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Abstract

To meet the requirements of high-efficiency thermal management without external power
in long-distance and distributed multi-heat source scenarios, this paper proposes a dual
compensation chamber multi-evaporator loop heat pipe system (DCCME-LHP). The system
uses a capillary pump to provide capillary driving force, and through the step-by-step
advancement of multiple condenser-evaporator combination, it achieves heat transfer
and long-distance transportation among multi-heat sources. The experimental system
investigates the effects of working fluid charge ratio, time interval, and heat load on the
system’s hydrodynamic stability and heat transfer limit. The results show the optimal
comprehensive performance of startup and steady state can be achieved with the charge
ratio of 75% and a time interval of 8-10 min. The system operates stably under a total heat
load of 270 W (90 W for the capillary pump and 60 W for each of the three evaporators).
When the heat load of a single-stage evaporator rises to 70 W, the system enters the
operation failure zone, and the steady-state temperature plateau jumps. This study provides
a theoretical basis and experimental support for the design and stable operation strategy of
long-distance multi-heat source thermal control systems.

Keywords: loop heat pipe; serial configuration; multiple evaporators; long-distance heat
transfer; heat transfer limit

1. Introduction

With the rapid advancement of microelectronics and communication technologies,
emerging high-power-density systems, such as electric vehicles (EVs) [1] and data cen-
ters [2], are facing severe thermal management challenges. Such systems typically contain
multiple high-heat-generating electronic components operating in parallel within confined
spaces, leading to a sharp increase in local heat flux. Research indicates that 55% of device
failures are temperature-dependent [3,4], and for every 10 °C increase in operating temper-
ature, the reliability of the device decreases by 50% [5]. Therefore, achieving synchronized
isothermal cooling for distributed multi-heat sources and efficiently transporting heat
from confined spaces to remote evaporators has become a key technology for breaking
performance bottlenecks in electronic equipment [6,7].

Currently, electronic cooling primarily relies on air cooling and liquid cooling tech-
nologies. Although air cooling is widely used [8,9], it struggles to meet the demands
of high power consumption exceeding 300 W [10,11] and multi-heat source layouts in
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restricted spaces, limited by the low specific heat capacity of air and the difficulty of
duct arrangement [12,13]. Single-phase liquid cooling can handle heat fluxes as high
as 250 W/cm? [14-17], yet it depends heavily on mechanical pumps, which introduce
additional power consumption, vibration, and noise [18-20]. This contradicts the current
development trend of high-efficiency thermal management.

Unlike air and liquid cooling, the loop heat pipe (LHP) is a highly efficient phase-
change heat transfer device. As shown in Figure 1a, the evaporator contains a built-in
porous wick, which utilizes the capillary force generated by the phase change of the
working fluid to achieve unidirectional circulation. This allows for remote heat transfer
without the need for external power [21]. This advantage enables the separation of the
evaporator and the condenser sections in LHP systems, facilitating flexible piping layouts
and reducing spatial requirements [22], enabling it to couple multiple evaporators to form
a multiple-evaporator loop heat pipe (ME-LHP).

Theoretical research on ME-LHP began around 1988, and experimental verification
started in 1992 [23]. In terms of structural design, existing studies have proposed dual-
evaporator LHPs and successfully realized the startup of three-evaporator LHPs [24],
verifying the feasibility of multi-evaporator structures [25]; for the multi-heat source man-
agement requirements of satellites, a dual-compensation chamber, dual-evaporator LHP
architecture was designed and proposed [26-29]; meanwhile, a four-evaporator hybrid
device combining the advantages of LHP and Capillary Pumped Loop (CPL) has also been
developed [30]. In terms of heat transfer mechanisms, by comparing the thermal resistance
and startup behavior of single- and dual-evaporator LHPs, the ability of multi-evaporator
structures to achieve long-distance high-efficiency heat transfer has been confirmed [31];
existing research has also suppressed the imbalance of gas-liquid distribution by regulating
compensation chamber parameters [32,33], and clarified the capillary limit characteristics
and the negative influence of anti-gravity orientations in multi-evaporator/multi-condenser
LHPs [34-37]. In terms of numerical simulation, the establishment of hydrodynamic models
for ME-LHP has revealed the matching relationship between internal resistance and capil-
lary driving force, as well as the influence laws of heat load and operating orientation [38].
In summary, existing multi-evaporator LHP research mostly focuses on parallel structures.
Although the parallel structure has smaller flow resistance, it faces inherent challenges
of complex piping and uneven flow distribution among branches (flow maldistribution).
In contrast, the series (serial) structure has a simpler piping layout and can physically
ensure that all heat sources obtain the same working fluid flow rate, greatly simplifying
system control. However, the serial structure also brings severe challenges: the cumulative
pressure drop of the multi-stage evaporators increases significantly, which places higher
requirements on the driving capability of the capillary pump and the startup stability of
the system.

In view of this, based on the working principle of LHPs [39], this study constructs a
multi-evaporator dual compensation chamber loop heat pipe system (DCCME-LHP) by
connecting flat-plate evaporators in series within the extended condensation section of the
loop heat pipe, as shown in Figure 1b. In this system, the capillary driving force of the
wick serves as the motive force for fluid flow, eliminating the need for a mechanical pump
and thus requiring no extra power consumption [40]. We focus on the influence of the
working fluid charge ratio on the system’s thermodynamic performance and systematically
analyzing the mechanism of the time interval in suppressing temperature oscillations.
Furthermore, under extreme heat load conditions, the coupling failure mechanism be-
tween the capillary pumping force and the cumulative pressure drop of the serial loop
will be revealed. The results aim to provide experimental support for determining the
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stability boundaries and formulating operational strategies for passive multi-heat source
cooling systems.
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Figure 1. (a) Schematic diagram of the conventional loop heat pipe system. (b) Schematic and
physical diagram of the DCCME-LHP system.

Unlike conventional loop heat pipe designs, this study proposes a DCCME-LHP
configuration that effectively resolves the liquid-vapor distribution imbalance inherent
in multi-evaporator systems. By implementing a step-by-step advancement of multiple
condenser-evaporator units, the proposed system achieves a significantly higher heat-
dissipation capacity (270 W) and superior long-distance transport stability compared to
previous serial or parallel LHP architectures reported in the literature. Furthermore, this
research identifies the coupled failure mechanism of liquid supply and pressure drop,
providing a precise critical threshold. The proposed DCCME-LHP system particularly
suitable for the thermal management of electric vehicles (EVs) and large-scale data centers,
where efficient heat dissipation from distributed, multi-heat sources is a critical requirement.
Furthermore, the system provides a robust and reliable technical path for the synchronized
isothermal cooling of ensuring stable operation in confined and remote environments
without the need for external power.

https://doi.org/10.3390/eng7020084


https://doi.org/10.3390/eng7020084

Eng 2026, 7, 84

40f 15

2. Design and Construction of the Experimental System
2.1. System Design

To achieve efficient collaborative heat dissipation for multi-heat sources, a multi-
evaporator dual compensation chamber loop heat pipe system was constructed, the core
structure of which is illustrated in Figure 1b. The system utilizes a capillary pump as the
power core, integrated with key components including condensers 1-4, evaporators 1-3
connected in series via high-temperature resistant, and low-flow-resistance piping to form a
closed-loop heat transfer circuit, creating an integrated assembly with both passive driving
and multi-stage heat transfer functions. The core operational logic of the system relies on
the phase-change driving force of the capillary pump to achieve working fluid circulation
and heat transfer. The capillary pump absorbs heat at its heating surface, causing the
internal liquid working fluid to undergo rapid and continuous phase change and generate
a large volume of high-temperature, high-pressure vapor. This high-pressure vapor enters
the loop through the vapor pipe to create forward thrust, precisely driving the subcooled
liquid already condensed in condenser 1 to overcome pipeline resistance and flow steadily
into the heat exchange channels of flat-plate evaporator 1. The liquid working fluid entering
evaporator 1 makes full contact with the corresponding heat source, absorbs heat, and
undergoes phase change again; the resulting secondary vapor further increases local loop
pressure, continuously pushing the condensed liquid in condenser 2 toward evaporator 2.
This process continues sequentially between evaporators 2 and 3, which not only achieves
continuous, directional heat transfer across multi-heat sources but also drives the working
fluid into a stable, pulsating advancement flow state, ensuring heat transfer efficiency.
Finally, the terminal vapor generated by evaporator 3 carries the heat from all heat source
stages into condenser 4, where it is fully condensed into liquid under the action of the
cooling medium; the condensed liquid then returns to the compensation chamber (liquid
reservoir) via the liquid pipe under the synergy of loop pressure difference and gravity,
completing a full working fluid cycle. Detailed system parameters are listed in Table 1.

Table 1. Structural parameters of the integrated system.

Component Parameter
Pipe material Stainless steel
Pipe diameter (OD/ID) 4/3 (mm)
Liquid pipe length 1550 (mm)
Vapor pipe length 1400 (mm)

To enhance operational stability and heat transfer efficiency, the capillary pump adopts
a targeted dual-liquid-line and dual compensation chamber structural design. The vapor
pipe is located at the center of the evaporator to ensure smooth vapor discharge, while
the liquid pipes are symmetrically distributed on both sides of the capillary pump to
achieve uniform condensate return, forming an efficient vapor-liquid circulation loop.
The main body of the capillary pump is constructed from corrosion-resistant and high-
temperature-resistant stainless steel to adapt to various complex working environments.
Its internal core is equipped with a nickel-based porous wick featuring a composite pore
structure, a porosity of 74.07%, and an effective thermal conductivity of 2.734 W/(m-K),
providing core support for the high-efficiency heat exchange of the capillary pump through
its excellent structural and thermal properties. The specific structure of the capillary
pump, as shown in Figure 2a, consists of the wick, evaporator, compensation chamber
(reservoir), end cap, and vapor/liquid pipes, with all components working in coordination
to ensure stable operation. Crucially, the bottom of the evaporator features a flat design to
significantly increase the tightness of contact with the heat source surface, ensuring rapid
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and uniform heat conduction and further optimizing the heat exchange effect. Detailed
technical parameters of the capillary pump are shown in Table 2.
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Figure 2. (a) Structural diagram of the dual compensation chamber capillary pump. (b) Structural
diagram of the flat-plate evaporator. (c) Schematic diagram of the experimental system.
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Table 2. Structural parameters of the capillary pump.

Component Parameter Component Parameter
Evaporator material Stainless steel WICk length/ 180/@18 (mm)
diameter

Wick inner bore

Evaporator L/D/thickness  240/222/4 (mm) L/D 77 /@8 (mm)

Evaporator saddle L/W/H  160/38/4 (mm) Compensation . Stainless steel
chamber material
Compensation

Wick material Sintered nickel powder chamber L/D/ 44/044/4
thickness

To optimize heat transfer efficiency and structural stability, the evaporators utilize a
sandwich structure design, the specific construction of which is shown in Figure 2b, com-
prising three key components: an upper cover plate, a lower cover plate, and a serpentine
pipe. Both the upper and lower cover plates are made of 4 cm thick aluminum, which
possesses excellent thermal conductivity and moderate structural strength to conduct heat
rapidly while ensuring structural integrity; semi-circular serpentine grooves with a radius
of 2 mm are machined into the surfaces of the plates to provide a precisely fitted space
for the installation of the serpentine pipe. The middle layer of the sandwich structure is
the core heat exchange element—a serpentine pipe made of stainless steel with an outer
diameter (OD) of 4 mm and an inner diameter (ID) of 3 mm. The corrosion resistance of
stainless steel allows for compatibility with various heat transfer media, while the serpen-
tine design maximizes the heat exchange area to enhance efficiency. To ensure assembly
sealing and firmness, the upper plate features pre-drilled bolt holes that align precisely
with the threaded holes on the lower plate during assembly, achieving reliable fixation
and sealing through bolt fastening. Simultaneously, thermal grease is applied within the
serpentine grooves of both plates to effectively fill the micro-gaps between the pipe and
the grooves, significantly enhancing the tightness of the fit between the serpentine pipe
and the evaporator cover plates and further improving heat conduction efficiency. Detailed
technical parameters of the evaporator can be found in the specific data in Table 3.

Table 3. Structural parameters of the flat-plate evaporator.

Component Parameter

Plate material Aluminum alloy
Plate L/W/H 135/135/4 (mm)
Plate wall thickness/Groove radius 4/@2 (mm)

Serpentine pipe L/thickness/spacing/pipe radius  887/1/16/@8 (mm)

2.2. Experimental Setup

To obtain the temperature response and steady-state performance under various con-
ditions, a thermal experimental platform was constructed, as shown in Figure 2c. The
platform primarily consists of three key modules: an adjustable D.C. power supply, a
chiller, and a data collection system. The design of the simulated heat sources (Phlogopite
heating plates, max power 1500 W, thickness 1 mm) is particularly critical, consisting of
adjustable heat sources at the capillary pump and the three flat-plate evaporators. To
guarantee the independence and controllability of each heat source and ensure precise heat
load adjustment under different conditions, each heat source is independently powered
by an adjustable D.C. power supply (MP-50100C, Dongguan Maisheng Power Supply
Technology Co., Ltd., Dongguan, China, 0-50 V, 0-100 A). To further improve experimen-
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tal accuracy, thermal grease (Qingmei QM850, Shanghai Zihong Electronics Co., Ltd.,
Shanghai, China, conductivity > 4.15 W/(m-K), range —50 to 200 °C) was applied uni-
formly at the contact interfaces between the simulated heat sources and the system to
significantly reduce contact resistance by filling micro-gaps, ensuring efficient and stable
heat transfer. Simultaneously, the capillary pump, evaporators, and vapor/liquid pipes
were completely wrapped in insulation foam (aluminum silicate insulation cotton, thick-
ness 2 mm, thermal conductivity 0.03 W/(m-K)) to effectively isolate the experimental
system from environmental temperature fluctuations, thereby maximizing the authenticity
and reliability of the data collected during actual operation. The cooling system utilizes a
high-efficiency water-cooling module configuration, with shell-and-tube heat exchangers
selected as the core condensing components, featuring specifically designed 16 mm cooling
water channels and 4 mm tube grooves. Cooling water at 15 °C is supplied to the four
condensers from an independent constant-temperature water tank (DC-2020, Ningbo Scientz
Biotechnology Co., Ltd., Ningbo, China, range —20 to 100 °C, stability 4 0.05 °C), which
maintains a constant cooling environment through its precise temperature control system to
avoid fluctuations affecting the experimental results. The data acquisition system primarily
records temperature and is equipped with a Fluke 2638A (Fluke Calibration, Fluke Testing In-
struments (Shanghai) Co., Ltd., Shanghai, China, 22 analog channels, DCV accuracy 0.0024%,
thermocouple precision 0.5 °C) logger to achieve real-time display and synchronous recording
of thermocouple values. For temperature measurement, 17 K-type thermocouples (TT-K-36,
Omega Engineering-Omiya Measurement Technology (Shanghai) Co., Ltd., Shanghai, China,
accuracy =+ 0.5 °C) were used; to ensure measurement precision, these thermocouples were
securely attached to the external walls of the pipes and shells at various positions to guarantee
tight contact and accurately capture temperature variations at key locations.

2.3. Experimental Procedure and Uncertainty Analysis

Once the experimental apparatus was fully assembled, performing evacuation and
charging the working fluid according to the overall system design specifications became
critical prerequisites for ensuring stable operation and reliable experimental data. To
minimize the adverse impact of non-condensable gases—which tend to hinder the phase
change and flow of the working fluid, thereby reducing heat exchange efficiency—a multi-
stage evacuation strategy using a combination of a mechanical vacuum pump and an
Edwards turbomolecular pump was employed. Through gradient decompression, the
internal pressure was strictly maintained at 4.9 x 10~ Pa. Anhydrous ethanol was selected
as the working fluid due to its moderate boiling point (78.3 °C at 101.325 kPa), high latent
heat of vaporization (841 k] /kg), and excellent heat transfer performance [36]. Its chemical
stability and compatibility with stainless steel match the requirements of the experimental
conditions [36]. The successful startup of the capillary pump is the core step in establishing
internal circulation, laying the foundation for subsequent performance studies. To achieve
a smooth startup, a gradient heat load is first applied to the evaporator of the capillary
pump. Simultaneously, the phase change process and flow status of the working fluid
within the loop are tracked in real-time via the thermocouple temperature feedback system
to ensure the fluid successfully transitions from liquid to vapor and completes startup.
Once stable circulation is established and the system operates steadily at the set power
level, preset heat loads are applied to the remaining flat-plate evaporators. By comparing
the operating parameters of the different evaporators, the overall heat transfer performance
of the system is evaluated.

To ensure experimental rigor and data reproducibility, all tests were conducted in a
dedicated thermal management laboratory maintained at a constant ambient temperature
of 25 °C. Critical components, including the capillary pump, evaporators, and transport
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lines, were insulated with 2 mm thick aluminum silicate foam to minimize the impact of
external thermal fluctuations. A standardized experimental protocol was implemented to
maintain consistent initial conditions across different test runs: the system remained idle for
at least 4 h prior to each session to achieve full thermal equilibrium with the environment,
and the cooling water circulation (set at a constant 15 °C) was initiated 30 min before
applying heat loads to establish a repeatable starting temperature. Under these controlled
conditions, the system’s performance was systematically evaluated across an experimental
matrix comprising three specific working fluid charge ratios: 65%, 75%, and 85%.

The experimental platform’s uncertainty analysis is influenced by both direct and
indirect measurement errors, primarily arising from instrument precision, calibration errors,
and measurement repeatability. Table 4 lists the uncertainties of the primary parameters
involved in direct measurements and calculations. Based on the calculations, the errors
for all measured parameters (such as heat load, temperature, etc.) have been determined,
with the calculated parameters not exceeding 5%. This error range is within the acceptable
threshold, ensuring the reliability of all measurement data in this study.

Table 4. The uncertainty of direct and indirect measurement parameters.

Measurement Error Uncertainty Measurement Error Uncertainty
Temperature (°C) +0.57% D.C. power supply (V) +1.63%
Sample weight (g) +0.01% Chiller (°C) 40.28%
Sample length (mm) +0.06% Porosity (%) +0.079%
Suction performance (g) +1.58% vaée/c(trlnvit)l;lermal conductivity 5 gg0,

3. Results and Discussion
3.1. Charge Ratio of Working Fluid

The charge ratio of the working fluid is the core parameter determining the spatial
distribution of the fluid and the location of the phase-change interface. It is a prerequisite
for achieving efficient phase-change heat transfer and a key factor directly affecting the heat
transfer limit and overall operational stability [41]. As shown in Figure 3, results from the
charge ratio experiments indicate that, as the ratio increases from 65% to 75% and further
to 85%, the system startup time exhibits a continuous increasing trend. Meanwhile, the
steady-state operating temperature shows a non-linear characteristic of first decreasing
slightly and then increasing significantly; the 75% charge ratio yields the lowest steady-state
temperature and optimal heat exchange efficiency, whereas the 85% case results in the
highest temperature and a significant attenuation of heat transfer performance.The mecha-
nism behind this phenomenon is closely related to the fluid distribution and phase-change
cycle characteristics under different charge ratios. When the charge ratio is below 75%,
the insufficient liquid inventory leads to inadequate wetting of the capillary wick within
the evaporator and poor reliability of the liquid supply in the return loop. This results in
incomplete phase change and higher equivalent thermal resistance, which adversely affects
the heat transfer efficiency and startup response. At a charge ratio of 75%, the working fluid
is uniformly distributed between the wick and the various flat-plate evaporators; the liquid
return loop operates stably, and the vapor-liquid two-phase circulation is smooth. This
allows the phase-change heat transfer potential to be fully utilized, achieving the lowest
steady-state temperature while maintaining good startup characteristics. Conversely, when
the charge ratio exceeds 85%, excess liquid occupies the effective condensation space and
vapor channels, significantly increasing vapor flow resistance. The vapor driving force is
then consumed by the increased system pressure drop, requiring the system to operate at a
higher saturation pressure (and a corresponding higher saturation temperature) to maintain
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circulation, which prolongs the startup process and significantly raises the steady-state
temperature. In summary, 75% is the optimal charge ratio for this system, achieving the best
balance between startup response and steady-state thermal performance. Consequently, to
ensure consistency and comparability of the experimental data, all subsequent performance
tests were conducted with a 75% charge ratio (see Supplementary Figure S1 for details on
charging ratio tests).

—— Startup time —— Stable temperature 150
12+
— 145 8
£ [0}
E 5
o ©
e 0]
= Q
. 140 £
|_
4t
L L 135

65 75 85
Charge rate (%)

Figure 3. Startup time vs. average steady-state temperature under different charge ratios.

3.2. Influence of Time Interval on Startup and Operational Stability

The time interval (the delay between the activation of the capillary pump and the
simultaneous activation of evaporators 1-3) is a critical control strategy for the cooperative
operation of multi-evaporator systems. This section investigates the influence of time
intervals (1-16 min) on temperature oscillation, startup response, and steady-state distri-
bution at a 75% charge ratio and fixed heat load (90 W for the capillary pump, 50 W for
each evaporator).

Temperature oscillation is evaluated by two key metrics: oscillation amplitude (the
peak-to-valley temperature difference during the unstable phase) and oscillation duration
(from the onset of oscillation until the amplitude decays to a stable threshold). As shown in
Figure 4a, significant oscillations occur at intervals of 1-3 min, with amplitudes reaching
dozens of degrees and durations lasting 8-17 min. This occurs because short intervals
result in insufficient preheating of the capillary pump; the vapor driving force is not fully
established, leading to a lack of overall driving power. In a multi-stage serial system, this
easily forms slug flow or unstable gas-liquid advancement, manifesting as high amplitudes
and long durations. As the interval increases to 4-6 min, the duration rapidly decreases
toward zero. Beyond 6 min, the system enters a stable operating zone with minimal and
constant oscillation amplitudes. In this regime, the preheating and vapor driving force are
better established, leading to thorough liquid discharge from the condensers and effective
fluid redistribution, which suppresses vapor channel blockage and enables a continuous
two-phase cycle.

The startup and steady-state performance of the capillary pump as a function of the
time interval are shown in Figure 4b,c. Startup time generally fluctuates within a narrow
range (8-9 min), with an optimal window identified at 8-10 min, where both startup time
and startup temperature are minimized. At intervals of 12-14 min, these values increase
significantly. An appropriate interval allows for sufficient preheating to trigger a stable
cycle at a lower temperature, while an excessive interval leads to over-condensation, where
accumulated liquid in the condenser and piping increases the pressure drop, requiring a
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higher saturation pressure to drive the loop. Steady-state temperatures fluctuate between
125 and 145 °C, also reaching a minimum at the 8-10 min interval.
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Figure 4. (a) Oscillation duration vs. amplitude; (b) startup time vs. temperature for the capil-
lary pump; (c) steady-state temperature of the capillary pump; (d) steady-state temperatures of
evaporators 1-3.

For the flat-plate evaporators, the steady-state temperatures (120-135 °C) also fluctuate
slightly with the interval, as shown in Figure 4d. Evaporator 2 consistently shows the
highest temperature, while evaporator 1 is the lowest. At short intervals, incomplete fluid
redistribution causes liquid slugs and channel blockage, leading to uneven supply and
temperature fluctuations. At the optimal interval (810 min), the stable vapor driving force
ensures continuous two-phase supply and a stable evaporation interface for the evaporators
(see Supplementary Figure S2 for details on the temperature curves of the system time
interval on startup and operational stability).

3.3. Heat Transfer Limit and Coupled Failure Mechanism Analysis

To determine the thermal boundaries, the system was tested under extreme power
levels at the optimal charge ratio (75%) and interval (8-10 min). The system’s safety and
stability were verified at a total heat load of 270 W (90 W for the capillary pump and
60 W for each evaporator). As shown in Figure 5b, the capillary pump completes startup
at 8.4 min, evidenced by a sharp temperature rise at T1 (capillary pump) and T5 (vapor
pipe), indicating that saturated vapor has entered the loop. After startup, temperatures rise
smoothly without severe periodic oscillations. T2 (liquid return) remains low, indicating
effective condensation and reflux. Figure 5c—e show that the evaporator temperatures
(T8, T12, T16) surge to a plateau (180-200 °C) upon loading. Significant temperature
stratification and localized hotspots are observed. The mechanism involves a “relay-style”
vapor drive between evaporators; however, as the load approaches the limit, the capillary
pumping capacity cannot match the evaporation demand due to the cumulative pressure
drop. Intermittent dry-out occurs, causing the temperature rise. Although the system
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maintains circulation at 270 W, the localized high temperatures indicate it is nearing its
heat transfer limit.
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Figure 5. (a) Thermocouple layout; (b) capillary pump temperature response; (c—e) evaporators 1-3
temperature response; (f) steady-state temperatures vs. power.

The effect of heat load variations is shown in Figure 5f. As the load per evaporator
increases from 50 W to 60 W, temperatures rise gradually. At a heat load of 70 W, a
temperature jump occurs, signaling system failure. When the load reaches 80-100 W,
the capillary pump temperature actually drops while the evaporators remain at high
temperatures. This is a characteristic failure mode: the cumulative pressure drop exceeds
the capillary limit, leading to a drop in flow rate. The continuous heat input keeps the
evaporators hot, but the reduced circulation and localized cooling at the pump result in a
temperature decrease at the capillary pump end (see Supplementary Figure S3 for details
on power tests).

In summary, the maximum heat dissipation power is 270 W, and the critical failure
threshold for a single flat-plate evaporator is approximately 70 W. This clarifies the relay-
style heat transfer mechanism and the coupled failure mode of insufficient liquid supply
and cumulative pressure drop.

To provide a direct comparison of our DCCME-LHP’s competitive advantages relative
to comparable thermal management technologies, Figure 6 summarizes a comprehensive
capacity-power map that incorporates pumping power and ultimate heat-dissipation ca-
pacity. From the perspective of system-level performance optimization, a lower input
pumping power combined with a higher ultimate heat-dissipation capacity indicated supe-
rior efficiency and cooling capability. Among self-driven cooling devices, the present work
employed a capillary-driven mechanism and a coordinated design of the capillary pump
and three evaporators, achieving an experimentally validated maximum heat-dissipation
capacity of 270 W, which is substantially higher than that reported in related studies.
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Figure 6. Comparative analysis of pumping power consumption and ultimate performance limits
reported in previous studies [29,37,42-48].

4. Conclusions

In this paper, a systematic experimental study was conducted on a DCCME-LHP
system for multi-heat sources. By investigating the effects of working fluid charge ratio,
time interval, and heat load, the system’s performance, optimal operating boundaries, and
failure mechanisms were clarified. The specific conclusions are as follows:

(1) The optimal working fluid charge ratio is 75%. This balance minimizes flow resistance
while maximizing capillary driving force and heat transfer efficiency.

(2) The ideal startup time interval is 810 min, which ensures sufficient condensation and
reflux for stable system initialization.

(3) Under optimized conditions, the system stably sustains a total heat load of 270 W
with uniform heat transfer and no pressure mutations.

(4) The stable operation limit for a single-stage evaporator is 70 W. Exceeding this thresh-
old leads to heat transfer failure; thus, engineering designs should stay below this
limit.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/eng7020084/s1, Figure S1. Temperature curves of the system
at varying charging ratios. (1) 65%, (2) 75%, (3) 85%; Figure S2. Temperature curves of the system
time interval (1-16 min) on startup and operational stability; Figure S3. Steady-state temperatures vs.
power. (1) 50 W, (2) 60 W, (3) 70 W, (4) 80 W, (5) 90 W, (6) 100 W.
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CPL Capillary Pumped Loop
D Diameter
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H High

1D Inner Diameter

L Length
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