D-OHP. At 100 W,
the 2D-OHP exhibits an average thermal resistance of approximately 0.25 °C/W, whereas the ⊥-shaped
OHP achieves a lower average thermal resistance of 0.23 °C/W, demonstrating superior heat transfer
performance under high heat load conditions.

Figure 10: (a) The thermal resistance (ROHP) curves of various OHPs under different heating loads; (b)
temperature oscillation amplitude and cycle in the evaporation section of ⊥-shaped OHP and 2D-OHP
(100 W)
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Fig. 10b illustrates the distribution characteristics of temperature oscillation amplitude and period
on the evaporator wall for the ⊥-shaped OHP and the 2D-OHP under a heat load of 100 W. Consistent
with the thermal resistance trends presented in Fig. 10a, the 2D-OHP exhibits poor temperature
oscillation stability at this heat load. A significant number of oscillation amplitude data points cluster
around 5°C, with half-periods exceeding 9 s. These observations indicate that a 100 W heat load
is close to the heat transfer limit of the 2D-OHP. In contrast, the ⊥-shaped OHP displays a more
concentrated distribution of temperature oscillation amplitude and period under the same conditions.
This suggests that the oscillatory behavior of the working fluid in the ⊥-shaped OHP remains relatively
stable even at high heat loads, underscoring its superior heat transfer capacity and higher heat transfer
limit compared to the 2D-OHP.

3.2 Mechanism Analysis of the Vertically Structured OHP
To better elucidate the effects of structural configuration, filling ratio, working fluid type, and

heat load on OHP performance, this study employs a simplified mathematical model to analyze the
physical dynamics of vertically structured oscillating heat pipes. The plug/slug flow within the OHP is
primarily driven by the pressure difference between the evaporator and condenser sections. Specifically,
each liquid plug, isolated by adjacent vapor plugs on either side, is propelled by the pressure gradient
between these vapor plugs, enabling oscillatory motion and efficient heat transfer.

As illustrated in Fig. 11, using the liquid plug at point C in the evaporator section as an example,
the pressure difference generated by the driving force must overcome multiple resistances to enable
stable movement of the liquid plug. These resistances include the capillary pressure drop (Δpca),
frictional pressure drop (Δpf ), dynamic pressure drop due to velocity changes (Δpu), and gravitational
pressure drop (Δpg). The driving force for the liquid plug’s motion can thus be expressed using the
following equation:

Pdrive = P1 − P2 = �pca + �pf + �pu + �pg (16)

Figure 11: Pressure analysis of the liquid slug in the OHP

Using Ling’s calculation method [43], the following assumptions were made:

• The liquid plug moves at a constant velocity during stable operation.
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• The gas within the heat pipe is treated as an ideal gas, and friction between the gas and the pipe
wall is neglected.

• The influence of gravity on the gas is ignored.

Based on these assumptions, the calculated results for the various pressure drops are summarized
in Table 4.

Table 4: Calculation equations of various pressures

Objective Equation Definition

P1 P2e
�H
R

T1−T2
T1T2 Assume the gas is an ideal gas; apply Clapeyron

equation; ΔH is the enthalpy of vaporization;

P2 ≈ �H
T1

T2

ρV ρv is the density of the vapour; utilize a Taylor series
to neglect high-order terms;

Δpca

2σ (cos αr − cos αa)

r0

σ is the surface tension;
r0 is the radius of the OHP;
αr and αa are respectively the receding contact angle
between the two liquid-vapour interfaces shown in
Fig. 11;

Δpf

8μHu
r0

2
μ is dynamic viscosity; H is the length of liquid
plug; u is the flow velocity;

Δpu 0 Assume that the liquid plug moves at a constant
speed u during stable operation.

Δpg sgn
(
uy

)
ρgHsin θ θ is the inclined angle of the liquid plug;

uy > 0, sgn
(
uy

) = 1; uy = 0, sgn
(
uy

) = 0; uy <

0, sgn
(
uy

) = −1;

The sum of various pressure differences is represented as Eq. (17).

�pca + �pf + �pu + �pg = 2σ(cos αr − cos αa)

r0

+ 8μHu
r0

2
+ sgn(uy)ρgHsin θ (17)

The driving force is given by Eq. (18).

Pdrive = P1 − P2 ≈ �H
(T1 − T2)ρV

T2

(18)

During the startup of the oscillating heat pipe, the behavior is characterized by the low-
temperature working fluid from the condenser section flowing into the evaporator section. At this
point, the expression for gravitational pressure drop (�pg) can be simplified as Eq. (19).

�pg = −ρgH sin θ (19)

During the startup phase, gravity contributes as part of the driving force. For 2D-OHP and T-
shaped OHP, the evaporator sections are vertically arranged, with θ = 90°, making sinθ = 1. This
configuration allows both 2D-OHP and T-shaped OHP to utilize gravity to assist in the startup process.
In contrast, the evaporator section of the ⊥-shaped OHP is horizontally arranged, with sinθ = 0,
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meaning it cannot rely on gravity for startup. As a result, additional driving forces are required to
initiate operation. This disadvantage is more pronounced under low heat loads, explaining why the
⊥-shaped OHP exhibits poorer startup performance in such conditions.

From Eq. (17), it can be inferred that a lower filling ratio results in a shorter liquid plug length
(H) within the pipe. This reduction in liquid plug length decreases the overall pressure drop inside the
pipe, thereby reducing the required driving force. This phenomenon explains why oscillating heat pipes
exhibit improved startup performance at lower filling ratios. Furthermore, as indicated in Eq. (18),
the driving force is determined by the temperature difference across the liquid plug. Employing a
working fluid with a higher saturation pressure gradient significantly enhances the driving pressure.
Additionally, as the heat load increases, the temperature difference across the liquid plug grows,
resulting in a corresponding increase in the driving force.

3.3 Thermal Performance of the Hybrid BTMS
Compared to the T-shaped OHP, the ⊥-shaped OHP demonstrates superior heat transfer perfor-

mance and more stable operation under high loads. Additionally, even if a working fluid leak occurs,
gravity causes the fluid to seep from the bottom of the heat collection plate rather than onto the
battery pack surface. Therefore, this study utilizes the ⊥-shaped OHP to investigate the performance
characteristics of the proposed hybrid BTMS. Under a 3C discharge rate, the battery pack generates
approximately 280 W of heat load.

Fig. 12 shows the steady-state temperature values at each measurement point on the battery pack
under a 280 W heat load for both the liquid BTMS and hybrid BTMS, using different types of cooling
liquids. The temperature measurement points T13–T17, T18–T22, T23–T27, and T28–T32 correspond
to the surface temperature points of batteries No. 1, No. 3, No. 6, and No. 8, respectively. In general,
for both the hybrid BTMS and liquid BTMS, the temperature decreases as the measurement point gets
closer to the cooling plate. The maximum temperature across all the batteries is observed at the points
farthest from both the cooling plate and the evaporator section of the OHP, specifically at T17, T22,
T27, and T32. Notably, T32 on battery No. 8 records the highest temperature among all measurement
points.

As depicted in Fig. 12a,b, when water is used as the coolant, the hybrid BTMS demonstrates
significantly better cooling performance than the liquid BTMS due to its dual heat transfer paths.
The temperature at the points farther from the liquid cooling plate in the hybrid BTMS (T14, T17,
T19, T22, T24, T27, T29, T32) is approximately 3.2°C lower than in the liquid BTMS. This reduction
in temperature helps lower the highest temperature in the battery pack and improves the overall
temperature uniformity, which is beneficial for enhancing battery performance and longevity.

When using graphene nanofluid with a mass fraction of 0.2% as the cooling liquid, as shown
in Fig. 12c,d, nanofluids significantly enhance the cooling performance of both the liquid BTMS and
hybrid BTMS. Compared to the liquid BTMS, the hybrid BTMS—due to its dual heat transfer paths—
continues to demonstrate superior heat transfer performance, with lower steady-state temperatures at
all measurement points on the battery pack. In line with previous findings, the highest temperatures
within the battery pack are observed at locations furthest from both the cooling plate and the
evaporator section of the OHP, particularly at T17, T22, T27, and T32. In the hybrid BTMS, the
temperatures at these points are 49.9°C, 49.3°C, 49.5°C, and 49.8°C, respectively. In contrast, in the
liquid BTMS, the corresponding temperatures are 51.0°C, 51.1°C, 51.3°C, and 51.5°C. These results
demonstrate that even with the enhanced cooling provided by the graphene nanofluid, the hybrid
BTMS maintains a performance advantage over the liquid BTMS by providing better heat dissipation
and lower overall temperatures.
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Figure 12: Temperatures at each measurement point of the battery pack under different BTMSs and
coolant types (280 W): (a) liquid BTMS with water coolant; (b) hybrid BTMS with water coolant; (c)
liquid BTMS with nanofluid coolant; (d) hybrid BTMS with nanofluid coolant

Fig. 13a compares the average surface temperature, maximum temperature difference, and equiva-
lent thermal resistance of the battery pack in both the hybrid BTMS and liquid BTMS under a 280 W
heat load, using either water or graphene nanofluid as the cooling liquid. The cases are defined as
follows:

• Case 1: liquid BTMS with water coolant,

• Case 2: hybrid BTMS with water coolant,

• Case 3: liquid BTMS with graphene nanofluid coolant,

• Case 4: hybrid BTMS with graphene nanofluid coolant.
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Figure 13: (a) Tb, ΔTmax, and RBTMS with different BTMS schemes (Q = 280 W); (b) performance
enhancement index with different BTMS schemes (Q = 280 W)

As seen in the figure, Case 4 (hybrid BTMS with nanofluid) exhibits the best cooling performance,
with optimal Tb of 47.9°C, �Tmax of 3.45°C, and RBTMS of 0.071 °C/W. The superior performance
of Case 4 is attributed to two factors: first, under a 280 W heat load, the working fluid inside the
⊥-shaped OHP continues to oscillate, activating the heat transfer path provided by the OHP in the
hybrid BTMS; second, the use of graphene nanofluid greatly enhances the efficiency of the liquid
cooling path. Notably, to maintain the average battery temperature below 50°C, existing studies on
OHP-based BTMS have reported heat loads ranging only between 5 and 100 W [18–26,28]. This clearly
demonstrates the performance advantage of the hybrid BTMS proposed in this study, which effectively
expands the operational range and improves thermal management efficiency.

It is also worth noting that Case 3 (liquid BTMS with graphene nanofluid) outperforms Case 2
(hybrid BTMS with water). This indicates that, under a 280 W heat load, the improvement in cooling
performance by adding 0.2% graphene nanofluid to the liquid BTMS is greater than the improvement
achieved by adding the ⊥-shaped OHP to the hybrid BTMS alone. In Fig. 13b, with the liquid BTMS
using conventional cooling liquid (Case 1) as the baseline, the degree of performance enhancement
in the system when using hybrid BTMS and nanofluid is illustrated. When using the new hybrid
BTMS (Case 2), the performance enhancements for Tb, �Tmax, and RBTMS are 5.9%, 19.1%, and 8.06%,
respectively. When graphene nanofluid is applied in the hybrid BTMS (Case 4), the performance
improvements for Tb, �Tmax, and RBTMS increase to 15.8%, 32.7%, and 20.1%, respectively.

4 Conclusions

This paper presents an experimental investigation of the proposed novel hybrid BTMS based on
an OHP. Key findings include:

1. A filling ratio of 26.1% optimizes the ⊥-shaped OHP’s startup and thermal performance.
Acetone demonstrates superior heat transfer at low loads, while the acetone-ethanol mixture
minimizes temperature fluctuations.

2. Due to the influence of gravity, the ⊥-shaped OHP with a horizontally arranged evaporator
section struggles to start under low heat loads but demonstrates stronger heat transfer
performance under high loads compared to the standard 2D-OHP. Conversely, the T-shaped
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OHP with a horizontally arranged condenser section starts easily under low loads but exhibits
poor operational stability as the load increases.

3. Compared to traditional OHP BTMS, the hybrid system extends the heat transfer limit from
less than 100 W to over 280 W, making it particularly suitable for high-load BTMS applications
and heat dissipation in high heat flux density devices.

4. Compared to the liquid BTMS, the hybrid BTMS adds an additional OHP heat transfer path,
reducing the �Tmax and RBTMS by 19.1% and 8.06%, respectively, under 280 W. Graphene
nanofluid further improves performance, achieving reductions of 32.7% in �Tmax and 20.1%
in RBTMS.

5. Future work should focus on optimizing the hybrid BTMS structure for larger battery
configurations, validating its performance with real battery packs under dynamic operational
conditions, and enhancing its practical application by the studying the long-term reliability of
the novel system.
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