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This paper introduces a ⊥-shaped oscillating heat pipe (OHP) with the purpose of 
improving the volumetric utilization of the battery thermal management system (BTMS) 
for electric vehicles. Distinguished from standard OHP structures, the evaporator and 
condenser sections of the ⊥-shaped OHP are oriented vertically in spatial arrangement. 
Experimental investigations were conducted on two types of ⊥-shaped OHPs and a 
standard OHP, employing filling ratios from 19.6% to 39.1%, working fluid mixtures of 
acetone with methanol, ethanol, and water, and thermal loads from 10 to 100W. The 
results indicate that all the OHPs with an acetone filling ratio of 26.1% exhibit minimum 
thermal resistance at 30W. When employing mixed working fluids, the acetone-ethanol 
and acetone-methanol combinations display the least and most temperature 
fluctuations, respectively. The OHP with mixed working fluids achieves no more improved 
thermal performance than the use of acetone. As the heating power increases, the 
operational stability of the ⊥-type OHP improves, however, the trend is opposite for the 
R-⊥-type OHP. In comparison to the standard OHP, the ⊥-type OHP demonstrates 
stronger oscillation stability at 100W and achieves a 3.3°C lower maximum temperature 
on the heat collector plate. 
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1. Introduction 
 

Lithium-ion batteries, being the main source of energy for electric vehicles, offer significant 
performance advantages but release substantial heat throughout the charging and discharging 
procedures [1-3]. To increase the electric vehicle's driving range, researchers have continually sought 
to improve the volumetric utilization of power batteries and have developed battery structural 
designs such as Cell to Pack (CTP) and Cell to Chassis (CTC) [4-6]. Placing more lithium-ion battery 
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packs within the limited space of the vehicle chassis exacerbates the heat generation from batteries, 
thereby imposing higher demands on battery thermal management system (BTMS). Improving the 
cooling efficiency, expanding the heat exchange surface areas while using the least amount of space 
have been the main challenges [7-9]. Air cooling, liquid cooling, phase-change material cooling, and 
heat pipe cooling are some of the popular battery cooling strategies used nowadays, while air and 
liquid cooling are commonly employed in the thermal management of electric vehicle batteries [7-
18]. 

Despite their simple design, air cooling systems provide less consistent temperatures and reduced 
cooling effectiveness because air has weaker thermal qualities, such as density, thermal conductivity, 
and specific heat. Additionally, the system tends to be equipped with low-performance power 
battery packs and takes up more space [18,19]. In contrast, liquid cooling, compared to air cooling, 
typically offers higher heat transfer coefficients and cooling capacity, rendering it an indispensable 
choice for high-end automotive BTMS. However, liquid cooling is associated with the risk of fluid 
leakage and complex pipeline layout, resulting in higher costs and challenges in system maintenance 
and repair [20]. 

An innovative heat pipe called the oscillating heat pipe (OHP) was first put out by Akachi [21] in 
1990. In comparison to conventional OHP, it features a smaller inner diameter and forms multiple 
randomly distributed vapor plugs and liquid slugs within the interior, driven by surface tension forces. 
When the evaporator and condenser sections of the OHP are subjected to heating and cooling, 
respectively, these vapor plugs and liquid slugs undergo cyclic oscillations, facilitating heat transfer 
through phase change and convective processes. The OHP offers advantages such as high heat 
transfer efficiency, simple structure, low cost, an exceptionally high heat dissipation limit, and long-
distance heat transfer capability. In recent years, there has been a growing interest among scholars 
in applying OHP to enhance battery thermal management. However, in previous studies, batteries 
are often situated within the evaporator section of the OHP, sharing the same plane with the 
condenser and adiabatic sections [22-27]. 

The condenser section is only used to install the cooling device, which means that the volume 
utilization efficiency is very low. The condenser section primarily accommodates liquid-cooling or air-
cooling heat dissipation modules, which have a limited range of functionality, occupy significant 
space, and pose challenges in lithium batteries arrangement. Consequently, current studies on BTMS 
with OHP have suffered from relatively low volumetric utilization rates of battery packs, hindering 
their practical applicability [28]. 

To address the shortcomings of existing BTMS utilizing the OHP, a novel BTMS based on a ⊥-
shaped OHP is proposed. The parametric effects of filling ratios, mixture working fluids, and heat 
loads on the startup and operation performance of the three different type OHPs were investigated 
in the paper. 
 
2. Structural Characteristic of BTMS based on ⊥-shaped OHP 
 

When designing the BTMS for square-shaped batteries, coupling OHP with liquid cooling yields 
higher space utilization efficiency. This paper focuses on square lithium-ion batteries and aims to 
enhance the volumetric utilization of the BTMS. To achieve this goal, a liquid-cooling BTMS based on 
⊥-shaped OHP is proposed. As illustrated in Figure 1, this system features a liquid cooling plate 
designed with an openable structure. The outer surfaces of the liquid cooling plate on both sides 
make direct contact with the battery cells for efficient heat dissipation, while the central portion is 
machined with circular channels that match the configuration of the OHP. The condenser section of 
the OHP, coated with thermally conductive silicone grease, is inserted into these circular channels, 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 123, Issue 2 (2024) 82-98 

84 
 

effectively utilizing the liquid cooling plate for heat dissipation. The evaporator section of the OHP is 
oriented vertically to the condenser section. The evaporator section comes into touch with the 
bottom surfaces of the square battery cells through the aluminum heat collector plates, absorbing 
heat from these surfaces. The adiabatic section of the OHP is relatively short, primarily concentrated 
in the arc-transition region connecting the evaporator and condenser sections. 
 

 
(a) 

 
(b) 

Fig. 1. Structural characteristics of BTMS based on ⊥-shaped 
OHP; (a) The ⊥-shaped OHP, (b) The battery pack space 
layout 

 
Without increasing the number of liquid cooling plates, this new BTMS allows the heat generated 

by the batteries to be dissipated either through direct contact between the battery pack and the 
liquid cooling plate or via heat transfer through the OHP. This design essentially expands the heat 
exchange surface area of the battery, presenting the potential to reduce the maximum battery 
temperature and enhance the temperature uniformity of the battery pack. Furthermore, the lengths 
of the evaporator and condenser sections of the OHP within the BTMS can be flexibly adjusted 
according to the structural size of the square-shaped power batteries, rendering it highly adaptable. 
 
3. Experimental Device and Data Processing 
 

The experimental setup, illustrated in Figure 2, is a closed-loop system comprising mainly a ⊥-
shaped structure OHP, a simulated heat source, a cooling system, a data collection system, and 
related pipelines components. To reduce heat dissipation losses from the evaporator section to the 
surrounding environment, the system employs aluminum foil insulation to thermally insulate the 
experimental setup. In the experiment, a VC2060H signal generator is used to manage the flow of 
cooling fluid within the water pump, while an MS10030D DC power supply powers the heat source. 

Condenser 
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It's crucial to remember that the focus of the study is on the heat transfer performance of the⊥-
shaped OHP. In the experiments, the metal heating films, which are affixed to the heat-collecting 
plates in the evaporator section and are encased in a polyimide substance, supply the input heat to 
the OHP. Therefore, there is no direct contact between the heat source and the liquid cooling plate, 
and the heat generated by the battery pack can only be transferred through the ⊥-shaped OHP. 
Temperature signals are collected using Agilent 34970A and PT100 thermocouples with a data 
acquisition interval of 1 second. 
 

 
Fig. 2. Schematic diagram of the test bench 

 
3.1 Experimental Subjects 
 

The study focuses on a 51A·h square-shaped lithium-ion battery with dimensions measuring 
148mm × 26mm × 97mm. The copper OHP used in the experiments primarily has the following 
dimensions: an exterior diameter of 3mm, an interior diameter of 2mm, equipped with 4 elbows, 
each with a radius of 7mm. The straight portion of the evaporator section measures 148mm in length, 
while the straight segment length of the condenser section is 97mm. Gravity exerts a significant 
influence on the flow of the working fluid within OHP [29,30]. For conventional OHP, as illustrated in 
Figure 3(a) and referred to as C-type OHP, the evaporator, adiabatic, and condenser sections are all 
located in the same plane, and the condenser section is positioned above while the evaporator 
section is located below, facilitating the flow of the working fluids within the OHP through the 
influence of gravity. 
 

 

 
 

(a) C-type OHP (b) ⊥-type OHP (c) R-⊥-type OHP 

Fig. 3. Experimental pulsation heat pipe structure diagram 
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Two alternative designs for the ⊥-shaped OHP exist, both of which adhere to the spatial 
distribution design idea of placing the evaporator portion below and the condenser section above. 
According to Figure 3(b) and Figure 3(c), these are the two structural variations of ⊥-shaped OHPs. 
The structure with a vertically oriented condenser section is denoted as the ⊥-type OHP, while the 
one with a horizontally arranged condenser section is referred to as the R-⊥-type OHP. 

Temperature measurement points are consistently distributed across the OHPs of different 
structures. As depicted in Figure 4, T1 to T8 (with a diameter of 0.1mm and an accuracy of ±0.2°C) 
are temperature measurement points distributed on either side of the evaporator section. T9 to T16 
are located at both ends of the condenser section. Additionally, five temperature measurement 
points are individually arranged on each heat-collecting plate. Experimental tests are conducted on 
the two types ⊥-shaped OHPs and a conventional OHP, which serves as the control group. The 
experiments are carried out at a 25°C standard temperature, with the cooling water temperature 
held constant at 25°C. The goal of the study is to investigate the impact of the various mixed working 
fluids (acetone with methanol, ethanol, and water), the filling ratios (19.6%, 26.1%, 32.6%, 39.1%), 
and the heating power loads (10–100W) on the heat transfer performance of the ⊥-shaped OHPs. 
 

 
(a)  

 
(b) 

Fig. 4. Distribution of thermocouple temperature measurement 
points of (a) the OHP, (b) heat collector plates 

 
3.2 Experimental Error Analysis 
 

As shown in Eq. (1), thermal resistance R is employed to assess the heat transfer performance of 
the OHP. In the equation, Teva and Tcon denote the average wall temperatures of the evaporator and 
condenser sections, respectively. Q represents the heating power applied to the evaporator section. 
The average wall temperatures of the evaporator and condenser sections in the OHP can be 
expressed using Eq. (2) and Eq. (3), respectively. 
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The primary sources of error in the experiment stem from the temperature data collected during 

the experimental process and the heating data from the power supply. Additionally, related 
parameters, when calculated using equations, can lead to greater computational errors, which can 
be quantified using Eq. (4) [31] 
 

𝛥𝐲

𝑦
= √∑ (

𝛥𝐱𝑖

𝑥𝑖
)

2
𝑛
𝑖=1              (4) 

 
where ∆xi/xi represents the measurement error associated with the indirect error ∆y/y. The errors 
associated with the heat source and thermal resistance can be calculated using Eq. (5) to Eq. (6). 
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𝑄
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During the heating tests of the OHP’s evaporator section, the heat pipe was enveloped with well-

insulating thermal insulation. Additionally, considering the precision of the testing apparatus and 
following the principles of error propagation, the relative error of thermal resistance R can be 
determined using Eq. (5) to Eq. (6). After calculations, the computed errors for the relevant 
parameters are presented in Table 1. 
 

Table 1 
Experimental uncertainties of main parameters 
Parameters Uncertainty (%) 

Ti (i=1,2┈26) ±0.3% 

Tmax ±0.3% 
Q 3.2% 
R 3.8% 

 
4. Results and Discussion 
4.1 Thermal Effect of the Filling Ratios on ⊥-shaped OHP 

 
The filling ratio (FR) directly determines the total quantity of working fluid within the OHP, 

exerting a substantial impact on the performance of the OHP [32-34]. With acetone as the working 
fluid and 30W of heating power, Figure 5 shows temperature curves at the evaporator section 
measurement point T2 for various structural OHPs under varied fill ratios. Figure 6 illustrates how the 
thermal resistance of the OHPs varies under the corresponding circumstances. 

In summary, it is observed that both the C-type OHP and the two types of ⊥-shaped OHPs exhibit 
the lowest evaporator section temperatures and the optimal heat transfer performance while the fill 
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ratio is set at 26.1%, which the average thermal resistance of the ⊥-type OHP approaches 0.283°C/W, 
similar to that of the C-type OHP. However, the R-⊥-type OHP reveals more pronounced vibrations, 
with magnitudes varying from 32.4°C to 39.5°C, and a thermal resistance of 0.385°C/W. At a filling 
ratio of 19.6%, the insufficient working fluid within the OHP led to ineffective moistening of the 
evaporation section. During the experimental process, neither ⊥-type nor R-⊥-type OHPs displays 
the sustained and distinct temperature oscillations, indicating the absence of startup in the OHPs. 
The heat transfer form in the OHPs is purely conductive, resulting in almost identical thermal 
resistances, approximately 1.17°C/W. Conversely, The C-type OHP can startup and operate at a filling 
ratio of 19.6%. This is due to the evaporator and condenser sections being on the same plane, 
allowing for better utilization of gravity as a driving force. However, due to the limited working fluid 
and acetone’s high vaporization tendency, the C-type OHP exhibits significant temperature 
fluctuations, reaching 6.3°C, in its steady-state operation. 
 

  
(a) ⊥-type OHP (b) R-⊥-type OHP 

 
(c) C-type OHP 

Fig. 5. Temperature curves of three type OHPs under different filling ratios 

 
As the filling ratio increases from 26.1% to 39.1%, both the R-⊥-type OHP and the C-type OHP, 

which have vertically oriented evaporator sections, present similar trends. The fluid's internal shear 
stress progressively increases as the filling ratio rises. When the OHP operates steadily, the 
performance of heat transfer somewhat decreases and the stable temperature in the evaporator 
portion rises. On the other hand, the amplitude of the temperature oscillation reduces, improving 
pulsation flow stability. Notably, at a filling ratio of 39.1%, the heat transfer performance of the R-⊥-
type OHP slightly surpasses that of the C-type OHP, with respective average thermal resistances of 
0.716°C/W and 0.723°C/W. Conversely, as the filling ratio increases, the ⊥-type OHP, with the 
horizontally oriented evaporator section, accumulates more working fluid within the evaporator 
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section during startup stage. This results in increased resistance between the working fluid and the 
inner wall during the flow process, making it more challenging for the ⊥-type OHP to start normally. 
Consequently, at a filling ratio of 32.6%, the ⊥-type OHP exhibits intermittent operation with 
significant fluctuations in the temperature range of 38.4-49.1°C, resulting in an increased average 
thermal resistance of 0.63°C/W. When the filling ratio reaches 39.1%, the ⊥-type OHP is no longer 
able to startup successfully under a 30W heat source. 
 

 
Fig. 6. Thermal resistance changes of three type OHPs 
under different filling ratios 

 
4.2 Thermal Effect of the Mixed Working Mediums on ⊥-shaped OHP 
 

The working fluid's physical characteristics are closely related to the thermodynamic 
performance of the OHP [35-38]. Commonly used working fluids for OHP include water, ethanol, 
methanol, and acetone. The physical properties of these fluids (all values are theoretical values at 
25°C and standard pressure) are presented in Table 2. Compared to other working fluids, acetone 
demonstrates a higher (dP/dT) sat, signifying that the evaporator and condenser sections can generate 
a significant pressure differential with a smaller temperature variance. This facilitates the movement 
of the working fluid within the OHP. Additionally, the lower latent heat of acetone is more conducive 
to the generation and rupture of vapor bubbles. Hence, acetone, in this part of experiments, was 
chosen as the primary working fluid. 

As illustrated in Figure 7, while using a 30W heater with a 26.1% filling ratio, the temperature 
curves at evaporator section point T2 are investigated for different acetone-based working fluids: 
pure acetone, acetone-methanol (2:1 volume ratio), acetone-ethanol (2:1 volume ratio), and 
acetone-water (2:1 volume ratio), across various types of OHPs. 
 

Table 2 
Working substance property of different working mediums 
Working 
medium 

Tsat 

(℃) 

ρl 

(kg/m
3

) 
Hfg 

(kJ/kg) 

σ 

(N/m) 
𝜇  
(mPa·s) 

(dP/dT) sat 

(kPa/K) 
λ1 

(W/m·K) 

water 100 998 2258 0.0728 1.01 0.14 0.599 
methanol 64.5 805 1102 0.0226 0.58 0.36 0.217 
ethanol 78.3 809 846 0.0228 1.19 0.35 0.172 
acetone 56.2 757 523 0.0237 0.32 1.15 0.178 
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In Figure 7(a), which represents the acetone-methanol mixed working fluid, the initiation 
temperature for the R-⊥-type OHP is 54.9℃, exceeding that of the C-type and ⊥-type OHPs at 41.7℃ 
and 45℃, respectively. This difference arises due to the horizontal orientation of the condenser 
section in the R-⊥-type OHP, consequently, the low-temperature liquid working fluid in the 
condenser section cannot rely on gravity as a driving force when flowing towards the evaporator 
section. As a result, a higher-pressure difference is required for the initiation of the R-⊥-type OHP. 
Moreover, the R-⊥-type OHP demonstrates fluctuations within a considerable temperature range of 
57-70℃ during steady-state operation. 

This phenomenon is attributed to the horizontal arrangement of the condenser section, causing 
an "accumulation" effect where the liquid working fluid adheres to the horizontal pipe wall of the 
condenser section. Only when the temperature reaches a sufficiently high level and is driven by a 
significant pressure differential, does the accumulated low-temperature liquid working fluid rapidly 
propel towards the evaporator section. Consequently, the temperature in the evaporator section 
rapidly decreases, perpetuating this cyclic process and resulting in the observed fluctuations within 
the broader temperature range. Once the ⊥-type OHP is started, it initially keeps oscillating steadily 
in the 45℃ around. But after 1945 seconds, isolated dry-out events show up, and the temperature 
eventually reaches 60℃. This is due to the horizontal arrangement of the evaporator section in the 
⊥-type OHP, which hinders the passage of low-temperature liquid working fluid into the evaporator 
section's bottom area. 

Figure 7(b) employs an acetone-ethanol hybrid working fluid. In comparison to methanol, ethanol 
exhibits a higher boiling point and a smaller (dP/dT) sat at the same temperature and pressure 
conditions. Consequently, within the same OHP structure, the initiation time using the 
acetone/ethanol hybrid working fluid is later compared to acetone/methanol, corresponding to a 
higher temperature. Taking the R-⊥-type OHP as an example, its initiation temperature is 60.1℃, 
with an initiation time of 820 seconds, which is 5.2℃ higher and delayed by 211 seconds compared 
to acetone/methanol mixtures. It is noteworthy that due to the formation of a non-azeotropic 
solution with acetone/ethanol mixtures, the vaporization of ethanol is suppressed, effectively 
preventing localized dry-out in the evaporator section of the OHP. Under the condition of 
acetone/ethanol mixtures, the steady-state temperature of the C-type OHP is 44.7°C, exhibiting 
minimal fluctuations. Conversely, in both the ⊥-type and R-⊥-type OHPs, the stability of temperature 

fluctuations is enhanced with acetone/methanol mixtures, which the corresponding stable 
temperature ranges are 52.4-58.9°C and 53.5-61°C, respectively. 

The acetone-water working mixed fluid is used in Figure 7(c). The ⊥-type and C-type OHPs have 
initiation temperatures of 50.2°C and 43.6°C, respectively. Compared to utilizing the acetone/ethanol 
mixes, the temperatures are lower. This is because acetone/water mixtures also form non-azeotropic 
solutions, where the characteristics on suppression of phase change cause most of the water in the 
mixture to remain in the liquid phase. The liquid-phase water has a significantly higher energy-
carrying capacity than ethanol, and water also possesses lower dynamic viscosity, resulting in 
reduced flow resistance and a lower startup temperature. Similar to acetone/methanol mixtures, the 
⊥-type OHP experiences localized dry-out after initiation, occurring at 934 seconds. However, as the 
temperature rises to 60°C, the ⊥-type OHP resumes the flow, with liquid-phase working fluid from 
the condenser section returning to the evaporator section. With lowering the evaporator section's 
temperature, a new steady state is established. 

In Figure 7(d), acetone as a single working fluid is utilized. Compared to the other working fluids 
used in the experiment, acetone possesses the lowest boiling point, the largest (dP/dT) sat value, and 
the smallest dynamic viscosity. Consequently, The OHP with acetone is more prone to initiation, 
leading to easier vaporization and nucleate boiling, resulting in more pronounced oscillations after 
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initiation. Under acetone as the working fluid, differences in heat pipe structure have minimal impact 
on the initiation time, with C-type, ⊥-type, and R-⊥-type OHPs corresponding to initiation times of 
179 seconds, 187 seconds, and 220 seconds, sequentially. Following the initiation, the R-⊥-type OHP 
exhibits the most significant temperature oscillations during steady-state operation, with vigorous 
fluctuations in the range of 32.1-39.5°C. Subsequently, the ⊥-type OHP and the C-type OHP display 
oscillations with amplitudes of 31.8-37.8°C and 31.2-33.8°C, respectively. 
 

  
(a) Acetone-methanol volume ratio=2:1 (b) Acetone-ethanol volume ratio=2:1 

  
(c) Acetone-water volume ratio = 2:1 (d) Acetone 

Fig. 7. Temperature curves of three type OHPs under different mixed working fluids (T2) 

 
In summary, at a heating power of 30W, the evaporator temperatures in T2 of various acetone-

based mixed working fluids are higher than that of pure acetone, which means the mixed working 
fluids did not exhibit an obvious advantage over pure acetone. The structural design of the OHP has 
a significant influence on the startup and steady-state performance. The evaporator section of the C-
type OHP is positioned at the top, while the condenser section is at the bottom, both situated in the 
same vertical plane, where gravity plays a role as one of the driving forces for the OHP. However, in 
the ⊥-shaped OHP, the evaporator and condenser sections are spatially oriented perpendicularly. 
This implies that either the evaporator or condenser section of ⊥-shaped OHPs is arranged 
horizontally, which, to some extent, is not conducive to utilizing gravity to facilitate the movement 
of the working fluid within the OHP. This adverse effect becomes more pronounced once the heat 
power is smaller. 
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4.3 Thermal Effect of the Heating Powers on ⊥-shaped OHP 
 

In the experimental investigations of the influence of heating powers on the thermal performance 
of the ⊥-shaped OHPs, acetone was employed as the working fluid, with a constant fill ratio of 26.1%. 
As illustrated in Figure 8, at heating power levels ranging from 10 to 60W, the temperature curves 
are recorded at T2, T10 and T17 for two type ⊥-shaped OHPs, which these three temperature 
measurement points are located, subsequently, in the evaporator section, condenser section, and 
heat collection plate. 
 

 
(a) ⊥-type OHP 

 
(b) R-⊥-type OHP 

Fig. 8. Temperature curves of ⊥-shaped OHPs under different heating powers (10-60W) 

 
In Figure 8(a), due to insufficient heating power, at 10-20W, the ⊥-type OHP encounters a failure 

to initiate, resulting in minimal temperature disparity between the evaporator section and the heat 
collection plate. However, as T2 increases to 60°C with the heating output reaches 30W, the ⊥-type 
OHP initiates, and a substantial volume of low-temperature liquid working fluid, previously 
accumulated in the condenser section, quickly flows into the evaporator section to absorb heat. 
Within just 10 seconds, both the evaporator section and the collector plate at T2 and T17 experience 
a significant decrease in temperature to 35°C. Simultaneously, the work fluid flowing from the 
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evaporator section to the condenser section rapidly raises the temperature at point T10 in the 
condenser section from 32.0°C to 35.9°C. Subsequently, the oscillations within the ⊥-type OHP 
stabilize. With further increases in heating power, temperatures at the measurement points in the 
heat collection plate, evaporator, and condenser sections of the ⊥-type OHP gradually rise, resulting 
in more stable temperature fluctuations. 

In contrast, as seen in Figure 8(b), the R-⊥-type OHP successfully initiates at 10-20W, but 
experiences significant fluctuations in the temperature of the evaporator section. The stability of the 
R-⊥-type OHP does not exhibit significant improvements as the heating power increases and the fluid 
motion repeats a pattern of "intense oscillation-stagnation". Ultimately, dry-out occurs at 60W, 
resulting in a rapid temperature increase. 

As depicted in Figure 9, temperature curves at the evaporator section T2 and the heat collection 
plate T17 during different heating power levels are presented for both C-type and ⊥-type OHPs. For 
every power level, the curve shows a steady state running time of 20 minutes. Overall, Within the 
10-100W range, the C-type OHP functions normally. Temperatures rise in the evaporator portion and 
collection plate as power increases. At 100W, the heat collection plate reaches its highest 
temperature, reaching 59.3°C, which already approaches the upper safety limit for the operational 
temperature of the battery. In the bottom right corner of Figure 9, temperature curves for the 
evaporator section and heat collection plate of the ⊥-type OHP are provided with the power range 
of 70-100W.  
 

 
Fig. 9. Temperature curves of C-type and ⊥-type OHPs under different heating powers 

 
It is noteworthy that the temperature fluctuation in the evaporator section of the C-type OHP 

intensifies with the increase in heating power. In contrast, the temperature fluctuation in the 
evaporator section of the ⊥-type OHP exhibits stronger stability. This difference is also reflected in 
the heat collection plate temperature fluctuations; at 100W, the highest temperature in the collector 
plate at T17 of the ⊥-type OHP reaches 55.9℃, which is 3.4°C lower than that of the C-type OHP. 

Figure 10 illustrates the temperature frequency distribution of 2000 consecutive temperature 
points at T2 during steady-state operation for both the ⊥-type and C-type OHPs at heating power 
levels of 70W and 100W. As shown in the figure, at a heating power of 70W, the temperature 
frequency distribution for the ⊥-type OHP closely resembles that of the C-type OHP, with slightly 
more temperature points clustered around the left side of the mean temperature. The temperature 
points for both ⊥-type and C-type OHPs fall within the range of 46.7-48.1°C, and their average 
temperatures exhibit minimal differences, measuring 47.4°C and 47.3°C, correspondingly. 
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Fig. 10. Temperature frequency distribution of C-type 
and ⊥-type OHPs (70W and 100W) 

 
However, utilizing a 100W heater, the average temperature for the ⊥-type OHP rises to 55.4°C. 

Nevertheless, the shape of the temperature frequency distribution remains relatively consistent with 
that observed at 70W, indicating a strong oscillation stability for the ⊥-type OHP. In contrast, at the 
heating power of 100W, the temperature frequency distribution for the C-type OHP undergoes 
significant changes in its shape, transitioning from a "tall and slim" distribution to a "short and wide" 
one. This transformation suggests increased temperature fluctuations and greater dispersion of 
temperature points. Meanwhile, the average temperature for the C-type OHP rises to 57.9°C, with a 
temperature range between 56.5°C-59.3°C. Additionally, the frequency of temperature points near 
the mean temperature decreases from around 35 to approximately 25. 

Figure 11 illustrates the thermal resistance curves for different OHPs at various power levels. 
Due to the utilization of acetone as the working fluid with a filling ratio of 26.1%, under stable 
operating conditions, the thermal resistance of all types of OHPs remains below 0.9°C/W. The 
average thermal resistance for R-⊥-type OHP and C-type OHP at 10W are 0.67°C/W and 0.58°C/W. 
With increasing the heat power load, the thermal resistance of the OHPs rapidly decreases. The 
lowest thermal resistance values for ⊥-type and C-type OHPs are observed around 60-70W. Notably, 
for ⊥-type OHP, once the heating power reaches 60W, there is minimal variation in thermal 
resistance with the heat power levels growing, with average values hovering around 0.23°C/W. 
Conversely, C-type OHP demonstrates its lowest average thermal resistance at 70W, measuring 
0.228°C/W. As the heat power loads continue to rise, temperature oscillations intensify for C-type 
OHP, resulting in an enlargement of the thermal resistance's fluctuation range. When the heat load 
reaches 100W, the thermal resistance fluctuates within the range of 0.199-0.311°C/W. 
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Fig. 11. The thermal resistance curves of three type OHPs 
under different heating powers 

 
5. Conclusion 
 

Based on the proposed structural characteristics of the ⊥-shaped OHP for the liquid-cooling 
BTMS, this study conducted experiments on the ⊥-type OHP, R-⊥-type OHP, and a control group of 
C-type OHP. The aim was to investigate the heat transfer performance of the ⊥-shaped OHPs under 
various filling ratios, working fluids, and heating powers. The conclusions drawn are as follows 

i. Using acetone as the working fluid and under 30W, the lowest evaporator section 
temperatures for all types of OHPs occur at a filling ratio of 26.1%. As the filling ratio increases, 
both R-⊥-type and C-type OHPs experience higher startup temperatures and improved 
oscillation stability. In the case of the ⊥-type OHP, at a filling ratio of 32.6%, the working fluid 
inside the OHP exhibits intermittent operation, with significant fluctuations occurring within 
the temperature range of 38.4-49.1°C. As the filling ratio continues to increase to 39.1%, the 
⊥-type OHP becomes unable to startup. 

ii. At a filling ratio of 26.1% and a heat load of 30W, compared to acetone as working fluid, OHPs 
using hybrid working fluids show no significant enhancements in terms of heat transfer 
performance. The acetone-ethanol mixed working fluid forms a non-azeotropic solution, 
resulting in the smallest temperature oscillation intensity in the evaporator section among 
the three types OHPs. Conversely, the acetone-methanol hybrid working fluid, due to the ease 
of methanol vaporization and the formation of dry-out regions in the evaporator section, 
exhibits the largest temperature oscillation amplitude. 

iii. With the acetone filling ratio of 26.1%, the ⊥-type OHP experiences failure to initiate at 10-
20W, however, as the heat power increases, the operational stability of the ⊥-type OHP 
improves. At 70-100W, the temperature oscillation stability in the evaporator section of the 
⊥-type OHP surpasses that of the C-type OHP. At 100W, the highest temperature in the heat 
collector plate of the ⊥-type OHP is 3.3°C lower than that of the C-type OHP. As for the R-⊥-
type OHP, it appropriately initiates at 10-20 W. However, even with this increased heating 
power, the stability of the R-⊥-type OHP is not enhanced, and it experiences dry-out at 60W. 
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