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Abstract: This paper reports on the different modeling approach of the total thermal resistance
in a microchannel heat sink (MCHS); with wall resistance and the frequently used fin model, in
comparison with experimental results. For a single stack MCHS, the wall model caused more than
10% difference but it can be extended to a stacked MCHS while the fin model could not, due to
the adiabatic top condition. The wall resistance model is idealized, assuming a 100% efficient
convective heat transfer while in the fin model 70% was the maximum. Meanwhile, stacking
showed that at a constant flow rate, the thermal resistance could be reduced by 3% for a double
stack, while increasing beyond that will decrease the thermal performance of the MCHS. The
study showed the limits of models used and possible stacking of a MCHS for improved heat

removal capability.
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1. Introduction and background

Effective heat removal from integrated circuits (ICs) is
considered a major factor in the development of
Microprocessors aiming at high-performance computer
systems and high heat flux applications?. Today’s modern
electronics with larger scale device integration systems
lead to even greater power densities and operating
temperatures?. Increasing power densities for better
microprocessors will affect power consumption which
means it is not economical for practical applications
besides increasing the dependency on fossil fuels as
explained by Fujisaki®. Barai and Saha® said in Japan for
an example, it is a must to create an economically
sustainable infrastructure which means applications
which increased power densities are not recommended.

Since the discovery of the microchannel heat sink
(MCHS) for electronics cooling by Tuckerman and Pease
in 1981%, it has become a practical system till today and
continuously being improved in meeting future demands.
In a simple MCHS design model, a solid plate with
parallel channels is attached on top of the microchip
surface, generally made of silicon with an adiabatic cover
sealed on top of the system to contain the heat. Initially,
heat from the source is transferred by conduction to the
solid wall surface attached to the microchip and via
convection into the fluid pass using conventional coolants
such as water® or air®?. Coolants have now advanced into
nanofluids with spherical®? and tube shape!®!! particles

suspended in base fluids to increase the heat transfer
capability. The fluid removes the heat as it flows through
the channels.

The heat sink technology also has been adopted by a
larger heat exchanging system with minichannels with
hydraulic diameter range between 200 um to 3 mm while
microchannel range between 10 pm to 200 pm according
to the classification by Kandlikar and Grande'?. The
technology advances into radial movement expanding
system'>!'¥) complex wall geometry such as triangular
cavities'” and zig-zag to increase surface area for
convection'?, and topology design to decrease pressure
drop'?. However, some of these innovations are limited to
minichannels only.

Since a microchannel is too small for channel geometry
complexity compared to a minichannel, for very high heat
dissipation in compact systems two-phase flow has been
considered'®!*?), The establishment of reliable and
accurate heat transfer coefficient has yet to be established
for newer and more environmentally friendly refrigerants
even for minichannels such as R-22, R134A, R744%D,
R410A, R407C?», R717* and R290%4?, A schematic of
the water-cooled MCHS considered here is shown in Fig.
1 with the dimensions and thermal resistance, Ry, of two
experiments, A and B, from Tuckerman and Pease® listed
in Table 1.
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Fig. 1: Schematic structure of a rectangular cross section
MCHS?

Table 1: Dimensions of a MCHS>

Tuckerman and Pease®

Type A B

t (um) 256 213
He (um) 302 320
We (um) 50 56
Ww (um) 50 44

G (cm’/s) 8.6x10° 4.7 x10°°
R (K/W) 0.09 0.11

The experimental data achieved by Tuckerman and
Pease® for such a system is as shown in Table 1 where the
thermal performance was measured in terms of the
thermal resistance, Ry, according to the dimensions of the
microchannel, material, and volumetric flow rate of
deionized water at 23°C.

Ever since the introduction of the MCHS, numerical
models have been developed to represent the system in the
investigations of the performance of the MCHS under
various geometry, dimensions, flow conditions, and
coolant types. Most often used model is the thermal
resistance model due to its simple form and reliable
outcomes as can be seen in the review by Adham et al??.
And up to 2020, many studies involving MCHS research
utilized the thermal resistance model?®?°3%9. The next
commonly used model is the porous medium model*".
The outcomes of the models were often based on and
compared with the landmark work of Tuckerman and
Pease®, shown in Table 2.

Table 2: Parameters in the MCHS®

Parameter Value
L (m) 1x1072
W (m) 1x1072
k» (W/m °C) 148
pr; (kg/m?) 997
1 (kg/m s) 8.55x10*
Cyy (J/kg °C) 4179
Hy (m) 1x104

As the number of fins was found to affect the thermal
resistance both in modelling and experimental studies®?,
Lei et al.3¥ also proposed a wall model for the single stack
followed by Shao et al.>® for a double-stack MCHS. It was
found that the wall model is a better representation of the

multi-stack MCHS. A multi-stack MCHS mitigates the
rise of high stream wise temperature and thus reduces the
thermal resistance and needed pumping power in Lu and
Vafai*® findings. Although most experimental studies
only involved one stack, stacking would be possible as
Back et al. fabricated a stacking layers of silicon to
construct coolant passages to flow into microchannels
using Deep Reactive-lon Etching (DRIE) process®® and
stacking manufacturing is also being researched using
silicon oxide (SiO) on silicon surface’”. With a wall
model, it would definitely be able to extend to a multistack
model of MCHS research in the nearest future. An
adiabatic top above the single stack MCHS in the fin
model made it currently impossible to extend to stacking
of the MCHS. This study was completed to assess the
significance of the wall resistance towards the total
thermal resistance in modeling the thermal performance
of a MCHS.

2. Methodology

Modeling with the thermal resistance has been used
widely and the most common model adapts fin modeling
where the walls between microchannels are treated as fins
as they are very thin. However, for very small devices, the
conductive wall thickness should be considered due to the
length scale involved. This paper introduced the model of
Zaidan®® where the wall is considered for conductive
resistance and compared with the fin model by Adham et
al.?® referring to the experimentation results of
Tuckerman and Pease®).

2.1 Model 1 (Fin)

The fin model consists of a series arrangement of the
thermal resistance focusing on a single channel as shown
in Fig. 2. The heat flux flow from the bottom of the MCHS
base (where it is directly in contact with the heat source)
towards the microchannels via conduction. This is
represented by Reonguctive (Eq.1). The model assumed the
wall thickness between the microchannels as fins, which
utilized the fin equation in the average heat transfer
coefficient, /4, for the convective resistance, Rcomvective
(Eq.2). The third heat resistance, Rj.i« (Eq.3) in the series
represents the heat energy absorbed in the fluid as it flows
between the entrance and the exit of a microchannel
according to the heat capacity of the fluid. As the model
consisted of series configuration, the total thermal
resistance is represented in Eq.4 which is the total sum of
all three resistances.
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Fig. 2: Schematic diagram of Model 1 (fin)
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2.2 Model 2 (Wall)

The second model resistance is configured in series and
parallel as the thickness between two microchannels is a
wall with its own conductive resistance. Described by
Shao et al.3¥, a half channel and half wall are preferred in
the wall model to ease simplification of schematics and

calculations as shown in Fig. 3. Referring to the schematic,

a parallel arrangement is formed due to the conductive
resistance via wall, R,,, and convective resistance resulted
by the flow of heat flux from the base to the fluid, Ry..

Tt
Rt
wa Rw-f
Ro-
Ry
T

Fig. 3: Schematic diagram of Model 2 (wall)

Due to the half microchannel and wall being considered,

the width of both wall and channel were divided by two
for the conductive base resistance, Rp, as the heat flows
from the lowest point of the base or substrate to the top
reaching the wall and microchannel.

2H,

R, =R —
’ ks(ww+wc)

&)

base,cond ~

This is also applied to the conductive resistance of the
wall, R, as the width is halved in this model. In the wall
region which consists of a two-dimensional flow, heat in
the fin is not considered, only the x-direction was taken
into the equation for a single stack. Heat flux was assumed
to flow from the wall towards the channel or coolant.

Ww
wa = Rwall,cond = m (6)
b" "¢

The channel height is unaffected for the convective
thermal resistance at the surface of the wall towards the
fluid, R, as compared to the convective thermal
resistance from the base to fluid, R, Both are
independent and form a parallel thermal resistance
schematic as referred to in Fig. 3.

1
R =R, —— - &
w—f wall conv
ho H,L
2
Ry :Raseconv:— 8
b—f = Kpyge, hog WL (®)

In Eq.9, the capacitance of the fluid is considered in the
fluid thermal capacitance, R; Capacitance thermal
resistance is directly affected by the condition of the
coolant flow in each microchannel, which in this equation
referred to as the Reynolds number.

1 2 w+w,
Rf:—._.g (9)
uWwe, Re w.+H,

The total resistance, Ry, is summed according to the
series and parallel configuration. For a multistack,
additional stacks of a MCHS with the same dimensions
are added on top of another as shown in Fig. 4.
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Fig. 4: Multistack of a MCHS

Therefore, there are additional resistances from the
base of a MCHS towards the second stack® through the
wall which in this case described as wall resistance in y-
direction, R,, and between the coolant and the second
stack with the same base to fluid resistance, Ry

2H
R, =R < (10)

w wall,cond =
! k,w,L

3. Results and Discussion

The objective of this study is to compare the effects of
the inclusion of the wall resistance in considering the
thermal performance of a MCHS. The parameters for
these models followed exactly as that shown in Table 1
and Table 2. The model with the nearest result to that of
the experimental data indicates a better representation of
the thermal performance. The result of the total thermal
resistance is compared in Table 3 and Fig. 5.

Table 3. Thermal resistance of Tuckerman and Pease®, Model
1 and Model 2.

0.1

0.08
0.06
0.04
0.02
0

A B

MCHS Type
B T&P (1981) Exp. ®Model 1 (Fin n=70%) ®Model 2 (Wall)

Rth (°C/W)

Fig. 5: Total thermal resistance against channel height for
both models.

It can be seen clearly that for Model 2 the total thermal
resistance is lower than the experimental data and Model
1. All the resistances in an experiment could of course
cannot be represented mathematically. Although
individually, the resistances contributing towards the
overall heat transfer may be small but collectively they
could have caused the difference in comparison with
models representing the physical system. The fin model
acquires a closer agreement with the experimental results
with a difference of 0.009 °C/W and 0.008 °C/W for
MCHS type A and B, respectively. The lowest difference
is for type B with a channel height, H,, of 320 um, channel
width, w,, of 56 um and wall width of 44 pm, resulting in
7% difference with the experimental data. Type B has a
10% difference, which is still acceptable. However, for
Model 2 which utilized the wall equations, the thermal
resistance is low compared to the experimental results by
Tuckerman and Pease®. The reasons could be due to:

a) Conduction thermal resistance from the base of the
MCHS to the top of the wall, R,,y, is not considered
for a single stack in the wall resistance model.

b) The heat transfer rate from the base to the tip
actually varies being most efficient at the bottom
in the fin model.

c) Convective resistance from wall to fluid, R,.;, was
100% efficient while in the fin model it was at 70%
maximum.

To analyse the wall equation, Model 1 was assumed to
be a 100% efficient and compared to Model 2 with the
results listed in Table 4 and Table 5. The difference in the
thermal resistance was determined in comparison with

Ra (°C/W)

Model Model 1 Model 2
T & P Exp.9

&P Exp (Fin) (Wall)

A 0.090 0.081 0.070

B 0.110 0.102 0.090

that of Tuckerman and Pease®

Table 4: Thermal resistance of Model 1 and Model 2 with

100% efficiency
Ru (°C/W)
Model Mgdel 1 M(.)del 1 Model 2
(Finn = (Finn = (Wall)
70%) 100%))
A 0.081 0.070 0.070
B 0.102 0.091 0.090
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Table 5. Percentage difference of Model 1 with 100%

efficiency and Model 2 against Tuckerman and Pease®

Difference
Model Model 1 (Fin I(\ﬁ(i)f?]l:l Model 2
n = 70%) 100%)) (Wall)
A 10% 22% 22%
B 7% 18% 18%

The wall model is identical with the fin model at 100%
efficiency. The percentage difference reaches up to 22%
for Type A and 18% for Type B. The thermal resistance
from the fin model with 100% fin efficiency is identical to
the wall model. The Bi number for type A and B is below
0.1, as shown in Table 6, thus assuming that each channel
wall behaves like a fin is reasonable.

Bi=h,,, - tk, (1D
Table 6: Biot Number of the MCHS Types
Variables
Type A B
Bi 0.095 0.07

However, the fin model currently cannot be extended to
represent a stacked MCHS due to the adiabatic cover.
Although the difference between the wall resisatnce
model and experimental data is quite significant,
investigation of the outcomes with stacking is considered
to look at the trend of the thermal resistance. Each added
stack will now have to include the base resisatcne at each
level. Improvement to the wall resistanc model can be
made in future by considering the conduction resistance
from base of the MCHS to the top of its wall before being
removed by the wall to the coolant through convection.
The results of the modeling of a single and multistack
MCHS are shown in Table 7. The multistack MCHS was
continued to up to four stacks in this study.

Table 7: Total thermal resistance against channel height for
four stacks.

R (°C/W)
Type A B
1 Stack 0.070 0.090
2 Stacks 0.068 0.089
3 Stacks 0.075 0.099
4 Stacks 0.083 0.109

The lowest thermal resistance of 0.068°C/W was
obtained for the double stack model Type A with a
reduction of 3%. Exceeding 2 stacks, the thermal
resistance increases due to the decrease in the Reynolds
number in each microchannel. Stacking the MCHS will
result in more microchannels with a constant input coolant
flow rate, G, into the system and consequently results in a

lower velocity and Reynolds number in every
microchannel. As the Reynolds number decreases, this
results directly to the rise of the capacitive resistance, Ry,
as referred to in Eq 9. Therefore, with a constant input of
coolant flow rate, the best result can be achieved with a
double stack of the MCHS. The Reynolds number plays a
significant role in deciding on a multistack performance
as more stacks directly increases the fluid capacitance
resistance, Ry

4. Conclusion

The total thermal resistance for the fin model and wall
resistance model has been successfully compared with the
landmark experimental work of Tuckerman and Pease®.
The fin assumption, Model 1, shows a better agreement
compared to the wall model since the microchannel wall
width is thin with a Biot number less than 0.1. The model
currently, however, could not be extended to a stacked
MCHS due to the adiabatic cover assumption. The wall
resistance model is suitable when a stacked MCHS is
considered. At a constant flow rate, doubling the stack
lowers the thermal resistance and this provides possible
application for better heat removal capacity of a MCHS.
Beyond 2, the thermal resistance rises.
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Nomenclature
Gy heat capacity (J/kg.K)
G volumetric flow rate (m%/s)
h height (m)
Ravg average heat transfer coefficient (W/m?.K)
havgsn ~ average fin heat transfer coefficient
(W/m?K)
k thermal conductivity (W/m.K)
L length (m)
R thermal resistance (K/W)
t substrate/base thickness (m)
ww width (m)
Ry conduction resistance from bottom surface of
the base
Ry conduction resistance from the wall to the
channel or coolant
Ryy conduction resistance from the upper base to
the solid medium of the wall
Ryr convection resistance from base to the
coolant via microchannel
Ry convection resistance from wall to the
coolant via microchannel
R, capacitance resistance of the fluid receiving
energy from the heat fluxes
Greek symbols
n fin efficiency
Subscript
c channel
f fluid
w wall
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