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A B S T R A C T   

Due to recent advancements in micro-electro-mechanical systems (MEMS), the requirements of extracting a huge 
heat flux from a small surface area is ever-increasing. The use of mini/microchannel heat sinks (MCHS) can 
contribute much to the cooling mechanisms of these MEMS. The improvements in mini/microchannel heat sinks 
are getting a lot of considerations recently for this reason. The improvements in the MCHS can be accelerated by 
the use of liquid metals as working fluids, as they possess excellent thermophysical properties. But using the 
liquid metals as coolants is still limited in the MCHS because of the possibilities of corrosions of the heat sink’s 
substrate as it is often made of metals. The possible solution to this challenge can be using non-metallic materials 
(like ceramic materials) as the substrate material for the heat sinks, which possess resistive properties to cor-
rosions and good heat transport properties as well. In this paper, the thermal performance of a mini channel heat 
sink with five different substrate materials (aluminum nitride, beryllium oxide, hafnium diboride, titanium 
diboride, and zirconium diboride) and four different alloys of gallium as working fluid 
(EGaInSn, EGaIn, GaIn and GaSn) are tested. The study also offers the effect of different geometry parameters 
of the rectangular channel on the overall performance of the heat sink. The thermal and hydraulic performance 
of the heat sink is analyzed by the 3D numerical model. The results are validated against data obtained from 
literature and theoretical correlations. It has been found that the heat sink made of aluminum nitride (AlN) 
shows superior performance than all other substrate materials. The optimum coolant material as found after the 
analysis is GaIn.   

1. Introduction 

Micro/mini channel heat sink is a miniaturized heat exchanger that 
can remove a huge amount of heat flux from a small surface area. The 
rapid developments in IT industries are also increasing huge challenges 
in the cooling mechanisms of the electronic components. As the sizes of 
the electronic devices are being reduced, the requirements of higher 
computing speed are also increasing rapidly. Their performance is 
greatly influenced by the cooling technologies associated with them. 
Keeping account of the challenges in the cooling techniques micro-
channel heat sink was first formulated by Tuckerman and Pearse in the 
year 1981 [1]. They introduced a water-cooled silicon microchannel 
heat exchanger which could extract 790W/cm2 of heat flux with the 
maximum increase in temperature of °C71 . Micro/mini channel heat 
sink can extract a huge heat flux from a small surface area due to the 
large forced convective heat transfer effects in the channels. But that 
also comes with the cost of large pressure drops in the channels which 
results in higher requirements of pumping powers. After pioneered by 
Tuckerman and Pearse in 1981, extensive works has been reported to 

improve the thermal and hydraulic performances of the mini/micro 
channel heat sinks. The studies mainly focus on analytical [2,3], nu-
merical [4–9], and experimental methods [10–13]. Various analytical 
models are used in evaluating the performance of these mini/micro 
heat exchangers like the porous medium model, the fin model, and the 
thermal resistance model [3]. 

Recently, the implementation of liquid metals with lower melting 
temperature is growing much interest in cooling technologies [14–17]. 
Though previously the applications of the liquid metal cooling tech-
nologies were limited to high-temperature applications because of the 
higher melting points of the liquid metals. To address this issue and 
increase the applications of liquid metal cooling technologies in other 
sectors several eutectic gallium alloys are prepared to lower the melting 
point of gallium liquid metal. Indium (In) was the first element that was 
alloyed with gallium to obtain EGaIn that could lower the melting point 
up to °C15 [18]. The next element was tin (Sn) which was combined 
with EGaIn to obtain EGaInSn, which could lower the melting point up 
to [19]. Both of these materials have been widely used in various 
cooling technologies especially in micro-electronics. Deng et al. [20] 
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compared the heat transfer coefficient obtained from GaIn20 (Ga 80% 
and In 20%) and water in a microchannel heat sink experimentally. 
They showed that the heat sink having GaIn20 can reach a superior heat 
transfer coefficient. Xiang et al. [21] compared liquid gallium with 
water by observing the total thermal resistance offered by the rectan-
gular heat sink under similar conditions and showed that liquid gallium 
based heat sink can obtain a lower total thermal resistance than water. 
Yang et al. [22] showed Ga68In20Sn12 exhibits much better flow and 
heat transfer properties than water. Despite having excellent thermo-
physical properties the use of these liquid metals in micro/mini channel 
heat sink is still rare due to the chances of corrosions or chemical in-
compatibility with the metallic sink materials [23,24]. The solution to 
this problem might be coating the material of the heat sink with nickel, 
molybdenum, or tungsten [25] or using nonmetallic materials as sub-
strate material which might cause a significant change in thermal 
performance and increase the cost of production. A suitable fix for this 
kind of complication can be using non-metallic materials (like ceramic 
materials) in the heat sink which possess better heat transport cap-
abilities. 

Ceramic materials show excellent stability at very high tempera-
tures and also negligible deformations at very harsh conditions 
[26–31]. And, few advanced ceramic materials possess excellent 
thermal properties that are suitable for their use in the mini/micro heat 
channel heat sinks. Vajdi et al. [32] studied the heat transfer and 
pressure drop in ZrB2 heat sink with water as a working fluid. They 
found that the maximum temperature of the heat sink can be kept 
below 360 K by removing a heat flux of 3. 6 MW/m2. Fattahi et al. [33] 
studied the performance of a heat exchanger made of AlN. Their results 
showed heat exchangers made of AlN can reach a heat transfer en-
hancement of 59% compared to that of Al O2 3 made one. The effective-
ness of heat exchanger is also found to be improved by 26%. Vajdi et al. 
[34] on another study compared beryllium oxide (BeO) with alumina. 
They showed that the use of BeO led to ~100% heat transfer enhance-
ment in comparison with alumina at a mass flow rate of 97.3 kg/h. Two 
other boron-based ceramic materials titanium diboride (TiB )2 and haf-
nium diboride (HfB )2 also possess excellent thermophysical properties 
[26–28,35,36]. Recently, the application of these ceramic materials is 
growing many interests in cooling technologies. 

Though researchers have extensively studied the feasibility of the 
application of different ceramic materials in the mini/micro heat ex-
changers, there still exists no such comparison between the perfor-
mance of these ceramic materials. The comparison could be crucial for 
the selection of the appropriate material to be used in the micro/mini 
channel heat sink. That would also offer the opportunity to use liquid 
metal cooling technology in several new fields. This study presents a 3- 
D numerical analysis of heat transfer in a rectangular mini channel heat 
sink with five different ceramic materials as substrate material. The 
thermal performance of the heat sink is compared by calculating the 
total thermal resistance with the 1-D thermal resistance model [3]. The 
temperature distribution of the heat sink with different substrate ma-
terials is also compared. The study also presents a comparison between 
the thermal and hydraulic performance of four different liquid metals 
(alloys of gallium) used as a coolant in the mini channel heat sink. After 
comparing the substrate materials and different coolants, the effect of 
different geometry parameters on the thermal and hydraulic perfor-
mance of the heat sink is also tested. Finally, the application of these 
ceramic substrates with liquid metal coolants at very high-temperature 
is also discussed in the later sections. 

2. Problem statement 

A rectangular geometry of a mini channel heat sink was selected for 
the study having the dimensions × = ×W L cm cm( 4 4 ). The heat sink 
consists of 20 identical rectangular channels as shown in Fig. 1. The 
following geometry parameters were used in the comparison study 
between the substrate materials and different coolants: channel height 

=H mm( 5 ), channel width =W mm( 1 )c , channel wall thickness 
=W mm( 1 )w , thickness of the base =t mm( 2 )b . The top surface of the 

heat sink was assumed to be having an adiabatic wall which generates a 
closed domain for fluid motion inside the mini channels. The study 
contains a numerical simulation of the fluid flow and heat transfer for a 
series of Reynolds numbers from 600 to 1800. Due to which laminar 
flow regimes could be assumed for all the cases. The analysis includes a 
comparison of five different substrate materials, four different liquid 
metals, and the effects of different geometry parameters on the overall 
performance of the heat sink. The properties of the substrate materials 
are shown in Fig. 2, Fig. 3, and Fig. 4. The properties of the working 
fluids are shown in Table 1. 

The total pumping power needed for the fluid to transport through 
the heat sink is calculated by the following equation, 

=W n PA Upp in in (1) 

Where Wpp denotes the required pumping power, n denotes the number 
of rectangular channels, P denotes the pressure drop along a single 
channel, Ain and Uin are the area of the inlet and fluid velocity at inlet 
respectively. 

The theoretical pressure drop is calculated from the following cor-
relation [37], 

=P f L
D

U
2h

ni
2

(2)  

= < <f Re x21.04( ) when 0.001 0.02app hyd
0 434 0.01 (3)  

= < <f Re x45.2( ) when 0.02 0.1app hyd
0 202 0.094 (4) 

Where fapp is the friction factor, Dh is the hydraulic diameter, is the 
channel aspect ratio ( = W

H
C ), and xhyd is the hydrodynamic entrance 

region ( =xhyd
L

D Reh
). 

The thermal performance of the heat sink is obtained by the 1D 
thermal resistance model [22]. According to the model, the total 
thermal resistance and maximum heat flux that can be extracted by the 
heat sink is calculated by the following equations, 

=R T
Qtotal
max

(5)  

=T T T( )max max s in, (6)  

= ×Q q Ab b (7)  

=q T T
R Amax

a in

total b (8) 

Where, Tmax s, and Tin are the maximum surface temperature of the heat 
source and fluid inlet temperature respectively. The term qb denotes the 
heat flux applied at the base of the heat sink. The term Ab represents the 
surface area of the base of the heat sink. Ta is the maximum allowable 
temperature at the heat source. The term qmax is the maximum heat flux 
per unit area which can be removed by the heat sink at a fixed tem-
perature rise T T( )a in . 

3. Mathematical formulation and numerical method 

A 3-dimensional conjugate model is generated for the solution 
considering the following assumptions,  

• Flow is steady-state, laminar, and incompressible.  
• Radiative heat losses are neglected.  
• Body forces are negligible.  
• Constant fluid properties.  
• Due to the identical geometry of all the rectangular channels, all the 

channels show identical heat and mass transfer properties. That’s 
why a single channel can be selected for the analysis. 
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By taking account of the mentioned assumptions, the following 
equations are obtained which regulate the fluid flow and heat transfer 
in the 3D channel, 

In the fluid region,  

- Conservation of mass 

=. 0 (9)  

- Conservation of momentum 

= +p( . ) . (µ ) (10)  

- Conservation of energy 

=C ( T) k TP
2 (11) 

Where denotes the velocity, p denotes the pressure, µ denotes the 
dynamic viscosity, k denotes the thermal conductivity, CP denotes the 

Fig. 1. a) 3D isometric view of the mini channel heat sink, b) 3D isometric view of a single channel, c) front view of the single-channel.  

Fig. 2. Thermal conductivity of BeO [34].  
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specific heat capacity, and denotes the density of the fluid. 
For the solid region,  

- Continuity equation 

= 0 (12)  

- Energy equation 

=k T 0s s
2 (13) 

Where ks denotes the thermal conductivity and Ts denotes the tem-
perature of the solid. 

The boundary conditions for the model are summarized below: 
For the solid domain, constant heat flux per unit area 
=q( 100 W/cm )b

2 was applied at the bottom wall =y( 0). The symmetry 
boundary condition was applied at the left and right walls 

= = +x x W W( 0, )w c . The adiabatic wall boundary condition was ap-
plied at the top wall, the front and back wall of the sink 

= + = =y H t z z L( , 0, )b . No-slip boundary conditions at the fluid- 
solid interface. For the fluid domain, uniform velocity U( )in with 

Fig. 3. Thermal conductivity of AlN [38].  

Fig. 4. Thermal conductivities of HfB2, TiB2 and ZrB2 [36].  
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constant temperature T( )in was applied at the inlet =z( 0). 
ANSYS FLUENT 17.0 was used for the numerical analysis. Pressure 

based 3D segregated solver was used which is based on the finite vo-
lume method. The computational domain was discretized with struc-
tured 3D hexahedral cells generated by the software ICEMCFD 17.0. 
The convective heat flux and the momentum equation was obtained by 
the second-order upwind scheme. The diffusive flux was computed with 
the second central differencing scheme. The classical SIMPLE algorithm 
was used for the pressure-velocity coupling. The under-relaxation fac-
tors used were for pressure = 0.3, momentum = 0.7 and energy = 1. 
Qualitative convergence had been judged by residual falling below 10 6

for continuity and the velocity components and below 10 10 for energy. 
The Quantitative convergence was judged by average heat source 
temperature and pressure at inlet remaining unchanged with sub-
sequent iterations. 

4. Validation and mesh independence 

The numerical model was first validated against the simulation data 
mentioned in Yang et al. [22]. Secondly, a concise mesh independence 
test was done with five different grids generated by different sizes of 
hexahedral shaped elements. Fig. 5 represents the comparison between 
the present work and the numerical data obtained from Yang et al. [22]. 
The numerical model shows much competence with the literature work 
which proves its accuracy. The errors found at different channel heights 
(1 mm to 10 mm) on the total thermal resistance were 1.01%, 0.53%, 
0.02%, 0.34%, and 0.12% respectively when compared with the data 
obtained from the literature. The errors associated with the required 

pumping power when compared was found to be 8.18%, 4.93%, 2.11%, 
1.14%, and 0.70% respectively at different channel heights. Since the 
errors associated with the required pumping power was comparatively 
more for the present numerical model, all the pumping power data for 
the present study are also compared with the theoretical correlations 
shown in later sections. From the comparisons, agreement between the 
numerical data with the theoretical correlations were found which will 
prove the accuracy of the numerical data further. 

The grid independence test or mesh independence test is shown in  
Table 2. The entire domain (both solid and fluid domain) was dis-
cretized with structured hexahedral cells generated by the commercial 
software ICEMCFD 17.0. The grid independence test was done with 
aluminum nitride (AlN) as substrate material and Galinstan (EGaInSn)
as coolant. The inlet velocity of the coolant was =U m s( 1 / )in . As seen 
from the grid independence test the deviation from an earlier grid at 
each level was less than 0.005% for the total thermal resistance and less 
than 0.5% for the pumping power when the generated grid contained 
more than 1.1 million elements. For further analysis, the grid generated 
having 1338363 elements was selected for the study. 

5. Results 

In this section, the effects of Reynolds number on the flow and 
thermal performance are evaluated for different substrate and coolant 
materials at first. The flow performance was compared by the required 
pumping power for fluid transport. The thermal performance was 
compared by the total thermal performance and maximum heat flux 
that can be extracted by the mini channel heat sink. The maximum heat 
flux that can be extracted by the heat sink was calculated by selecting 

Table 1 
Thermophysical properties of coolant materials [37].        

Material Density, 
Kg m/ 3

Thermal 
conductivity, k

W mK( / )

Specific 
heat, Cp

J KgK( / )

Dynamic 
viscosity, µ

× 10 )3

Pa s( . )

Prandtl 
number  

EGaInSn 6440 16.5 295 2.400 0.043 
EGaIn 6280 26.6 404 1.990 0.030 
GaSn 6300 30 365 2.192 0.027 
GaIn 6363.2 39 365.4 2.210 0.021 

Fig. 5. Comparison between present work and literature [22], Ga68In20Sn12 as a coolant and copper alloy as the heat sink material.  

Table 2 
Grid independence test for the model.       

Number of elements Rtotal
K W( / )

% difference Wpp

W( )
% difference  

654234 0.0179711 – 0.340710 – 
796536 0.0179593 0.010 0.341885 0.344 
926928 0.0179620 0.015 0.346552 1.347 
1100000 0.0179627 0.004 0.350917 1.244 
1338363 0.0179618 0.005 0.352395 0.420 
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the maximum allowable temperature of the heat source to be 
=T K( 350 ).a In the later part, the effect of different geometry para-

meters of the mini channel on the overall performance of the heat sink 
is briefly explained. Lastly, several very high heat fluxes are applied on 
the heat sink with a fixed substrate and a liquid metal coolant, to 
predict the heat transfer characteristics of the heat sink at very high- 
temperature applications. 

5.1. Comparison of the thermal and hydraulic performance of the working 
fluids 

The comparison of the thermal and hydraulic performance of dif-
ferent working fluid is presented in this section. Aluminum nitride 
(AlN) was used as the substrate material for all the analyses. 

First, the hydraulic performance of the coolants is compared by 
studying the required pumping power at different flow Reynolds 
number. Since the coolants used in this study were liquid metals. The 
coolants have a comparatively higher density comparing with other 
widely used coolants. The higher density of coolants is also responsible 
for them to face higher flow restrictions inside the channels. That ex-
plains the high pumping power requirements in the heat sink despite 
laminar flow regimes in the flow. The effect of flow Reynolds number 
on the required pumping power is shown in Fig. 6 for the working 
fluids. The required pumping power depends greatly on the inlet Rey-
nolds number. The required pumping power is increased by about 59% 
upon increasing the flow Reynolds number from 600 to 900 for the 
coolant EGaInSn. Similar trends can be seen for the other working 
fluids as well. Though at =Re 600, the required pumping power is quite 
identical for all the coolants, at higher Reynolds number the variation 
in required pumping is quite significant among the four coolants. The 
least pumping power is needed for EGaIn due to its lower viscosity and 
density than the other materials. The pumping power requirements for 
GaIn and GaSn are nearly identical due to their similar dynamic visc-
osity and density. At lower flow Reynolds number, there is no sig-
nificant effect of coolant selection on the required pumping power. But 
at higher Reynolds number, the selection of suitable coolant fluid is 
quite necessary. At =Re 1800, EGaInSn requires the largest pumping 

power since it has the highest density and dynamic viscosity. But, 
switching to GaIn can lower the pumping power requirements by 20%. 
If we switch to EGaIn, the pumping power requirements get reduced to 
about 40%. 

The thermal performance of the coolants is compared by analyzing 
the total thermal resistance and maximum heat flux, as shown in Fig. 7. 
The effect of flow Reynolds number is also a vital thermal performance 
factor. The increase of Reynolds number from 600 to 900 allows us to 
increase the maximum heat flux value by about 33%. The total thermal 
resistance shows the opposite trend. That means, the increase in the 
flow Reynolds number reduces the total thermal resistance offered by 
the heat sink, while that allows increasing the maximum heat flux. The 
slope of the increase in the maximum heat flux decreases by the in-
crease in the flow Reynolds number. At 

=Re 900, 1200, 1500, and 1800 the increase in the maximum heat flux 
is respectively about 33%, 21%, 14%, and 10% concerning the 

Fig. 6. Variation of pumping power with Reynolds number for different working fluids.  

Fig. 7. Comparison of thermal performance of different coolants.  
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maximum heat flux offered at lower Reynolds number. Now, we ob-
serve the total thermal resistance offered by different coolants in the 
heat sink. At all Reynolds number, maximum thermal resistance is of-
fered by EGaInSn and the lowest total thermal resistance is offered by 
GaIn. GaSn and EGaIn shows quite identical performance due to their 
similar thermophysical properties. At =Re 1800, switching from 
GaInSn to GaIn can reduce the total thermal resistance about 13%. The 
maximum heat flux offered by the heat sink can be increased by about 
15W/cm2 by selecting GaIn instead of EGaInSn. 

Finally, after evaluating the hydraulic and thermal performance of 
the coolants, it can be said that GaIn can offer the least thermal re-
sistance and the maximum heat flux compared to all other coolants. 
EGaIn requires the least pumping power to run inside the mini chan-
nels. 

5.2. Comparison of thermal performance of heat sink using different 
substrate materials 

In this section, the thermal performance of the heat sink is presented 
with five different ceramic materials as a substrate material for the heat 
sink. GaIn was used as a coolant for all cases due to its better thermal 
performance found in the earlier section. Since the working fluid re-
mains the same for all the analysis, the required pumping power and 
pressure drop are also the same for all the substrate materials. 

Fig. 8 shows the total thermal resistance and maximum heat flux 
offered by the mini channel heat sink with five different substrate 
materials. The heat sink with aluminum nitride (AlN) shows the best 
performance since it has the highest thermal conductivity. The heat 
sink with AlN shows the lowest thermal resistance and the highest 
maximum heat flux. The maximum heat flux offered by the heat sink 
with BeO is next to AlN. TiB2 and HfB2 show quite identical perfor-
mance due to having quite similar thermal conductivities in the tem-
perature range of the heat sink. The heat sink having ZrB2 offers the 
least maximum heat flux. 

The temperature contours of the heat sink with five different 
ceramic materials are shown in Fig. 9. The contour plots suggest that 
heat sink with substrate material aluminum nitride shows much better 
temperature distribution because of its higher thermal conductivity 
than the other substrate materials. Better temperature distribution on 
the channel walls can reduce the possibility of excessive thermal stress 

in any particular place. The contour plots in Fig. 9 also show the 
maximum temperature rise is towards the outlet of the channel. 

5.3. Effect of geometric parameters on the overall thermal and hydraulic 
performance 

In this section, the effects of different geometric parameters on the 
heat transfer capacity and required pumping power is briefly explained. 
The parameters selected for the present study were channel height, 
channel width, channel wall thickness, and thickness of the base. These 
parameters can greatly affect the thermal and hydraulic performance 
for a rectangular mini channel heat sink, which can be observed from 
the discussions presented in this section. For all the analysis, the sub-
strate material and the coolant was aluminum nitride and GaIn re-
spectively. The inlet velocity of the coolant was ( =U m s0.25 / )in for all 
the cases. A heat flux of 100 W/cm2 was applied at the base. 

The first parameter of interest is the channel height. The effect of 
channel height from mm2 to mm7 was studied by keeping the rest of the 
parameters fixed. The total thermal resistance and the required 
pumping power at different channel heights are shown in Fig. 10(a). 
When the channel height is increased by keeping the channel width 
fixed the solid-fluid interaction area is increased in the sidewalls of the 
channel, which increases the convective heat transfer rate. For this 
reason, the increase in the channel height causes a decrease in the total 
thermal resistance offered by the heat sink. However, at higher channel 
heights the conductive heat resistance starts to play a significant role in 
the total thermal resistance. For which reason the decrease in total 
thermal resistance is more at lower channel heights and comparatively 
less at higher channel heights. That can be seen by analyzing the slope 
of the graph of total thermal resistance which gets reduced by the in-
crease in channel heights. The increase in channel height means more 
fluids need to be pushed through the channel at a constant velocity. Due 
to this, the increase in channel height is not always a feasible idea as an 
increase in channel height also requires a higher pumping power. That 
means while selecting the optimum channel height for the mini channel 
one should adjust between the thermal and hydraulic performance. 

Next, the geometry parameter studied is the channel width. The 
channel width to be considered was between mm0.5 to mm1.0 .  
Fig. 10(b) shows the total thermal resistance and the required pumping 
power at different channel widths by keeping the other parameters 

Fig. 8. Comparison of thermal performance of different substrate materials.  
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Fig. 9. Temperature contours with different substrate materials at =Re 1800.  

Fig. 10. Comparison of total thermal resistance and required pumping power at different geometry parameters: a) channel height, b) channel width, c) channel wall 
thickness, d) thickness of the base. 
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fixed. The total thermal resistance diminishes as we increase the 
channel width. The decrease in total thermal resistance is due to the 
increased surface area for the solid-fluid interactions which causes the 
convective heat transfer rate to increase. The required pumping power 
also gets reduced as we can see from Fig. 10(b). The reason for re-
quiring less pumping power is the lesser flow resistance faced by the 
liquid metal while flowing inside the mini channel. That also results in 
lower pressure drop inside the mini channel heat sink and the lesser 
pumping power requirements. There is another important factor to 
mention that, by keeping the width of the heat sink fixed at 
( =W mm40 ), when the width of the channel is adjusted with a fixed 
channel wall thickness, the number of channels inside the heat sink is 
also altered. The number of channels was calculated by the formula 
( = +n W W W/( )c w ). At lower channel widths, the number of channels 
is more. When the number of channels is more, the pressure drop faced 

in each of the channels adds up and results in higher required pumping 
power. This is another reason for having a lower requirement of 
pumping power at higher channel widths. Following all these char-
acteristics the width of the channels should be selected for a mini 
channel heat sink. 

Fig. 10(c) shows the total thermal resistance and required pumping 
power at different channel wall thickness by keeping the other geo-
metry parameters fixed. The channel wall contributes two different 
resistances in the total thermal resistance. One is the convective heat 
resistance from the side walls which remains constant for a fixed wall 
surface area and inlet velocity of the fluid. Another one is conductive 
heat resistance. The conductive heat resistance is more for a narrow 
wall. For a thicker wall, the conductive heat resistance is lesser. But this 
decrease in conductive heat resistance is not enough to reduce the total 
thermal resistance. Because the width of the heat sink is kept fixed at 

Fig. 11. Temperature contours with AlN substrate and GaIn coolant with different heat fluxes at =Re 1200.  
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( =W mm40 ) in our analysis. When channel wall thickness is adjusted 
by keeping the channel width fixed, it increases or decreases the 
number of channels in the heat sink ( = +n W W W/( )c w ). When the 
channel wall is thin, the number of channels is more which results in 
more fluid to enter the heat sink. That allows us the extract more heat 
from the heat sink, which decreases the total thermal resistance. For 
this reason, the increase in the channel wall thickness also increases the 
total thermal resistance of the heat sink as shown in Fig. 10(c). For the 
same reason, the required pumping power also changes by increasing or 
decreasing the thickness of the channel wall despite having the same 
channel geometry. Since the same geometry of the channel results in 
equal pressure drop across the channels, the pumping power is not 
compared with the correlations. It can be said that a thin channel wall 
offers a lower total thermal resistance but with high pumping power 
requirements. And a thick channel wall offers a higher total thermal 
resistance but with lower pumping power. For selecting the channel 
wall thickness, both of these factors must be kept in concentration. 

The final parameter of interest is the thickness of the base plate of 
the heat sink. The total thermal resistance offered by the heat sink at 
the different thickness of the base is showed in Fig. 10(d). The base 
plate receives heat from its lower wall and part of the heat is transferred 
to the upper wall of the channel and transmitted to the fluid by con-
vection. Another part of the heat is transmitted to the channel side-
walls. A thin base plate will transmit more heat to the fluid and a 
thicker base plate will transmit more heat to the side walls. Therefore, a 
thinner base plate will hinder the transverse heat transport from the 
lower wall of the base to the channel wall. But the most important thing 
to consider is the conductive heat resistance, which is higher for a thick 
base plate. The effect of base thickness on the conductive heat re-
sistance is generally significantly greater. For this reason, the total 
thermal resistance increases linearly with the thickness of the base 
plate. But while selecting the base plate thickness it should be con-
sidered that for high-temperature applications, a thin base plate will 
generate more thermal stress on the bottom part of the heat sink. The 
machining feasibility and the mechanical strength behavior should also 
be considered for selecting the thickness of the base of the heat sink. 

5.4. Application of the mini-channel heat sink at high-temperatures 

One of the most important advantages of using a ceramic substrate 
in cooling technology is that it can be used in very high-temperature 
applications because it has good resistive properties against corrosion 
and high thermal stress. On the other hand, typically the usage of liquid 
metal cooling technology is used mostly at high-temperatures. Since 
aluminum nitride (AlN) and GaIn were found out to be the most effi-
cient materials in the earlier sections, these are used as the materials in 
this section. Fig. 11 represents the temperature contours of a single 
rectangular channel with a range of heat flux applied at the bottom of 
the heat sink. The geometry parameters used for the study were channel 
height (H=5mm), channel width =W mm( 1 )c , channel wall thickness 

=W mm( 1 )w , and thickness of the base =t mm( 1 )b , and Reynolds 
number =Re( 1200). For a clearer understanding of the temperature 
profile on the heat sink at high heat flux applications, the results are 
presented by two different temperature ranges. The first part shows 
result up to a temperature 500 K and the second part shows tempera-
ture contours up to 850 K. 

The fluid’s Reynolds number is limited to 1200 for all the analyses. 
The application of heat fluxes from 100 W/cm2 to 400 W/cm2 resulted 
in the maximum temperature of the heat sink to be limited to 500 K. 
The higher temperature region is towards the outlet near the applied 
heat flux. The maximum temperature of the heat sink is more than 
800 K when the applied heat flux is 800 W/cm2 as shown in Fig. 11. It 

can be seen that temperature variation in the sink wall is lesser in ap-
plications involving lower heat fluxes. But there is a huge variation in 
temperature on the heat sink wall from the fluid inlet to the outlet at 
higher heat fluxes which could generate huge thermal stress. In such 
heavy heat flux applications, it is recommended that a high inlet flow 
velocity be used to get a reduced temperature variation. 

6. Conclusions 

The study presents a comparison of the thermal and hydraulic 
performance of four different gallium alloys, which are found to have 
excellent thermophysical properties to be used as a coolant in mini/ 
microchannel heat sinks. The cooling performance of these working 
fluid is accompanied by five different ceramic materials as a substrate 
material in the heat sink. All the numerical data presented in this study 
are consistent with the theoretical correlations. The heat transfer ca-
pacity of the mini channel heat sink is analyzed by the 1-D thermal 
resistance model. By analyzing the results, the following concluding 
remarks are obtained:  

• GaIn shows superior thermal performance than all other gallium 
alloys. By using GaIn as a working fluid compared to other coolants, 
the heat sink can obtain the lowest total thermal resistance.  

• EGaIn requires the least pumping power amongst the working 
fluids.  

• AlN shows better temperature distribution than other substrate 
materials on the heat sink.  

• Heat sink with substrate material AlN has the lowest total thermal 
resistance followed by BeO. 

• Heat sink with HfB2 and TiB2 show nearly identical thermal per-
formance.  

• Heat sink with substrate material ZrB2 has the maximum thermal 
resistance out of the boron-based ceramic materials.  

• The correlations presented for calculating the required pumping 
power show very good agreement with the numerical data.  

• The geometry parameters of the rectangular channel can greatly 
influence the overall thermal and hydraulic performance of the heat 
sink.  

• At high heat flux applications, there is a huge temperature variation 
on the heat sink wall. 

Liquid metal cooling is an excellent new technology which, due to 
the higher heat transport capabilities of liquid metals, can be ad-
vantageous in many ways over other common cooling methods. 
Previously the use of this technology was limited to high-temperature 
applications in nuclear industries. Despite having excellent heat trans-
port properties of liquid metals, their wide usage was always limited 
due to the limitations of the matching substrate materials. This present 
study by introducing newer compatible substrate materials offers a 
solution to the challenges of liquid metal cooling technology. Adding 
ceramic substrate can facilitate the use of this excellent liquid metal 
cooling technology without the possibility of corrosion and also save 
the extra cost of putting coatings on the substrate materials in mini/ 
microchannel heat sink applications. 
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Appendix     

H channel height (m) TiB2 titanium diboride 
L length of the heat sink m( ) BeO beryllium oxide 
W width of the heat sink m( ) Ab area of the base (m )2

Ww thickness of the channel wall m( ) k thermal conductivity W mK( / )
P pressure drop Pa( ) xhyd hydraulic entry length (m) 

Wc channel width m( )
Dh hydraulic diameter Greek letters  
tb thickness of the base m( ) density Kg m( / )3

Uin velocity of the fluid at the inlet m s( / ) channel aspect ratio 
Tin temperature of the fluid at inlet K( ) µ dynamic viscosity Pa s( . )
Rtotal total thermal resistance K W( / )
Rcond conductive heat transfer resistance K W( / ) Subscripts  
Rconv convective heat transfer resistance K W( / ) in inlet 
Rcap heat capacity thermal resistance K W( / ) out outlet 
Wpp pumping power W( ) f fluid 
Re Reynolds number s solid 
Ain area of inlet m( )2 f friction factor 
n number of channels hyd hydraulic 
qmax maximum heat flux per unit area (W cm/ )2 c channel 
MCHS mini/micro channel heat sink w channel wall 
AlN aluminum nitride cond conduction 
HfB2 hafnium diboride conv convection 
ZrB2 zirconium diboride cap capacity  
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