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Abstract:

This study explores the performance optimization of grooved heat pipes under rotational
conditions, focusing on both straight and curved designs. To address the challenges posed by
centrifugal forces in rotating systems, we designed and tested a conventional straight grooved
heat pipe and a novel curved grooved heat pipe with a variable curvature structure. Experiments
were conducted across a range of rotational speeds (0-20 rpm),heat loads (30 W-300 W) and
loading methods (heat load before rotation and heat load after rotation) to evaluate the operating
performance of both grooved heat pipes. The results indicate that the straight grooved heat pipe
struggled to maintain efficiency under rotational conditions, as centrifugal forces caused fluid
to accumulate at both ends, leading to higher operating temperatures and reduced heat transfer
efficiency. At the case of 20 rpm with a heat load of 110 W, the temperature difference exceeded
25°C, highlighting the limitations of the straight design in such environments. In contrast, the
curved grooved heat pipe effectively mitigated the impact of centrifugal forces. Its design
reduced liquid accumulation in the condenser section, maintained beneficial acceleration effects
in the evaporator section, and improved overall heat transfer performance. Specifically, at 20
rpm, the curved pipe successfully transferred over 300 W with a temperature difference not
exceeding 5°C, demonstrating its superior performance. However, at higher rotational speeds
and lower power levels, the curved design also showed some limitations, as excessive fluid
accumulation in the evaporator section led to a shift in the evaporation site, increased thermal
resistance, and a certain degree of superheating. These findings highlight the potential of the
variable curvature design in improving the efficiency of grooved heat pipes under rotational
conditions. This work advances the understanding of fluid dynamics and heat transfer
mechanisms in such systems, offering insights that could inform the design of more efficient
heat pipes for rotating applications.

Keywords: Satellite Cooling; Grooved Heat Pipe; Structural Design; Operational behavior;

Rotating Environments;



Nomenclature

1 Current of heat load supply
L Length

m Mass

Ap Pressure difference

0 Heat load

R Thermal resistance

T Temperature

U Voltage of heat load supply
w Rotational angular velocity
X Independent vary

y Physical quantity
Subscripts

c Condenser

e Evaporator

fc Flow Component

max Maximum

min Minimum

Acronyms

AGHP Axial grooved heat pipes
DC Direct Current

GHP Grooved heat pipes

PT100 Platinum Resistance Thermometer (100 ohms)



1. Introduction

Spin-stabilized satellites maintain stability through rapid rotation, leveraging the
conservation of angular momentum [1-3]. This approach ensures stable orientation and
trajectory [4-6]. The rotational velocity can vary significantly based on mission and design
requirements, typically ranging from a few to several hundred revolutions per minute [7-9].
These rotational loads present cooling challenges for the satellite. Currently, passive cooling
methods such as heat sinks, multi-layer insulation, and surface coatings are used [10-15].
However, these methods have limited regulatory capabilities [16-18] and can lead to uneven
temperature distribution under periodic thermal load changes [19-21]. Consequently, new
thermal control methods are needed for rotating environments. Grooved heat pipes (GHPs) are
efficient heat transfer components that offer strong heat conduction [22-23], small operating
temperature differences [24-25], and uniform surface temperature control [26-27]. These
advantages have led to their widespread application in spacecraft thermal control [28-32].

Recently, GHPs have become a central focus of research, particularly in optimizing their
performance for high heat flux densities. Current studies primarily aim to improve the
evaporation-condensation processes, enhance capillary structures, and investigate the effects of
gravity on performance. In optimizing the evaporation and condensation processes in heat pipes,
Zhang et al.[33] combined experimental and numerical simulation methods to regulate these
processes using the latent heat of phase change materials. This approach resulted in a 27.4%
reduction in the maximum temperature of the evaporator section. Liu et al.[34] examined the
impact of different length ratios between the evaporator and condenser sections on the thermal
performance of aluminum flat heat pipes, finding that a length ratio of 1.0 maximized heat
transfer performance. Lv et al.[35] proposed a silicon-based ultrathin flat grooved heat pipe
with dual-end cooling and used visualization techniques to study its evaporation mode under
various heat loads and tilt angles. Their results indicated that axial GHPs exhibited a unique
corner film evaporation mode due to the combined effects of gravity and capillary forces. Tang
et al.[36] introduced a novel cooling method by heating both ends of the heat pipe and placing
a condenser in the middle, addressing the cooling challenges of multi-heat source systems in
horizontal or inclined orientations. Their experimental results showed that this method offered
high thermal performance, low cost, and operational simplicity. Anand et al.[37] experimentally
studied the effect of evaporator length on the heat transfer of axial grooved ammonia heat pipes.
Their findings revealed that as the evaporator length increased, the maximum heat transfer
capacity increased by 1.6 to 2.5 times the original capacity.

In the field of capillary enhancement, Saygan et al.[38] employed techniques such as
grooved bifurcation and gradient wettability surfaces, significantly reducing thermal resistance
and proposing a predictive model for liquid flow velocity within the grooves. Ving et al.[39]
and Chang et al.[40] enhanced the thermal conductivity of heat pipes by coating their inner
surfaces with graphene nanostructures and nickel-graphene nanocomposite coatings,
respectively, increasing the thermal conductivity by 3 times and 7 times the original values.
Cheng et al.[41] constructed gradient wettability surfaces, which could reduce the thermal
resistance of grooved copper heat pipes by up to 92.6%, while a negative wettability gradient



would lead to insufficient working fluid return. Mohammad Hamidnia et al.[42] designed and
fabricated micro-columns of different shapes within microgrooves to improve flow boiling heat
transfer, finding that circular and sawtooth micro-columns outperformed other shapes. Li et
al.[43] compared the thermal performance of three different composite wick structures in heat
pipes, revealing that single-arc sintered groove wicks had the lowest evaporative thermal
resistance, while mesh groove wicks exhibited the lowest condensation thermal resistance.

The impact of gravity on thermal performance has been widely studied. Parand et al.[44]
demonstrated that under zero-gravity conditions, different working fluids significantly
influence the thermal performance of heat pipes. Sudhan et al.[45] improved the heat transfer
performance of GHPs under both gravity and anti-gravity conditions by using an oxide layer
on copper, finding that the maximum heat transfer capacity of narrow grooves was seven times
that of wide grooves under anti-gravity conditions. Zhang et al.[46] investigated the effect of
inclination angle on the performance of axial trapezoidal GHPs and found that as the inclination
angle increased, the thermal resistance decreased and the heat transfer coefficient increased.
Tang et al.[47] developed an axial graded wick structure to enhance the heat transfer
performance of cylindrical heat pipes in the anti-gravity direction, showing that the maximum
heat transfer capacity of the axial gradient heat pipe at a 90° inclination was 75% higher than
that of the uniform wick heat pipe. Jacob et al.[48] studied the heat transfer performance of flat
GHPs with different working fluids at various inclination angles, finding that a special working
fluid reduced thermal resistance by about 20%, nearly tripled the capillary limit, and increased
the maximum operational inclination angle. Yu et al.[49] experimentally examined the
evaporation mode of heat pipes at small inclination angles, revealing that liquid film
evaporation gradually became dominant at small inclination angles.

Regarding the impact of acceleration on the operating performance of heat pipes, Voigt et
al.[50] studied the effect of different translational accelerations on heat pipe performance and
found that as translational acceleration increased, the heat transfer limit of the heat pipe
decreased to less than half of its original value. However, there have been no reported studies
on the application and performance improvement of GHPs in rotational scenarios. Xie et al.[51]
conducted a visualization study on loop heat pipes in rotational environments, observing
phenomena such as liquid surface inclination in the liquid transport lines and film condensation
becoming the dominant mechanism in the condenser due to rotational angular velocity. Their
results indicated that rotational angular velocity affects the evaporation and condensation
processes of loop heat pipes to varying degrees.

Research on the operating characteristics of axial grooved heat pipes (AGHPs) has primarily
focused on micro-gravity and gravity fields, with little exploration of internal flow and heat
transfer mechanisms under rotational conditions. The complexities introduced by centrifugal
forces, particularly the impact on fluid return and overall heat transfer efficiency, have not been
sufficiently addressed in the literature. Detailed experimental data and mechanistic analyses
concerning the performance of AGHPs under varying rotational speeds are notably lacking,
especially in terms of the effects on heat transfer limits and thermal resistance. To address this
gap, the present study proposes a novel approach that employs a variable curvature design to
leverage centrifugal forces during rotation, thereby enhancing fluid return and mitigating



adverse effects. Two sets of Q-shaped aluminum-ammonia grooved heat pipes with distinct
geometries were designed and fabricated. One set featured a curved design specifically intended
to optimize performance. Experiments conducted across different rotational speeds, heat loads,
and loading methods were used to explore the effects of these variables on the steady-state
performance of grooved heat pipes in rotational environments, alongside an analysis of the
internal flow and heat transfer mechanisms.

2. Experimental apparatus and conditions

2.1 Experimental setup

The experimental system is illustrated in Fig. 1. The test rig mainly consists of an
acceleration simulation system, a fixture system (including test pieces), a heating system, a
cooling system, and a data acquisition system. During the experiment, the rotational velocity of
the system can be manually adjusted. The heat load is regulated by varying the output current,
the heat sink temperature is controlled by setting the temperature of a thermostatic water bath,
and the temperature of the outer sidewall of the heat pipe is measured using a data acquisition
instrument (Agilent 34970A).
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Fig. 1. The Schematic of the AGHP Testing Experimental System.

The acceleration simulation is conducted using the constant acceleration simulation
centrifuge, as shown in Fig. 2. This centrifuge can be controlled either by a dedicated desktop
computer program or manually. For this experiment, manual control was chosen to achieve
precise control of low rotational velocities during the test. The centrifuge is equipped with a

junction box that transmits electrical signals and temperature sensor signals during rotation.



Fig. 2. Photograph of the Constant Acceleration Simulation Centrifuge.

To closely simulate practical application scenarios, the fixture was arranged near the
rotational axis, as shown in Fig. 3. First, the fixture board was secured to the support column,
and the heat pipe was fixed to the positioning/insulation block with pre-set threaded holes using
bolts and clamps. To eliminate the influence of gravity, the levelness of the heat pipe was
measured during both installation and experimentation, ensuring it remained horizontal. A DC
power supply was used to heat the 40-ohm resistive heating film attached to the upper surface
of the evaporator section. The power supply featured a current measurement accuracy of 0.5%
and a voltage measurement accuracy of 0.1%. The heat was then transferred through the AGHP
and cooled at the condenser end by circulating low-temperature water. The cold plate used in
this experiment is shown in Fig. 3. It contains microchannels to enhance heat transfer. Thermal
grease was applied between the cold plates and the condenser end of the AGHP to reduce
contact thermal resistance. The temperatures recorded during the experiment were measured
using calibrated PT100 platinum resistance thermometers, with an accuracy of +0.3°C.
Temperature measurement points were positioned on the outer sidewall of the heat pipe
according to GB/T 14812-2008 standards. Following installation, insulation material was

wrapped around the experimental setup to minimize heat exchange with the environment.
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Fig. 3. AGHP Test Apparatus Setup.
2.2 Specifications of AGHPs

In this study, two sets of aluminum-ammonia AGHPs were fabricated, with specific
parameters detailed in Table 1. Fig. 4 presents the external designs of the two heat pipes. The
heat pipes feature Q-shaped grooves, with a total of 14 grooves. During the experiment, heating
and cooling were applied to the top surface of the heat pipes, with temperature sensors attached
to the side walls.

The straight grooved heat pipe (AGHP1#) has a total length of 420 mm, with an evaporator
section measuring 140 mm. The condenser section has two experimental configurations: 70 mm
and 140 mm, corresponding to adiabatic sections of 210 mm and 140 mm, respectively. The
external shape is shown in Fig. 4(a).

The curved grooved heat pipe (AGHP2#) features an optimized design with variable
curvature. It starts with a straight section of 300 mm from the evaporator end and a straight
section of 75 mm from the condenser end, with a curved section in between for the transition.
The radius of curvature gradually decreases from 180 mm to 160 mm (from the evaporator end
to the condenser end). It has a total length of approximately 700 mm, with both the evaporator
and condenser sections measuring 280 mm, and the adiabatic section approximately 140 mm.

The external shape is illustrated in Fig. 4(b).



Table 1 Primary parameters of the AGHPs.

Components Material Parameter Dimensions
Length/width/height (mm) 420/30/15
Filling quality (g) 25(100%)
AGHP1# Aluminum Evaporation section length (mm) 140
Insulation section length (mm) 210/140
Condensation section length (mm) 70/140
Length/width/height (mm) 700/30/15
Filling quality (g) 42(100%)
AGHP2# Aluminum Evaporation section length (mm) 280
Insulation section length (mm) 140
Condensation section length (mm) 280

Working fluid Ammonia

(a) The straight grooved heat pipe (AGHP1#)  (b) The curved grooved heat pipe (AGHP2#)

Fig. 4. Shape of the AGHPs.



2.3 Experimental conditions

The experimental conditions for this study are detailed in Table 2, including the static state
and four different rotational angular velocities, along with two different shapes (straight and
curved). The temperature distribution under load and the maximum heat transfer capacity are
crucial indicators for evaluating heat pipe performance. Therefore, the study focused on testing
the operating temperature and heat transfer limits of the grooved heat pipes. The heat transfer
limit was defined as the power level where the temperature difference between the highest point
of the evaporator section and the lowest temperature of the condenser section reached 5°C.
Temperature distribution data were analyzed to calculate the thermal resistance of the heat pipes.
Finally, the experimental data of different shapes were compared to analyze the impact of shape
structure on the steady-state operating performance of the heat pipes. Fig. 5 shows the
relationship between the heat pipes and the rotational center under experimental conditions,

including the specific positions of measurement points arranged on the outer sidewall.
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Table 2 Experimental conditions.

Parameter Variation
Angular Velocity(rpm) 0,6,8,12,20
Loading Methods A(AGHP1#) , A and B(AGHP2#)
30 W-150 W (AGHP1#)
Heat load (W)
30 W-300 W (AGHP2#)
70 mm and 140 mm (AGHPI1#)
Condenser Length

140 mm (AGHP2#)

The temperature distribution was tested after achieving thermal equilibrium and then
applying various rotational angular velocities until stability was achieved. In addition to the
static state, rotational angular velocities of 6 rpm, 8 rpm, 12 rpm, and 20 rpm were selected.

The heat load levels of the AGHP1# were set at 30 W, 50 W, 70 W, 90 W, 110 W, 130 W,
and 150 W. The condenser length was tested in two configurations: 70 mm and 140 mm.

The heat load levels of the AGHP2# were set at 30 W, 50 W, 70 W, 90 W, 110 W, 130 W,
150 W, 170 W, 190 W, 210 W, 230 W, 250 W, 275 W, and 300 W. To account for potential
steady-state operational differences due to different loading methods [52], two different loading
methods (named A and B) were employed. In method A, heat load was applied first until
thermal equilibrium was reached, followed by the application of rotational angular velocity. In
method B, rotational angular velocity was applied first until the temperature distribution
stabilized, followed by the application of heat load.

2.4 Data uncertainty
For a given physical quantity y, which is a function of independent variables (x1, x2, ..., Xn),

the uncertainty in y can be calculated using the Eq. (1) [53].
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where oy represents the measurement error of y, and Jx; denotes the maximum measurement
error of the independent variable x;.
In this study, thermal resistance R is a crucial parameter representing the operational

performance of the AGHPs and can be calculated by Eq. (2).
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The uncertainty in this experiment primarily arises from the data acquisition and heating
control system. The PT100 temperature sensor has an accuracy of approximately +0.3°C.
Taking into account the influence of the data logger, electric wires, junction terminals, slip rings,
and the temperature sensor, the maximum temperature measurement uncertainty is 2.53%. The
heat load is determined as the product of voltage and current, with maximum uncertainties of
0.81% for voltage and 2.02% for current. Therefore, the maximum uncertainty in the heat load
is 2.16%. Based on the above considerations, the uncertainty in the thermal resistance is

calculated to be 3.32%.

3. Results and discussion

3.1. Steady-state operating characteristics of straight grooved heat pipes (AGHP1#)

As shown in Fig. 6, a perpendicular line is drawn from the rotational center to the heat pipe,
serving as the polar axis in a polar coordinate system. The acceleration component along the
flow direction of the working fluid can be derived by Eq. (3). As the position of the working
fluid approaches the ends, the distance increases, causing a corresponding increase in the

acceleration component.

. =w’rsind=o’d (3)

a

where 7 is the radial distance, @ is the polar angle, and d is the distance from the

perpendicular foot to the measurement point.
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Fig. 6. Polar Coordinate Diagram of Acceleration Analysis.
Fig. 7 presents the variation of the acceleration components in the flow direction at different

positions along the straight grooved heat pipe under rotational conditions. The acceleration



component that promotes liquid flow from the condenser section to the evaporator section is
defined as positive. It can be observed that the closer to the ends, the greater the magnitude of
the acceleration. The acceleration in the evaporator section aids in the return flow of the liquid,
while the acceleration in the condenser section hinders the return flow, causing liquid
accumulation in the condenser section. This accumulation reduces the effective condensation

length and the heat transfer distance.
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Fig. 7. Acceleration components in the flow direction of the straight grooved heat pipe

3.1.1. Effect of different rotational angular velocity

Fig. 8 illustrates the temperature variations at each measurement point for the straight
grooved heat pipe with 70mm condensation length under different rotational velocities and two
different heat loads of 30 W and 110 W. As the rotational velocity increases to 20 rpm, there is
a significant change in the overall operating temperature of the heat pipe compared to other
conditions. The temperature at the end of the condenser section drops considerably, approaching
the heat sink temperature, while the temperatures of the evaporator and adiabatic sections rise
markedly.

In Fig. 8(a), at a heat load of 30 W, the maximum temperature in the evaporator section



remains around 22.5°C, while the minimum temperature in the condenser section is around
21.5°C at rotational velocities of 0-12 rpm. The temperature values at the same position show
slight differences, with a maximum operating temperature difference not exceeding 1°C.
However, when the rotational velocity increases to 20 rpm, the maximum temperature in the
evaporator section rises to 25.1°C, while the temperature at the end of the condenser section
drops to 20°C.

In Fig. 8(b), with the heat load increased to 110 W, the impact of rotational velocity becomes
more pronounced. The temperature at the end of the condenser section decreases with
increasing rotational velocity, showing a difference of 2.5°C between 0 rpm and 12 rpm. This
temperature variation is attributed to centrifugal force generated during rotation, which hinders
the return flow of the working fluid, causing the low-temperature liquid in the condenser section
to flow slowly and thereby reducing the local temperature. When the rotational velocity
increases to 20 rpm, the operating temperature of the evaporator section exceeds 50°C. For the

purpose of safety, no tests were conducted at higher heat loads with 70mm condensation length.
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Fig. 8. Temperature Distribution versus Angular Velocities for 30 W and 110 W.

The observed changes in operating temperature can be explained by the following reasons.
As the rotational angular velocity increases, the centrifugal force's resistive component at the
end of the condenser section gradually increases until it exceeds the capillary force's driving
capability. Consequently, the working fluid cannot return, leading to its accumulation at the
condenser end. This effectively shortens the condensation length, reducing condensation
efficiency. The insufficient return flow of the working fluid also lowers evaporation efficiency,

resulting in an overall increase in the operating temperature of the heat pipe.
3.1.2. Effect of different heat loads

Fig. 9 shows the temperature variations at each measurement point for the straight grooved
heat pipe with 70mm condensation length under different heat loads and rotational velocities,
selecting static state and 20 rpm conditions. The overall operating temperature of each section
of the heat pipe increases continuously with increasing power, with the evaporator section's
temperature rising more than the condenser section's, resulting in an increasing temperature

difference between the two.



In Fig. 9(a), it can be seen that under static state conditions, the overall operating
temperature of the heat pipe increases with increasing power. The maximum temperature in the
evaporator section rises from 22.3°C to 37.4°C, while the minimum temperature in the
condenser section increases from 21.5°C to 31.1°C. This is because the increased heat transfer
power requires a larger pressure gradient to drive more vapor flow and heat transfer,
corresponding to a higher temperature gradient.

In Fig. 9(b), at high rotational velocities, centrifugal force causes the working fluid to
accumulate in the condenser section, leading to the loss of heat transfer capability at the end,
with the temperature remaining almost unchanged with increasing power. In contrast, the
temperature in the evaporator section rises from 25°C to 51°C, while the condenser section's
temperature only increases from 20°C to 24.8°C. Due to the shortened effective condensation
length, the degree of temperature rise in the heat pipe is greater than at lower rotational
velocities, causing the evaporator section to reach its maximum operating temperature at a

lower heat load.
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3.1.3. Effect of different condensation lengths

Fig. 10 shows the temperature variations at each measurement point for the straight grooved
heat pipe under different rotational velocities, condensation lengths, and heat loads. The
increase in condensation length significantly enhances the cooling effect, resulting in lower
operating temperatures under various rotational velocities and power conditions.

In Fig. 10(a), at a low rotational velocity of 8 rpm, increasing the condensation length
reduces the heat transfer temperature difference from 3.7°C, 2.7°C, and 1.4°C to 1.6°C, 1.2°C,
and 0.8°C, respectively, thereby improving the heat transfer performance of the heat pipe under
low rotational velocity conditions.

However, in Fig. 10(b), it can be seen that although increasing the condensation length
improves the cooling effect under high rotational velocities and reduces the excessively high
operating temperatures, lowering the heat transfer temperature difterence from 20.3°C, 15.3°C,
and 10.7°C to 5.1°C, 3.0°C, and 2.7°C, it does not resolve the issue of working fluid
accumulation in the condenser section. The problem of excessively large local temperature

differences remains unaddressed.
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In traditional straight grooved heat pipes, as the rotational angular velocity increases, liquid
accumulates at the ends of the evaporator and condenser sections due to centrifugal force,
leading to flow difficulties. The vapor generated in the evaporator section experiences less
influence from centrifugal force and flows through the adiabatic section to condense in the
condenser section. However, as the rotational velocity increases, the accumulation length in the
condenser section continuously increases, reducing the effective condensation length until the
condensation effect is entirely lost. During this process, the overall operating temperature
difference of the heat pipe already exceeds the allowable range. Although the heat pipe still has
some heat transfer capability, the effective heat transfer distance shortens, the overall operating
temperature rises, and the heat pipe loses its overload resistance, ultimately failing due to the
increased rotational angular velocity.

3.2. Steady-state operating characteristics of curve grooved heat pipes (AGHP2#)

Fig. 11 shows the variation in the acceleration components in the flow direction at different
positions along the curved grooved heat pipe under rotational conditions. It can be observed
that through the design of the variable curvature structure, the acceleration components in the
adiabatic and condenser sections are maintained at relatively low positive values. This design
prevents the issue of liquid accumulation in the condenser section during rotation. Meanwhile,
the evaporator section retains the beneficial effect of acceleration on fluid return, which helps

to enhance the heat transfer performance of the heat pipe under rotational conditions.
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3.2.1. Effect of different rotational angular velocity

Fig. 12 shows the temperature variations at each measurement point for the curved grooved
heat pipe under different rotational velocities and two different heat loads of 50 W and 210 W.
With the assistance of centrifugal force aiding the return of the working fluid, the operating
temperature decreases to varying degrees as the rotational velocity increases.

In Fig. 12(a), at 50 W, the rotational velocity of 20 rpm promotes the return flow of the
working fluid so effectively that it causes liquid to accumulate at the evaporator end, changing
the boiling mode from film boiling to pool boiling, which introduces a certain degree of
superheat. Apart from this, as the rotational velocity increases, the maximum temperature in the
evaporator section decreases from 20.5°C to 19.8°C, while the temperature at the end of the
condenser section increases from 19.4°C to 19.7°C. This occurs since centrifugal force
promotes the return of the working fluid, with the low-temperature fluid cooling the evaporator
section, and as the condenser section space opens, the condensation of vapor raises the
temperature of the condenser section, resulting in a more uniform overall temperature
distribution.

In Fig. 12(b), with the power increased to 210 W, the temperature of the heat pipe decreases
along the axial direction. As the rotational velocity increases, the temperature of the adiabatic
section of the heat pipe decreases from 31.4°C to 30.4°C. This is because the increased
rotational velocity improves the return flow of the working fluid, enhancing the condensation
conditions and reducing the temperature difference with the heat sink, thereby lowering the
operating temperature of the heat pipe. At 8 rpm, the temperature at the end of the evaporator
section is more than 1.5°C higher than at other measurement points, with a difference of 5.3°C
from the minimum temperature in the condenser section, indicating that the evaporator section
may be experiencing dry-out and the heat pipe has reached its heat transfer limit at this

rotational velocity.



21.5

Curve - Heat Load 50W
—=— 0rpm- & 6 rpmr -2~ - § rpm—v— 12 rpm- < - 20 rpm
21.0
@
;@ :
\§20.5 —
2
=
2.
£ 20.0 |
o
F
19.5 -
Evaporator Adiabatic zone Condenser
190 L 1 L 1 L 1 L 1 L 1 " 1 M
0 100 200 300 400 500 600 700
Axial distance from evaporator end(mm)
(a) 50 W
36
Curve - Heat Load 210W
=G 6rpm & - §rpm—v— 12 rpm- -©- - 20 rpm
K
\
\
~33} \
& v- -Q
kst IR
£ * N
& Tt VT 9 g o
5 o, . BT s N
NPT -
% v IR AT RPN Fi\
=30 - .QN\\.@\
RN
q~ ‘.\\O
C ©
Evaporator Adiabatic zone Condenser
27 M 1 M 1 M 1 M 1 M 1 M 1 "
0 100 200 300 400 500 600 700

Axial distance from evaporator end(mm)

(b) 210 W
Fig. 12. Temperature Distribution versus Angular Velocities for 50 W and 210 W.



3.2.2. Effect of different heat loads

Fig. 13 shows the temperature variations at each measurement point for the curved grooved
heat pipe under different rotational velocities and heat loads, with the conditions selected being
static state, 12 rpm, and 20 rpm. The overall operating temperature of each section of the heat
pipe increases continuously with increasing power, and the operational limit of the heat pipe is
enhanced with increased rotational velocity.

In Fig. 13(a) at static state, the maximum temperature difference between the evaporator
and condenser sections is 4.2°C at 150 W. When the power increases to 170 W, there is a
significant temperature rise at the evaporator end, with the overall temperature difference
reaching 5.4°C, indicating local dry-out in the evaporator section, thus reaching the heat transfer
limit under these conditions.

In Fig. 13(b), with the application of a 12 rpm rotational velocity, centrifugal force leads to
a more uniform temperature distribution in the heat pipe. As the heat transfer rate increases, a
higher driving force is required to sustain more rapid vapor flow, resulting in an increased
saturation vapor pressure difference between the evaporator and condenser sections, which in
turn increases the temperature difference between the two ends. At this rotational velocity, there
is no significant liquid accumulation at the evaporator end, and the overall operation is stable,
with a temperature difference of 5.8°C at a 300 W load.

In Fig. 13(c), at a rotational velocity of 20 rpm, a higher temperature is observed at the
evaporator end across different power levels. Unlike local dry-out, this temperature increase is
due to centrifugal force promoting significant liquid return, creating liquid pits in the evaporator
section and altering the boiling mode at the evaporator end. This requires superheating to
maintain the boiling state, leading to a localized temperature difference at the evaporator end.
This phenomenon does not affect the heat transfer limit of the AGHP but is a side effect of using
centrifugal force to assist liquid return. As the heat transfer rate increases, the liquid level in the
evaporator decreases, gradually eliminating this effect. However, at low power levels, this
might cause the evaporator temperature to deviate from expected values, warranting attention

in engineering applications.



Temperature(°C)

36

Angular Velocity 0%s
33 b —=—70W- & 110W: & - 130W—v— 150W- O = 170W
Qo
30 | v
~ R R T
%i T, O
0)27_ \v\ﬁ—_v'_ .<>~ ~<>~
E 2 AN / V- o
e & - A N A A V ~ -
L ® - -0~ _o AL
E24- -@-__O__@__O"‘-@__O
o |
a EL~§§E_~"“B‘——ﬁ5—__41
21 - = = = E\E\E}
18 |-
Evaporator Adiabatic zone Condenser
15 M 1 M 1 M V‘I M IV‘ M 1 M 1 "
0 100 200 300 400 500 600 700
Axial distance from evaporator end(mm)
() 0 rpm
45
Curve - Angular Velocity 12 rpm
40 —5—70W-C- 110W: A 150W—7— 190W- < - 250W- 300W
351k <& ‘<>'<>"‘<>-—.<>_.._<>_ &
LN
30 o
- V== e =~ - —_
Ve
.-
oA A
Br G- e © - =0 O
- - - 0= 0= = 8 — — -
O— © - -0 o -
[ == = B = = = = —
20 F
Evaporator Adiabatic zone Condenser
15 = N 1 N 1 N ::I M I=: M 1 M 1 M
0 100 200 300 400 500 600 700

Axial distance from evaporator end(mm)
(b) 12 rpm



44

Curve - Angular Velocity 20 rpm
40 £ —=—T0W- G- 110W: A 150W—7— 190W- < - 250W- 300W
36 -
o &
T 3 ERSERG S  S RERTFN
<
5 R i R
SBE V- 5. _
A A A AL v
ﬁ AN A A\ A DAL
) CA
24 &‘9—-@——0——0-—-9-_@__@_
J — @ — -O
— = = = = = = o o
20 | - -
Evaporator Adiabatic zone Condenser
16 N 1 L 1 L 1 L 1 L 1 N 1 L
0 100 200 300 400 500 600 700

Axial distance from evaporator end(mm)
(c) 20 rpm
Fig. 13. Temperature Distribution versus Heat Loads for 0 rpm, 12 rpm and 20 rpm.
3.2.3. Effect of different loading methods

Fig. 14 shows the temperature variations at each measurement point for the curved grooved
heat pipe under different loading methods and rotational velocities, with two different heat loads
of 30 W and 90 W.

In Fig. 14(a), at 30 W and a low rotational velocity of 8 rpm, the maximum temperature in
the evaporator section is 18.9°C, and the minimum temperature in the condenser section is
18.5°C. At a higher rotational velocity of 20 rpm, both loading methods show temperature
increases at both ends of the heat pipe, with the evaporator section reaching 19.7°C and 19.8°C,
and the condenser section reaching 19.2°C and 19.3°C, respectively.

In Fig. 14(b), at 90 W and a low rotational velocity of 8 rpm, the heat pipe exhibits a larger
operating temperature difference, with the maximum temperature in the evaporator section
being 23.6°C and the minimum temperature in the condenser section being 22.2°C. At the
higher rotational velocity of 20 rpm, the end temperatures are higher, with the maximum
temperature in the evaporator section being 23.3°C, while the temperature differences at other
positions are smaller, and the minimum temperature in the condenser section is 22.1°C.

The final steady-state operating temperatures of the heat pipe are essentially the same
regardless of the sequence in which thermal and mechanical loads are applied, demonstrating

that the performance of the AGHP is not affected by the loading method.
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The curved grooved adiabatic and condenser sections are minimally affected by centrifugal
force, retaining only the beneficial impact of centrifugal force on liquid return in the evaporator
section. This characteristic enhances the heat transfer limit of the heat pipe, which might
otherwise be constrained by insufficient capillary action. Additionally, the assisted liquid return
opens space for vapor condensation in the condenser section, strengthening the condensation
heat transfer. This process raises the condenser section temperature while reducing the overall
operating temperature difference. The simple internal structure of the grooved heat pipe allows
it to maintain similar steady-state temperature distributions under different loading methods,

demonstrating excellent load adaptability.

3.3. Comparison of AGHP1# and AGHP2#
3.3.1. Steady-state operating temperature

Fig. 15 compares the steady-state operating temperatures of the straight grooved heat pipe
and the curved grooved heat pipe with a 140 mm condensation length under different heat loads.
The curved grooved heat pipe exhibits better temperature uniformity in rotational states across
various power levels compared to its static state, while the straight grooved heat pipe shows the
opposite trend.

From Fig. 15(a), it can be seen that with a 140 mm condensation length at a low power of
30 W, the operating temperature of the straight grooved heat pipe, except for the end, is nearly
the same as the static state. The curved grooved heat pipe, due to its design that utilizes
centrifugal force to drive the return flow of the working fluid, shows the side effect of fluid
accumulation at the evaporator end at low power.

In Fig. 15(b), when the thermal load increases to 150 W, the operating temperature and
temperature difference of the straight grooved heat pipe with an extended condensation length
remain high, reaching 10.8°C. In contrast, the temperatures at all points on the curved grooved
heat pipe are lower than in the static state, with an operating temperature difference of only

2.5°C, indicating better performance than in the static state.
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3.3.2. Heat transfer limits and thermal resistance

Fig. 16 shows the variations in heat transfer limits with rotational angular velocity and the
total thermal resistance with heat load for the straight grooved heat pipe and the curved grooved
heat pipe, both with a condensation length of 140 mm.

In Fig. 16(a), due to the heat flux density limitation of the heating pad, specific values for
the heat transfer limit of the straight grooved heat pipe at low rotational velocities could not be
obtained. At 150 W, the heat transfer limit was not reached, but the analysis of the heat transfer
temperature difference at the existing power levels suggests that the heat transfer limit decreases
gradually with increasing rotational angular velocity, dropping to 90 W at 20 rpm. Conversely,
as the rotational angular velocity increases, the return efficiency of the working fluid in the
curved grooved heat pipe improves, and the heat transfer limit increases from 170 W in the
static state to 300 W at 20 rpm.

In Fig. 16(b), for the straight grooved heat pipe at 20 rpm, as the heat load increases, the
total thermal resistance initially decreases and then increases. Before reaching the heat transfer
limit, the increased power enhances the evaporation and condensation heat transfer, leading to
a decrease in thermal resistance. However, due to the influence of centrifugal force, the heat
pipe quickly reaches its heat transfer limit, after which the internal heat transfer no longer
changes significantly, and the excess heat is conducted through the metal wall, causing the
thermal resistance to increase rapidly. Both heat pipes do not reach the heat transfer limit under
static state conditions, resulting in smaller and more stable changes in thermal resistance.

For the curved grooved heat pipe, at low power, the working fluid accumulates at the
evaporator end, forming liquid pits and entering a low-efficiency pool boiling state, resulting
in higher thermal resistance. As the power increases, the evaporation mode shifts, leading to a
rapid decrease in thermal resistance, which then stabilizes.

The curved grooved heat pipe, designed with centrifugal force-assisted liquid return, can
reduce the operating temperature, increase the heat transfer limit, reduce the operating
temperature difference, and decrease the thermal resistance. This design leverages centrifugal
force to enhance performance during operation, resulting in superior performance under
rotational conditions compared to static state conditions. However, it is important to be mindful
of the side effect of liquid accumulation at the evaporator end under high rotational velocities

and low power conditions to avoid adverse impacts during use.



320

- ® - AGHP1#,straight,140mm
—o— AGHP2#,curve

[\

N

S
1

160 |-

Heat transfer capacity(W)

[
80 1 M 1 M 1 M 1 M 1 M
0 5 10 15 20 25
Angular velocity(rpm)
(a) Heat Transfer Limit
0.08
—&— AGHP1#,straight,140mm, 0 rpm
—_ i - ©
007 L Z— igﬁiiz,stralght,lmmm, 20 rpm p-=-©-
- A ,curve, 0 rpm ,
—v— AGHP2#,curve, 20 rpm /
0.06 | 7
= ¢
g /Q /7 ’
\8./ 005 B / > \ /
(=) L % N 7
8 % ©
n -
= 0.04 d
= )
g 0.03 | \
2 A 4
~0.02 F s
. — "
0.01 | T
0.00 L L L 1 L 1
0 50 100 150
Heat load(W)

(b) Thermal Resistance

Fig. 16. Heat Transfer Limit and Thermal Resistance for Different AGHPs.

Existing research indicates that traditional straight grooved heat pipes tend to experience



liquid accumulation at the end of the condenser section under rotational conditions. This leads
to a reduction in the effective condensation length, shortened heat transfer distance, and
increased operating temperature. In contrast, grooved heat pipes with a variable curvature
design demonstrate better performance, including lower operating temperatures, higher heat
transfer limits, and reduced thermal resistance. In practical applications, a variable curvature
design that gradually increases the rotation radius from the condenser to the evaporator section
should be adopted to enhance fluid return and improve the performance of grooved heat pipes
in rotational environments. If traditional straight grooved heat pipes are used, it is advisable to
position the end of the condenser section closer to the rotational center to minimize performance

degradation caused by liquid accumulation.
4. Conclusions

To gain a deeper understanding of the internal flow and heat transfer mechanisms in grooved
heat pipes under rotational conditions and explore effective methods to enhance their
performance, this study designed and fabricated a conventional straight grooved heat pipe and
a specially designed curved grooved heat pipe. An experimental system was built to evaluate
the performance of these heat pipes under rotational conditions, covering a range of rotational
velocities (0-20 rpm), heat loads (30 W-300 W), and loading methods (Methods A and B). The
study analyzed the effects of these factors on the steady-state operating characteristics of
grooved heat pipes under rotational conditions, and the main conclusions are as follows:

(1) The straight grooved heat pipe could not function effectively under rotational conditions.
Centrifugal force caused the working fluid to accumulate at both ends, reducing the effective
heat transfer distance and increasing the overall operating temperature. For instance, at a
rotational velocity of 20 rpm and a heat load of 110 W, the operating temperature difference
exceeded 25°C, indicating that the heat pipe was not capable of functioning efficiently in
rotational environments.

(i1) The curved grooved heat pipe performed well under rotational conditions. The design
effectively reduced the impact of centrifugal force in the adiabatic and condenser sections,
preventing liquid accumulation at the end of the condenser section.

(ii1)) The curved grooved heat pipe exhibited improved performance under rotational
conditions, including lower operating temperatures, increased heat transfer limits, and reduced
thermal resistance. The beneficial effects of centrifugal force in the evaporator section
facilitated fluid return, enhancing the heat transfer limit while also increasing the available
space in the condenser section and improving condensation efficiency. For example, at a
rotational velocity of 20 rpm, the heat pipe successfully transferred over 300 W with an overall
temperature difference not exceeding 5°C.

(iv) At high rotational speeds and low power levels, an obvious temperature increase was
observed at the end of the evaporator section of the curved grooved heat pipe. Under these
conditions, centrifugal force became the primary driver of fluid return, leading to excessive



fluid accumulation at the end of the evaporator section. This caused a shift in the evaporation
site from the meniscus to the free liquid surface within the vapor chamber, resulting in increased
thermal resistance and a certain degree of superheating. Therefore, it is important to avoid
application scenarios with excessively high rotational speeds.

This study contributes to the understanding of fluid dynamics and heat transfer mechanisms
in grooved heat pipes under rotational conditions. The variable curvature design explored in
this research has shown potential in optimizing the performance of grooved heat pipes by
enhancing fluid return and reducing the adverse effects of centrifugal force. This work fills a
critical gap by systematically investigating the performance of grooved heat pipes across
varying rotational speeds. These findings offer a basis for further exploration and could inform
the design and application of heat pipes in rotating systems, suggesting new directions for future
research.
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