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Abstract In this paper, a novel liquid metal-based
minichannel heat dissipation method was developed for
cooling electric devices with high heat flux. A high-
performance electromagnetic induction pump driven by
rotating permanent magnets is designed to achieve a
pressure head of 160 kPa and a flow rate of 3.24 L/min,
which could enable the liquid metal to remove the waste
heat quickly. The liquid metal-based minichannel thermal
management system was established and tested experiment-
ally to investigate the pumping capacity and cooling
performance. The results show that the liquid metal cooling
system can dissipate heat flux up to 242 W/cm? with
keeping the temperature rise of the heat source below
50°C. It could remarkably enhance the cooling performance
by increasing the rotating speed of permanent magnets.
Moreover, thermal contact resistance has a critical impor-
tance for the heat dissipation capacity. The liquid metal
thermal grease is introduced to efficiently reduce the thermal
contact resistance (a decrease of about 7.77 x 1073 °C/W).
This paper provides a powerful cooling strategy for thermal
management of electric devices with large heat power and
high heat flux.

Keywords high heat flux, liquid metal, electromagnetic
pump, minichannel heat sink, thermal interface material

1 Introduction

As electronic devices develop rapidly toward high-power
densities and miniaturization, waste heat as inevitable
byproducts has a significant influence on the electronic
apparatus and even induces malfunctioning and degra-
dation of electronics [1]. Many high-efficient cooling
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technologies have been developed for cooling compact
light-emitting diodes (LEDs) [2], computer chips [3],
lithium-ion batteries [4], and insulated gate bipolar
transistors (IGBTs) [5]. It is a significant challenge to
develop an effective thermal management method for
high power devices in a limited space [6,7]. Recently, the
micro/mini-channel-based cooling technology proposed
by Tuckerman and Pease [8] has been extensively studied
for large power heat removal [9,10]. The reason for this
is that micro/mini-channel-based heat sinks have an
excellent heat transfer coefficient and large convective
heat transfer area. Consequently, micro/mini-channel-
based cooling is considered a promising thermal
management technology for electronic devices with high
heat flux [11,12].

Generally, microchannel denotes that the hydrodynamic
diameter should be 1-100 pm, and the minichannel
should be 100-1000 pm[13], respectively. The micro/mini-
channel-based thermal management technology has been
widely investigated numerically [14,15], experimentally
[16], or analytically [17]. Liu and Yu [18] numerically
investigated the performance of micro/mini-channel-
based heat sink (whose channel dimension is 40 mm X
2.65 mm % 1 mm) and found that the micro/mini-channel-
based heat sink can remove a heat flux of 8 W/cm? at a
pressure loss of 2 kPa. Moreover, the heat transfer
capability of the micro/mini-channel-based heat sink can
be further enhanced through studying the influencing
factors such as substrate material [19] and geometry
parameters [20,21]. Tuckerman and Pease [8] experiment-
ally investigated the effect of geometry parameters on the
performance of the micro/mini-channel-based heat sink
and demonstrated that heat transfer capacity of the
micro/mini-channel-based heat sink can be improved by a
large aspect-ratio channel. With a channel dimension of
0.05 mm x 0.30 mm x 10 mm, the heat sink can dissipate
a maximum heat flux of 790 W/cm? but induces a
pressure loss of 214 kPa, which means that the demand
for pumping capacity is higher. Except for the
influencing factors mentioned above, the heat dissipation
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performance of the micro/mini-channel-based heat sink is
also restricted by the inherent thermophysical properties
of the traditional coolants [22]. Recently, with its non-
toxicity, the room-temperature gallium-based liquid metal
(LM) is considered as an ultra-high potential extreme
thermal management coolant, mainly due to its superior
thermal conductivity, high boiling point, and low
viscosity [23,24]. In addition, LM can be made into
magnetocaloric ferrofluids which can make future fluidic
magnetocaloric devices possible [25]. Except for the
powerful heat transfer and extraction performance, LM
can also be driven by the advanced electromagnetic
pumping technology, mainly because of its high electrical
conductivity, bringing huge opportunities in advanced
thermal management [26].

Electromagnetic pump (EMP) can effectively drive LM
without moving parts and any noise, which can
outperform traditional pumps (such as peristaltic and
mechanical pumps). Generally, EMPs can be classified
into direct-current-based electromagnetic pumps (DC-
EMPs), alternating-current-based induction electromag-
netic pumps (AC-EMPs), and electromagnetic induction
pumps with rotating permanent magnets (PM-EMPs),
respectively. In a typical DC-EMP, the electromagnetic
force was produced by the interaction between the
magnetic field and perpendicular direct current, which
could drive the LM flow [27] due to Ampere force.
Recently, many studies have been conducted focusing on
the heat extraction capability of thermal management
systems using DC-EMP as the driving source and the LM
as the cooling medium, by numerical [28] and experimental
approaches [29]. Zhang et al. [30] developed a compact
DC-EMP to obtain the driven pressure head of 100 kPa,
which is applied to build the LM-based minichannel
cooling system. The results show that a super-high heat
flux of 300 W/cm? could be removed while keeping the
heat sink bottom temperature at 75°C. However, the DC-
EMP has inevitable disadvantages, such as the current
diffuse effect and the electrochemical reaction between
liquid metal with electrodes under the condition of high
current, which are very unfavorable to its pumping
potential. Additionally, the DC-EMP requires a DC
power source with a large volume and a high power
dissipation, which makes it difficult to perform efficient
thermal management for high heat power devices in a
limited space [31,32].

Compared with DC-EMP, the PM-EMP is a non-
contact driving device with a high-performance driving
capacity. The traveling magnetic field was generated by
rotating permanent magnets, which produces an induction

Table 1 Thermophysical properties of GagglnyoSn;» and water [30,40,41]

current within the LM. The electromagnetic force was
generated by the interaction between the induced current
and the traveling magnetic field, which can provide a
powerful pumping force for the LM flow [33]. Wang and
Kolesnikov [34] numerically investigated the electromag-
netic and flow fields in PM-EMP, which can be used
for its performance optimization. Koroteeva et al. [35]
investigated the pumping capacity of PM-EMP based on
Pb-Li cooling medium and found that the PM-EMP could
provide a driving pressure head of 400 kPa and a flow
rate of 9 kg/s. Bucenieks [36] developed a high-
performance PM-EMP with a pressure head of 500 kPa
and a flow rate of over 10 L/s. Many studies were
conducted mainly focusing on the applications in nuclear
[37,38] and metallurgical industries [39]. However, the
research on PM-EMP as a driving source in the thermal
management industry of high-power densities electronic
devices is very limited.

The literature reviewed above has indicated that the
LM-based micro/mini-channel cooling technology has
been applied for thermal management with high-power
densities. However, its cooling capacity is significantly
limited by the pumping method. To solve these problems,
this paper developed a minichannel heat dissipation
technology based on PM-EMP with a high-pressure head
and a large flow rate for thermal management with high
heat flux. In addition, the heat transfer and pumping
performance of LM-based minichannel heat sink
is investigated in detail. First, the PM-EMP and
minichannel heat sink were designed and manufactured.
Then, the minichannel thermal management system based
on the LM was established and experimentally tested at
different rotating speeds and heating power. Finally, the
heat transfer characteristic of the LM-based minichannel
heat sink was theoretically analyzed, and the heat transfer
and pumping capacity of the LM-based minichannel
thermal management system were experimentally
discussed.

2 Experiments and methods
2.1 Coolant of LM preparation

In this paper, GagglnypSni, was chosen as the working
medium of the thermal management system. The
thermophysical properties of GagglnyoSn;, and water are
listed in Table 1. The room-temperature LM GagglnyoSni,
was made by the weight of a mixture of 68% gallium,
20% indium, and 12% tin, which was heated and stirred
to make it evenly mixed at 200°C.

Coolant 1/(1073kg-(m-s)™") plkg:m™3) ep/(J-(kg'K)™h) K(W-(m-K)™) Pr
GagglnyoSnys 222 6363 366 23.7 0.03
Water 1.003 997 4179 0.606 5.83
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2.2 Electromagnetic pump design and fabrication

The PM-EMP was designed based on Ref. [38]. To
further improve the reliability and performance of the
PM-EMP, two special structures, i.e., the integrated
pump body and the iron yoke were designed. Figure 1
shows the new structure of the PM-EMP, which mainly
consists of a rotor (a rotating inner iron yoke with
permanent magnets, which is mounted on a rotation
shaft), a stator (a C-shaped pump duct with rectangular
cross-section carrying LM as coolant), and a driving
mechanism (a three-phase asynchronous AC motor that
drives the rotor to produce rotational motion). The outer
radius R of the rotor is 90 mm. The magnet (Nd,Fe 4B)
size is 75 mm X 25.4 mm x 12 mm with a 1.45 Tesla of
the remnant flux density. Eight permanent magnets are
mounted at equal intervals (8 = 22.5°) on the outer
circumference of the inner iron yoke and magnetized
alternately along with the radial directions. The inner iron

Iron yoke
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yoke (type 50W470) has a thickness of about 22 mm. The
rotor is dragged by a 1.5 kW three-phase asynchronous
AC motor to achieve regulatable rotational speeds, which
means that a traveling magnetic field is generated. The
inner radius Ry of the stator is 91.5 mm. The C-shaped
pump duct (@ = 30°) with a 2.5 mm wall thickness and
70 mm % 3.5 mm cross-section is fabricated using non-
magnetic stainless steel (304) materials and filled with
LM. The integrated pump body structure is formed by
welding the pump duct to an understructure, making the
PM-EMP more stable during operation. An outer iron
yoke (type 50W470) of 10 mm thick was supported by
the two side plates to protect the pump duct from
excessive pressure, which can provide a low-reluctance
magnetic induction line path. Figure 1(c) presents the
working principle of the designed PM-EMP. The
traveling magnetic field is produced by a rotating inner
iron yoke with permanent magnets. The magnetic field
passes into the conductive LM filled inside the pump

Pump duct
‘\.

I'htee-phase async
:f AC motor=

Fig. 1

Iron yoke

Illustration of the PM-EMP.

(a) Three-dimensional diagram; (b) diagram of cross-section; (c) working principle; (d) test prototype.
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duct, which generates an induction current. The electro-
magnetic force is produced by the interaction between the
traveling magnetic field and the induction current, driving
the LM to flow.

2.3 Heat sink design, fabrication, and model

2.3.1 Heat sink design and fabrication

The structure of the heat sink was designed with
reference to Ref. [30]. Figure 2 depicts the schematic and
detailed dimension of the heat sink, which has a size of
70 mm x 48.5 mm X 10 mm. The channel size is 34 mm x
5 mm x 0.5 mm with a spacing of 0.5 mm and the
number of 35, respectively. The channel is fabricated on
the base plate (type copper) with a thickness of 2 mm by
the milling machine, which is assembled with the cover
plate (type copper) by bolts and sealed by polytetrafluoroe-
thylene gaskets. A heat source is formed by inserting
seven heating rods into the copper block. The effective
heat transfer contact surface area is 2.2 cm x 2.2 cm
between the heat sink and the heat source.

2.3.2 Thermal resistance model

The heat transfer performance of a heat sink is usually
estimated by thermal resistance, which could be
evaluated by many analytical approaches, such as fin
analysis, fin-fluid coupled, and porous medium approach.
Liu and Garimella [42] suggested using the one-dimension
thermal resistance model because of its simplicity and
accuracy. The definition of the total thermal resistance
Riota in the model is

Cover plate

Gasket ring

Base plate

Boltx10

Fig. 2
(a) Three-dimensional diagram; (b) two-dimensional diagram.

- @ Nutx10
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Tb - Thi
Q ’
where Ty; and Ty, are the inlet and bottom temperature of

the heat sink, and Q is the heat power generated by the
heat source, which can be calculated as

Q=AXxq, 2

where A is the effective heat transfer contact surface area
and ¢ is the heat flux.

The Rioal can be separated into Rconduction (conduction
thermal resistance), Rcapacity (heat capacity thermal
resistance), and Reonvection (cOnvection thermal resistance),

Rtolal =

(M

Rtntal = Rconduction + Rcapacily + Rconvections (3)
which can be expressed as
)
Rcon uction — 7 xx77 ? 4
dweion = T “)
R = 1 )
convection — Nhlc(WC T 27’]th) >
1 1
Rcapacity = (6)

m ¢ ~ NpUhw.cy’

where U, p, ¢p, and m are the average velocity, density,
heat capacity, and mass flow rate of the coolant; L, W, t,,
and k, are the length, width, thickness, and thermal
conductivity of the base plate of heat sink; /., 4, w., and
N are the length, height, width, and number of the the
minichannel; n; = tan(hmhe)/(mh) (m = 2h/(kywy)'?) is
the efficiency of the channel fin; % is the heat transfer
coefficient, which can be calculated by

Heat
source

L,

(b)

Illustration of the minichannel heat sink.
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where £ is the thermal conductivity of coolant, Dy, =
2weh/(we + h¢) is the hydraulic diameter of the heat sink,
and Nu is the Nusselt number. The Nusselt number for
fully developed laminar flow reads as [20]

h=

Nug =8.235—-16.817a +25.407a° — 20.3944°
+8.711a" - 1.5334". )

The Nusselt number for thermally developing laminar
flow is [43]

Nu= 1‘87Pr—0.036a—0.056(x*)703’0‘005 < ¥ <0.01 3’

Nu=3.35Pr a2 (x)*"”,0.013< x" < 0.1, )

by
X' = ,0<x<L,
D,RePr

(10)

where a = wy/h is the aspect ratio of the minichannel, x*
is the distance for the thermal entrance region, Pr and Re
are the Prandtl and Reynolds numbers, respectively.

2.4 Experimental setup

To experimentally study the heat removal capacity of the
minichannel heat sink based on the LM, a thermal
management system was built. The experimental setup
was presented in Fig. 3, including a minichannel heat
sink, a heat source, a PM-EMP, aradiator, an electromagne-
tic flowmeter, a pressure sensor, a reservoir, a valve, and
a data acquisition system, respectively. During the entire
heat transfer process, heat power (whose value was
adjusted by a voltage regulator) was first produced by the
heat source wrapped with the adiabatic sponge. Then, the
heat was absorbed by the flowing LM within the heat
sink. Finally, it was transferred into the radiator, and
dissipated into the atmosphere through convective heat
transfer. In addition, the LM was continuously pumped
by the PM-EMP. The flow rate and pressure loss of the
heat sink were obtained by an electromagnetic flowmeter
(with a range from 0 to 1.4 m3/h and an accuracy of
+0.5%) and two pressure sensors (with a range from 0 to
300 kPa and an accuracy of +£0.10%), respectively. The
temperature of the heat source was monitored by two K-
type thermocouples (with a range from —20 to 200 °C and
an accuracy of £0.50 °C). The inlet/outlet temperatures of
the heat sink and radiator were measured by four K-type
thermocouples. All the temperature signs were gathered
by the Agilent 34970A data acquisition.

The uncertainty analysis [44] for the Reynolds number
and thermal resistance was conducted by using Egs. (11)
and (12),

(11)
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The maximum relative errors of Re and R were
calculated as 0.50% and 4.04%, respectively. The
uncertainty of main parameters is listed in Table 2.

Table 2 Uncertainty of main parameters

Parameters G/% P/% TrPC Q/% Re/% R/'%

Maximum uncertainty ~ £0.50 +0.10 +0.50 +1.41 +0.50 +4.04

3 Results and discussion
3.1 Pumping performance of the PM-EMP

The change of pressure head versus flow rate under
different rotational speeds (from 50 to 400 r/min) is
presented in Fig. 4. It is observed that the maximum
pressure head of the PM-EMP is 160 kPa at 400 r/min,
and the maximum flow rate is 3.24 L/min at 400 r/min,
indicating that the PM-EMP is sufficiently capable of
driving the LM to flow through the minichannel heat
sink. The pressure head drops steadily with the flow rate
at different rotational speeds, making the PM-EMP
operation more stable, which means that the PM-EMP is
superior to conventional pumps to drive the LM. For
instance, for n = 300 r/min, with the flow rate increasing
from 0 to 2.74 L/min, the pressure head smoothly
decreased from 130 to 27 kPa. It is also found that the
driven pressure head can be significantly increased by
increasing the rotational speed. For example, when n = 50
r/min, AP = 20 kPa, but when » = 300 r/min, AP = 130
kPa. The reason for this is that the electromagnetic force
is proportional to the induced current (which is increased
as the rotational speed increases). Moreover, the results
indicate that as the rotational speed increases, the flow
rate also increases. For example, the maximum flow rate
could increase from 0.88 to 2.74 L/min (corresponding
velocity of the LM from 0.06 to 0.19 m/s in the pump
duct) with an increase in rotational speed from 50 to 300
r/min. It is noteworthy that the 220 V AC supply for PM-
EMP is more easily obtained compared with the DC
supply with a high output current for DC-EMP.

3.2 Cooling performance demonstration of the thermal
management system

To guarantee the accuracy and reliability of the
experimental data, it is very indispensable to conduct a
thermal response analysis of the cooling system. When
heat flux increases from 120 (581 W) to 138 W/cm?2 (669
W) at n = 100 r/min, the transient temperature rise curve
of the thermal management system is described in Fig. 5.
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Fig. 3 Description of the test loop.
(a) Schematic illustration; (b) experiment platform.

It can be seen that the thermal response time of the ' ‘ ' ' ' o
. . 160 —a— 50 r/min A

system is about 280 s. It is also found that the —e— 100 t/min

temperature difference of LM (Ty, — Thi) has an increase 140 —<— 200 r/min"|

of 2.6 °C (from 13.4 to 16.0 °C), but 7}, varies from 57.6 g 120 : 288 ;ﬁig

to 64.0 °C, which means that the heat from the heat %: 100 - i

source is not efficiently absorbed by the LM. The main 2

reason for this is that, except for the convection thermal, % il i

resistance, the effect of thermal contact resistance § 60 - 1

(between the heat sink and the heat source) cannot be 40 |

neglected on the coohng performance in case of a.h}gh - !\‘\.\“ 1

heat flux. On account of its excellent thermal conductivity, l\'\-

LM has been investigated not only as coolants but also as 0 05 10 15 20 25 30 35

thermal interface materials in this paper. Flow rate/(L-min™")

The heat transfer performance of the LM-based
minichannel thermal management system at a rotating Fig. 4 Pressure head versus flow rate at different rotational
speed of n = 200 r/min is analyzed comparably at speeds.

different heat fluxes when the LM thermal grease and the
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Fig.5 Transient temperature rise of the cooling system when
heat flux increases from 120 (581 W) to 138 W/cm? (669 W) at
n =100 r/min.

traditional thermally conductive silicone grease were
used as thermal interface materials, respectively, as
presented in Fig. 6. The Reynolds number of LM is
calculated as 790 in the minichannel heat sink. The
pressure loss of the minichannel heat sink is measured as
19.0 kPa and the flow rate of the LM-based cooling
system is obtained at 1.72 L/min. It can be seen that with
the heat flux increasing, Ty, Tho, and T rise linearly, but
Thi and T}, almost remain unchanged, which means that
the heat from the heat source is effectively released to the
ambient by the heat sink and radiator with a powerful
heat dissipation ability. In addition, by comparing the
results of Fig. 6(a) (using LM thermal grease) and Fig. 6(b)
(using thermally conductive silicone grease), it can be
easily concluded that the cooling capacity of the thermal
management system can be further enhanced by using
LM thermal grease as thermal interface material. For
example, 7y is 61.0°C (from Fig. 6(a)) compared with
65.8°C (from Fig. 6(b)) when g equals 150 W/cm?, which
is decreased by 4.8°C when using LM thermal grease.
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=p— T Inlet of radiator
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The reason lies in the fact that compared with the
thermally conductive silicone grease, the thermal contact
resistance of the cooling system can be efficiently
reduced by using the LM thermal grease with a high
thermal conductivity.

When the LM thermal grease and the traditional thermally
conductive silicone grease were used as thermal interface
materials respectively, the variation of ATy, (Ty, — T,) with
rotating speed # (from 100 to 300 r/min) is also tested at
different heat fluxes, as presented in Fig. 7. Re varied
between 537 (100 r/min) and 974 (300 r/min). This
results indicate that with ¢ increasing, AT linearly
increased. For example, with ¢ increasing from 79 to 203
W/cm?2, ATy, linearly increased from 18.4°C to 53.6°C
when n equals 100 r/min, as shown in Fig. 7(a) (using the
LM thermal grease). It is also found that the slope of ATy
and ¢ gradually decreased with n increasing, which
means that the total thermal resistance decreases as n
increases. In addition, a comparison of Figs. 7(a) and 7(b)
further proves that the heat transfer enhancement is
obtained by using the LM thermal grease as the thermal
interface material. For example, when keeping ATj, below
50°C, compared with a heat of 208 W/cm? (from Fig. 7(b)),
the cooling system can dissipate up to a heat of 242 W/cm?
(from Fig. 7(a)), which means that g is increased by
32 W/cm? when using the LM thermal grease.

The heat transfer performance of the minichannel heat
sink tested at different rotating speeds (from 100 to
300 r/min) at a heat flux of 165 W/cm? is manifested in
Fig. 8. It can be found that with the rotating speed of n
increasing, ATy, first decreases rapidly, and then declines
slowly. For example, when the silicone grease is used as
the thermal interface material, A7}, has a decrease of
8.0 °C (from 50.1 to 42.1 °C) with increasing n from 100
to 200 r/min, but AT, just decreases by 1.7 °C (from 42.1
to 40.4 °C) with n increasing from 200 to 300 r/min. The
test results indicate that the cooling performance of the
minichannel heat sink cannot be consistently enhanced by
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Fig. 6 Temperature of the thermal management system at a rotating speed of 200 r/min at different heat fluxes.

(a) Using the LM thermal grease; (b) using the thermally conductive silicone grease.
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Fig. 7 AT, versus ¢ (100 r/min, 200 r/min, and 300 r/min)
(a) Using the LM thermal grease; (b) using the thermally conductive silicone grease.

increasing the rotating speed of n. The reasons for the
above phenomenon will be analyzed in Section 3.3.
Moreover, compared with using the thermally conductive
silicone grease, ATy is obviously lower when using the
LM thermal grease. For example, at » = 100 r/min and
g = 165 W/cm?, AT, decreases to 7.4°C when using the
LM thermal grease.

Figure 9 shows the fluid flow characteristic of the LM
in the minichannel heat sink at different rotating speeds
(from 100 to 300 r/min) at a heat flux of 165 W/cm?. It
can be seen that AP, and G increase as n increases. For
instance, APy, and G increase from 10 kPa and 1.17 L/min
at n =100 r/min to 29 kPa and 2.12 L/min at » = 300 r/min,
which means that a greater pumping capacity is easily
achieved by adopting a higher rotating speed, thereby
improving the LM heat transfer performance.

3.3 Thermal resistance analysis of the minichannel heat
sink

The thermal resistance of the minichannel heat sink can

T T T T T
AT, with thermally conductive silicone grease

56 e AT, with liquid metal thermal grease

Fitting correlation for thermally conductive silicone grease

2 Fitting correlation for liquid metal thermal grease 4

100 150 200 250 300
Rotational speed/(r-min")
Fig. 8 Heat transfer characteristics of minichannel heat sink at

different rotational speeds (from 100 to 300 r/min) at a heat flux
of 165 W/cm?2.

also be described by the ratio of temperature difference
(obtained by experiment) to thermal power. The total
thermal resistance R/ can be calculated by

total

;o T,—- Ty
total Q ’

where T3 is the temperature of the heat source. Compared
with R (Eq. (1)), because R, is defined by Ty, the

total
thermal contact resistance R.,.. (between the heat sink
with the heat source) should also be considered in R; ;. In
another word, R..... was divided into the heat capacity
thermal resistance R’ the conduction thermal

capacity ?
resistance R; , the convection thermal resistance

(13)

R’ ..cciion» and the thermal contact resistance R e, 1-€-,
’ Y ’ ’
Rlo[al - Rcapacily + Rconduclion + Rconveclion + RCOﬂtaCt' (14)

However, it is difficult to directly obtain R
Reonwe DY experiment. Therefore, R!

total

’
cnnvcclinnand
was separated into

Roner and R, .., in this paper, which is defined as
32 [ T T T T T
G
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Fig. 9 Fluid flow characteristic of minichannel heat sink at

different rotational speeds (from 100 to 300 r/min) at a heat flux
of 165 W/cm?2.
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’

Th - Tm
+ Rcomact =

convection Q s

Rother = R (15)

/
conduction
Y _ Tm - Thi

capacity — Q ’

(16)

where Ty, is the mean value of T}; and T,.

When the LM thermal grease and traditional thermally
conductive silicone grease were used as thermal interface
materials respectively, the variation of R, and Rope
with rotating speed n (100, 200, 300 r/min) is shown in
Fig. 10. It is found that R; , gradually decreases as n
increases. For example, R; , decreases from 0.05942
at n =100 r/min to 0.04351 °C/W at n = 300 r/min (using
thermally conductive silicone grease). In addition, it is
noteworthy that in the case of thermally conductive
silicone grease, R/, decreases by 0.01193 °C/W (from
0.05942 to 0.04749 °C/W) with n increasing from 100 to
200 r/min, but R, just decreases by 0.00398°C/W (from
0.04749 to 0.04351°C/W) with n increasing from 200 to
300 r/min, which explains the variation of ATy (Fig. 8).
Moreover, at the same n (which means that U; is
constant), R/, . and R/ ..., are almost constant for
using different thermal interface materials (LM thermal
grease or thermally conductive silicone grease), which
means that R, can be analyzed by R, according to
Eq. (15). Therefore, compared with using the thermally
conductive silicone grease, R..... decreases by about
0.00777 °C/W when using the LM thermal grease.

The comparative analysis of the mathematical model
and the experimental results (using LM thermal grease) is
exhibited in Table 3. It can be found that compared with
two sets of results, the relative deviation & of the total
thermal resistance is calculated as 24.18%, 25.06%, and
27.36% (for n from 100 to 300 r/min), respectively. The
reason lies in the fact that it is difficult to accurately
define R.u.. by using specific analytical formulas.
Therefore, the effect of R, 1S not considered in the
mathematical model (according to Eq. (3)). In addition, the

fundamental requisite for establishing the mathematical

0.08 [ R, With thermally conductive silicone grease 7
_ ith thermally conductive silicone grease
’T‘ 0.07+ mm . with liquid metal thermal grease T
; [ R, with liquid metal thermal grease
o 0,061 1
<
3 0.05f .
8
2 0.04 E
8
Té 0.03 b
5002} 1
H
0.01 - N
0.00
100 200 300
Rotational speed/(r-min")
Fig. 10 R;apacily and Roper versus rotational speed n (100, 200,
300 r/min).

model is that the flow is in fully developed conditions
(thermal and hydrodynamic). Moreover, according to
Egs. (3) — (10), to further demonstrate the advantages of
the LM coolant (compared with water coolant), the
difference between R, 1m (using LM coolant) and
Ria-waer (Using water coolant) is summarized in Table 4.
It can be found that the ratio a of the total thermal
resistance is calculated as 1.264, 1.437, and 1.526 (n
increases from 100 to 300 r/min), which means that an
efficient heat dissipation of the cooling system can be
obtained by using the LM coolant.

Table 3 Deviation between R, and Rioal at different rotating speeds

n/(r'min) Rl /(1072°C-W)  Ryu/(102°CW /%

100 5.091 3.860 24.18
200 4.050 3.035 25.06
300 3.735 2713 27.36

Table 4 Difference between Rioi—m and Rioral—water at different
rotating speeds

TS £ IS o R i
100 3.860 4.880 1.264
200 3.035 4.360 1.437
300 2.713 4.141 1.526

4 Conclusions

A minichannel heat dissipation technology is developed
based on high-performance electromagnetic induction
pump for high heat-flux thermal management. The thermal
and hydrodynamic characteristics of the liquid metal-
based minichannel cooling system are experimentally
investigated in detail. The main results can be summarized
as follows.

A high-performance electromagnetic induction pump
is developed by the integrated design of the pump body
and iron yoke with a supporting structure. The driving
performance of the electromagnetic induction pump is
demonstrated by the principle experiment. The maximum
pressure head is achieved and the flow rate of the
electromagnetic induction pump is 160 kPa at 400 r/min,
and 3.24 L/min at 400 r/min, meaning that the electromag-
netic induction pump is sufficiently capable of driving
the liquid metal in the minichannel heat sink. It is also
found that increasing rotational speed could significantly
enhance the performance of the electromagnetic induction
pump. Moreover, it is noteworthy that the pressure head
smoothly drops with the flow rate, which makes the
electromagnetic induction pump operate more stably.

A liquid metal-based minichannel thermal management
system is established and experimentally tested to
investigate the thermal and hydrodynamic characteristics.
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The results indicate that when keeping the temperature
rise of the heat source below 50 °C, the cooling system
can remove a heat flux of 242 W/cm?2. It is noteworthy
that the heat transfer capability of the liquid metal-based
minichannel heat sink could be considerably enhanced by
increasing the rotating speed n (especially for at a
variation of n from 100 to 200 r/min).

Thermal contact resistance is an important influencing
factor for the heat dissipation capacity of high heat-flux
thermal management. Compared with the traditional
thermally conductive silicone grease, the LM thermal
grease with an excellent thermal conductivity can more
efficiently reduce the thermal contact resistance. For
instance, the thermal contact resistance decreases by
about 7.77 x 1073 °C/W, which would significantly improve
the temperature rise of the heat source (AT}, decreases by
7.4 °C at n =100 r/min and ¢ = 165 W/cm?).

In summary, the liquid metal-based minichannel
cooling technology driven by the high-performance
electromagnetic induction pump is a promising candidate
for the thermal management of electric devices with a
large heat power and a high heat flux.
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Notations

a Minichannel aspect ratio

Dy Heat sink hydraulic diameter/mm

G Flow rate/(L-min™!)

he Minichannel height/mm

hy Pump duct height/mm

B Magnet height/mm

L Heat sink total length/mm

A Minichannel length/mm

N Minichannel number

n Rotating speed of PM-EMP/(r-min~!)
P Pressure/Pa

AP Pressure difference of PM-EMP/Pa
APy Pressure loss of heat sink/Pa

R Outer radius of rotor of PM-EMP/mm
Ro Inner radius of stator of PM-EMP/mm
T Temperature/°C

Ta Ambient temperature/°C

Ty Heat sink bottom temperature/°C

Th Heat source temperature/°C

Thi Heat sink inlet temperature/°C

Tho Heat sink outlet temperature/°C

T Radiator inlet temperature/°C

Tro Radiator outlet temperature/°C

ATy Heat source temperature rise/°C

t Thickness of iron yoke of PM-EMP/mm
w Heat sink total width/mm

We Minichannel width/mm

W Magnet width/mm

Wy Minichannel wall width/mm
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