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A B S T R A C T

Due to the difference of local power in semiconductor chips, the chip temperature is usually non-uniform with
hot spots, which may cause problems like thermal stress and interfacial delamination, thus deteriorating the
reliability and decreasing the electrical performance. Therefore, uniform chip temperature is demanded and
pursued both by both industry and academics. The most commonly used single-phase microchannel liquid
cooling is efficient but suffered from severe temperature non-uniformity, which may be tackled by tuning local
channel densities. However, the existing one-dimensional model is not enough for the channel density design of
microchannel with non-uniform heat flux, for it's lack of the description of heat spreading effect. In this study, we
presented a bi-layer compact thermal model with considering the three-dimensional heat spreading and thermal
conduction for the junction temperature gradient prediction in microchannels with non-uniform heat source.
This analytical model accurately predicts the junction temperature gradient with error within 4.8% compared
with COMSOL simulation results. Combining the present model with genetic algorithm, we designed a micro-
channel with optimized local channel widths to achieve the temperature uniformity as high as ∼90%. The
maximum junction surface temperature difference is reduced from 45 °C to 13 °C with the existence of hot-spot
with heat flux density of 200W/cm2. The present model and design strategy can be used to diminish the hot spot
and achieve uniform temperature in high-power chips for extensive applications like integrated circuits, IGBT,
HEMT, etc.

1. Introduction

Semiconductor chips are recognized as the heart of advanced
technologies such as communications, light emitting diodes, high-per-
formance computers and mobile devices [1–4]. Driven by Moore's law,
the number of internal transistors of the latest Core series has reached
580 million [5], resulting in high heat flux density and high chip
temperature. Starting with the seminal work of Tuckerman and Pease
[6], single-phase microchannel liquid cooling, which has the heat dis-
sipation capability of heat flux up to 790W/cm2, has been widely in-
vestigated and applied to cool the chips [7–11]. In the past decades,
most researches on microchannel liquid cooling focused on maintaining
the maximum junction temperature under a critical value, regardless of
the temperature uniformity [12–15]. However, due to the different
thermal expansion coefficient (CTE), large temperature gradient in-
creases the thermal stress in the chip and even cause interfacial dela-
mination, resulting in performance degradation and low reliability

[16]. On the other hand, single-phase microchannel liquid cooling
usually has uniform heat dissipation capability, which means that when
hotspots are kept under critical temperature, the other places (back-
grounds) along the straight channels may be subcooled, resulted as a
waste of energy [17]. For example, it is investigated that roughly 33%
of the total electricity consumed is allocated to thermal management
systems of server electronics [18]. Temperature gradient is not only
caused by non-uniform heat source, but also by temperature rise of the
flowing fluid in microchannel, which is the inherent disadvantage of
single-phase liquid cooling.

Recently, extensive researches have been done to solve the tem-
perature uniformity problem including two-phase flow boiling and
single-phase microchannel liquid cooling with various local channel
densities. Although two-phase flow boiling presents much larger heat
dissipation capability, the instability and critical heat flux problem are
hard to handle and is still far from industrial application [19–22]. Luo
et al. designed a tree-like microchannel to deal with temperature
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uniformity of multiple heat sources [16], and the temperature differ-
ence can be controlled within 1.3 °C. Lorenzini et al. used microgaps
with variable pin fin clustering in the microchannel and had a great
cooling effect on the hotspot with high heat flux [23]. Sharma et al.
used the manifold microchannel with alternately fine and coarse
channels to cool the electronics with multiple heat sources [24]. Al-
though locally fine channels can provide larger local heat transfer
capability owing to the larger heat transfer area, the flow rate may
decrease due to the larger flow resistance and maldistribution effect, on
the contrary, resulting in higher surface temperature. So the structure
of the microchannel, such as how wide the local channel is, has a sig-
nificant influence on the surface temperature that can not be simply
described by experiences. Therefore, an accurate model and optimal
method are urgently required for the microchannel structural design.

One dimensional (1D) thermal resistance model has been developed
to predict the microchannel junction temperature. Most researches only
considered the average surface temperature [25,26], regardless of the
temperature gradient. Mao et al. developed a compact thermal model
for microchannel substrate with high temperature uniformity subjected
to multiple heat sources [27]. Sharma et al. proposed a hotspot-targeted
semi-empirical design method, considering the temperature rise caused
by heated fluid along the flowing direction [28]. However, the three-
dimensional (3D) thermal conduction and heat spreading effect are not
taken into account in the 1D model, thus temperature uniformity in the
1D model is not satisfied and far from the industry requirement. In this
work, we presented a bi-layer compact microchannel thermal model
with non-uniform heat sources that considered the 3D thermal con-
duction from the heat source to microchannel and the 1D thermal re-
sistance model of the microchannel with fluid temperature rise taken
into account. The modelling process is introduced with validation by
COMSOL software, and based on the model we designed a micro-
channel with varying channel width to achieve uniform chip tem-
perature.

2. Bi-layer compact thermal model

Fig. 1(a) shows the structure of a typical plate-fin microchannel
with non-uniform heat source. Cold fluid enters the microchannel and

flows along the channels. Heat generated by non-uniform heat source is
conducted and diffused in the solid layer and then absorbed by fluid.
The heated fluid flows out of the microchannel and carries the heat
away. Based on the heat transfer process, the compact thermal model is
composed of two parts. One is the 3D thermal conduction model that
describes the heat conduction in the solid layer [29]. The other is the
1D thermal resistance model considering fluid temperature rise [28]
that describes the heat transfer to fluid in the so-called convection
layer.

2.1. Heat transfer in the solid layer

Heat conduction process in the solid layer is described by solving
the 3D thermal conduction partial differential equation. Fig. 1(b) shows
some of the required parameters of the model and the heat transfer
process in the solid layer. The length and width of the microchannel are
a and b, respectively. The thickness of the solid layer is t. The top
surface is the chip heat source with non-uniform heat flux, and is de-
scribed as Q(x,y). The bottom surface is cooled by convection layer with
an effective heat transfer coefficient of h(x,y). The thermal conductivity
of the microchannel material is k. The governing energy equation for
the temperature field T(x,y,z) is given by
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where Tfluid,in is the inlet fluid temperature as shown in Fig. 1(c). The

Fig. 1. Schematic diagram of (a) a typical plate-fin microchannel with non-uniform heat source (b) structure and the heat transfer process of the solid layer (c)
structure, heat transfer process and the fluid flow of the convection layer.
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effective heat transfer coefficient h(x,y) describes the heat transfer from
the bottom surface of the solid layer to the heat sink with temperature
Tfluid,in, which is the cold source of the microchannel. To solve the above
equations, temperature field can be written as the two-variable Fourier
series and derived as the flowing equation
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and the parameters A00 and Anm satisfy the following group of equations
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where i=0,1,2, …,N and j=0,1,2, …,M, while i and j can not be zero
at the same time. The upper limits of Fourier series are set to be n=N
and m=M for computation. It should be noted that, in all equations in
this section, n and m can not be both zero at the same time. According
to Eqs. (11) and (12), there is a set of (N+1) × (M+1) linear equations
in (N+1) × (M+1) variables, with unknown parameters A00,A01,A02,
…,ANM. This set of equations can be solved by matrix inversion using
the Matlab. Then the temperature field may be obtained. Details about
the derivation of the above equations may refer to these works [29–31].

The heat transfer coefficient of the bottom surface is related to the
total thermal resistance Rtotal(x,y) of the convection layer according to
energy conservation, satisfying
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2.2. Heat transfer in the convection layer

Fig. 1(c) shows the structure of the convection layer, in which
Q′(x,y) is the input heat flux from the solid layer. Wch, Ww and H are the
channel width, channel wall width and channel height, respectively. In
general, the heat flux, channel width and channel wall may all be non-
uniformly distributed. Therefore, the computational domain must be
discretized (Fig. 2(a)) such that each cell of the discretized domain
encompasses an area of nearly constant quantity F(i,j). More specifi-
cally, F(i,j) may represent Q’(i,j), Rtotal(i,j), wch(i,j), ww(i,j), etc. It should
be noted that, it is assumed that the heat transfer is 1D from the bottom
surface of the solid layer to the fluid in the relevant channel of the same
discrete cell. And the heat transfer between channels in y-direction is
ignored.

Fig. 2(a) shows the flow direction, and the average coolant tem-
perature in the (i,j)th cell is calculate according to energy conservation
and is given by
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where qv(j) represents the volume flow rate in the jth line and cp is the
fluid heat capacity. The number of discrete mesh in x-direction and y-

Fig. 2. Schematic diagram of (a) the discretization of the computational domain (b) the flow resistance network of the discrete convection layer.
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direction is S and V, respectively. So the total input volume flow rate
should be = ∑ =q q j( )v tot j

V
v, 1 . Fig. 2(b) shows that, in analogy with the

Ohm's law in circuitry, volume flow rate of each line satisfies the fol-
lowing equation
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where ΔP represents the total pressure loss of the microchannel. Rf(i,j)
represents the flow resistance in the (i,j)th cell and is described as fol-
lows:
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where Dch(i,j)= 2wch(i,j)H/(wch + H) represents the local equivalent
hydraulic diameter. In the calculation, at least one input quantity (qv,tot,
ΔP and input pumping power Ppump) should be known. In this work, we
care more about the energy consumption, so we set the pumping power
as the known constant input parameter and it satisfies the relationship
Ppump= ΔP·qv,tot. It can be seen from Eq. (21)–(23) that the fluid tem-
perature and the flow resistance are only dependent on the micro-
channel structure and the input heat flux.

Fig. 3 shows the thermal resistance model of the convection layer.
According to the thermal resistant network, the thermal resistances can
be calculated by
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where Rfth, Rfconv, Rwcond, Rwconv represent the effective fluid thermal
resistance, fluid convection thermal resistance, conduction thermal
resistance to the wall and the wall conduction thermal resistance, re-
spectively. The resistances are given by
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where γ is the fin efficiency [28] and hf is the convection heat transfer
coefficient of the flowing fluid which is given by hf(i,j)=NuD(i,j)kf/

Dch(i,j). kf is the thermal conductivity of the fluid. Flow in the micro-
channel is usually laminar [32] because of the small hydraulic dia-
meter. It is assumed to be fully developed and the relations for Nu and
fRe in Eq. (23) are adopted from Shah [33].

2.3. Heat flux iteration

Resulting from the heat spreading in the solid layer, heat flux dis-
tribution Q′(x,y) is different from Q(x,y) and is unknown. Solving the
3D heat conduction partial differential equation requires the effective
heat transfer coefficient h of the bottom surface to be known. However,
h cannot be obtained unless Q′(x,y) is known, according to the above
mentioned in section 2.2. Therefore, solving Q′(x,y) is the key for the bi-
layer compact thermal model. Combining the 3D heat conduction
model in the solid layer with the 1D thermal resistance model, the
bottom surface temperature field of the solid layer can be solved by
T(x,y,t)= f(Q′(x,y)) and h is obtained by h= g(Q′(x,y)). In addition, at
the interface of two layers, the heat flux of the bottom surface of the
solid layer and Q’(x,y) must be equal. Thus we have
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Eq. (28) shows that Q’(x,y) is the fixed point matrix and we can
solve it by iteration. Fig. 4 shows the flow chart of the iteration process.
The initiate value should be Q(x,y). ε represents the error and we set it
to be 0.01 for computation.

3. Genetic algorithm optimization

When the pumping power is set to be constant, we believe that the
optimum microchannel structure is to make the junction surface tem-
perature uniform. By regulating the local channel width and wall width,
it is able to change the local flowrate and heat transfer coefficient, and
eventually reaches the best temperature uniformity. The genetic algo-
rithm (GA) is invoked to do the optimization. It is a semi-stochastic
global search method, based on an analogy with Darwin's laws of nat-
ural selection. The GA generally consists of the population initializa-
tion, selection, crossover, and mutation processes [34]. The selection
rule in this work is set as the standard deviation of the temperature field
which is given by
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where T is the average junction surface temperature. NTx and NTy are
the x- and y-direction discrete numbers of the surface temperature
gradient, respectively. The GA in this work is aimed at finding the
chrome that has the minimum standard deviation. And confinements of
variables are as follows

≤ ≤ = =w w i j w i S j V( , ) 1,2, ..., 1,2, ...,ch ch ch,min ,max (30)

≤ ≤ = =w w i j w i S j V( , ) 1,2, ..., 1,2, ...,w w w,min ,max (31)

4. Results and discussion

In this work, the bi-layer compact thermal model was coded using
the Matlab and was verified by the COMSOL simulation. As the flow
and heat transfer in the plate-fin microchannel are not that complex,
the coupled CFD and Heat Transfer package in COMSOL MULTIPHYS-
ICS is accurate enough for the simulation [35]. The calculated chip
microchannel structure parameters and material physical properties are
listed in Table 1. The material of the chip microchannel is silicon and
water is selected as the cooling fluid. Considering the fabricationFig. 3. Thermal resistance model of the convection layer.
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complexity, the channel wall width is set to be constant and uniform.
In order to verify the bi-layer compact thermal model, three cases

with various channel distribution and heat source distribution are
compared. Case A represents the simplest condition that the heat source
and channel distribution are both uniform. Case B represents micro-
channel with uniform channel distribution and non-uniform heat
source. Case C represents microchannel with non-uniform channel
distribution and heat source. The specific parameters of case A, B and C
are listed in Table 2. For simplicity, the non-uniform heat source in this
study is composed of a central hotspot with higher heat flux and a
background with lower heat flux. However, it should be noted that, the
bi-layer compact thermal model is also suitable for the heat source with
multi-hotspots, because heat flux in this model is described by a

function Q(x,y).
Fig. 5 shows the surface temperature comparison between results

from bi-layer model, COMSOL simulation and 1D model [28]. Results
show that, for case A, the 1D model and the bi-layer compact thermal
model can both predict the surface temperature accurately. However
for case B and C, the bi-layer compact thermal model can still accu-
rately predict the temperature contour, but the 1D model shows large
discrepancy from the COMSOL simulation. This is owing to the fact that
the 1D model is unable to describe the hotspot heat spreading from high
temperature to low temperature in the solid layer. The Matlab code for
the bi-layer compact thermal model only costs a few seconds, rather
than several hours that required for the COMSOL simulation.

The assignment of heat sources in case A, B and C makes the average
heat flux to be equal as 100W/cm2and the total thermal power to be
192W. And the input cooling energy, namely the pumping power, is set
to be constant as 0.015W. Fig. 6 shows the calculated surface tem-
perature for case A, B and C, in which Line D represents the line
y=8mm on the top surface and Line E represents the line x=9mm on
the top surface. We can see that along the flow direction (x-direction),
calculated results of bi-layer model and 1D model both fit well with that
of the COMSOL simulation. However, the calculated results of 1D
model along y-direction is not accurate. The maximum temperature
discrepancy in Fig. 6 between the bi-layer thermal compact model and
the COMSOL simulation is only 4.8%. The surface temperature rises
along the flow direction because of the heat absorption of fluids. This is
one of the main reason that causes the non-uniform temperature. Re-
sults in Fig. 6 show that, even the average heat flux keeps the same,
surface temperature of case B and C are much larger than that of case A,
indicating that the existence of hotspots with locally high heat flux will
cause higher temperature. In addition, surface temperature of case C
with locally fine channel is much higher than that of case A and B. This
means that locally refined the channels might not help decreasing the

Fig. 4. Flow chart of the heat flux iteration process of the bi-layer compact thermal model.

Table 1
Microchannel structure and physical property parameters.

a× b (mm) t (μm) Ww (μm) H (μm)

12×16 225 30 300

material k (W/m·K) ρ (kg/m3) μ (Pa·s) cp (J/Kg·K) Tfluid,in (°C)

water 0.599 998.2 0.001 4180 20
silicon 150 / / / /

Table 2
Heat source and channel width distribution for case A, B and C.

Q (HS) W/cm2 Q (BG) W/cm2 wch (HS) μm wch (BG) μm

Case A 100 100 80 80
Case B 200 66.6667 80 80
Case C 200 66.6667 50 80
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temperature. On the contrary, it may weaken the cooling effect.
We can see clearly in Fig. 7 that this phenomenon is mainly caused

by higher fluid temperature. Fig. 7 shows that the fluid temperature of
case C is much larger than that of case B, which is caused by smaller
flow rate in case C. As the fine channels in case C give rise to larger flow
resistances, limited by the constant pumping power, the flow rate in
case C should be the smallest among the three cases. What's more, the
flow rate at the hotspot region is even much smaller because of the flow
rate distribution. On the other hand, using the 1D theory, the surface
temperature can be described as Tsur=QRcond + QRconv + Tfluid, where
Rcond is the conduction thermal resistance of the solid layer and Rconv is
the convection thermal resistance of the convection layer which is

shown as the second term in Eq. (24). The solid layer structure and heat
source of case B and C are nearly the same. The Rconv of case C is smaller
than that of case B, owing to the larger heat transfer area of fine
channels. Thus, the temperature difference ΔTB is larger than ΔTC.
Therefore, the junction surface temperature gradient may be regulated
by modifying the local channel structure, which is responsible for the
change of the local Rconv and flow rate.

Fig. 8(a) shows the simulated pressure distribution for the case C at
z=0.375 cross section. The pressure distribution in the hotspot region
is obviously different. It can be seen from Fig. 8(d) that the calculated
pressure using the bi-layer model fits well with the COMSOL simulation
and the flow resistance in the hotspot region is larger. Line F represents

Fig. 5. Calculated junction surface temperature contour by COMSOL, 1D thermal resistance model and our bi-layer compact thermal model for case A, B and C.

Fig. 6. Calculated surface temperature for case A, B and C of (a) line D (y=8mm) and (b) line E (x=9mm).
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the line y=2 in the cross section. Fig. 8(b) shows the simulated flow
velocity. The maximum velocity is 0.85m/s, so that the Reynolds
number is less than 107.2, indication that it is laminar flow in the
microchannel. The right side of Fig. 8(b) are upstream channels of the
hotspot region and the left side are channels at background region.
Because of the flow resistant difference, flow rate in the latter is ap-
parently larger than that in the former. Fig. 8(c) shows the channel
structure at the interface of fine and coarse channels. The distance

between fine and coarse channel is set to be 50 μm for fabrication
simplicity. It can be seen that fluid flows into the corresponding down
stream channels without obvious vortex generated at the interface re-
gion.

The most important improvement of the bi-layer thermal compact
model is that it uses the 3D heat conduction model to describe the heat
spreading of the non-uniform heat source. Thus we verified this pro-
posed model through changing the thickness of the solid layer t. Results

Fig. 7. Calculated surface temperature and fluid temperature along Line D for case B and C.

Fig. 8. (a) The pressure contour of the z=0.375mm cross section, (b) the flow velocity contour of the z=0.375mm cross section, (c) the streamline of the
z=0.375mm cross section and (d) the pressure distribution along line D and line F.
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in Fig. 9 (a)-(c) show that the bi-layer model predict the temperature
accurately along the flow direction with t varying from 100 μm to
2mm. But the 1D results shows huge discrepancies. Fig. 9 (d)-(f) show
the same conclusion for the calculated temperature along the line E.
When the solid layer thickness increases, the heat spreading of heat
sources is more sufficient, so the 1D model can't properly predict the
surface temperature gradient in this case.

In spite of the larger thermal conduction resistance induced by in-
creasing the solid layer thickness, the temperature uniformity is better
and the maximum temperature is reduced. Therefore, in the case when
locally high heat flux exists, the heat spreading may be more important
than heat conduction resistance. Therefore, the non-uniform micro-
channel design, to obtain a non-uniform local heat transfer coefficient,
which results in the heat spreading effect, is very helpful to the tem-
perature uniformity and hotspot cooling.

Fig. 10 (a) shows that when increase the channel width for case B,
the maximum temperature first decreases to 69.72 °C, then increases to
over 100 °C, regardless of the monotonically increasing flow rate.
Fig. 10 (b) shows the maximum and minimum temperature varies with
channel width at hotspot region with background channel width of
80 μm and 150 μm respectively. The best hotspot channel width for
lowest maximum temperature and best uniformity is 90 μm for the case
of background channel width with 80 μm and 100 μm for the case of
background channel width with 150 μm. The flow rate and heat transfer
coefficient corresponding to the channel width together determine the
surface temperature gradient. So the channel width distribution opti-
mization is required.

Considering a maximum feasible aspect ratio of 10 for micro-
channels [36] and the feasibility of the deep reactive ion etching
technology, the silicon microchannel height H is assumed to be 300 μm

Fig. 9. Calculated surface temperature for case C of (a) line D (y=8mm) with t=0.1mm, (b) line D (y=8mm) with t=0.5mm, (c) line D (y=8mm) with
t=2mm, (d) line E (x=9mm) with t=0.1mm, (e) line E (x=9mm) with t=0.5mm and (f) line E (x=9mm) with t=2mm.

Fig. 10. Calculated maximum and minimum surface temperature with various channel width for (a) uniform channel like case B and (b) non-uniform channel like
case C.
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and the channel width ranges from 30 μm to 300 μm. The channel wall
width is set as a constant variable ww. The inlet fluid temperature is
20 °C and the input pumping power is limited as 0.015W. The non-
uniform heat source is set the same as case B.

Using the genetic algorithm described in Section 3, we obtained the
microchannel structure with optimized channel distribution, which is
shown in Fig. 11(a). The overall input volume low rate of the optimized
microchannel is 95.1mL/min. The channel wall width is optimized as
32 μm. Fig. 11(b) shows the optimized wch distribution for the micro-
channel. It can be observed that the wch gradually decreases along the
flow direction in the background region, so that the temperature gra-
dient along the flow direction caused by fluid temperature is as small as
possible. Because large wch causes large convective thermal resistance,
which makes up the low upstream fluid temperature. In addition, the
wch of hot-spot is small to get large convective thermal resistance. The
wch distribution makes a large aspect ratio of flow rate in the hot-spot
region, to provide an enough heat dissipation capability in this region
(Fig. 11(c)). Fig. 11(c) shows the fluid velocity distribution of the op-
timized microchannel. As the discrete cell can not be divided exactly by
the calculated local wch and ww. The redundant part in each discrete cell
makes a channel with larger wch. The wider channel has a smaller flow
resistance, resulting in larger flow rate and larger flow velocity.
Therefore a certain part of the fluid in each discrete cell may ‘leak’

through the wide channel (Fig. 11(c)). This is one of the main error
between the simulation results and the model (Fig. 12). And the
structure considering the redundant part can be optimized further.

Fig. 12 shows the comparison of junction surface temperature be-
tween the optimized microchannel and the uniform microchannel in
case B. Results show that the temperature uniformity of the optimized
microchannel is apparently better than that of the uniform micro-
channel. In addition, the maximum temperature of the optimized mi-
crochannel is lower than the non-optimized one. The model calculated
maximum surface temperature is 63 °C and the simulated maximum
temperature is 65 °C. The model calculated surface temperature dif-
ference of optimized microchannel is only 13 °C, which is much smaller
than that of the uniform microchannel 45 °C.

5. Conclusions

In this work, we presented a bi-layer compact thermal model for the
microchannel with non-uniform heat source. It is based on the original
1D thermal resistance model of microchannel and the 3D thermal
conduction model that describes the heat conduction in the solid layer
is introduced. Therefore, the presented model takes the heat spreading
effect in the solid layer into account and is more accurate for the surface
temperature prediction of microchannels. Results calculated by this

Fig. 11. (a) Structure of the optimized microchannel, (b) the optimized wch distribution for the microchannel and (c) the simulated fluid velocity distribution of the
optimized microchannel at the z= 0.375mm cross section.

Fig. 12. (a) Simulated junction surface temperature for microchannel with uniform channels, (b) the bi-layer compact thermal model calculated junction surface
temperature for optimized microchannel and (c) the simulated junction surface temperature for optimized microchannel.
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model fit well with the COMSOL simulation and the error is within
4.8%. The surface temperature is mainly dependent on the heat flux,
fluid temperature, convective thermal resistance in the convection layer
and conduction thermal resistance in the solid layer. When the pumping
power is set to be a constant, the flow rate, fluid temperature and
convective thermal resistance are all determined by the channel width
distribution. By optimizing the channel width distribution through
using the genetic algorithm, we obtained the optimized microchannel
structure. The optimized microchannel offers great surface temperature
uniformity under the single phase liquid cooling condition with ex-
tremely non-uniform heat source. The junction surface temperature
difference is reduced from 45 °C to 13 °C.
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