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Abstract

Effective thermal management is a key for the continuous development of electronics, which
are characteristics of modern life. It has a great effect on the lifetime, durability and reliability
of these systems. A liquid-cooled microchannel heat sink is a compacted cooling part that
used to provide better heat dissipation rates and low temperatures in electronic components.
Nanofluids have been introduced as effective coolants to be employed in this type of heat
sinks to increase the heat dissipation rates. However, a comparative assessment of the thermal
performance between commonly used nanofluids and water as coolants for microchannel heat
sinks is still lacking. For this purpose, a computational fluid dynamics (CFD), non-isothermal,
three-dimensional detailed model has been developed to simulate and analyze the fluid flow
and heat transfer physiognomies. The results show that examining performance parameters as

function of Reynolds number is misleading since the thermophysical properties are different



among each coolant, and employing nanofluids in a microchannel heat sink is impractical and

using water is cheaper and safer.

Keywords: MEMS; Microchannel heat sink; CFD; Nanofluids; Electronics cooling; Heat

transfer.

1. Introduction

The high-power density and the compactness of the modern electronic packages push towards
finding efficient and compact cooling components for high heat generation chips. The main
function of these components is to keep the electronic packages within the design operating
temperature range. Unlike traditional heat sinks, which need a large surface area to upturn
heat dissipation rates, microchannel heat sinks seem to be fit for this purpose because they are

small in size and effective in performance.

A microchannel heat sink bases on using small diameter passages for a liquid-coolant. These
small diameter passages ensure a large area for the heat transfer between the chip and the
coolant, enhancing the heat transfer rate [1]. However, using microchannel heat sinks in
cooling electronic packages inflicts stark limits on the packages’ design. At a certain heat
generation rate, the temperature rise, pressure drop, and flow rate of the coolant necessitate

optimization of the microchannel heat sink to dissipate that heat effectively.

Many researchers studied numerically the performance of different microchannel heat sinks
with different geometrical designs of the flow field channels [2]-[11]. Their results have
shown that changes in the geometrical design of the flow field channels can lead to higher
heat transfer coefficients, but unfortunately, with an increase in pressure drop and friction
factor comparing with the traditional smooth microchannels. Therefore, nanofluids have been
proposed to be employed in microchannel heat sinks as super-coolants to enhance heat
removal due to their highly effective thermal conductivity [12], [13]. However, It is well-

known that the heat transfer coefficient (%), which is a description of the heat transfer



effectiveness, is directly proportional to the thermal conductivity (k), density (p) and specific
heat capacity (c,) and inversely proportional to the viscosity (i) and surface tension (o), if
phase change is involved [14]. Although seeding nanoparticles in liquids may increase the
effective thermal conductivity and density, it may increase the effective viscosity and
decrease the effective specific heat capacity of the nanofluids [14]-[16]. Therefore, a
comprehensive investigation is essential to figure out the advantages and disadvantages of

using nanofluids in microchannel heat sinks.

Computational Fluid Dynamics (CFD) methods are powerful tools to simulate fluid flow and
the related heat and mass transfer by numerically solving mathematical equations that govern
these processes, utilizing the rapid and continuous developments in computers and computing
techniques. The results of the CFD simulations are relevant in: comprehensive detailed
analysis; conceptual studies of re-design and new designs; in-depth product research and
development; and troubleshooting [17]. CFD is very important in simulations of micro-
electro-mechanical-systems (MEMS) applications, especially in the design of efficient
microchannel heat sinks, because CFD can provide comprehensive information, visualized,
and deeply detailed investigation comparing to analytical fluid dynamics and also
experimental fluid dynamics. Using CFD simulation models in production and design reduces
the time and cost compared to the experimental-based method, along with CFD can solve a
wide range of complex problems where the analytical methods have not [18], [19].
Consequently, CFD improves the fundamental understanding of fluid flow, mass and heat
transfer characteristics, which are crucial in design and process control of microchannel heat

sinks.

Many studies [20]-[26] examined numerically and/or experimentally the effect of employing
nanofluids on the performance of microchannel heat sinks. In those studies, the Reynolds
number was assumed to be the independent variable and the others, such as the Nusselt’s
number, heat transfer coefficient, pressure drop, and friction factor, are dependents. However,
since the thermophysical properties of nanofluids differ than those of water depending on the

concentration of the suspended nanoparticles, analyzing the performance of a microchannel



basing only on the Reynolds number is misleading [24], [27]. Therefore, another factor must
be taken in consideration. Pumping power is one of the most important factors that must be
considered in cost effective designs, and we have noticed that there is a lack in studying the

performance variables as functions of pumping power.

In this work, a full three-dimensional, non-isothermal CFD model has been developed to
evaluate the practical benefit of using nanofluids as coolants in a microchannel heat sink in
the thermal management of micro-electro-mechanical-systems (MEMS) devices. The detailed

analysis of the heat transfer and fluid flow has been conducted for various types of nanofluids.

2. Microchannel heat sink computational model

2.1. Computational domain

The model presented in this study is a complete full three—dimensional, steady-state, single-
phase, non-isothermal model. The microchannel heat sink consists of 50 straight channels
with a rectangular cross-section. A computational model of an entire heat sink would need
huge computing resources and unreasonably very long time for simulation. Due to the
symmetry, the computational domain in this study is then limited to a symmetric unit only,
which is consists of one straight flow microchannel with its ribs, and has dimensions of a total
height of (0.35 mm), a width of (0.2 mm), and a length of (10 mm). The flow field region has
a height of (0.2 mm) and a width of (0.1 mm). The thickness of the microchannel bottom plate

is (0.15 mm). The full computational domain is shown in Figure 1.



Figure 1. Three-dimensional computational domains.

2.2. Conservation equations

The coolant-flow field is incompressible, single-phase, laminar flow across a microchannel

and it is obtained by solving the steady-state Navier-Stokes equations.

Mass conservation equation;

V.(ps.u)=0 (1)

Momentum equation

W.V).pr.u = =Vp + pup. V?u )

where u, pg, p, and us are the velocity [m/s], density [kg/m?], pressure [Pa], and dynamic

viscosity [N.s/m?] of the coolant respectively.

Energy equation



_ Kk w2
WV = Lover 3)

where k¢, and Cp are the thermal conductivity [W/m.K] and specific heat [J/kg.K] of the

coolant respectively. T is the temperature [K].

Energy equation for the solid region (silicon)

ks. V2T =0 4)

where k; is the thermal conductivity of the silicon [W/m.K]. Subscripts "f" and "s" refer to

fluid (coolant) and solid (silicon), respectively.

2.3. Thermophysical properties of the coolant
The thermophysical properties of the base fluid "bf" (i.e. water) depend on temperature and

can be obtained using the following equations [22], [28];

999.84+418.225(T+273.15)—7.92x103(T+273.15)%—
5.545x107°(T+273.15)3+1.498x10~7(T+273.15)*
—3.933x10°19(74273.15)5

Por = 1+1.816=2(T+273.15) )
247.8

Hpr = 2.414 X 107> x 107-140 (6)

Cpps = 8958.9 — 40.535T + 0.11243T2 — 1.014 x 107*T3 (7)

kpr = —0.58166 + 6.3556 X 1073T — 7.964 x 1076T? (8)

The thermophysical properties of the nanofluids "nf” depend on the volume fraction @ of the

nanoparticles "np" in the suspension and can be obtained using the following equations[22];



Pnf = 1- Q)-pbf + Q)pnp )

pnfcpnf =1- Q)-pbfcpbf +0 panpnp (10)

The empirical correlation of the thermal conductivity based on the Brownian motion of

nanoparticles are given as

keff = Kstatic + Kprownian (11)

The static thermal conductivity is given as

knp+2kbf—2(kbf—knp)®

Kstatic = Knr knp+2kpp+(kpr—knp)® (12)
Brownian thermal conductivity is given as

T
Kirownian = 5 X 10*B.9. pyr. Cyy /ﬁ.mﬁ ) (13)

F(T,®) = (2.8217 X 1072.9 + 3.917 x 10~3) (Tl) + (—3.0699 x 1072.¢ — 3.91123 X

1073) (14)

where o5 is the Boltzmann constant, and £ is the fraction of the liquid volume moving with

the nanoparticles (Table 1).

Table 1. Values of 8 for different types of nanoparticles

Nanoparticles B Volume fraction [%] Temperature [K]

SiO, 1.9526(100@) 145940 1%<0<10% 298 <T <363K



AlLO3 8.4407(100@) 107304 1%<0<10%

CuO 9.8810(100@)0-94460 1% <0<06%

298 <T <363K

298 <T <363K

The empirical correlation of the dynamic viscosity is given as

MHefr = Ustatic T HBrownian

)
Ustatic 1-0)"
ogp.T
UBrownian = 5 X 1043- ¢-be- W.f(T, (Z))

(15)

(16)

(17)

where dy,, is the diameter of nanofluids particles [nm], M is the molecular weight of the base

fluid, G is the Avogadro number.

The thermophysical properties of the base fluid (water) and nanoparticles (SiO, Al,O3, CuO)

evaluated at 300 K are presented in Table 2. The effective thermophysical properties of each

nanofluid at @ = 4% and d,,;, = 30 nm are summarized in Table 3.

Table 2. The thermophysical properties of base fluid (water) and different types of

nanoparticles at T=290K [22].

Thermophysical properties Water SiO; AlO3 CuO
Density p [kg/m?] 998.2 2200 3970 6500
Dynamic viscosity u [Pa.s] 0.001 0 0 0
Thermal conductivity k£ [W/m.K] 0.60 1.2 40 20
Specific heat Cp [J/kg.K] 4182 495.2 765 535.6




Table 3. The effective thermophysical properties of each nanofluid at @ =4% and d,,,, = (30

nm).

Water + Si0, Water + A,O; Water + CuO

Density pes ¢ [kg/m?] 1046.30 1117.1 1182.3
Dynamic viscosity perr [Pa.s] 0.00110721 0.00110613 0.00110589
Thermal conductivity kerr [W/m.K] 0.61718 0.66611 0.66193
Specific heat Cp,rr [J/kg.K] 3871.91 3696.25 3491.13

2.4. Thermophysical properties of the microchannel heat sink
Silicon is used as the microchannel heat sink in this work. The thermophysical properties of

silicon are listed in Table 4.

Table 4. The thermophysical properties of heat sink material.

Material ~Density pg  Thermal Specific ~ Young's thermal Poisson's
[kg/m?] conductivity  heat Cp;  modulus E;  expansion ratio a
ks [W/mK]  [J/kgK] [Pa] § [1/K]
Silicon 2329 130 700 170¢° 2.6e° 0.28

2.5. Computational procedure and boundary conditions

The finite-volume method was used to discretize the governing equations, which are in turn
solved using a commercial CFD code having the power to address multi-physics problems. A
computational quadratic mesh has been used in this model. Severe numerical trials were
executed to confirm that the solutions of the model were independent of the grid size. Grid

sensitivity has been performed to ensure that the solutions acquired using the selected mesh is



independent of the grid size. The selected grid consists of 563140 domain elements in total,
46832 boundary elements, and 2661 edge elements, which was found to provide enough
resolution (Figure 2). An iterative solution for the coupled equations was followed, where an
error criterion of 1.0x10° was considered sufficient enough to achieve the solution
convergence. The solution of the calculated variables in the model was measured to be
convergent when the comparative error was less than in each field between two consecutive
iterations.

Boundary and initial conditions are specified for the present model as follows. A uniform
axial velocity and uniform temperature are used as the inlet velocity and temperature
conditions, respectively. The pressure outlet is subjected to the outlet side. The bottom wall of
the microchannel is fixed and subjected to uniform heat flux (1 X 10® W/m?). Wide ranges of

the Reynolds numbers are used in the range from 100 to 1000 on the thermal and flow fields.

Figure 2. Three-dimensional computational quadratic mesh of the domain.

2.6. Data acquisition
The performance factors and the analytical parameters that characterize each of the fluid flow

of the coolant and the heat transfer inside the microchannel heat sink are defined as



The Reynolds number is given as

__ pfumDp
i

Re (18)

where u,, is the average velocity of the coolant flow at the inlet of the microchannel [m/s], Dy,

is the hydraulic diameter of the microchannel [m].

The hydraulic diameter of the microchannel is calculated as

_ 2WH
T W+H

(19)

where W and H are the width and height of the microchannel respectively [m].

The average friction factor denoting the resistance force is defined as

f — _ApDn_ (20)

2pfLlub,

where Ap is the coolant pressure drop [Pa] through the microchannel length (L) [m].

The average heat transfer coefficient is given as

h= ) @D

where ¢ is the heat flux that applied to the bottom wall of the micro heat sink [W/m?], Ag is

the heated area (i.e. silicon base area) [m?], A, is the conjugated area (i.e. the area of the
solid-fluid interface) [m?], T, is the conjugated area average temperature [K], Tf is the mass-

average temperature of coolant in the microchannel [K].



T, =t (22)

Ty = fprifdde @

The average Nusselt number is given as

Nu = i2n (24)
kr

The overall thermal resistance is well-defined as

Ry = Twall,max—Tf,in (25)

q

The pumping power of the microchannel heat sink for a steady flow of coolant is defined as

P = N.up.Ap. Ags (26)

where N is the total number of the microchannels and A is the cross-sectional area of the

flow of each microchannel [m?].

2.7. Model validation

Validations of Nusselt number and the friction factor of the microchannel heat sink working
with base fluid (water) are performed by comparing the results of the present numerical model
with the experimental results obtained by Chai et al. [29] as presented in Figure 3. The
modeling results approve well with the experimental results, which indicate the reliability of
the model used in the present work.

Having completed the validation of the numerical simulation program by comparison with

offered experimental data from the scientific literature, the following section present the CFD



results of the heat transfer, coolant flow structure, in addition to the pressure drop through the

microchannel of the heat sink working by different types of nanofluids.
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Figure 3. Model validation by comparing the present numerical results of the microchannel
heat sink for water base fluid with Chai et al. experiments [29]. (a) Average Nusselt number,

(b) average Friction factor.

3. Results and discussion

3.1. Velocity distribution

Figures 4-6 show comparisons of the velocity distribution of the flow fields of different
coolants (i.e., water, water-SiO,, water-Al,Os, and water-CuQO) at different Reynolds numbers
(i.e., 100, 500, and 900). Each figure shows differences among the velocity distributions of
the four coolants although the Re is constant. This is due to the differences in the physical
properties of each coolant (i.e., density and dynamic viscosity). The case of the water-CuO
has the lowest velocity comparing with the other coolants. The cases of water and water-
AlI203 have almost identical velocity distributions. While the case of water-SiO2 has the
highest velocity distribution. This is understandable as the inlet velocities are in the order
from the highest to lowest (depending on the coolants densities and viscosities) as follows:
water-Si02; water and water-Al203; water-CuQ, as can be seen in Figure 7. It is obvious that

as Re increases, the difference among the velocity distributions becomes more clear.
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Figure 4. Coolant velocity distributions in the microchannel heat sink at 100 Reynolds

number.

Water-SiO;

Water




Water-Al,O3

Water-CuO

Figure 5. Coolant velocity distributions in the microchannel heat sink at 500 Reynolds

number.
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Figure 6. Coolant velocity distributions in the microchannel heat sink at 900 Reynolds

number.
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Figure 7. Inlet velocity of the coolants at different Re.

3.2. Pressure drop

The pressure distributions inside the microchannel working with different coolants at different
Re are shown in Figures 7-9. The figures show that the pressure for all types of coolants
decreases along the microchannel length of the heat sink. It is clear that the maximum
pressure drop is in the case of water-SiO2. This is of course due to the higher velocity and
dynamic viscosity of water-SiO2, as can be seen in Figures 7 and 10. The minimum pressure
drop is clearly achieved in the case of water as coolant. These results suggest that using
water-SiO2 at a certain Re will need higher pumping power comparing with the other
coolants. Although water has the lowest dynamic viscosity, it cannot be charged that using
water needs the lowest pumping power as its inlet velocity is higher than that of water-CuO,
as seen in Figure 7. Therefore, critical investigation is essential to decide which is the

practical coolant that enhances the heat transfer rate and reduces the pumping power cost.
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Figure 7. Coolant pressure distributions inside the microchannel heat sink at 100 Reynolds

number.
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Figure 8. Coolant pressure distributions inside the microchannel heat sink at 500 Reynolds

number.
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Figure 9. Coolant pressure distributions inside the microchannel heat sink at 900 Reynolds

number.
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Figure 10. Dynamic viscosity of the different coolants.

3.3. Heat transfer

With the aim of analyzing the local heat transfer enhancement, Figures 11-13 show the
temperature distributions in the microchannel heat sink for the different coolants with a range
of the Reynolds numbers. The figures show that the maximum temperature occurs at the
heated bottom wall of the heat sink where the electronic semiconductor chips are attached. In
addition, for the coolant flow, the temperature values rise through the flow direction, and the
maximum value of the temperature takes place at the exit of the microchannel. At this stage it
is really difficult to decide which coolant enhances the heat transfer rate. This is owing to the
reason mentioned earlier in the introduction that the heat transfer is directly proportional to
the thermal conductivity, density and the specific heat capacity and inversely proportional to
the dynamic viscosity. Therefore, a critical examination for the microchannel heat sink is
crucial as these thermophysical properties are different among the coolants, as seen in Figures

10 and 14.
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Figure 11. Temperature distributions in the microchannel heat sink at 100 Reynolds number.
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Figure 12. Temperature distributions in the microchannel heat sink at 500 Reynolds number.
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Figure 13. Temperature distributions in the microchannel heat sink at 900 Reynolds number.
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Figure 14. Thermal conductivity and heat capacity of different coolants.

3.4. Performance analysis

As mentioned in earlier, a critical examination of the microchannel heat sink is crucial, he
heat transfer and fluid flow associated with several parameters for the microchannel heat sink
has been presented and studied. The responses of the heat transfer coefficient, Nusselt number,
thermal resistance, coolant pressure drop, and pumping power have been acquired for a range
of Reynolds numbers to quantitatively represent the performance of the microchannel heat
sink working thru several types of coolants.

Figure 15 shows the heat transfer coefficient inside the microchannel heat sink. The figure
shows that all kinds of nanofluids increase the coefficient of heat transfer. Comparison
between nanofluids, the microchannel heat sink working with coolant of Al,Os-water has the
highest value of the heat transfer coefficient for all the Reynolds numbers, due to it has the
high thermal conductivity as compared with other nanofluids. However, the increase in the
heat transfer coefficient is small especially at low Re (maximum enhancement is ~5% at Re =

900).

Figure 16 shows the Nusselt number of the microchannel heat sink. The Nu in the cases of
water and water-SiO2 are identical and higher than that of the water-Al203 and water-CuO.
However, the trend of changing of Nu with Re is the same for all the coolants (i.e., the rate

change of Nu is higher at low Re than at high Re).




The maximum temperature of the microchannel’s wall is shown in Figure 17 for the different
coolants at different Re. at Re = 100, The maximum wall temperature in case of using water-
CuO is the highest (~365 K). It is lower in case of water-Al203 and lowest in case of water-
Si02 and water. However, the differences in the maximum wall temperature converge as Re
increases and they become identical when Re further increases (i.e., Re>500). The same trend
can be seen in Figure 18, the average temperature of the coolants at the exit of the
microchannel. The rate change of the temperatures in both figures is higher at low Re than

that at high Re.

Figure 19 shows the thermal resistance of the microchannel heat sink. In literature, the
thermal resistance is assumed to be an indication for the effectiveness of the microchannel
heat sink. The thermal resistance depends on the inlet temperature of the coolant and the
highest temperature at the wall of the microchannel heat sink. Obviously, RT decreases as Re
increases for all coolants, and the curves become identical at high Re. Again, the rate change

of RT is higher at low Re than that at high Re.

Figure 20 shows the pressure drop along the microchannel heat sink. The figure shows that
the nanofluids have higher pressure drops than the base fluid (water), and they increase with
the increase in the Reynolds numbers. Also, the pressure drop is clearly increasing in an
exponential trend. This suggests that nanofluids might be beneficial at low Re as the heat

transfer coefficient of nanofluids increases at higher rates at low Re as seen in Figure 15.

Practically, coolants that can reduce the wall temperature of the microchannel at lower
pumping power is preferable. For this reason, the relationship between Re and pumping
power is plotted in Figure 21. It is clear that water has the highest Re among other coolants at
a certain pumping power. This is due to the low dynamic viscosity of water comparing to the
other coolants. In general, the rate change of Re is higher at low pumping power than at
higher pumping power. Therefore, it is necessary to examine the maximum wall temperature

as functions of pumping power instead of Re.



Figure 22 shows the maximum wall temperature as function of the pumping power for the
different coolants. It is obvious that the curves become coincided after the pumping threshold
of 0.005 W. Also, water has the best performance at lower pumping power (i.e., less than
0.005 W). The maximum wall temperature decreases at very high rate for the low pumping
power (less than 0.005 W) and at very low rate at power higher than 0.005 W. Consequently,
employing water in microchannel heat sink at low pumping power is better than employing
nanofluids. However, although the maximum wall temperature is the same for any coolant at
high Re, using nanofluids is impractical due to the coherent issues such as aggregation and

agglomeration, clogging and toxicity.
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Figure 18. average temperature of the coolant at the exit of the channel at a range of Re.
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numbers for several nanofluids.
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Figure 21. Variation of Re of different coolants with pumping power.
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4. Conclusion

This work develops a full three-dimensional, non-isothermal computational fluid dynamics

(CFD) detailed model to study the thermal performance of the microchannel heat sink

working with several coolants. The study revealed that studying the performance parameters

of a microchannel heat sink as a function of Re is misleading due to the difference in the

thermophysical properties of the different coolants. Nanofluids are impractical option to be

employed in microchannel heat sinks and water is the practical one as it is cheaper and safer

than the nanofluids.
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