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As consequence, innovation of microchannel heat sink design is required in order to
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remove the high heat flux generated by the electronic device. In the microchannel
innovation, basic problem that has been experienced by the conventional
microchannel heat sink (rectangular microchannel heat sink, CR MCHS) need to be
identified first before the new microchannel design is proposed. The hydrodynamic
entrance region is one of the issues in a microchannel heat sink because it will affect
hydrothermal performance in the conventional microchannel heat sink. Thus, in this
paper, the effect of hydrodynamic entrance region on fluid flow and heat transfer
characteristic had been investigated numerically for the Reynold number of 100 — 800
at the constant wall heat flux of 100 W/cm2. The result showed that the thermal
resistance in the hydrodynamic entrance region of CR MCHS is lower than in the
developed region. However, pressure drop in the developing region is higher that
developed region due to the highest wall shear stress in the entrance region. For
hydrodynamic diameter, Dh = 133 um, the hydrodynamic entrance length of Re = 100
is 4 mm from channel inlet, while Re = 800 is 9 mm from the channel inlet.

Keywords:

Rectangular microchannel heat sink;

hydrodynamic entrance; hydrothermal

performance Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

Over the past decade, the investigation of fluid flow and heat transfer characteristic induced by
natural convection on thermal performance becomes a most interesting topic in a cooling system.
The effectiveness of the cooling system in such application is very important to keep the temperature
of a structure or electronic device from exceeding limits imposed by needs of safety and efficiency.
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The applications of the cooling system in thermal engineering are known for years and have been
studied critically in theoretical as well practical point of view in various engineering applications such
as building energy system, electronic device, chemical vapor deposition instruments, solar energy
collector, furnace engineering and many more [1]. In recent years, rapid growth in the electronic
industry has witnessed a new generation high performing dense chip packages in many modern
electronic devices. The chip packages that work at high frequency has produced very high heat flux
on the electronic devices. If it happens continually, the heat flux will create the hot spot on the
electronic device and thus reduces the lifespan of the electronic devices due to the acceleration of
the Mean Time to Failure (MTTF) as described by Black’s equation [2]. The increase in power density
and miniaturization of electronic packages has driven the direction of cooling system technology
from the air-cooling technology to the advanced heat transfer technology due to the conventional
method inadequate to remove very high heat flux [3]. However, the development of more compact
electronic devices that will operate at high power density causes the thermal management of
electronic devices becomes a very critical issue in the electronics industry due to lack of efficient
technique to remove heat from the devices [4, 5].

During the past 30 years, many methods have been proposed in open literature in order to
improve overall performance of microchannel heatsink with minimal thermal resistance and pressure
drop that can satisfy the cooling demand. Generally, the methods can be categorized into two groups,
active method and passive method. Active method will use external energy in its system while passive
method no need for that. Most of researcher has widely used the passive method [6-10] due to its
low cost and absence of moving part compared to active method [11-15].

Before a novel microchannel heat sink with complex structure is proposed, the understanding of
the basic problem that has been experienced by the conventional design such as rectangular
microchannel heat sink (CR MCHS) need to be identified first so that we can find the optimum
hydrothermal performance for the proposed microchannel heat sink. The hydrodynamic entrance
length is one of the issues in the CR MCHS because it will affect the hydrothermal performance. So,
in this paper, the effect of the hydrodynamic entrance length on fluid flow and heat transfer
characteristic is studied numerically for Re number of 100 to 800.

2. Geometry Parameter of the Rectangular Microchannel Heat Sink

This rectangular microchannel heat sink (CR MCHS) is made by copper and consist of ten
microchannels. However, in order to save the computational cost, only one symmetrical part of the
microchannel heat sink is adopted in present simulation as shown in Figure 1(a). Table 1 shows the
parameter values for the geometry that illustrated in Figure 1(b).
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Fig. 1. CR MCHS (a) One symmetrical part (b) Geometry parameter
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Table 1

Geometry parameters of CR MCHS

Lt (um)  Wt(um) Ht(um)  Hc(um)  Wc (um)
10000 200 350 200 100

3. Numerical Method Approach

In order to analyse the hydrothermal performance of CR MCHS, a Computational Fluid Dynamic
(CFD) software such as ANSYS FLUENT 17.0 is used to solve the three dimensional fluid flow and heat
transfer equations by assuming fluid flow in all simulated designs are continuum due to Knudsen
number, (Kn) for the fluid flow is less than (103) [16]. So, Navier-Stokes equation and non-slip
boundary condition are applicable. Besides that, the fluid is assuming as Newtonian, incompressible
and has a constant thermophysical properties. The laminar fluid flow and heat transfer are simulated
in steady-state. Viscous dissipation, gravitational force and radiation heat transfer are neglected.

3.1 Governing Equations

Based on the assumptions that made in the present study, governing equation for conservation
of mass, momentum and energy equations can be written as Eq. (1), Egs. (2) — (4) and Egs. (5) — (6),
respectively.

ou ov ow
oXx oy oz

Where u, v and w are the velocity components in x, y and z-directions respectively. Momentum
equation is written as:
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Where prand uyare the density and dynamic viscosity of the working fluid, respectively, and p is the
fluid pressure. There have two energy equations that related to the present study such as energy
equation for fluid region, Eq. (5) and energy equation for solid region, Eqs (6):

oT, oT, o, k, 0T, &T, o°T,

u +V +W— = + +
OX oy 0z  pCo (8x2 oy* ozt ) ()
o°T, o°T, 07T
0=k S —=
3( aXZ ay2 aZZ ) (6)

Where Ty, Ts, ks, ks and Cpyare the fluid’s temperature, solid’s temperature, fluid thermal conductivity,
solid thermal conductivity and fluid specific heat, respectively.
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3.2 Boundary Condition

Boundary condition is a condition for hydrodynamic and thermal that we applied on the
simulated geometries in the present study. Table 2 shows the details for the boundary conditions.

Table 2
Boundary condition for simulation analysis
Boundary Location Condition
No-slip and no penetration
u=v=w=0
or
At the fluid-solid interface = —kf (—f)
on
. where n is the coordinate normal to the
Hydrodynamic
wall
At inlet, us =U;,
x=0 v=w=0
At outlet, _ —1 atm
X=Lt=10mm pf _pout_
T, =T, =300K (for water)
Atinlet,
x=0
k —an =0 (f
At outlet, —ki( 6X ) =0 (for water)
X =L, =10mm
Thermal At the top wall, u= V W_O
Z=Ht=0.35mm
At the bott Il, T
e bottom wa —ks(a 2) =, =100W /cm’
z=0 0z
At the sidewall, i 0 (symmetry)
y=0 oy
At the sidewall, i ~ 0 (symmetry)
y =Wt =0.2mm oy

3.3 Grid Independence and CFD Simulation

Mesh quality and number of grid are very important element that will contribute to the
convergence of numerical solution and numerical computation stability. In this paper, ANSYS ICEM is
used to generate hexahedral meshing structure due to faster solution time with better accuracy than
tetrahedral meshing structure. Figure 2 illustrates the hexahedral mesh structure in CR MCHS. Finite
volume method is utilized to discretize the governing equation. The SIMPLE algorithm was adopted
to accomplish the pressure-velocity coupling. At the same time, the second order upwind scheme is
used for convective term and second order central difference scheme is applied for diffusion term.
Furthermore, convergence criterions are set to be less than 10 for continuity and less than 10 for
energy.
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Fig. 2. Computational grid of CR MCHS (a) Isometric view (b) Top view at x-y plane

Grid independence test is a process to find the optimum mesh structure for CR MCHS which can
produce accurate result with the lower time cost. The process is started with the finer mesh structure
to the coarser mesh structure. In the grid independence test, the finest mesh of 5.0x10° is analysed
at Reynolds number of 800. With the same Reynolds number, the number of element is reduced to
1.5x10°. By considering Nusselt number and pressure drop for each element number, the optimum
mesh structure is obtained by calculating the relative error using following equation:

% %100 (7)

1

e% =

Where J; represents the value of Nusselt number and pressure drop for the finer mesh structure
while J; represents the value of Nusselt number and pressure drop for the coarser mesh structure.
Based on the relative error presented in Table 3 for each element number, it clearly observed that
element number of 3.0x10° has a reasonable accuracy compared to the other element numbers and
thus can be used in further analysis.

Table 3

Grid independency test

arllgsr;umber NU 0% :::)ssure drop %

5.0 8.07 - 64599.66 -

4.0 8.07 0% 64574.90 0.038%
3.5 8.07 0%  64557.65 0.065%
3.0 8.07 0%  64535.46 0.099%
2.5 8.07 0%  64507.85 0.142%
2.0 8.07 0%  64480.42 0.185%
1.5 8.07 0%  64465.21 0.200%

3.4 Data Reduction

This section presents the relevant expressions that used to calculate the characteristics of heat
transfer and fluid flow in the CR MCHS. Re number, hydraulic diameter and apparent friction factor
are expressed in Eq. (8), Eq. (9) and Eq. (10), respectively.

Re — pumDh
y2

(8)
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Where Dy, L: and AP are hydraulic diameter, total length of microchannel and pressure drop across
microchannel, respectively. Average heat transfer coefficient and the average Nusselt number are
given by:

h _ qufiIm
ave T —T (11)
Acon.( W ,ave f,ave)
h D
N, = =t (12)

f

Where quw, Afim, Acond, Tw,ave and Trave are the heat flux per unit area, heated area, convection heat
transfer area, average temperature of wall and average temperature of fluid, respectively.

4. Results
In order to verify the accuracy of the simulation model approach, data that obtained from

simulation analysis such as the local Nusselt number of CR MCHS is validated with Philips [17]
correlation:

2
U, —1.0058 23.315+27038(X)+17283300(X) 3 (13)
1+3049(X ) +472520(X )? —35714(X)
X
" D, RePr (14)

The validation result has been illustrated in Figure 3. It clearly shows the simulation result has a
good agreement with the correlation. This agreement indicates that the simulation model approach
can be adopted to predict the fluid flow and heat transfer characteristic in CR MCHS.

Hydrodynamic entrance in laminar flow is very important characteristic that need to be
considered in microchannel innovation in order to know whether our analysis is in developing region
or developed region. This is because the thermal resistance is higher in the developed region
compare to in the developing region. In the developed region, the Nusselt number along the
microchannels is quite similar due to the constant velocity profile in the channels. As shown in Figure
4, the Re number affects the hydrodynamic entrance length and thus influence the Nusselt number
in CR MCHS. For the lower Re number, the hydrodynamic entrance length is shorter than for the
higher Re number. Means that thermal resistance at the lower Re number is higher than in the higher
Re number. For the Re number of 100, it obtains the highest thermal resistance due to the short
hydrodynamic entrance length of 3 mm from the inlet channel. However, the hydrodynamic entrance
length of Re = 800 close to 9 mm which contributes to the higher rate of heat transfer attributed to
the less thermal resistance in that region.
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Fig. 3. Model validation (a) Local Nusselt number according to Philips
[17]

To analyse the effect of hydrodynamic entrance length on heat transfer performance in CR MCHS,
the temperature distribution at the centre hydraulic of CR MCHS is illustrated as shown in Figure 5.
At the same location, the Figure 5 shows that CR MCHS at Re number of 800 obtain the superior heat
transfer performance than the others due to less thermal resistance in developing region. However,
for the Re number of 100, it obtains the lowest thermal performance due to thermal resistance in
developed region.
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§ ARe=100
B Re =200
o
11 - N Re =300
Re = 400
+ X + Re = 500
9 - ° ¢ Re = 600
* X
+ Y ® Re =700
d 5 X Re = 800
7 i + * X
[ ] ® X
+ * ®
+ . §
] + ¢
. _— }
5 4 A ]
A A A = ,
3 -
1 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Channel length from inlet, x (mm)
Fig. 4. Local Nusselt number at the channel length
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Fig. 5. Temperature distribution (K) in CR MCHS on x-y
plane (z =0.25mm) at (a) Re = 100 (b) 500 (c) 800

Even though the heat transfer performance of the higher Re number shows a superior
performance, it also has a drawback on pumping power consumption due to the highest wall shear
stress in the hydrodynamic entrance region of CR MCHS. As consequence, the pressure drop is
highest in the developing region, which increases the average friction factor for the whole
microchannel of CR MCHS and thus increases the pumping power consumption. It can be clearly seen
in Figure 6. The Figure 6 illustrates that CR MCHS at Re = 800 obtains the highest pressure distribution
compare to the other Re numbers. For the Re number of 100, the flow mostly in the fully developed
region whereby the pressure gradient and the shear stress in flow are in balance.
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Fig. 6. Pressure distribution (Pa) in CR MCHS on x-y
plane (z =0.25mm) at (a) Re = 100 (b) 500 (c) 800
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4. Conclusions

Hydrodynamic entrance length in the straight channel such as rectangular microchannel heat sink
is a significant characteristic that need to be considered in microchannel innovation. In this study,
the effect of hydrodynamic entrance length on fluid flow and heat transfer characteristic had been
studied numerically for the Re number of 100 to 800. The following conclusions can be drawn from
the present study:

a) The thermal resistance in the hydrodynamic entrance region of CR MCHS is lower than in the
developed region.

b) Pressure drop in the developing region is higher than developed region due to the highest wall
shear stress in the entrance region.

c) For hydrodynamic diameter, Dy = 133 um, the hydrodynamic entrance length of Re = 100 is 3
mm from channel inlet, while Re = 800 is 9 mm from the channel inlet.
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