Journal of Advanced Research in Applied Mechanics 68, Issue 1 (2020) 9-21

]

Journal of Advanced Research in N
” Applied Mechanics it

Journal homepage: www.akademiabaru.com/aram.html
ISSN: 2289-7895

Measurement of Fluid Flow and Heat Transfer Performance in
Rectangular Microchannel using Pure Water and Fez04-H,0
Nanofluid

>
o O
5%
n
@ 5

Saidu Bello Abubakar!, Nor Azwadi Che Sidik?", Siti Nurul Akmal Yusof?

1 Department of Mechanical Engineering, Kano University of Science and Technology, Wudil p.m.b 3244 Kano, Nigeria
2 Malaysia — Japan International Institute of Technology (MJIIT), University Teknologi Malaysia,Jalan Sultan Yahya Petra,54100 Kuala Lumpur,
Malaysia

ABSTRACT

In this study, the three-dimensional rectangular silicon microchannel heat sink (MCHS) were analyzed numerically to investigate
the fluid flow and heat transfer performance using pure water and Fe304-H,0 as working fluids. The numerical method is based
on finite volume method. CFD software’s involving GAMBIT and FLUENT were employed to perform the investigation numerically
in the range of Reynolds number 140, 700 and 1400 and for volume fractions are in the range of ¢=0.4, ¢=0.6 and ¢@=0.8. It is
observed that the presence of Fe304-H,0 has effect of reducing the tempreture as particle volume fraction of Fe304-H20
increases due to its higher dynamic viscosity and lower heat capacity compared to pure water. The results show that the highest
heat transfer enhancement is anticipated for Fe;04-H,0 with volume fraction of 0.8% due to higher thermal conductivity and
Nusselt number. The Nusselt number Fe304-H,0 increased with the increase of volume fraction and with the increase of Reynolds
number. Overall, the simulated results showed that the heat transfer performance of Fe304-H20 with 0.8% was better than that
of Fe304-H20 with 0.4%, of Fe304-H20 with 0.6%, and pure water. Increasing the thermal conductivity of working fluid enhanced
the heat transfer performance of MCHS.
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1. Introduction

The severe need by user for greater IC speeds, functionality and minimization has fueled an
extraordinary acceleration in chip power dissipation. Amongst all the problems facing by the chip and
computer designers is none other than more burning than the soaring levels of power flowing
through the integrated circuits. Thermal demands are continuously on the rise. Increasing process
speeds (up to 2.5 GHz), decreasing product sizes and styling requirements cause higher and higher
heat loads on the products and consequently thermal management is becoming a critical bottleneck
to system performance. The National Electronic Technology Roadmap, 1997 has acknowledge the
expectation that the Moore’ law improvements in the semiconductor technology will continue into
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the second decade of the 21st century [1]. Due to these enhancements, the chip level heat fluxes
have gone up tremendously [2].

The concept of the microchannel heat sinks was first introduced in 1981 by Tuckerman and
Peas [3]. They demonstrated that the microchannel heat sinks, consisting of micro rectangular flow
passages, have a higher heat transfer coefficient in laminar flow regime than in turbulent flow
through macro size channels. Therefore, a significantly high heat flux can be dissipated by using such
a microchannel heat sink. There are two main configurations for the application of microchannel
cooling which are direct cooling and indirect cooling as shown in Figure 1. Direct cooling requires a
direct contact between the surface to be cooled and the coolant fluid as illustrated in Figure 1(a).
This scheme reduces the thermal resistance between the surface and the coolant and thus, enhances
the cooling effectiveness. However, electrical and chemical compatibility between the coolant
and device itself needs to be ensured for this system to work [4]. An alternative to the above
configuration is the use of a metallic heat sink to conduct the heat away from the device to a coolant
which is forced through circular or noncircular grooves in the heat sink. Such an indirect cooling
configuration shown in Figure 1(b) allows for a greater flexibility in coolant selection at the cost of
increased thermal resistance between the device and the heat sink due to the heat diffusion
resistance in the heat sink itself [5].

Microchannels are very fine channels of the width of a normal human hair and are widely used
for electronic cooling purposes. In a MCHS, multiple microchannels are stacked together as shown in
Figure 1(b) which can increase the total contact surface area for heat transfer enhancement and
reduce the total pressure drop by dividing the flow among many channels. Liquid or gas is used as a
coolant to flow through these microchannels.

The large surface area of MCHS enables the coolant to take away large amounts of energy per
unit time per unit area while maintaining a considerably low device temperature. Using these MCHS,
heat fluxes can be dissipated at relatively low surface temperatures [6].

Insulator

Heat
dissipating
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Fig. 1. Schematic diagram of the (a) direct cooling and (b) indirect cooling [6]
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Peng and Peterson [7] experimentally investigated the flow characteristics of water flowing
through rectangular microchannels with hydraulic diameters ranging from 133 to 367 um and width
to height ratios from 0.333 to 1. From their results, the friction factor and the Reynolds number do
not seem to be inversely proportional, as indicated by the conventional theory for laminar flow. In
2002, Qu and Mudawar [8] also studied the same channel geometry. Their results show that the heat
flux and Nusselt number have much higher values near the channel inlet and vary around the channel
edge, approaching zero in the corners. Result also showed that increasing the thermal conductivity
of the solid substrate reduces the temperature at the heated base surface of the heat sink, especially
near the channel outlet. In most cases, water is used as a coolant. But water is well known as heat
transfer fluids which have low thermal conductivity that greatly limits the heat exchange efficiency.
Other base fluids like engine oil and ethylene glycol also have low thermal conductivity.

In order to enhance the thermal conductivity of the conventional fluid and heat transfer
characteristics, the solid particles are suspended into the base fluid used in the heat exchangers.
Adding particles into the base fluid enhances the thermal conductivity, because the thermal
conductivity of the solid metal particles is higher than the base fluid. Nanofluids contain a small
fraction of solid nanoparticles in base fluids. Nanofluids have offered challenges to thermal engineers
and attracted many researchers over the past decade to determine the reasons for anomalous
enhancement of thermal conductivity and heat transfer in their applications [9-14]. According to
Wang et al., [15], the thermal conductivity of nanofluids depends on parameters including the
thermal conductivities of the base fluid and the nanoparticles, the volume fraction, the surface area,
and the shape of the nanoparticles, and the temperature. Until now, there is no reliable formula to
predict thermal conductivity of nanofluids satisfactorily. .

In another work done by Das et al., [16] examined the effect of temperature on thermal
conductivity enhancement for nanofluids containing Al,O3 (38.4nm) or CuO (28.6 nm) through an
experimental investigation using temperature oscillation method. They reported that smaller
particles show greater enhancements of thermal conductivity with temperature than larger particles.

Measurement of the effective thermal conductivity of nanofluids by a steady state parallel-plate
technique was done by Wang et al., [17]. The base fluids (water ethylene glycol (EG), vacuum pump
oil and engine oil) contained suspended Al,03) and CuO nanoparticles of 28 and 23nm of average
diameters, respectively. They reported the thermal conductivity of all nanofluids were higher than
those of their base fluids.

Recently, various methodologies have been done to study the MCHS performance using
nanofluid [18-23]. Chein and Chuang [18] conducted studies on MCHS performance using nanofluids.
Cu0-H20 nanofluid has been used as a coolant to experimentally study the heat performance of
silicon trapezoidal shaped MCHS. They found that nanofluid-cooled MCHS could absorb more energy
than pure water-cooled MCHS when the flow rate was low. However, for high flow rates, the heat
transfer was dominated by the volume flow rate and nanoparticles did not contribute to the extra
heat absorption.

Lee and Mudawar [19] studied experimentally the micro-channel cooling benefits of water-based
nanofluids containing small concentrations of Al203 for single-phase and two-phase heat transfer. It
has been found that high thermal conductivity of nanoparticles is shown to enhance the single-phase
heat transfer coefficient, especially for laminar flow. Higher heat transfer coefficients were achieved
mostly in the entrance region of microchannels. Unfortunately, they found that nanoparticles are not
suitable to be used in two-phase because nanoparticles caused catastrophic failure by depositing into
large clusters near the channel exit.

In another research done by Mohammed et al., [20] studied the impact of using various types of
nanofluids on heat transfer and fluid flow characteristics in triangular shaped microchannel heat sink
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(MCHS). An aluminium MCHS performance is examined using water as a base fluid with different
types of nanofluids such as Al,03, Ag, CuO, diamond, SiO2, and TiO2 as the coolants with nanoparticle
volume fraction of 2%. The result shows that diamond-H20 are recommended to achieve overall heat
transfer enhancement whereas Ag—H20 nanofluids water is recommended to achieve low pressure
drop and low wall shear stress.

Noh et al., [24] investigated the effect of various type of coolants using water and different types
of nanofluids on the cooling performance of the microchannel heat sink (MCHS). They reported that
the use of Diamond-H20 as the coolant leads to higher efficiency of heat transfer by 0.3% compared
to other nanofluid agents and base fluid. It is also shown that the trend of Nusselt number obeys the
increment of Reynolds number.

The used of nanofluids as a coolant for microchannel heat sink on semiconductor and electrical
field is found out more effective and researches on this application are increase from time to time.
Most of the researches focused on the material properties of microchannel heat sink can enhance
the heat transfer. There are a few journals and papers discuss about heat transfer mechanism and
research on material properties of the microchannel using Fez04-H,0. However, the aim of this study
is to focus on the heat transfer enhancement using Fe304-H;0 in MCHS. The numerical analysis is
based on FLUENT finite volume method. The micro-heat sink model consists of a 10 mm (L) x 57 pum
(W) x 180 um (D) were used. Water and Fe304-H,0 were used as a working fluid.

2. Methodology
2.1 Description of the Problem and Conservation Equations

The schematic diagram of the MCHS is shown in Figure 2. The electronic component is idealized
as a constant heat flux boundary condition at the heat sink top wall. Here we consider a rectangular
channel of dimension (900um x 100um x 10mm) applied constant heat flux of 900000W/m? heat sink
top wall. Variable working fluids (Pure water and Fe304 —H,0) flowing at temperature 293k on
account of uniform inlet velocity which depends on the Reynolds number. Heat transport in the unit
cell is a conjugate problem which combines heat conduction in the solid and convective heat transfer
to the coolant (Pure water and Fe304—H,0).

Constant heat flux  900000W/; ‘L
H”ﬁ
'

A

a S
:
;

Velocity
inlet

Fig. 2. Schematic of unit cell
rectangular microchannel heatsinks
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In order to determine the distribution of pressure, velocity and temperature to predict convective
heat transfer rate, the principles of conservation of mass, conservation of momentum and
conservation of energy are applied. These conservation principles lead to the so-called continuity,
Navier-Stokes and energy equations. The continuity, momentum and energy equations for the
problem can be written as

u ov ow
wTantem = (1)

ou ov aw\ _ dp (62u 0%u 62u)
p(u6x+vay+waz)_ dx+ﬂ 6x2+6y2+622

v 0 ov)_ _p (@ % &)
’D(uax+vay+waz)_ o TH G T2t on
TP O™ . TS (e T )
p(uax+v6y+waz)_ dz+'u 6x2+6y2+622 (2)

oT oT oT 92T  9%T 92T
PCv(ua+”5+W£)—k(w+m+a?)

(3)
2.2 Boundary Condition

To achieve solutions to the flow and temperature fields, boundary conditions must be employed
and specified. Boundary conditions are mathematical formulation describing what takes place
physically at aboundary. However, for the purpose of this study it is necessary to specify boundary
conditions. The following are the boundary equations under study.

2.2.1 Hydraulic boundary conditions

For hydraulic boundary condition, the velocity is zero at all boundaries except the channel inlet
and outlet. A uniform velocity is applied at the channel inlet. The velocity is obtained from the
Reynolds number.

R
u=-—H (4)
pxdp

where dh = hydraulic diameter. The flow is fully developed at channel outlet

du v ow
5—01__01__0 (5)

2.2.2 Thermal boundary conditions

For thermal boundary conditions, adiabatic boundary conditions are applied to all the
boundaries of the solid except the heat sink top wall, where a constant heat flux is assumed

q =k I (6)

S 0z
At the channel inlet, the liquid temperature is equal to a given constant inlet temperature.

T =T, =293k 7)
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The flow is also assumed thermally fully developed at the channel outlet because the change of
temperature gradient along the flow direction at the channel exit is usually very small even for very
large Reynolds numbers. Thus, large numerical error will not be introduced by the exit thermal
boundary condition.

a%T
——= (8)

dx2

2.3 Important Parameter

In this are analysis, there are important parameters to be employed. The parameters are:
Hydraulic diameter:

__ 4(hxw)
T 2(ht+w)

(9)

h
Nusselt number:

N, =—2 (10)
Reynold number:

D
Re =52t (11)

2.4 Geometry Modelling

A microchannels heat sink usually consists of a number of identical channels. Numerical
simulation for entire unit require large amount of CPU time. By taking advantage of symmetry of the
channels, a unit cell consisting of only one channel and the surrounding solid is considered for the
numerical investigation. Figure 3 shows the schematic of a unit cell rectangular MCHS.

A: Heat sink top wall
B: Heat sink side wall
A C: Heat sink bottom wall

T Huwa a: Channel top wall
_ b: Channel side wall
H Viniet b |8 c¢: Channel base wall
Hw2
L
c
Hw c VZ y,
w2 Wch m
T w 7

Fig. 3. Schematic of a unit cell rectangular MCHS
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2.5 Numerical Solution

The numerical methodology is based on finite volume method. Computer fluid dynamic (CFD)
code which is FLUENT solver was used. The computational mesh was generated by using Gambit
software. For this case, the double-precision solver will be selected since it more accurate. For
conjugate problems involving high thermal-conductivity ratios or high aspect- ratio grids,
convergence and accuracy may be impaired with the single precision solver, due to insufficient
transfer of boundary information. Fluid properties are updated for every working fluid, based on
current solution. The velocity inlet is dependents on the Reynolds number. The value which is 10™°
was used for the convergence criterion of Fluent iteration process for continuity and momentum
equation. For energy the convergence criterion is set to 10°.

3. Results
3.1 Grid Independent Test

The present work consists of a rectangular straight microchannel with constant heat flux at the
top wall heatsink. Before the complete simulation was carried out the computational domain was
tested for better result accuracy and time effectiveness. In this case, three different mesh size
models were modelled using GAMBIT software. The model with fines mesh size is taken as reference
for other models. Table 1 shows the mesh type, number of element and maximum deviation from
channel outlet temperature for the three-mesh size. From the grid independence test result, model
with medium mesh size was selected for simulation model since the maximum deviation of the
channel outlet temperature is approximately 0.015% which is very small and not significant to the
result of the numerical analysis.

Table 1

Grid independent test

Mesh type Course Medium Fine
Number of elements 28000 127500 780000
Maximum deviation from channel outlet 0.03% 0.016% References
temperature

3.1.2 Data Validation

To ensure the validity of this simulation analysis of three dimensional rectangular straight
microchannel, data validation was done for the accuracy of the result. The data is validated against
Shah and London with the Average Nusselt number evaluated and plotted in Figure 4 as a function
of longitudinal distance x. The validation correlation of average Nusselt number is given by

— d
N = q dn 12
Rl ) (12)

Tr m is the average temperature at the boundary
T, bulk temaperature
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MNusselt Number Vs Channel Length
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Fig. 4. Validation of average Nusselt number along micro channel length

The average Nusselt number is validated plotted in Figure 4, classical convective heat transfer
and solution for fully developed flow was provided bay Shah and London. The average Nusselt
number from Shah and London have constant straight line graph while the current study have an
average Nusselt number with high value at the entrance and eventually approaches the fully
developed value with good agreement with Shah and London result as the length increase. The
discrepancies was that Shah and London applied fully developed flow before the working fluid enter
the inlet whereas current studies use uniform inlet velocity which take a while to become fully
developed because of the development of thermal entry region at the channel and the values of
Nusselt number tend to stabilize after fully develop region has been achieved.

3.2 Velocity contour

The velocity contour is an important indicator to showing the behavior of the working fluids in
the microchannel, velocity contour at the channel outlet and inlet are presented in Figure 5.
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1050400
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(a) pure water (b) Fe30s-H20

Fig. 5. Velocity contour at channel outlet (a) pure water, (b) Fe304-H,0

As can be seen from Figure 5(a) and (b), velocity contour at the channel outlet exhibits the
highest value at the middle of the channel and approaches zero near the channel wall. The
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phenomenon behind this is that, in the middle of the channel the flow is free from viscous effect
while near the wall the flow dominated by viscous effect. Figure 6 shows the velocity contour at the
channel inlet, with assumption that the velocity is uniform at the channel inlet which depends on
the Reynolds number, it can be seen that the flow is not yet develop at the channel inlet, it take a
while to become fully developed. For an internal flow existence of entrance and fully developed
region must be consider.
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2246400
2.10e+00
1.96e+00
1.82e+00
1.68e+00
1.54e+00
1.40e+00
1.26e+00
1.12e+00
9 78e-01
8.38e-01
6.99¢-01
5 59e-01
4.19e-01
2.79-01 f
1.40e-01 :

0 00e+00

Fig. 6. Closed up view of the velocity contour at the channel inlet
3.3 Effect of Temperature Distribution

The temperature contours from the simulation results of pure water and Fe304-H,0 as working
fluids were taking as plotted in Figure 7. Fluid nearer to the wall will have high temperature compared
to the fluid flow at the core of the channel.
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(a) pure water (b) Fe304-H20
Fig. 7. Temperature contour at microchannel (a) pure water, (b) Fe304-H,0 as working fluid

These Phenomena shows that the extraction of heat by the working fluid from the solid region is
highest near the channel wall compare to the middle part of the channel. It is interesting to note that
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the presence of nano particles has effect of reducing the tempreture of the surfaces as particle
volume fraction of Fes04-H,0 increases due to its higher dynamic viscosity and lower heat capacity
compared to pure water.

3.4 Effect of Nusselt Number

Heat transfer performance in microchannel heat sink is analyzed based on Nusselt number.
Nusselt number is defined as dimensionless parameter that provides a comparison rate for how fast
heat is transferred between materials where convection is taking place, as compared to basic heat
transfer by conduction where little internal movement of matter is occurring. Figures 8 to 10 show
the graphs of Nusselt number vs length X, taken at the base channel wall of MCHS for pure water and
Fe304-H,0. The selected Reynolds number are 140, 700 and 1400 and for volume fractions are ¢=0.4,
®=0.6 and ¢=0.8. From the plots variation of Nusselt number values are observed along the length
of microchannel in x direction.

Nusselt Number Vs Channel Lenght at Re=140

Purewater

Fe304-H20({g=0.4)

Fe304-H20({g=0.5)

25

FeS04-HI0 [@=0.8]

0 0.002 0.004 0.006 0.008 0.01
x{m)
Fig. 8. Nusselt Number (Nu) Vs Channel Length(x) at Re=140

MNusselt Number Vs Channel Length at Re=700
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Fig. 9. Nusselt Number (Nu) Vs Channel Length(x) at Re=700
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Higher Nusselt number is found as fluid enters the channel inlet. This could be anticipated as the
result of the development of thermal entry region at the channel and the values of Nusselt number
tend to stabilize after fully develop region has been achieved. The energy equation for the entry
length is complicated which is why the simple solution to explain the thermal entry length problem
is based on assuming that thermal condition develop in the presence of fully develop profile. It would
never be the case that thermal conditions are fully developed while the hydrodynamic condition is
still developing. It can be seen that as Reynolds number increase, the value of Nusselt number also
increase. At the channel outlet the same trend is found, indicating that the length of the thermal
develop region is larger than the channel length. For relatively high Reynolds number which is in this
case is 1400, fully developed flow may not be achieved inside the heat sink even there is very small
gradient of the average Nusselt number near the channel outlet.

Nusselt Number Vs Channel Lenght at Re= 1400

= PUre water

30
\ e F£304-H20 ((9=0.4)

0 0.002 0.004 0.006 0.008 0.01
x(m)
Fig. 10. Nusselt Number (Nu) Vs Channel Length(x) at Re=1400

Figure 11 shows that average Nusselt number increase as Reynolds number increase. This is
because the Reynolds number is the function of the velocity. By increasing the Reynolds number, the
velocity will increase and the movement of termolecular of fluid will also increase. The interruption
of the particle of fluid will increase thus increase the heat being transfer. However, the 0.8% volume
fraction provides the maximum increase in Nusselt number compared to 0.6% and 0.4%.
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Fig. 10. Average Nusselt Number (Nu) Vs Reynolds Number(Re)
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4. Conclusions

In this study, the three-dimensional rectangular silicon microchannel heat sink were analyzed
numerically for combine conduction and convection heat transfer to investigate the fluid flow and
heat transfer performance using pure water and Fe304-H,0 as working fluids, the numerical analysis
is done using FLUENT. The simulation employed by applying uniform inlet velocity with constant heat
flux applied at the top of the microchannel heat sink. The microchannel heat sink performance is
assessed in term of velocity profile, temperature profile and Nusselt number.

It is equally important to note that, as uniform inlet velocity is applied at the channel inlet, it takes
an interval of time for the flow to be fully developed flow inside the microchannel the phenomena
behind this is because of the developing boundary layer at the channel inlet. Maximum temperature
occurred at the heat sink top wall where the constant heat flux is applied.

However, Fe30s-H,0 with volume fraction 0.8% provides the maximum temperature reduction
of 0.4% compare to using pure water as working fluid. Increasing the thermal conductivity and
volume fraction of the nanoparticle reduces the temperature at the heated surface of heat sink
especially near the channel outlet. This is because, Fe304-H,0 has higher dynamic viscosity and lower
heat capacity compared to pure water.

Nusselt number has been used to determine the heat transfer performance for microchannel
heat sink. The results of present work show that the highest heat transfer enhancement is anticipated
for Fe304-H,0 with volume fraction of 0.8% which have higher thermal conductivity and have the
higher Nusselt number. Absolutely, the simulated results showed that the heat transfer performance
of Fe304-H20 with 0.8% was better than that of Fe304-H20 with 0.4%, of Fes04-H20 with 0.6%, and
pure water. Increasing the thermal conductivity of working fluid enhanced the heat transfer
performance of microchannel heat sink. Fe304-H20 is recommended to achieve overall heat transfer
enhancement.
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