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Abstract

Liquid metal cooling systems for high heat flux devices typically employ air or water cooling as the heat dissipation section to
reject heat to the environment, but these conventional approaches face challenges in efficiency and adaptability. This study
proposes the use of liquid carbon dioxide (CO;) throttling refrigeration technology as the heat dissipation section to couple
with a liquid metal cooling system, thereby achieving a compact and highly adaptable cooling system. The dynamic and heat
transfer characteristics of the system were thoroughly investigated through experiments. The experimental results
demonstrated that the convective heat transfer coefficients consistently exceeded 90000 W/(m? K). Under a heat flux of 206
W/cm?, the temperature rise of the heat source surface relative to the inlet fluid was less than 50 °C. By adjusting the control
temperature of the solenoid valve, the heat source surface temperature can be more flexibly regulated. Based on the
experimental data, a heat transfer correlation was developed for liquid metal mini-channel heat sinks operating at low to
moderate Peclet numbers. The proposed two-stage cooling system combining liquid metal and liquid CO; offers a promising
compact and high-performance solution for complex thermal management challenges, particularly in scenarios with variable
heat flux densities and ambient temperatures.

Keywords: Liquid metal; Carbon dioxide; Mini-channel; Chip cooling; Heat transfer correlation.
Received: 14 February 2025; Revised: 24 February 2025; Accepted: 28 March 2025.
Article type: Research article.

1. Introduction shown that thermal failure has become the primary cause of

With the rapid advancement of technology, efficient thermal
management faces unprecedented challenges in critical fields
such as microelectronics, renewable energy, defense and
aerospace systems. In the microelectronics field, for example,
continuous breakthroughs in chip manufacturing processes
have led to the miniaturization of semiconductor devices,
resulting in heat fluxes exceeding 200 W/cm?, which makes
thermal management increasingly challenging.!'! Research has
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electronic device failures, accounting for up to 55% of all
failure types.”) With the rapid development of emerging
technologies such as artificial intelligence and cloud
computing, exploring advanced and efficient thermal
management technologies has become increasingly urgent. To
address these challenges, researchers have developed various
active and passive cooling technologies, including fluid
cooling,# heat pipes,”*! thermoelectric cooling, and phase
change temperature control.”” Among these approaches, fluid
cooling technology has gained widespread industrial adoption
due to its high reliability and efficiency.®) Water, as the
preferred coolant, offers significant advantages including high
specific heat capacity, abundant availability, low cost, and
environmental friendliness.” Nevertheless, escalating cooling
demands are exposing the limitations of conventional water
cooling technologies, particularly within critical applications
like aerospace systems. Although nanofluids can enhance heat
transfer efficiency, their inherent challenges of sedimentation
and clogging remain difficult to resolve effectively.l'®!!]
Against this backdrop, gallium-based room-temperature liquid
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metals, possessing exceptional properties such as high thermal
conductivity (approximately 40 times that of water), safety,
non-toxicity, low melting point, wide liquid temperature range,
and low viscosity, have gradually emerged as a focal point of
research, demonstrating promising prospects in the field of
heat dissipation.[!'-14

Liquid metal cooling systems consist of a heat transfer
section and a heat dissipation section. Current research efforts
primarily focus on the heat transfer section, specifically the
flow and heat transfer characteristics and design of heat sinks.
These studies can be broadly categorized into two types, one
is liquid metal jet impingement cooling,/'>'¢l and the other is
liquid metal mini-channel cooling.'">! Jet impingement
cooling can achieve thinner hydrodynamic and thermal
boundary layers in the impingement region, significantly
enhancing the convective heat transfer coefficient. Silverman
et al.l"l developed a jet impingement cooling loop based on
eutectic gallium-indium alloy (EGaln) using an annular
induction electromagnetic pump, which could withstand a heat
flux of approximately 2000 W/cm? over an area of 10 m?.
Xiang et all' conducted numerical simulations that
demonstrated significant thermal dissipation advantages of the
liquid gallium cooling system compared to water-cooled
systems: the maximum thermal resistance could be reduced by
29.8%, the chip temperature could be lowered by up to 12.6 K,
and the minimum thermal resistance could be as low as 0.033
K/W. However, practical applications of jet impingement
cooling are limited due to high system complexity,
manufacturing costs, poor temperature uniformity, and
reliability issues.

In contrast, liquid metal mini-channel cooling systems
have received broader research attention. Deng et al.l'7] first
compared the cooling performance of water and liquid metal
in mini-channels, finding that under the same pumping power,
liquid metal-based mini-channels not only exhibited lower
thermal resistance but also required a reduced coolant volume
flow rate. However, in low flow rate regions, the relatively
small specific heat capacity of liquid metals may result in
convective heat transfer coefficients lower than that of water.
Yang et al.?"! further highlighted in their optimization study of
rectangular micro/mini-channel heat sinks that, due to the
lower specific heat capacity of gallium-based liquid metals,
the use of millimeter-scale channel heat sinks better exploits
the advantages of liquid metal flow and heat dissipation.
Zhang et al.??! conducted experimental studies revealing that
thermal capacity resistance is a key factor affecting the
performance of liquid metal mini-channel heat sinks.

Based on a comprehensive consideration of pumping
power and total thermal resistance, they recommended
maintaining laminar flow in liquid metal mini-channel heat
sinks to reduce the required pumping power. To reduce
thermal capacity resistance, Zhang et al.>* proposed the use
of manifold microchannel heat sinks, which convert
continuous long flow into segmented short-distance flow.
Numerical simulations confirmed the effectiveness of this
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approach, maintaining a maximum chip temperature below
351.7 K under a heat flux of 1000 W/cm?, with a convective
heat transfer coefficient reaching 10® W/(m?K). Despite the
high heat flux dissipation achieved in the heat transfer section
of liquid metal cooling systems, large-scale applications still
face challenges. This is primarily due to the large volume of
heat dissipation components, which increases the amount of
liquid metal required, and the high cost of liquid metal limits
its widespread adoption. Therefore, selecting an appropriate
heat dissipation device to reduce the amount of liquid metal
used and control system costs is of significant engineering
importance.

In previous studies, air-cooled heat exchangers were the
most common choice. Due to the low convective heat transfer
efficiency of air, air-cooled heat exchangers had to adopt
longer piping designs combined with fins to increase the heat
exchange area, which inevitably led to a significant increase
in the amount of liquid metal required. In contrast, the
convective cooling capacity of water (100-20000 W/(m?*K))
significantly outperforms air (25-250 W/(m*K)), offering new
avenues for system optimization.”®! Deng and Liu
pioneeringly proposed the concept of a liquid metal-water
hybrid cooling system,?”! constructing a two-stage composite
cooling system by utilizing a conventional water-cooling
module as the heat sink for the liquid metal sub-loop. This
design not only ensured a high convective heat transfer
coefficient for the cold plate but also significantly reduced the
amount of liquid metal required, effectively controlling
system costs. On this basis, they further developed a two-stage
multi-channel liquid metal cooling system for high heat flux
chip array cooling.!?®! The first stage consists of a multi-loop
liquid metal subsystem that ensures high cooling performance.
Each liquid metal loop is equipped with an independent
electromagnetic pump, which can continuously adjust the
liquid metal flow rate, thus ensuring uniformity in the chip
array temperature. The second stage uses a water-cooling
subsystem, which effectively reduces system costs.
Experimental results demonstrated that the system achieved a
convective heat transfer coefficient exceeding 20000 W/(m?K)
and could handle heat fluxes ranging from 50-200 W/cm?,
with a temperature uniformity of approximately 1 °C across
the chip array. Although water-cooled heat sinks can
effectively reduce liquid metal usage, their volume remains
relatively large, and their cooling efficiency is still limited.
This is mainly because, similar to air cooling, water cooling
also relies on single-phase sensible heat transfer, and their heat
transfer coefficients are lower than those of two-phase flow
boiling heat transfer (4000-50000 W/(m>K)).2%)

Simultaneously, water-cooled systems still require relying
on devices such as air cooling or water bath temperature
control to transfer heat to the environment, increasing system
complexity and volume. More importantly, considering the
actual needs of numerous electronic devices for variable
operating condition adjustment, heat dissipation systems need
to possess greater flexibility. Single-phase heat sinks, like air
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cooling and water cooling, have slower adjustment feedback
responses, making it difficult to meet this demand. In contrast,
liquefied gas flow boiling heat transfer exhibits significant
advantages. On one hand, its extremely high heat transfer
coefficient makes heat sink design more compact and efficient.
On the other hand, the latent heat of vaporization is much
higher than sensible heat, enabling the absorption of more heat
under the same temperature difference, resulting in a more
significant and environment-independent cooling effect.
Crucially, the phase change process has a faster response speed,
holding promise for meeting the needs of variable operating
condition heat dissipation.

This study, for the first time, proposes an innovative design
concept coupling liquid metal with a liquefied gas. Carbon
dioxide (CO»), a natural working fluid with favorable heat
transfer and compression characteristics, low cost, and
environmental friendliness, was selected as the heat
dissipation section working fluid to construct a two-stage
liquid metal-liquid CO, mini-channel cooling system.%3! The
core innovation of this system lies in effectively utilizing the
heat absorption characteristics during the vaporization of
liquid COz in the throttling and depressurization process. This
design enables rapid and efficient heat removal from the
primary liquid metal sub-loop while ensuring system
performance remains independent of environmental
conditions. The heat sink adopts a mini-channel structure to
maximize the excellent convective heat transfer capability of
liquid metal.

To systematically conduct this study, we first performed
detailed measurements of the thermophysical properties of the
liquid metal (Gas7lnaosSnizs) under different temperature
conditions. Subsequently, a two-stage liquid metal-liquid CO»
mini-channel cooling system was constructed and
experimentally tested under different flow rates and heat
source power. Based on the experimental results, we
thoroughly analyzed and discussed the system’s dynamic
characteristics, including heat source surface temperature
variations and cycle periods, as well as its heat transfer
characteristics, focusing on thermal resistance and convective
heat transfer coefficients. By adjusting the opening and
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closing temperatures of the solenoid valve in the CO> loop,
this system demonstrated significantly superior temperature
control flexibility compared to conventional systems. Finally,
a heat transfer correlation for the liquid metal mini-channel
heat sink was established based on the experimental data,
providing a theoretical foundation for the design and
optimization of related systems. Additionally, we conducted
an in-depth discussion on current technical challenges and
future development directions, offering valuable insights for
subsequent research in this field.

2. Experimental system

2.1 Physical properties of liquid metals

In this study, Gas7Ino.sSni2.5s was used as the cooling medium,
which is a commonly used gallium-based room-temperature
liquid metal. Compared to liquid metals such as mercury,
sodium-potassium alloys, and cesium, gallium-based liquid
metals exhibit significant advantages, including low volatility,
safety, non-toxicity, non-radioactivity, and stable physical and
chemical properties. To obtain the thermophysical properties
of the prepared Gag7Inzo.5Sn12.5, we measured its melting point
and specific heat capacity using a differential scanning
calorimeter (DSC 200F3), which has a measurement accuracy
of +3%. The measured melting point was 10.5 °C. The curve
of specific heat capacity as a function of temperature, obtained
using sapphire as the reference material, is shown in Fig. 1(a).
The fitted data yields the following trend for specific heat
capacity with respect to temperature: C, = 383.66 - 0.21*T
J/(kg'K), where T is the temperature in degrees Celsius. The
thermal conductivity of GasrlnoosSnios at  different
temperatures was measured using a thermal conductivity
analyzer (Hot Disk TPS 25008), as shown in Fig. 1(b). Fitting
the data gives the following trend for thermal conductivity
with respect to temperature: £ = 22.73 + 0.08*7 W/(m'K). In
subsequent heat transfer calculations, the average temperature
of the liquid metal under the corresponding operating
conditions was substituted into the above formulas for specific
heat capacity and thermal conductivity to determine the
thermophysical properties. Table 1 lists the thermophysical
parameters of the Gag7lnzo.sSni2.5 alloy used in this study.?*?
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Fig. 1: Variation of (a) specific heat capacity C, with an error band representing the standard deviation and (b) thermal conductivity
k with error bars indicating the standard deviation as a function of temperature 7" for Gag7Inzo sSniz s.
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Table 1: Thermophysical properties of GaszInyg sSniz.5.5%

L. Melting point Density p  Viscosity u Heat capacity Cp Thermal conductivity &
Liquid metal
T °C kg/m? Pas J/(kg'K) W/(mK)
Gag7In20.55n12.5 10.5 6341 0.00209* 0.56*T+381.44 0.08*7+22.73

2.2 Experimental setup

The experimental system consists mainly of two parts: a liquid
metal sub-loop and an open liquid CO, system, as shown in
Fig. 2(a). The liquid metal sub-loop is constructed using 316L.
stainless steel tubing and includes key components such as the
heat source, mini-channel heat sink, electromagnetic
flowmeter, driving pump, filling valves, and heat exchanger.
The heat source is powered by four ceramic heating plates,
with a thermocouple arranged on the protruding surface of the
heat source to measure the heat source surface temperature 7y,
as shown in Fig. 2(b). The mini-channel region of the heat sink
has dimensions of 13x13 mm, slightly larger than the heat
source region. Fig. 2(c) illustrates the arrangement of
thermocouples for measuring the inlet and outlet fluid
temperatures, 7; and T,, of the mini-channel heat sink. The
temperature measurement points are inserted into the fluid and
oriented towards the incoming flow direction, ensuring the
accuracy of fluid temperature measurements. The structural
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components of the heat sink, as shown in Fig. 2(d), include a
base plate, a cover plate, and a sealing gasket. Gallium-based
liquid metals are considered non-corrosive to copper at
temperatures below 100 °C.27

Therefore, both the base plate and cover plate are made of
copper. The mini-channels are of rectangular structure, and the
detailed channel dimensions and number are listed in Table 2.
An adjustable-speed diaphragm pump is used as the driving
device, and the flow rate within the loop is controlled by
adjusting the pump speed. A temperature measurement point,
Tcui, s set at the inlet of the driving pump, serving as the
control temperature for the opening and closing of the solenoid
valve in the CO; open system. Driven by the pump, the liquid
metal first passes through the electromagnetic flowmeter for
flow rate measurement, then enters the mini-channel heat sink
to absorb heat from the heat source, and flows into the heat
exchanger to exchange heat with CO, for cooling before
completing a cycle. The liquid metal-CO, heat exchanger
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Fig. 2: Experimental system configuration: (a) Schematic diagram of the experimental system, (b) Heat source and distribution of
the mini-channel and heat source regions, (c) Arrangement of temperature measurement points at the heat sink inlet and outlet, and

(d) Structure of the mini-channel heat sink.
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Table 2: Mini-channel heat sink structural dimensions.
Width of Height of Length of B
1o eighto ength 0 Width of Channel anlse Inside inlet/outlet
Parameter channel . channel H channel L. thickness 6 .
fin Wymm  number diameter mm
mm mm mm mm
Value 1 3 13 1 7 1 7

adopts a coaxial tube design: the outer tube is a 316L stainless
steel tube (inner diameter 17 mm, outer diameter 19 mm), and
the inner tube is a copper tube (inner diameter 2 mm, outer
diameter 4 mm). The CO, flows inside the inner tube, while
the liquid metal flows in the annular space between the inner
and outer tubes.

The open liquid CO; system consists of a liquid CO;
cylinder (with a pressure-reducing valve), a solenoid valve, a
throttling valve, and a heat exchanger. Because the solenoid
valve used has only two states, open and closed, the flow rate
of liquid CO; is uncontrollable after opening, potentially
leading to excessively low temperatures in the inner tube of
the heat exchanger and causing solidification of the liquid
metal. Therefore, the system employs a strategy based on
controlling the opening and closing of the solenoid valve via
the control temperature point, T¢,;, which also results in
periodic temperature variations in the system. When 7Tc¢y
reaches the set opening temperature, the solenoid valve opens,
and the CO; undergoes throttling and depressurization,
vaporizing in the heat exchanger to provide cooling for the
high-temperature liquid metal, and is finally discharged into
the atmosphere. When T7¢;; decreases to the set closing
temperature, the solenoid valve closes. At this point, the
sensible heat of the liquid metal and the tubing continues to
absorb heat from the heat source until 7¢sv reaches the set
value again, initiating the next cycle.

All temperatures in the experimental setup were measured
using Class 1 K-type thermocouples, with a measurement
precision of £0.2 °C. The heat source power was determined
by measuring the voltage across a 0.01 Q standard resistor
connected in series with the main power supply line. The
current was calculated by measuring the voltage across the
standard resistor, and multiplying this current by the voltage
across the heating plates yielded the accurate heating power
(excluding line losses). To minimize heat losses, all tubing and
the heat source were wrapped with thermal insulation.
Experimental data were acquired using an Agilent 34972A
data logger, with a recording interval of 1 s, capturing all
thermocouple signals, flowmeter frequency signals, and
voltage signals. By adjusting the heat source power and the
diaphragm pump speed, system performance data were
obtained under various heat flux and flow rate conditions.

2.3 Uncertainty analysis

The standard uncertainty u.(y) characterizes the deviation
between the measured value and the true value of the quantity
being measured. It is typically represented by the standard
deviation and serves as an important indicator for assessing
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the reliability of experimental data. For the key dimensionless
parameters in this experiment (Reynolds number Re, Peclet
number Pe), system characteristic parameters (cycle period #.),
and heat transfer performance parameters (thermal resistance
R, convective heat transfer coefficient 5, and Nusselt
number Nu), their standard uncertainties u.(y) can be
determined using Eq. (1) for combined standard uncertainty:

2
w0 = (B, [Zuto)] 1)
where x; represents the directly measured physical quantities,
and 7 is the number of measured variables involved in the
calculation. The relative standard uncertainty u,(y) is defined
as the ratio of the standard uncertainty to the average value of
the corresponding physical quantity, calculated by Eq. (2):

uc(y)
y

Uy ()’) = (2)

where y represents the average value of the parameter
calculated from the measured variables. The relative standard
uncertainties of each measured physical quantity and
calculated parameter are listed in Table 3.

Table 3. Relative standard uncertainty of main parameters.

Relative Relative

Parameter . Parameter .
uncertainty uncertainty

Vi +2.5% te +12.7%

0 +2.2% Reotal +2.5%

AT +5.7% h +6.0%

Re +2.5% Nu +6.0%

Pe +5.2%

3. Results

During system operation, the periodic opening and closing of
the CO; solenoid valve results in a regular cyclic behavior, as
shown in Fig. 3. Fig. 3(a) presents a typical time-dependent
curve of the heat sink inlet fluid temperature 7;, outlet fluid
temperature 75, and heat source surface temperature 7% The
corresponding heat source surface heat flux was ¢ = 112
W/cm?, the liquid metal flow rate was Vr = 584 ml/min, and
the control strategy for the solenoid valve was: open when the
control temperature point ¢, is above 40 °C, and close when
below 39 °C. It can be seen from the figure that the system
exhibited stable periodicity after reaching steady-state
operation, with a period ¢, =216.5 s. However, the temperature
fluctuation amplitude was relatively large, with the average
temperature fluctuation A7¢, of the control temperature point
reaching 28.7 °C. This significant fluctuation is primarily
attributed to the considerable distance between the solenoid
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valve and the coaxial tube heat exchanger, causing residual
CO; in the tube to continue cooling the liquid metal after the
solenoid valve closes. Each operating cycle consists of two
stages: a heating stage and a cooling stage. The heating stage
corresponds to the solenoid valve being closed, during which
the liquid metal loop absorbs heat from the heat source via
sensible heat. The cooling stage corresponds to the solenoid
valve being open, during which CO, vaporization absorbs heat,
cooling the liquid metal loop. The initial pressure of the liquid
CO; in the storage tank was 7.5-7.8 MPa, and the initial
temperature was 25 °C. After the solenoid valve was opened
during the cooling phase, liquid CO» flowed out from the
storage tank and was throttled and depressurized by the
throttling valve.

Due to the extremely low compressibility of liquids, the
throttling process mainly manifests as phase change (flash
evaporation). At this point, the temperature change is
primarily dominated by latent heat release, with the Joule-
Thomson effect being almost negligible. During the throttling
process, a portion of the liquid CO, undergoes flash
evaporation to form a gaseous phase, and the temperature
rapidly decreases. If the temperature drops below the triple
point of CO,, the formation of solid dry ice may occur.?*
However, as the solenoid valve continues to open, the supply
of COz into the pipe increases, and the pressure gradually rises,
reaching a saturated state. Within the heat exchanger, CO,
mainly exchanges heat with the liquid metal in the form of a
gas-liquid two-phase flow, and may contain trace amounts of
solid dry ice particles. At the outlet of the heat exchanger, the
CO; is directly discharged into the atmosphere, and the sudden
pressure drop leads to adiabatic expansion, which may also
result in the formation of solid dry ice particles at this point.
During the experiment, we observed white smoke generation
at the outlet of the inner tube of the heat exchanger. This may
be caused by the suspension of solid dry ice particles or the
condensation of moisture in the air at low temperatures.
Notably, the duration of the cooling stage is significantly
shorter than that of the heating stage, with an average cooling
duration of 16 s, representing only 7.3% of the entire cycle.
This demonstrates the efficient and rapid response
characteristics of CO throttling refrigeration as a heat
dissipation mechanism.

Fig. 3(b) illustrates the variation of the system cycle period
under different heating powers. Theoretically, the system
cycle period #. is equal to the ratio of the system’s sensible heat
change AH during each cycle to the heating power Q. The
sensible heat change AH consists of two parts: the sensible
heat change of the metal fluid and the sensible heat change of
the piping components, expressed as Eq. (3):

AH = (mlmcp + mothcpoth)ATCtrl

&)

where my,, is the mass of the liquid metal in the piping, mos is
the mass of the system piping components, and cpon is their
corresponding specific heat capacity. Therefore, the cycle
period can be expressed as Eq. (4):
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t.=AH/Q “4)

Substituting the mass and thermophysical property values
of the different material components in the system into Egs. (3)
and (4), the following results (Eq. (5)) are obtained:

t. =2.39/Q x 10* (5)

The experimental data points in the figure are accompanied
by error bars in both the horizontal and vertical directions to
represent the combined standard uncertainty of the
corresponding parameters. By fitting the experimental results,
the empirical relationship for the cycle period is obtained as

Eq. (6):
(6)

The discrepancy between the theoretical formula and the
experimentally fitted formula can be attributed to the
following aspects. In the theoretical formula, the sensible heat
variation calculated by Eq. (3) mainly considers the sensible
heat variation of the pipes and the liquid metal within them,
while it does not consider the sensible heat variation caused
by temperature changes in pipe joint components and the outer
insulation cotton. Furthermore, in the coaxial heat exchanger,
due to the rapid heat absorption after throttling of carbon
dioxide, the inner tube temperature may be lower than the
melting point of the liquid metal, potentially leading to phase
change in some of the liquid metal. This part of the latent heat
variation is difficult to quantify precisely. Consequently, the
coefficient of the derived theoretical cycle period formula
tends to be underestimated. Regarding the experimental
results, since the opening and closing of the solenoid valve
rely on manual observation of the control point temperature
Tcw and manual adjustment, human operation may introduce
certain deviations, thereby affecting the experimentally
measured cycle period. Overall, the theoretical curve falls
within the error range of the experimental data, and the
coefficient deviation between the theoretical calculation and
the experimentally fitted results is 6.7%, indicating good
agreement between these results.

Fig. 4 presents the results of the heat transfer characteristic
analysis of the system under different flow rate conditions,
with a heat source surface heat flux of 168 W/cm?. The
Reynolds number range for the experimental conditions was
1530 to 2384. The heat transfer process of the system can be
analyzed using a thermal resistance network model. The total
thermal resistance Ry consists of four components: contact
thermal resistance R.on;, conduction thermal resistance Reond,
convection thermal resistance Rconv, and liquid metal
temperature rise thermal resistance Rienp, the relationship of
which can be expressed as Egs. (7) and (8):

t. = 2.55/Q x 10*

Rtotal = Rcont + Rcond + Rconv + Rtemp (7)

Reotat = (Ths - Ti)/Q )

where R.on: is the contact thermal resistance at the interface
between the heat source and the heat sink, where thermal
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Fig. 3: Analysis of dynamic characteristics of the experimental system (a) Temperature variation over time at measurement points
with g = 112 W/cm?, Vr = 584 ml/min, (b) Relationship between system cycle period and heating power.

grease is applied. Its value was measured as 0.1 W/(cm? K)
using a thermal conductivity tester (DRL-III, Xiangtan
Xiangyi Instrument Co., Ltd.). The conduction thermal
resistance Ronq, convection thermal resistance Reonv, and liquid
metal temperature rise thermal resistance Rimp can be
calculated using Eqgs. (9)-(11), respectively.

Reona = 6/(k:A) ©)
Rconv = (Ths - Tavg)/Q - Rcond - Rcont (10)
Rtemp = (Tavg -T)/Q (11)

where 0 is the base thickness of the heat sink, 4. is the thermal
conductivity of the copper, 4 is the contact area between the
heat source and the heat sink, and Tag = (7;+7,)/2 is the
average temperature of the fluid at the inlet and outlet. The
convection thermal resistance R..nv is defined as the ratio of
the temperature difference between the inner surface of the
heat sink and the fluid to the heat transfer rate.

Since the temperature of the inner surface of the heat sink
is difficult to measure directly, this study uses an indirect
method: first, the conjugate thermal resistance from the heat
source surface to the fluid is calculated; then, the contact
thermal resistance R, and the conduction thermal resistance
Rcona are subtracted from the conjugate resistance to obtain the
convection thermal resistance R.onv (see Eq. (10)). Fig. 4(a)
plots the variation of the thermal resistance in the system at
different Reynolds numbers. It should be noted that the contact
thermal resistance R is nearly an order of magnitude higher
than the other thermal resistances and remains constant. To
highlight the changing trends of the other thermal resistances,
Reont 18 not included in Fig. 4(a). As the flow rate increases and
the Reynolds number increases, the total thermal resistance
Ryl shows a decreasing trend. Among them, the conduction
thermal resistance Rcon¢ remains constant since it depends
solely on the base thickness of the heat sink and the thermal
conductivity of the material.

At a given heat source power, the temperature rise thermal
resistance Ryemp 1s inversely proportional to the fluid mass flow
rate, leading to a decrease with increasing flow velocity.
Simultaneously, an increase in flow velocity enhances the
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convective heat transfer coefficient, causing Reon, to gradually
decrease. However, the rate of decrease diminishes at higher
flow rates, indicating that convective thermal resistance is no
longer the dominant factor in the heat transfer process at high
flow conditions. Taking case 5 as an example, the conduction
thermal resistance R.onq, convection thermal resistance Rcony,
and temperature rise thermal resistance Remp are 0.026
K-cm?*W, 0.017 K-cm*W, and 0.017 K-cm?*/W, accounting for
16.3%, 10.6%, and 10.6% of the total thermal resistance Riorai,
respectively. The sum of the three accounts for 37.5%,
indicating that the heat transfer at this point is mainly
dominated by the contact thermal resistance. Therefore, the
contact thermal resistance between the heat sink and the heat
source is a key factor to consider in the practical application
of liquid metal cooling systems. The magnitude and trend of
the convection thermal resistance Rconv are consistent with the
results in the literature.?>?7]

The effective convective heat transfer coefficient can be
calculated by Eq. (12):

h=Q/(4T; - Ap) (12)

where A is the convective heat transfer area. For a copper
mini-channel heat sink, the high thermal conductivity of
copper allows the fins to be considered isothermal.l?!
Therefore, the heat transfer area is taken as the sum of the
channel bottom surface and the sidewall surface areas. The
temperature difference A7) between the inner wall of the heat
sink and the average fluid temperature can be calculated as Eq.
(13):

AT, = Tys — q - (Reont + Reona) — Tavg (13)

where ¢ is the heat flux. Fig. 4(b) plots the average convective
heat transfer coefficient 4 calculated from Eq. (12) under
different operating conditions. As the Reynolds number
increases, the convective heat transfer coefficient gradually
increases. Within the tested Reynolds number range, the
convective heat transfer coefficient exceeds 90000 W/(m?-K),
and the convective heat transfer coefficient of case 5 (¢ = 168
W/cm?, Re = 2384) is as high as 173000 (W/m?*K). This
strongly demonstrates the extremely excellent convective heat
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Fig. 4: Thermal characteristics analysis of the experimental system: (a) Thermal resistance and (b) convective heat transfer coefficient

at different flow rates when ¢ = 168 W/cm?.

transfer performance of the liquid metal mini-channel cooling
system.

In traditional cooling systems, the primary method for
regulating the heat source surface temperature is flow rate
control, where increasing the fluid flow rate reduces the
temperature difference AT between the heat source surface and
the inlet fluid (Fig. 4(b)). However, for this two-stage liquid
metal-liquid CO, system, we propose a more flexible
temperature regulation strategy. Fig. 5 presents the
temperature variation over time under different flow rates and
solenoid valve control temperature conditions when the heat
flux is 206 W/cm?. In this set of experiments, we introduced
an automatic control device to precisely regulate the opening
and closing of the solenoid valve. Figs. 5(a) and (b)
correspond to a solenoid valve control strategy where the
valve automatically opens when the control point temperature
T exceeds 30 °C and closes when it falls below 29 °C. The
experimental results show that while maintaining the inlet
fluid temperature at approximately 28.5 °C, when the flow rate
is increased from 769 mL/min to 1030 mL/min, the heat
source surface temperature decreases from 78.9 °C to 75.6 °C,
and simultaneously the outlet fluid temperature decreases
from 34.5 °C to 32.9 °C.

In addition to flow rate control, this system can also reduce
the inlet fluid temperature by adjusting the temperature control
strategy of the solenoid valve, thereby achieving a further
reduction in the heat source surface temperature. As shown in
Fig. 5(c), when the solenoid valve opening temperature is set
to 17 °C and the closing temperature is set to 16 °C, the system
can achieve a better temperature control effect even under
lower flow rate conditions. Comparing Figs. 5(a) and (c), it
can be seen that when the inlet fluid temperature decreases
from 28.5 °C to 14.0 °C, the heat source surface temperature
decreases correspondingly from 78.9 °C to 64.6 °C. This
temperature control method is fundamentally different from
the traditional flow rate control method: the latter reduces the
total thermal resistance by increasing the flow rate to reduce
the convective thermal resistance Rcon» and the temperature

8| ES Energy Environ., 2025, 28, 1458

rise thermal resistance Rimp in Eq. (7), while the former
directly controls the heat source surface temperature by
reducing the inlet fluid temperature. It is worth emphasizing
that this adjustment method, based on solenoid valve control
temperature, is not restricted by environmental conditions,
significantly improving the adaptability of the system in
complex thermal environments. Furthermore, comparing Figs.
3(a) and 5(a) reveal that temperature fluctuations have been
significantly reduced: the fluctuation amplitude of the heat
source surface temperature has decreased from 12.4 °C to
2.5 °C. This improvement is due to two optimizations: first,
the throttling valve and solenoid valve were moved closer to
the coaxial tube heat exchanger, reducing the amount of
carbon dioxide remaining in the tube after the solenoid valve
was closed; second, an automatic control system was
introduced to achieve more precise solenoid valve opening
and closing regulation.

4. Discussion

4.1 Analysis of heat transfer correlations

Heat transfer correlations quantitatively establish the
relationship between dimensionless numbers (such as
Reynolds number Re, Prandtl number Pr, and Peclet number
Pe) and the dimensionless heat transfer coefficient (Nusselt
number Nu), providing crucial theoretical guidance for
engineering design and scientific research. Existing
fundamental research on liquid metal heat transfer is mainly
focused on the nuclear energy field, which is characterized by
relatively large characteristic dimensions and correspondingly
large Peclet numbers.!'"! There is a lack of research on heat
transfer correlations for liquid metal mini-channel heat sinks
in the low-to-moderate Peclet number range. Unlike
conventional fluids such as water, which have Prandtl
numbers close to or greater than 1, liquid metals have Prandtl
numbers much smaller than 1. This difference leads to
distinctly different characteristics in the flow and heat transfer
development processes for the two types of fluids: for
conventional fluids, the flow development reaches fully
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Fig. 5: Time variation curves of heat sink inlet and outlet fluid temperatures and heat source surface temperature at different flow

rates and threshold temperatures when g = 206 W/cm?.

developed state before the thermal development, while for
liquid metals, the thermal development reaches fully
developed state ahead of the flow development. This
fundamental difference in mechanism also results in
significant deviations when directly applying heat transfer
correlations for water-based mini-channels to liquid metals.?!]
Therefore, we fit the experimental Nusselt numbers here and
provide a heat transfer correlation suitable for the mini-
channel structure and operating condition range in this study.
Based on the large heat transfer database of rectangular
channels established by Sun et al.,34 the critical Reynolds
number for the transition from laminar to transitional flow in
rectangular channels is 3000. In this study, the Reynolds
number ranges from 1520 to 2550, all of which are within the
laminar flow regime. Since the fluid temperature change is
small throughout the experiment, the thermophysical
properties do not change significantly, and the Prandtl number
remains almost constant at 0.03. The experimental Nusselt
number can be calculated by Eq. (14):
hd

Nu =—
k

(14)
where d is the hydraulic diameter. Fig. 6 shows the Nusselt
number for each case in this study. Overall, Nusselt number
exhibits an increasing trend with increasing Peclet number. It
is generally believed that in the laminar region, fully
developed flow heat transfer in a tube has a constant Nusselt
number. The mini-channels in this study can be considered as
three-sided heated rectangular channels. Fitting the convective
heat transfer data of three-sided heated rectangular channels in
the literature yields the following relationship (Eq. (15))
between the Nusselt number and the aspect ratio a = W./H of
the rectangular channel:3

Engineered Science Publisher

Nu = 8.233[1 — 1.8826a + 3.7672a* — 5.8139a° +

5.3607a* — 1.9993a5] (15)

Substituting @ = 0.33 into the above equation yields Nu =
5.217. As can be seen from Fig. 6, at low Peclet number, the
experimental values are close to the values calculated by Eq.
(15). However, as Peclet numbers increases, the difference
between the two gradually increases. This is mainly due to the
influence of entrance effects. The entrance effect refers to the
phenomenon that the heat transfer coefficient is higher than
that in the fully developed region in the area where the thermal
boundary layer and/or the flow boundary layer are not yet
established, including the thermal entrance region and the
hydrodynamic entrance region. Forced convective heat
transfer in the laminar region is susceptible to entrance
effects.’* Luo et al.l'"¥l investigated heat transfer of liquid
metals in microchannel heat sinks with different geometrical
structures. They derived a Nusselt number correlation (Eq.
(16)) for rectangular channels under constant heat flux
conditions, which is applicable for low Peclet number, fully
developed flow and thermally developing conditions:

Nu = —0.20 + 1.6213Pe 03053 (16)

In their study, the Peclet number was less than 20. We
extended their correlation to the Peclet number range shown
in Fig. 6. As can be seen from the figure, their predicted curve
still lies below the experimental Nusselt numbers obtained in
our study. This discrepancy may be attributed to the
differences in heat sink structures and different Peclet number
ranges between the two studies, which results in different
entrance region distributions.
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For laminar flow, the hydrodynamic entrance length L; and
thermal entrance length L, can be calculated using Eqs. (17)
and (18):

L, =0.05Re-d
L; = 0.05Re - Pr-d

(17)
(18)

For conventional fluids with Prandtl numbers close to or
greater than 1, the thermal entrance length L, is comparable to
or larger than the hydrodynamic entrance length L. Therefore,
research studies typically only consider the effects of thermal
development.? In this study, the Prandtl number is
approximately 0.03, which is significantly less than 1.
Consequently, the thermal entrance length L, is substantially
shorter than the hydrodynamic entrance length ;. The entire
heated region lies within the hydrodynamically developing
flow regime, while only portions of the heated region are in
the thermally developing regime. This results in a Nusselt
number distribution that differs from previous observations.
Extensive experimental studies have demonstrated that for
liquid metals, the Nusselt number correlation takes the
following form (Eq. (19)):1183637)

Nu = a + Pe’ (19)

where a, B, and y are constants. In the case of high Peclet
numbers, the correlation form of Eq. (19) still shows good
predictive performance for the experimental results. However,
at low Peclet numbers, especially when Pe < 100, the
experimental values deviate significantly from the predicted
values. In the range of Peclet numbers from 30 to 100, the
correlation takes the following form (Eq. (20)):13¢!

Nu = fPeY (20)

The Peclet number range in this study is 46 to 78, which
falls within the applicable range of Eq. (20). Therefore, the
experimental results are fitted using the form of Eq. (20),
resulting in the following relationship (Eq. (21)):

Nu = 0.228Pe0851 1)
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All the experimental Nusselt numbers fall within £15% of the
fitted correlation. This correlation is applicable to laminar
flow in rectangular channels with uniform heat flux heating,
an aspect ratio of 0.33, where the entire heat source area is in
the hydraulic development region and part of the heat source
area is in the thermal development region.

4.2 Technical challenges and future prospects

The liquid metal-liquid CO; two-stage mini-channel cooling
system developed in this study demonstrates excellent heat
dissipation capabilities. Compared with traditional cooling
systems, this system not only provides a more flexible
temperature control method, but also its temperature control
effect is not limited by the ambient temperature and has a fast
response. These advantages significantly improve the
applicability of liquid metal high-performance heat dissipation
systems in complex thermal environments and variable
operating conditions, such as near space and outer space
applications. However, several technical challenges still need
to be addressed. First, the temperature fluctuations on the heat
source surface require further optimization. Although
temperature fluctuations have been significantly reduced by
adjusting the positions of the solenoid valve and throttle valve
and introducing automatic control, the binary-state nature of
the solenoid valve (fully open or fully closed) still causes
fluctuations. These fluctuations may lead to thermal fatigue,
material degradation, and reduced -electronic device
performance, ultimately affecting the reliability of mechanical
structures and electronic components.

To address this issue, we propose the following
optimization schemes: On the one hand, a solenoid valve with
adjustable opening can be used to replace the existing on-off
solenoid valve to achieve stepless adjustment of the liquid
carbon dioxide flow rate. By monitoring the heat transfer
status of the system in real time and dynamically adjusting the
valve opening, the operating stability of the system can be
significantly improved. On the other hand, a deeper
investigation into the heat transfer mechanisms between liquid
metal and carbon dioxide in the heat exchanger is necessary to
provide a theoretical basis for precise valve regulation.

This study primarily focuses on the overall characteristics
of the mini-channel heat sink and cooling system, while the
heat transfer characteristics at the heat exchanger end remain
largely unexplored. By optimizing the heat transfer efficiency
of the heat exchanger, not only can the system performance be
improved, but the consumption of liquid carbon dioxide can
also be effectively reduced. In addition, supercritical carbon
dioxide has become the focus of researchers in many fields
due to its unique physical properties, such as low viscosity,
high thermal conductivity, high solubility, and mild operating
conditions. Incorporating a back-pressure valve into the
current system to investigate system performance and heat
transfer characteristics under supercritical conditions would
provide valuable insights. Exploring the heat exchange
mechanisms between supercritical carbon dioxide and liquid
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metal in different types of heat exchangers holds great
theoretical and engineering significance. Exploring the
integration of carbon dioxide recycling or its coupling with
other carbon dioxide-powered cycles and cooling systems is
an important research direction with significant environmental
and economic value.

5. Conclusion

In this study, we have, for the first time, proposed coupling
liquid metal with liquefied gas and developed a two-stage
mini-channel cooling system consisting of a liquid metal mini-
channel sub-loop and an open-loop liquid carbon dioxide
system. The liquid metal mini-channel subsystem ensures
highly efficient heat dissipation capabilities. The liquid CO»
absorbs heat from the liquid metal through a throttling
depressurization and vaporization process, which not only
achieves efficient and rapid response characteristics of the heat
exchanger but also liberates the system’s cooling performance
from environmental temperature constraints. Meanwhile, the
implementation of this two-stage system helps reduce the
required quantity of liquid metal, thereby lowering system
costs. Experimental results show that the measured system

cycle period exhibits good agreement with theoretical analysis.

Under a heat flux of 112 W/cm?, the cooling stage accounts
for only 7.3% of the total cycle, demonstrating the high
efficiency and fast response characteristics of liquid CO»
throttling refrigeration as a cooling strategy. Across all tested
conditions, the system’s convective heat transfer coefficient
exceeds 90000 W/(m?-K), with a minimum convective thermal
resistance of only 0.017 K-cm*W. Moreover, this system
provides a more flexible temperature control method. Not only
can the heat source surface temperature be reduced by
increasing the liquid metal flow rate, but a lower heat source
surface temperature can also be achieved by adjusting the
control temperature of the solenoid valve. Based on
experimental results, we established a heat transfer correlation
applicable to medium-low Peclet number conditions in the
flow development region with partial thermal development
and constant heat flux heating. This correlation provides a

valuable reference for the design of liquid metal mini-channels.

The two-stage liquid metal cooling system proposed in this
paper offers an efficient thermal management solution for high
heat flux devices operating in complex thermal environments
and varying working conditions.
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Nomenclature

Symbols

a Aspect ratio

A Surface area of the heat source, mm?
An Convective heat transfer area, mm?

(o Specific heat capacity of liquid metal, J/(kg K)
Cpoth Specific heat capacity of other components, J/(kg K)
d Hydraulic diameter, mm

h Convective heat transfer coefficient, W/(m? K)
H Mini-channel height, mm

k Liquid metal thermal conductivity, W/(m K)
ke Copper thermal conductivity, W/(m K)
L Length, mm

Mim Liquid metal mass, kg

Moth Piping components mass, kg

Nu Nusselt number

Pe Peclet number

Pr Prandtl number

(0] Heat source power, W

q Heat flux, W/cm?

R Thermal resistance, K cm?/W

Re Reynolds number

T Temperature, °C

te Cycle period, s

Ue Standard uncertainty

ur Relative standard uncertainty

Vi Volume flow rate, ml/min

w Width, mm

AH Sensible heat change, J

AT Temperature difference, °C

AT Temperature difference for convective

transfer, °C

o, p, andy  Constants

0 Base plate thickness, mm

u Viscosity, Pa s

p Density, kg/m?

Subscripts

c channel

h hydraulic entrance section

t thermal entrance section

total total

cont contact

cond conduction

conv convection

temp temperature rise

m melting

i inlet

o oulet

hs heat source

Ctrl control

avg average
f fin
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