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ABSTRACT

To address the thermal challenges of electronic chips in an energy-efficient
manner, this study proposes an optimized two-phase loop thermosiyphon
(TPLT) system featuring a mini-channel evaporator, finned condenser, and
flexible tubing. This design ensures reliable performance over extended
distances while accommodating high heat fluxes and complex cooling scenarios.
The effects of filling ratio and heat transfer distance on thermal performance
were systematically investigated. Experiments were conducted under controlled
ambient conditions of 20°C and 40% relative humidity. To minimize radial heat
losses and ensure measurement accuracy, a layered insulation system was
implemented, consisting of alternating wraps of thermal insulation wool and
plastic packaging. Results demonstrate that the thermosiyphon's performance is
highly dependent on the filling ratio, with thermal resistance initially decreasing
before rising as the filling ratio increases. Under high heating power conditions,
the system achieved a remarkably low thermal resistance of 0.004 K/W. The
maximum heat transfer capacity reached 800 W, underscoring the system's
robust performance. Notably, when the heat transfer distance was extended from
3.7 m to 5.7 m, thermal resistance increased only marginally, while the heat
transfer limit decreased by a mere 50 W, confirming the system’s exceptional
suitability for long-distance heat dissipation. These findings offer significant
insights for thermal management in advanced electronic devices, demonstrating
the potential of the proposed TPLT design as an efficient and scalable cooling
solutions for high-power applications.

1. INTRODUCTION
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performance. Pulsating heat pipes (PHPs) operate without

With the rapid development of electronic technology,
the integration density of electronic components continues
to increase, leading to a corresponding rise in heat flux
density (Hu et al., 2023). Effective thermal management
is critical for ensuring the performance and lifespan of
electronic components (Naik et al., 2013; Sakthivel et al.,
2018), while energy-efficient cooling solutions remain a
key priority. The common types of heat pipes include
grooved heat pipes (Jiao et al., 2007), loop heat pipes (Liu
et al., 2023), pulsating heat pipes (Cheng & Wong, 2024),
and thermosiyphons (Srivastava et al., 2024). Among
these, grooved heat pipes rely on capillary structures to
drive working fluid reflux, featuring simple construction
and high reliability. Loop heat pipes (LHPs) utilize
capillary pressure generated by the evaporator wick to
circulate the working fluid, exhibiting superior long-
distance heat transfer capability and excellent anti-gravity

capillary structures, demonstrating simple configuration
and high heat flux capacity. Unlike pump-driven systems,
two-phase loop heat pipes employ passive heat transfer
mechanisms, combining structural simplicity, high
efficiency, and energy-saving advantages, making them a
focus of recent research.

Most existing studies on two-phase loop heat pipes
focus on capillary wick-based designs, with several efforts
to optimize heat transfer distance. Bai et al. developed a
dual-compensation chamber LHP with a 2.2 m heat
transfer distance, finding that evaporator liquid/vapor
composition and heat leakage significantly impacted
startup performance (Bai et al., 2009). Adoni et al. (2010)
designed an ammonia stainless steel disc-shaped LHP
with a nickel wick and 1760 mm transfer distance,
achieving a 300 W maximum heat load and observing a
distinctive "V"-shaped temperature trend. Maydanik &
Vershinin (2009) reported cylindrical LHPs using
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ammonia, attaining a 110 W maximum heat load and 0.53
K/W minimum thermal resistance under air cooling. Xu et
al. 2020) nintroduced a double-layer composite copper
wick to minimize heat leakage at high loads, enabling
rapid startup and a 140 W maximum capacity. Nakamura
et al. (2022) employed a sub-nanometre porous glass wick
(0.1 pm class) to achieve 2 m anti-gravity operation with
an 85 W heat load across a 6.5 m vapor line. Cao et al.
(2022) fabricated a Tis (Al, Si) C, wick with double pore
size, demonstrating successful 30 W startup and 0.391
K/W thermal resistance at 140 W.

However, the above-mentioned capillary core loop
heat pipes usually have limited heat transfer distance and
low heating power, making them unsuitable for the high
heating power cooling needs of microelectronic
devices/data centers. The two-phase loop thermosiyphon,
also known as separated gravity heat pipe, is a passive heat
transfer device with high heat transfer (Vasiliev et al.,
2022; Venkataramana et al., 2022). Leveraging gravity-
driven operation, they are promising for high-power, long-
distance applications.

Sarno et al. (2013) evaluated the maximum heating
power of an R141b-charged loop Thermosiyphon at a 20°
tilt angle, achieving 100 W a significant improvement
over conventional aircraft cooling systems. Samba et al.
(2013) demonstrated the superior performance of a
Thermosiyphon-based cooling system for France Telecom
cabinets, meeting ETSI specifications. While traditional
systems were limited to around 250 W, the
Thermosiyphon system handled up to 600 W.
Jengsooksawat et al. (2014) investigated heating power
limits in a steam-chamber loop Thermosiyphon across
different working fluids at optimal filling ratios: 600 W
(water), 900 W (ethanol), and 1200 W (R-11). Agostini et
al. (2014) introduced a two-phase Thermosiyphon cooler
for power electronic devices, which achieved a total
thermal resistance of 40~50 K/kW within a power loss
range of 500~1500 W. Matsubara et al. (2014) tested a
Thermosiyphon circuit using water as the working fluid,
installed four types of core blocks in the evaporator, and
found that the maximum heating power was 400 W.
Zimmermann & Melo (2014) studied CO;
Thermosiyphons by varying heat source-radiator
temperatures, refrigerant charge, and evaporator airflow
rate, achieving a 514 W heating limit. Chen & Yang (2016)
designed an annular Thermosiyphon heat sink for HCPV
cooling, identifying acetone as the optimal working fluid
(199.5 W max power) through fin-structure optimization.
Zhang et al., (2017) proposed the "ideal cycle" and
developed a visualization experimental platform to
evaluate the performance of two-phase Thermosiyphons.
Under the ideal cycle, the performance reaches its
optimum when the filling ratio is 100% and the heat
transfer height difference is 1.2 m. Zhang et al. (2020)
conducted experimental research on the dual evaporator
circuit Thermosiyphon and analyzed the influence of
heating power distribution on start-up time and overshoot.
The maximum heating power obtained was 60 W.
Kloczko & Faghri (2020) proposed a coreless non phase
change heat pipe (NPCHP) with thermal resistance of
0.0165~0.0256 K/W (90% filling ratio, 200 W max) and
optimal 350 W output at 75~80% filling. Armas et al.

(2021) designed a passive loop Thermosiyphon cooling
system using R1234ze(E) working fluid, with a maximum
heating power of S00W and a thermal resistance of 0.081
K/W. The system was validated using an internal
simulator with an error rate of only 2.1%. Cataldo & Crea
(2021) proposed a model of a Thermosiyphon using
machine learning methods. Using R1234ze(E) working
fluid, the maximum heating power of a single fan
condenser is 330 W, and the maximum heating power of
a dual fan condenser is 570 W. He et al. (2022) conducted
visible experimental studies on small-diameter annular
Thermosiyphons with a wide filling ratio range (44~97%).
The maximum heat transfer capacity was found to increase
first and then decrease with the increase of filling ratio. At
high filling ratios (73% and 82%), vapor-liquid flow
transitions to slug flow, intermittent spring boiling, and
bubble flow. The diameter of the bubbles gradually
decreases with increasing heat load, and the maximum
heat transfer can reach 280 W. Hua et al. (2024) conducted
experimental research on the start-up and heat transfer
characteristics of a reservoir auxiliary loop
Thermosiyphon (MGTPLT) with a microgroove
evaporator, and compared it with a loop Thermosiyphon
(STPLT) with a smooth tube evaporator. It was found that
MGTPLT has a shorter start-up time and exhibits better
temperature uniformity, achieving 250 W heat transfer at
moderate filling ratios. Zamanifard & Melo (2024)
proposed a novel remote loop Thermosiyphon (RLTS) for
high heat flux applications and cooling 2U servers, and
evaluated key factors such as fill ratio, air flow rate, and
heat load. It was found that the Thermosiyphon can
effectively manage a heating power of 640 W at an intake
temperature of 28°C and an airflow velocity of 170 cubic feet.

In summary, existing studies on loop Thermosiyphon
have primarily focused on systems with heat transfer
distances below 3 m and heating powers under 500 W. In
addition, the simple tubular evaporator structure
constrains the coupling effect with planar heat source. In
view of this, this study designed and prepared a long-
distance two-phase loop Thermosiyphon with mini-
channel evaporator, and explored the effects of filling ratio
and heat transfer distance on the thermal performance of
the two-phase loop Thermosiyphon. This design
effectively solves the needs of high heating power and
high heat flux heat dissipation, providing important
reference for the efficient and energy-saving cooling field
of microelectronic devices.

2. DESIGN AND EXPERIMENTAL SYSTEM OF TWO-
PHASE LOOP THERMOSIYPHON WITH MINI-
CHANNEL EVAPORATOR

2.1 Design of Two-phase Loop Thermosiyphon with
Mini-Channel Evaporator

To meet the requirements of high heating power and
long-distance heat transfer, we designed a two-phase loop
Thermosiyphon system.

The mini-channel evaporator is the core component
of a two-phase loop Thermosiyphon, consisting of upper
and lower manifolds and mini-channels. The evaporator
shell material is aluminum, the inner diameter of the tube
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is 5 mm, the number of mini-channels is 12, and the
depth of the mini-channels inserted into the upper and lower
headers is 5 mm. The model and dimensions are shown in
Fig. 1. This heat pipe is connected with multiple clamps.
For operational safety, we established 1.4 MPa as the
maximum internal pressure limit. When this pressure
threshold is reached, the system is considered to have
attained its maximum heat transfer capacity, and no
further heating power increase is permitted.
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This work employs a typical finned tube condenser,
with its model and dimensions illustrated in Fig. 2. The
condenser incorporates a square DC fan, secured by four
mounting holes. Its width and height measure 130 mm and
205 mm, respectively, and it contains 14 flat tubes, each
featuring 15 mini-channels.

The two-phase loop Thermosiyphon tube designed in
this work is composed of stainless steel bellows and
aluminum tube, as shown in Fig. 3. The flexibility of the
stainless steel bellows enables the system to accommodate
long-distance heat transfer and adapt to complex thermal
environments. To meet the technical requirement of a heat
transfer distance of no less than 5 m, a tube with an inner
diameter of 10 mm was selected. The height difference
within the system serves as the primary driving force for
the Thermosiyphon operation.

2.2 Filling of Working Fluid

The filling ratio of the working fluid is defined as the
ratio of the volume of liquid filled to the total volume
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Fig. 3 Diagram of connection pipe: (a) Stainless steel
bellows; (b) Aluminum tube

inside the two-phase loop Thermosiyphon, expressed as
follows:

a=ﬁ><100%
v M
In the formula, a represents the filling ratio, V;

represents the volume of liquid filled, V represents the
total volume inside the Thermosiyphon.

However, in practical operation, the filling ratio is
usually calculated by calculating the actual filling mass,
and the calculation formula is as follows:

m=my+my =apV + (1 - a)pVV )

In the formula, m represents the filling mass, and
subscripts 1 and v represent liquid and vapor, respectively.
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Fig. 4 Schematic diagram of filling system

In practical calculations, the last term is usually ignored
because the vapor density is much lower than the liquid
density at the same pressure.

Confirm the filling amount and use the filling system
shown in Fig. 4 to fill the Thermosiyphon. Prior to
working fluid charging, thermosiyphons require a baking
degassing process to thoroughly remove contaminant
gases from the internal components. The filling system
mainly consists of a vacuum unit, valves, pipelines,
Thermosiyphon, and working fluid tanks. The working
fluid filling system designed in this article utilizes
pressure and gravity differences to inject the working fluid
into the Thermosiyphon. The actual filling mass is the total
mass after the completion of the Thermosiyphon filling
minus the mass before the Thermosiyphon filling.

R134a is selected as the working fluid for the heat
pipe due to its favorable thermophysical properties and
practical advantages. Specifically, R134a exhibits a
relatively high latent heat of vaporization, which
significantly enhances the heat transfer efficiency of the
heat pipe. Additionally, its low viscosity and high thermal
conductivity facilitate fluid flow and phase-change heat
transfer. Furthermore, R134a is environmentally friendly
and cost-effective, making it a practical choice for
widespread applications.

2.3 Experimental System

The prototype of a long-distance flexible two-phase
loop Thermosiyphon is shown in Fig. 5, which includes a
mini-channel evaporator, finned tube condenser, riser,
downcomer, and metal bellows. The Thermosiyphon
circuit is suspended using an aluminum alloy bracket
structure and wrapped with insulation material to reduce
environmental heat leakage and improve the accuracy of
experimental results (to enhance the display effect, the
schematic diagram does not include multiple insulation
layers wrapped around it). A platinum-resistance
temperature sensors (PT1000, Model WZP) was
employed for temperature sensing. There are 3 PT1000
temperature sensors attached to the evaporator, and
temperature sensors are also attached at the inlet and outlet
of the evaporator and condenser, totaling 7 sensors.

Downcomer

Fig. 5 Layout of long-distance two-phase loop
Thermosiyphon and temperature measurement
points

Copper block

Fig. 6 Heating configuration in the experiment using
the ceramic heating element strategy: (a) the
diagrammatic sketch for the combination of the
evaporator and copper block, (b) the single ceramic
heating element, and (c) the copper block

Figure 6 presents the heating configuration in the
experiment using the ceramic heating element strategy. To
achieve the high-power heating, the copper block is
designed. Seven ceramic heating elements are contained
in the copper block,and the maximum power for each
ceramic heating element is about100W. I addition, owing
to the high thermal conductivity of copper material (397
W/m-K), a uniform heat flux could be achieved. The tight
combination of the evaporator and copper block is
achieved by means of bolts. It should be also noted that to
lower the thermal resistance in the heating module, the
gaps between the copper block and ceramic heating
element, as well as the evaporator, are configured with
thermal grease.

In the thermal performance testing of Thermosiyphon,
a multilayer composite insulation structure is employed to
minimize heat exchange between the system and the
environment.  Initially, a  high-thermal-resistance
insulation wool is wrapped around the Thermosiyphon as
the primary thermal barrier, followed by an airtight plastic
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Fig. 7 Variation of temperature of thermosiyphon
with heating power at 50% filling ratio

film to suppress convective heat transfer. Subsequently, a
second layer of insulation wool and plastic film is applied
in an alternating arrangement. This layered insulation
approach effectively reduces radial heat loss from the test
system, thereby ensuring the accuracy of experimental
data.

3. RESULTS AND DISCUSSIONS

To provide a detailed explanation of the effects of
filling ratio and heat transfer distance on thermal
performance, corresponding experimental studies were
conducted.

3.1The Influence of Filling Ratio on Thermal
Performance

The heat transfer distance of the two-phase loop
Thermosiyphon is 1.6 m, and three representative filling
ratios of medium (50%), high (70%), and extremely-high
(95%) are selected for research. The cooling power is
fixed at 5 W.

3.1.1 Thermal Performance at Medium Filling Ratio
of Medium (50%)

Figure 7 shows the temperature variation
characteristics of a two-phase loop Thermosiyphon under
the condition of 50% filling ratio as the heating power
gradually increases.

As the heating power gradually increases from 50 W
to 250 W, the temperature at each measuring point shows
an overall upward trend, but the heating process and
steady-state characteristics exhibit obvious step like
changes. At an initial 50 W power input, the evaporator
temperature rapidly rises to around 310 K before
experiencing a slight decrease and subsequent
stabilization. At this point, the system is in a dominant
state of vapor-phase latent heat transfer, and the bubbles
generated by the evaporator liquefy after reaching the
condenser through the riser, completing the heat transfer
cycle. Notably, except for the evaporator, the temperatures
at other measuring points are relatively close, indicating
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Fig. 8 Variation of temperature of thermosiyphon
with heating power at 70% filling ratio

that the working fluid is basically in a saturated state after
flowing out of the evaporator, and the saturation pressure
change inside the condenser is relatively small.

When the heating power is increased to 100 W and
150 W, the system exhibits significant transition
characteristics. Notably at 150 W, evaporator
measurement point 1 began to show significant
fluctuations with an amplitude of about 3 K. When power
reaches 200 W, the oscillation amplitude diminishes to 2
K. At the maximum tested power of 250 W, the evaporator
temperature approaches the upper limit of the working
temperature range of the working fluid (about 335 K), and
the temperature fluctuation amplitude decreases to 1 K. At
low power (50 W and 100 W), the liquid evaporation at
the hot end is smooth and the steam flow is stable. At
power (150 W, 200 W, 250 W), the increase in heat flux
density may lead to a transition from nucleate boiling to
film boiling, with local drying and rewetting alternating,
causing temperature oscillations. Furthermore, similar
phenomena have been observed in heat pipe studies by
Holman et al. (2020), Guo et al. (2020), and Rukruang et
al. (2024), where increased heat flux under high thermal
loads was found to induce flow instabilities and trigger
thin-film boiling, ultimately leading to localized dryout
phenomena (Holman et al., 2020; Guo et al., 2020;
Rukruang et al., 2024). At the same time, the temperature
distribution on the evaporator wall is uneven, resulting in
significant oscillations at measuring points 1 and 3 of the
evaporator, while measuring point 2 of the evaporator is
relatively stable.

The experimental results indicate that the two-phase
loop Thermosiyphon with a medium filling ratio of 50%
is not suitable for high heating power heat transfer
scenarios.

3.1.2 Thermal Performance At High Filling Ratio of
High (70%)

Figure 8 presents the temperature evolution of a two-
phase loop Thermosiyphon with a 70% filling ratio under
progressively increasing heating power (50 W to 800 W)
over a 25000-second experimental duration.
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It is worth noting that there is a significant
temperature stratification phenomenon between different
measuring points. The measuring point of evaporator 1
always maintains the highest temperature, gradually
increasing from about 299 K at 50 W to about 327 K at
800 W. The temperature at the outlet measuring point of
the condenser is the lowest, rising from an initial
temperature of about 297 K to about 319 K. This
temperature difference is mainly due to the thermal
resistance and flow characteristics of the working fluid
during the heat transfer process. The evaporator area
serves as the heat input end and directly receives the heat
load, resulting in the highest temperature. As the working
fluid flows through various components of the system, it
gradually releases heat, causing the temperature of the
measuring points to decrease sequentially.

The temperature gradient between measurement
points exhibits a positive correlation with heating power,
increasing from 3.27 K at 50 W to approximately 6.34 K
at 800 W. This thermal response becomes particularly
pronounced in the high-power regime (600~800 W),
which is mainly attributed to the high liquid filling ratio
(70%) conditions where there is more liquid in the
condenser, limiting the effective heat transfer area
between the vapor phase and the tube wall. At the same
time, under high heating power driving, the circulation
speed of the working fluid is accelerated, which reduces
the residence time of the working fluid in the condenser,
resulting in a decrease in condensation efficiency and a
continuous increase in the outlet temperature of the
condenser.

The temperature transient characteristics at different
power levels reveal several important phenomena (Fig. 8).
During initial low-power operation (50 W), the system
temperature exhibits a brief overshoot phenomenon, while
during the subsequent heating power increase process, the
temperature changes tend to stabilize. As the heating
power increases, the time required for the system to reach
thermal equilibrium is shortened, indicating that the
thermal response speed of the system is faster under high
heating power conditions, thanks to the enhanced driving
force of vapor-liquid two-phase flow, which improves the
heat transfer efficiency.

The experimental results indicate that the two-phase
loop Thermosiyphon with a high filling ratio of 70% is
suitable for high heating power heat transfer scenarios.

3.1.3 Thermal Performance at Extremely-High Filling
Ratio of Extremely-High (95%)

Figure 9 shows the temperature variation
characteristics of a two-phase loop Thermosiyphon under
95% filling ratio conditions as the heating power gradually
increases.

At a 95% filling ratio, the evaporator temperature
(evaporators 1, 2, 3) gradually increased from an initial
value of about 296 K to about 332 K at a heating power of
500 W, demonstrating good temperature response
characteristics. It is worth noting that there are significant
temperature differences between different measuring
points in the Thermosiyphon system. The temperature at
the evaporator measuring point is always higher than other
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Fig. 9 Variation of temperature of thermosiyphon
with heating power at 95% filling ratio

parts of the system, while the outlet temperature of the
condenser is maintained at the lowest level. This
temperature gradient clearly reflects the heat transfer path
in the system.

The temperature difference between the inlet and
outlet of the evaporator and condenser progressively
widens with increasing heating power, particularly above
150 W. The formation of this phenomenon is mainly
attributed to the limited vapor-phase space inside the
Thermosiyphon under high liquid filling ratio, which leads
to the gradual transition of the system from two-phase
flow boiling heat transfer to single-phase natural
convection heat transfer. The temperature difference
between the inlet and outlet of the evaporator increased
from about 6.60 K at 50 W to about 17.21 K at 500 W,
while the condenser exhibits a comparable trend. The
expansion of this temperature difference reflects the
characteristics of a decrease in the flow rate of the working
fluid inside the Thermosiyphon and a decrease in heat
transfer efficiency.

Notably, the temperature distribution across the three
evaporator measurement points reveals initial disparities
at low heating powers (50 W and 100 W), where the
temperature of Evaporator 1 deviates from those of
Evaporators 2 and 3, with a maximum observed difference
of 2.01 K. This unevenness is mainly due to the
differences in the degree of phase transition in each
channel of the evaporator under high filling ratio
conditions, as well as the resulting fluctuations in local
heat transfer efficiency. As the heating power increases,
the temperatures at the three points become similar,
indicating a uniform distribution of heat load. At 500 W,
the system attains a peak temperature of approximately
332 K. Given that liquid expansion at this stage risks
generating excessive internal pressure inside the tube, the
Thermosiyphon approaches its operational limit for the
current filling ratio.

3.1.4 The Influence of Filling Ratio on Thermal
Resistance Characteristics

System thermal resistance is an important indicator
for measuring the thermal performance of a two-phase
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loop Thermosiyphon. The system thermal resistance is
defined as:

R= Teva _Tamb
On (3)

In the formula: 7, represents the average

temperature of the evaporator; T,;,p, represents the

ambient temperature.

Figure 10 illustrates the variation in thermal
resistance of the Thermosiyphon system as a function of
heating power for different filling ratios.

The experimental results demonstrate that under
identical heating power conditions, the system exhibits the
highest thermal resistance at a 50% filling ratio, followed
by 95%, while the 70% filling ratio yields the lowest
values. With the increase of heating power, the thermal
resistance under the three filling ratio conditions shows a
decreasing trend, and the rate of decrease is relatively fast
in the initial stage, and then tends to flatten out.
Specifically, the range of thermal resistance variation of
the system is 0.069~0.134 K/W at a 50% filling ratio,
0.006~0.045 K/W at a 70% filling ratio, and 0.021~0.128
K/W at a 95% filling ratio.

At the initial heating power of 50 W, the system exhibits
comparable thermal resistance values for both 50% and
95% filling ratios. However, with increasing heating
power, the thermal resistance reduction becomes
markedly more pronounced at 95% filling ratio (83.73%)
compared to 50% filling ratio (48.68%). This is mainly
because at a 50% filling ratio, the two-phase loop
Thermosiyphon mainly relies on latent heat of phase
change for heat dissipation, and effective circulation
cannot be formed inside the tube, resulting in a lower
overall flow rate. In contrast, the 95% filling ratio enables
complete internal circulation, where the accelerated
condensate return flow promotes efficient heat removal
from the evaporator. This enhanced thermal transport
mechanism maintains lower evaporator temperatures and
drives the more substantial thermal resistance reduction
observed at higher filling ratios.

3012

0.0325

0.0300

0.0275 |+

0.0250

Thermal resistance (K/W)
I/

0.0225 |+

—

W 0.85

Fig. 11 Thermal resistance at different filling ratio

0.0200

0.65 0.70 0.75
Filling ratio

The condition of 70% filling ratio exhibits the optimal
thermal performance, with the minimum thermal
resistance reaching 0.0063 K/W at a heating power of 800
W, and the thermal resistance decreasing by as much as
85.83%. Compared with a 95% filling ratio, a 70% filling
ratio provides a larger vapor phase space, increases the
volume of steam generated per unit time, enhances the
bubble pump effect, forms a faster circulation velocity in
the tube, and ultimately achieves lower system thermal
resistance. It is worth noting that when the heating power
exceeds 400 W, the change in thermal resistance of the
system under the condition of 70% filling ratio is
relatively small, indicating that the system is approaching
a stable state. This characteristic indicates that the two-
phase loop Thermosiyphon is suitable for high heating
power heat transfer applications, because at high heating
power, the evaporator can quickly generate continuous
bubbles, form a stable circulation, and achieve efficient
heat transfer.

In summary, the two-phase loop Thermosiyphon
demonstrates optimal thermal performance at a 70%
filling ratio, exhibiting both the lowest system thermal
resistance and superior operational characteristics,
particularly in high-power regimes above above 400 W.
These findings provide valuable guidance for the design
of Thermosiyphons intended for high-heat-flux
applications.

In order to determine the optimal filling ratio at a heat
transfer distance of 1.6 m, the filling ratio of 65%, 70%,
75%, 80%, and 85% were studied. The experimental
results reveal a gradual decrease in thermal resistance as
the filling ratio increases from 65% to 80%, followed by a
sharp increase when the ratio further rises to 85%. Among
them, the thermal resistance is the smallest at 80% filling
ratio, only 0.023 K/W.

3.2The Influence of Heat Transfer Distance on
Thermal Performance

At an 80% filling ratio, the thermal performance of
the two-phase loop Thermosiyphon was studied by
changing the heat transfer distance of the tube at 3.7 m and
5.7 m.
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Fig. 12 Temperature variation at 3.7 m heat transfer
distance

3.2.1 Heat Transfer Distance of 3.7 m

Figure 12 presents the temperature variation
characteristics of a two-phase loop Thermosiyphon under
different heating powers at a heat transfer distance of 3.7
m.

The experimental results demonstrate that this
configuration reaches its heat transfer limit at 700 W. The
temperature profiles reveal a pronounced increasing trend
at all measurement points with rising heating power.
During system initiation at 50 W, the surface temperature
of the evaporator exhibits rapid thermal response
characteristics, with the temperature rapidly increasing
from an initial 295.08 K to a peak of 306.18 K, and the
entire process takes about 390 seconds. This temperature
overshoot phenomenon is mainly caused by the transient
heat transfer characteristics during the start-up process. It
is worth noting that the temperature overshoot value at a
heat transfer distance of 3.7 mis 5.43 K, which is less than
6.45 K under the same heating power conditions at a heat
transfer distance of 1.6 m. This is mainly attributed to the
increase in gravity pressure difference caused by the
increase in heat transfer distance, which allows the
condensate to flow back to the evaporator in a more timely
manner to complete the replenishment process.

With increasing heating power, the temperature
difference between the evaporator and condenser
gradually widens. Furthermore, the temperature variation
among different measurement points (Evaporator 1, 2, 3)
becomes more pronounced, particularly under high
thermal loads. This is mainly due to the increasing heating
power causing the surface temperature distribution of the
evaporator to gradually become uneven, and some areas
may experience local drying up. At this time, the outlet
temperature of the evaporator is basically consistent with
the average temperature of the evaporator. This
temperature distribution characteristic is due to the
increased driving force of the Thermosiyphon under high
heating power, which accelerates the reflux speed of the
condensate. The bubbles in the mini-channels inside the
evaporator can quickly detach from the wall under the
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shear action of the reflux liquid, preventing heat
accumulation inside the evaporator.

3.2.2 Heat Transfer Distance of 5.7 m

Figure 13 presents the temperature variation
characteristics of a two-phase loop Thermosiyphon under
different heating powers at a heat transfer distance of
5.7m.

Experimental results reveal that the system achieves a
heat transfer limit of 650 W, merely 50 W lower than the
700 W limit observed at 3.7 m. This result fully proves
that the system is suitable for high heating power, long-
distance heat transfer scenarios. At a heat transfer distance
of 5.7 m, when the Thermosiyphon is started at a heating
power of 50 W, the evaporator temperature first rapidly
rises to a peak of 304.09 K, then suddenly drops due to the
reflux of condensate, and finally slowly rises to steady
state. It is worth noting that the inlet temperature of the
evaporator decreases by 3.33 K, which is the maximum
value under the three heat transfer distance conditions.
This is mainly attributed to the increased heat transfer
distance, which leads to an increase in the height
difference between the downcomer and the evaporator,
thereby improving the circulation driving force and the
flow velocity inside the tube. At the same time, the
extension of the downcomer keeps the liquid at the outlet
of the condenser in a supercooled state, ultimately
resulting in a significant decrease in the inlet temperature
of the evaporator.

At heating powers of 200 W, 400 W, 600 W, and 650
W, the maximum temperature difference on the
evaporator surface is 0.61 K, 2.12 K, 5.00 K, and 5.96 K,
respectively. Under various heating conditions, the
temperature at the middle position of the evaporator
(evaporator 2) is the lowest, while the temperature at the
position far from the inlet (evaporator 3) is the highest, and
the difference gradually widens with increasing heating
power. This phenomenon indicates uneven flow
distribution inside the evaporator, especially in the mini-
channel at position 3 where the reflux liquid is not
replenished in time and the flow is insufficient, resulting
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in local drying and causing the wall temperature to rise to
the highest level. When the heating power reaches 650 W,
the Thermosiyphon reaches the heat transfer limit at that
transmission distance. The maximum temperature is close
to the upper limit of the system's operating temperature
range, so the heating power has not been further increased.
This heat transfer limit is only reduced by 7.1% compared
to the 3.7 m heat transfer distance, fully verifying the
efficient performance of the Thermosiyphon system in
long-distance heat transfer.

In summary, compared with a heat transfer distance
of 3.7 m, although the total heat transfer capacity is
slightly reduced, the system still maintains a high heat
transfer efficiency, indicating that the two-phase loop
Thermosiyphon has significant advantages in long-
distance heat transfer applications.

3.23 Comparison of Thermal Resistance
Characteristics at Different Heat Transfer Distances

Figure 14 presents the characteristics of the thermal
resistance of the two-phase loop thermosiyphon system
varying with heating power at different heat transfer
distances.

The data shows that under the condition of 3.7 m heat
transfer distance, the range of thermal resistance variation
of the system is 0.004~0.038 K/W. Under the condition of
a heat transfer distance of 5.7 m, the range of thermal
resistance variation of the system is 0.005~0.047 K/W.
With increasing heating power, the thermal resistance of
the system at both distances exhibits a significant
decreasing trend. aNotably, the reduction rate is more
pronounced in the lower heating power range (50~200 W)
than in the higher range (400~700 W), where it gradually
stabilizes. This phenomenon is mainly due to the increase
in heating power, the evaporation rate of the working fluid
increases, the bubble pump effect is enhanced, and the
internal fluid circulation of the system is promoted,
thereby improving the heat transfer efficiency.

Under low heating power conditions (50 W), the
thermal resistance at a heat transfer distance of 5.7 m is

0.008 K/W higher than that at a heat transfer distance of
3.7 m. As the heating power increases to 200 W, this gap
narrows to 0.003 K/W. When the heating power reaches
400 W, the difference in thermal resistance between the
two further decreases to 0.002 K/W. Under the high
heating power condition of 600 W, the thermal resistance
values of the two heat transfer distances are almost the
same. The phenomenon of decreasing thermal resistance
gap with increasing heating power indicates that under
high heating power conditions, the impact of longer heat
transfer distance on system performance gradually
weakens. It is worth noting that although a 5.7 m heat
transfer distance theoretically increases fluid resistance,
experimental data shows that there is not much difference
in thermal resistance in most heating power ranges. This
is mainly attributed to the larger gravity potential
difference caused by longer heat transfer distances, which
enhances the natural circulation driving force of the
system, thereby offsetting the adverse effects of increased
resistance.

Similar findings regarding thermal resistance have
been reported in the field of heat pipes. Srivastava et al.
investigated the thermal resistance characteristics of
thermosiyphons with horizontal evaporators under low
heat flux conditions. Their comparative study of working
fluids, including R134a and methanol, revealed that
R134a exhibited the lowest thermal resistance during
startup, measuring 0.11 K/W (Srivastava, Appl. Therm.
Eng., 257 (2024) 124249). Li et al. examined the heat
transfer performance of a loop thermosiyphon using n-
pentane as the working fluid under high centrifugal forces.
They found that the minimum thermal resistance was 0.57
K/W at a filling ratio of 60% and validated its application
effectiveness in electric spindle cooling. Compared with
the heat pipes reported in the literature, the present system
exhibits lower thermal resistance, which is primarily
attributed to the enhanced boiling heat transfer facilitated
by the mini-channel evaporator (Li et al., 2017). This
discovery confirms the superior performance of two-phase
loop Thermosiyphons in long-distance, high heating
power heat transfer applications, providing important
references for the design of thermal management systems.

4. CONCLUSION AND OUTLOOK

In order to meet the growing heat dissipation needs of
electronic  devices, a flexible two-phase loop
Thermosiyphon has been developed and manufactured,
which consists of a mini-channel evaporator, a finned
condenser, and a flexible pipeline. This study
systematically examines the influence of liquid filling
ratio and heat transfer distance on thermal characteristics.
The principal findings are summarized below:

(1) At a heat transfer distance of 1.6 m, the effects of
liquid filling ratios of medium (50%), high (70%), and
extremely high (95%) on thermal performance were
studied, and it was found that the two-phase loop
Thermosiyphon operated better at higher liquid filling
ratios. In order to determine the optimal filling ratio at a
heat transfer distance of 1.6 m, the filling ratios of 65%,
70%, 75%, 80%, and 85% were studied. It was found that
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the thermal resistance was the smallest at 80% filling ratio,
only 0.023 K/W.

(2) The effect of heat transfer distance on thermal
performance was investigated at 80% liquid filling ratio.
The maximum heat transfer at a distance of 3.7 m is 700
W, and the maximum heat transfer at a distance of 5.7 m
is 650 W. At two different heat transfer distances, the
thermal resistance first decreases and then gradually
stabilizes with the increase of heating power, with the
lowest thermal resistances being 0.004 K/W and 0.005
K/W, respectively.

The two-phase loop Thermosiyphon designed in this
article demonstrates significant advantages in meeting
flexible layout, high heating power heat dissipation, and
long-distance heat transport requirements. Provided
innovative solutions for future high heating power and
distributed thermal management challenges. To further
optimize the design and elucidate the underlying
mechanisms, future studies are encouraged to employ
CFD method to reveal detailed flow patterns, phase-
change dynamics, and temperature distributions, thereby
enhancing the understanding of thermal-hydraulic
performance.
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