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ABSTRACT

For effective water-based thermal management of high heat generating CPU chip, a series of numerical simulation
has been conducted to study the effects of heat flux, fin height and flow rate on convective thermal performance
of the plate-fin microchannel heat sinks. The characteristics of heat transfer and flow resistance have been
quantificationally discussed and JF factor is employed to evaluate the comprehensive efficiency of convective heat
transfer of microchannel heat sink. Results show that the increase in fin height and flow rate of cooling water is
helpful to decrease the maximum temperature of CPU chip. Large flow rate and heat flux and short fin height are
benefit to improve Nusselt number Nu, but they lead to large resistance coefficient fRe simultaneously. Analysis
of JF factor shows that the microchannel with short fins shows better convective thermal performance when the
thermal power of the CPU chip is small. The fins should be heightened when the CPU is operating at higher thermal
power. The employment of JF factor in the present work shows its pertinence and convenience in the application
of design of microchannel heat sink.
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1 Introduction

In recent years, the progress of computer technology constantly has pushed urgent requirements
for the update of high performance chips, which resulting in a dramatic increase in the number of
transistors inside a CPU [1,2]. In the design of the computing system, the cooling ability of chip
becomes more and more important. At present, the mainstream commercial CPU chip power is up to
125 W. Traditional thermal management methods for CPU cannot be appropriate for such high heat
flux. The limit of fan-fin cooling techniques is 50 W/cm2 due to fin efficiency and heat spreading
bottlenecks. There are disproportionately large increases in pressure drop and acoustic noise with
modest gains in heat transfer. Therefore, it will not be a valid solution [3]. One of the solutions proposed
is to further enhance the heat transfer by utilizing microchannel heat sink in a liquid-based system
since its high heat dissipation performance [4,5]. Liquid based cooling heat sink affords reasonable
heat transfer coefficients in dealing with the heat dissipation problem of chips. The heat is extracted
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from the board by one heat sink and released to the air by another remote heat sink. It is accepted that
the form factor constraints of liquid based cooling are not as severe [6,7].

Over the past 20 years, previous studies have shown that the water-based microchannel heat sink
has high heat transfer surface areas per unit volume. However, its drawback is undesirable temperature
gradients from inlet to outlet caused by the mono-directional fluid flow. Therefore, the layout of
microchannel of the heat sink is very important for the thermal management design [8]. Numerous
researchers have performed investigations on the optimal performance of water-based microchannel
heat sink. By reducing the hydraulic diameter and changing the geometrical factors, including cross-
sectional shape, pattern, manifold and input/output ports, optimization of average temperature,
pressure drop, heat transfer coefficient, Nusselt number, as well as flow and temperature uniformity
have been achieved [9]. Toh et al. [10,11] respectively conducted the numerical and experimental studies
on the fluid flow and heat transfer in four kinds of straight microchannel. Results show that the
temperature of the water increases, leading to a decrease in the viscosity and hence smaller frictional
losses, particularly at lower Reynolds numbers. Ying et al. [12] numerically investigated the heat
transfer performance of microchannel heat sinks with a length of 40 mm and different cross-sectional
dimensions. The result shows rectangle structures have smaller pressure drop but higher heat transfer
efficiency compared with the triangle and trapezoid shapes. Xie et al. [13] numerically investigated
straight and rectangular microchannel heat sinks with different length bifurcation and dimension.
Results show that proper design of the multiple length bifurcation could be employed to improve the
overall thermal performance of microchannel heat sinks. Liang et al. [14] proposed to enhance heat
transfer by equipping pin-fins in the channel walls of microchannel. However, the fluidity of the fluid
flow is reduced. Therefore, in the design of microchannel heat sink, it is required to consider thermo-
hydraulic performance, and fabrication capability [9], which means a balance between heat transfer
enhancement and pressure drop penalty.

There are some parameters such as Performance Evaluation Criteria (PEC) which could be useful
to specify crucial parameters [15,16]. Performance evaluation criteria (PEC) is calculated by using
extracted data to achieve better decision from the perspective of cross-section and pattern of the
microchannel heat sink. Liu et al. [17] proposed a novel microchannel sink with perforated baffles and
perforated walls (MSPBPW) to ameliorate the bottom surface temperature of the heat sink. It is found
that the heat transfer ability of MSPBPW with pressure drop penalty can be significantly improved,
and the thermal performance evaluation criterion value is always greater than unity. Mazloumi et
al. [18] evaluated the hydrothermal performance between plate fins and plate-pin fins subject to
nanofluid-cooled corrugated miniature heat sinks. The maximum hydrothermal performance factor of
1.84 is detected for 0.3% nanofluid flow in the corrugated miniature heat sink with sinusoidal plate-
pin fins. Additionally, it is noted that the JF factor is an important and common parameter in the
application of the evaluation criteria for the overall thermal performance of different heat exchangers
[19–21]. The JF factor can not only provide quantitative comparison of the simultaneous effect of heat
transfer and friction, but also help to determine the key influence parameters of the research object.

The objective of the present study is to utilize the evaluation criteria JF factor to analyze the
hydrothermal performance of the microchannel heat sink with straight fins. A series of numerical
investigations on the velocity field and distributions of temperature and pressure for the water-
based microchannel heat sink with various fin height, flow rate and CPU power have been carefully
conducted. The present work aims to provide data reference for the design and optimization on
configuration of microchannel heat sink.
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2 Numerical Simulation
2.1 Physical Model

As shown in Fig. 1, the water-based microchannel heat sink with an array of straight fins was
constructed [22]. Accordingly, the size difference between the CPU chip (I) and microchannel heat
sink (III) is large. It is necessary to set a thermal conductive plate (II) between CPU chip and heat sink
for the purpose to reduce the thermal resistance. The water inlet and water outlet are respectively set
in the lower left corner and the upper right corner of the heat sink. The inner diameters of the inlet
and outlet vents are both 5 mm. The width of each micro channel is 0.9 mm. The convective water
extracts the heat from the board of the microchannels and released to the air by another remote heat
sink, which results in the cooling effect on the CPU chip. The working fluid is pure water. Its detail
thermodynamic properties are as follows: λ = 0.6 W/(m·K), μ = 0.001003 kg/(m·s), ρ = 998.2 kg/m3,
cp = 4182 J/(kg·K), where λ, μ, ρ and cp refer to thermal conductivity, viscosity, density and specific
heat, respectively. The microchannel is made of copper, with cp = 385 J/(kg·K), ρ = 8960 kg/m3 and
λ = 400 W/(m·K). At the inlet vent, the temperature of cooling water flow is 293.15 K. The specific
parameters of the straight-fin microchannel heat sink are shown in Table 1.

Figure 1: Geometric model of straight-fin microchannel heat sink. (I: bottom face of CPU chip, II:
thermal conductive plate, III: microchannel heat sink)

Table 1: Geometry sizes of microchannel heat sinks

Geometry size Length × Width × Height/mm3

Microchannel heat sink 122 × 77 × 4
Flow region 100 × 60 × 4
Thermal conductive plate 55 × 55 × 2
CPU chip 40 × 40 × 2

2.2 Governing Equations
In order to simplification, several assumptions were employed. (1) The Reynolds number in the

channel bellows 1600 and the fluid flow is laminar and steady flow; (2) Fluid is incompressible,
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Newtonian, and viscous; (3) There is no velocity-slip at the solid-liquid walls; (4) The density in the
momentum equation is assumed to be constant, except that the density in the diffusion term varies
with temperature [18–21].

Therefore, the steady-state governing equations for mass, momentum, and energy conservations
adopted in the present work are given as follows [23]:

∇ · (ρu) = 0, (1)

(u · ∇) u = −∇p
ρ

+ μ

ρ
∇2u, (2)

ρcpu · ∇T = λ∇2T , (3)

where u denotes the velocities in the three-dimensional coordination, μ, p and T are respectively the
dynamic viscosity, pressure and temperature.

Additionally, the Reynolds number Re, the Nusselt number Nu, j factor and the resistance
coefficient f are defined as [24]:

Re = ρuchDh

μ
, (4)

Nu = hDh

λ
, (5)

j = hPr2/3

ρcpuin

, (6)

f = pout − pin

1
2
ρu2

in

, (7)

in which, uch, uin, Dh, h, Pr, pin and pout respectively refer to velocity in the micro channel, velocity at
the inlet, equivalent diameter of the micro channels, convective heat transfer coefficient, the Prandtl
number, pressure at the inlet and outlet.

Most of the boundary conditions of the present work are unified setting for the microchannel heat
sink with different fin heights. The water flow is fully developed at the inlet vent. Constant heat fluxes
are adopted at the top of CPU chip, all of other walls were treated as adiabatic [25].

2.3 Grid Independency
The software utilized to perform the present numerical simulation is COMSOL Multiphysics.

The grid verification is performed by adopting the module with fin height of 2 mm, heat flux of
50 W/cm2 and inlet flow rate of 0.68 L/min. Hexahedral mapped mesh was adopted for the purpose
of convergence speed and computing accuracy. Several meshes selected with grid numbers have been
checked, as listed at Table 2. The calculated values Tmax, the mean Nusset number Nu and the mean
flow resistance coefficient fRe with different mesh are compared. The relative errors such as E(Tmax),
E(Nu) and E(fRe) at different meshes are within 5%. Considering the calculation time cost and
accuracy, the selected grid number is 2024845.
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Table 2: Calculation and comparison of maximum temperature Tmax of CPU chip, Nu number and fRe
number of microchannel heat sink under different grid numbers

Grid number 1263138 2024845 319569

Tmax 345.81 347.32 348.49
E(Tmax) 0.77% 0.34% –
Nu 35.18 35.38 35.88
E(Nu) 1.95% 1.39% –
fRe 11079 10970 10682
E(fRe) 3.72% 2.70% –

3 Results and Discussion

In the present work, the microchannel heat sink modules are built with three fin heights H f, i.e.,
2 mm, 4 mm and 6 mm. The emitted heat fluxes qm from the bottom of CPU are 10 W/cm2, 20 W/cm2,
30 W/cm2, 40 W/cm2 and 50 W/cm2. The flow rates V in of the cooling water are 0.21 L/min, 0.33 L/min,
0.45 L/min, 0.57 L/min and 0.68 L/min.

3.1 Heat Transfer Characteristics
In order to prevent the CPU operated at an overheated temperature, it is necessary to ensure that

the maximum temperature Tmax of CPU is lower than the limited temperature T lim (i.e., 348.15 K). The
corresponding heat flux emitted from the CPU is called the limited heat flux.

As depicted in Fig. 2, the maximum temperature Tmax of CPU increases linearly with the heat flux
qm, while it is inversely proportional to the flow rate V in. it is obvious that the max temperature Tmax

will exceed the limit temperature at large heat flux or small flow rate. For the fin height is H f = 2 mm,
the limited heat fluxes are about 32 W/cm2 and 40 W/cm2 when the flow rates are 0.21 L/min and
0.33 L/min. When the limited heat flux is 50 W/cm2, the flow rate reaches at 0.68 L/min. Moreover,
the increase in fin height is helpful to improve the limiting heat flux. When the flow rate is fixed at
0.33 L/min, the limited heat flux is 40 W/cm2 at H f = 2 mm, while the limited heat flux is about
50 W/cm2 at H f = 4 mm and 6 mm.

Figs. 3a and 3b display the surface and inner temperature profiles of the microchannel heat sink
when the fin height, flow rate and heat flux are respectively 4 mm, 0.33 L/min and 30 W/cm2. The
temperature distribution of CPU chip is uneven. The part of the area with low temperature is near
the inlet, while the high temperature zone locates at the opposite side. The temperature difference of
the whole heat sink reaches 33 K.

Fig. 4 indicates the Nusselt number Nu is in positive proportion to the flow rate V in and the heat
flux qm. It implies that the increase of flow rate and heat flux is beneficial to the improvement in heat
transfer capacity of the microchannel heat sink. Moreover, both the magnitude and increment of the
Nu number at H f = 2 mm are larger than those at H f = 4 mm and H f = 6 mm. For example, when the
heat flux is qm = 10 W/cm2 the Nu number is 32∼35 at H f = 2 mm, while Nu number is 18∼22 at H f

= 4 mm and 15∼21 at H f = 6 mm. Therefore, it is found that the microchannel heat sink with smaller
fin height shows the better heat transfer capacity [22–27].
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Figure 2: Variation of maximum temperature on the surface CPU chip with fin height of 2 mm (a), 4
mm (b) and 6 mm (c)

Figure 3: (Continued)
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Figure 3: Temperature profiles of the whole microchannel heat sink (a) and the cross-section at
z = 2 mm (b) when the fin height, flow rate and heat flux are respectively 4 mm, 0.33 L/min and
30 W/cm2
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Figure 4: Variation of Nu number with the flow rate at fin heights of 2 mm (a), 4 mm (b) and 6 mm (c)
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3.2 Flow Resistance Characteristics
The product of resistance coefficient and Reynolds number fRe is universal reference to reflect the

corresponding flow losses for different types of heat sink [28,29]. As depicted in Fig. 5, the fRe value
is almost linearly grows with the flow rate V in at the considered fin heights and heat fluxes. When
the fin height is 2 mm, the linear slops of the fRe to V in are larger than those at H f = 4 mm and at
H f = 6 mm. It is also found that the fRe values at H f = 2 mm are about ten times larger than those at
H f = 6 mm. For instance, when V in is 0.7 L/min and qm is 10 W/cm2, the fRe value is about 6.3 × 104

at H f = 2 mm, while the fRe values is about 6.0 × 103 at H f = 6 mm, respectively. Furthermore, the
fRe value decreases with the heat flux. The increment of fRe with qm is also reduced with the increase
of fin height.
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Figure 5: Variation of fRe with the flow rate V in at fin height of H f = 2 mm (a), 4 mm (b) and
6 mm (c)
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3.3 Analysis on Convective Thermal Performance
JF factor [19–21,24] is the product of j factor and resistance coefficient f , which is utilized to eval-

uate the comprehensive efficiency of convective heat transfer and pressure drop in the microchannel
heat sink. The JF factor is defined as:

JF = j/jR

(f /fR)
1/3 , (8)

where, the subscript R means the reference case. Obviously, the larger value of the JF factor denotes a
better the convective thermal performance of the microchannel heat sink. Furthermore, the analysis on
convective thermal performance in the present work is conducted among the cases that the maximum
temperature Tmax of the CPU chip is less than the limited temperature.

Fig. 6 indicates the variation of JF factor with the flow rate and heat flux at different fin heights.
When the fin height is H f = 2 mm, the reference case is V in = 0.21 L/min and qm = 10 W/cm2, hence
the corresponding JF factor is fixed at 1. As shown in Fig. 6a, the JF factors are less than 1 for all the
considered flow rate larger than 0.21 L/min, except for the two cases of qm = 20 W/cm2 and 30 W/cm2

at V in = 0.21 L/min. The JF factor at different flow rate is monotonically increasing with the heat
flux, however, it decreases with the flow rate. The values of JF factor at V in = 0.68 L/min are less than
0.4 when H f = 2 mm, which is resulted from the great flow resistance at large flow rates as shown
in Fig. 5a. When the fin height increases, the number of operating case that Tmax is less than limited
temperature increases at V in = 0.33 L/min, as shown in Figs. 5b and 5c. Similarly, there are only two
cases that the JF factor is larger than unit, i.e., qm = 20 W/cm2 and 30 W/cm2 at V in = 0.21 L/min.
Moreover, JF factor is proportional to the heat flux at H f = 4 mm and H f = 6 mm, while it is inversely
proportional to the flow rate.
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Figure 6: (Continued)
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Figure 6: Variation of JF factor with the flow rate and heat flux at fin height of H f = 2 mm (a), 4 mm
(b) and 6 mm (c)

In order to determine the optimal operating case for the present, further evaluation has been
conducted by selecting the best convective thermal performance at each heat flux within three fin
heights. For instance, when the heat flux is 10 W/cm2, the best case is V in = 0.21 L/min at three fin
heights. When the heat flux is 50 W/cm2, the best cases are V in = 0.68 L/min, 0.45 L/min and 0.33 L/min
at H f = 2 mm, 4 mm and 6 mm, respectively. As indicated in Fig. 7, the case at H f = 4 mm is the
reference case, hence the corresponding JF factor equals to 1. Results show that when the heat flux is
less than or equal 30 W/cm2, the optimal operating case is at V in = 0.21 L/min and H f = 2 mm. When
heat flux is 40 W/cm2 or 50 W/cm2, the optimal operating case is at V in = 0.33 L/min and H f = 6 mm.
It implies that the microchannel with short fins shows optimal convective thermal performance when
the thermal power of CPU chip is small. The fins should heighten when the CPU is operating at higher
thermal power.
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Figure 7: Comparison of JF factor among the selected case with best convective thermal performance
at each heat flux within three fin heights
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4 Summary and Conclusions

To reveal the effects of heat flux, fin height and flow rate on convective thermal performance
of microchannel heat sinks, the fluid flow and heat transfer were numerically investigated and the
JF factor were employed to evaluate the heat transfer characteristic. Main conclusions are given as
follows:

1. The maximum temperature of CPU chip increases with the heat flux. The increase in fin height
and flow rate of cooling water is helpful to improve the limiting heat flux of CPU.

2. Large flow rate and heat flux and short fin height are benefit to improve the Nusselt number
in the microchannel heat sink, but it results in large resistance coefficient fRe simultaneously.

3. The JF factor increases monotonically with the heat flux, but decreases with the flow
rate. When the heat flux is less than or equal 30 W/cm2, the optimal operating case is at
V in = 0.21 L/min and H f = 2 mm. When heat flux is 40 W/cm2 or 50 W/cm2, the optimal
operating case is at V in = 0.33 L/min and H f = 6 mm.

In general, the design of microchannel heat sink and the operating condition are very important to
flow and heat transfer. The employment of JF factor shows its pertinence and convenience to evaluate
the comprehensive convective thermal performance of microchannel heat sink.
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