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ABSTRACT

This paper presents a study of fluid flow through
microchannel. Based on the work of Senta and
Nnanna, [23], a trapezoidal-shaped manifold is used
to ensure uniform flow distribution in the
microchannel. Analysis further shows that flow
uniformity among the channels largely depends on
shape of the manifolds, length and location oftinle
and outlets, and the inlet flow rate. The test [setu
consists of one hundred twenty-six 14.5um-width
channels, flow loop, heat source, thermal sensmls a
pressure transducers. Flow of fluid through the
channels is regulated using a peristaltic pump.
Experiments were conducted from various flow rates
and heat loads.

According to experimental data, microchannel
has significant impact in the heat transfer rateafbd
the flow rates considered. This enhancement coald b
attributed to laminar flow in the microchannels,
conduction heat transfer through the walls of the
channel, fluid-channel wall interaction, and
microconvection within the channel. Results show
raises some concerns on the use of empirical
correlations for flow between two parallel plates t
predict heat transfer behavior in microchannelghén
absence of experimental datg,~ - (dp/dx)dy,/ 3

provides a reasonable estimate of friction factor i
microchannel.

Keywords: Nanofluid, manifold, microchannel, flow
distribution, experiments, numerical, and flow.

NOMENCLATURE
bh base height, m
dn hydraulic diameter, m

f friction factor

ft fin thickness, m

H height of channel, m

ks thermal conductivity, W/mC
N number of channels

Nu Nusselt number

p pressure, N/m

q heat flux, W/m

Re Reynolds number

Tw base temperature, C

Tm fluid temperature, C

Unm velocity, m/s

v volumetric flow rate, fits
W, channel width, m

w w, + ft, m

Subscript

c channel

f carrier fluid

h hydraulic

m mean

w wall

Symbols

& porosity of microchannel
P effective density, kg/fm

v effective kinematic viscosity, s

INTRODUCTION

Fundamental understanding of thermal and
hydrodynamic transport phenomena in microchannel
is paramount to optimized, efficient and reliable
cooling system utilizing micro-heat sinks. Numerous
investigations have demonstrated that microchannels
have high heat dissipation capability. Tuckerman et
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al. [1], in their work on large aspect ratio heimks
with channel width in the order of 50 um revealed
that power dissipation capability of up to 790 Wicm
can be achieved with such a heat sink (with waser a
coolant), while maintaining the chip temperatuseri

at only 71°C. In a theoretical study, Philips et[a]
assessed the performance of microchannel heat sink
within the laminar and turbulent regime of
hydrodynamically developed or developing flow
using a thermal resistance model. They concluded
that thermal resistance smaller than 0. I°CG/gvhcan

be achieved. Salamn [3] implemented a quasi-two
dimensional differential equation to obtain the
optimum fin thickness and channel width of the heat
sinks. Choquette et al. [4], Sasaki et al. [5], ddggia

et al. [6] and Landram have also done extensive
thermal optimization studies for this heat sink.
However, it is noted that, their optimum resultsave
normally obtained under a limited geometrical range
(for the heat sink) with some parameters fixed on a
specific flow and heat transfer regime.

Experimental analysis of the flow and heat
transfer characteristics of water flowing througle t
microchannel made of stainless steel was done by
Peng et al. [7]. Their fluid flow results were falto
deviate from the values of classical correlatiod an
the transition was observed to occur at the Reynold
number from 200 to 700. These results were
contradicted by Xu et al. [8]. Further recent stsdi
confirmed that the behavior of microchannel is guit
similar to that of conventional channels. Liu and
Garimella et al. [9] showed that conventional
correlations offer reliable predictions for lamirfow
characteristics in rectangular microchannels over a
hydraulic diameter range of 244 — 974 um.

Little or no experimental work has been
performed on thermal/hydrodynamic transport of
nanofluid in microchannel. Chein et al. [19]
experimentally studied the performance of
microchannel heat sink using nanofluids. They found
that nanofluid cooled microchannel heat sink
(MCHS) could absorb more energy than water-cooled
MCHS when the flow rate is low. For high flow rates
the heat transfer was dominated by the volume flow
rate and nanoparticles did not contribute to thteaex
heat absorption. There measured MCHS wall
temperature variations agreed with the theoretical
prediction for low flow rate. For high flow ratehd
measured MCHS wall temperatures did not
completely agree with the theoretical predictiore du
to the particle agglomeration and deposition. In a
numerical investigation of cooling performance of a
microchannel heat sink with nanofluids (6nm copper-
in-water and 2nm diamond-in-water), Jang et al] [20
concluded that the cooling performance of water-

2

based nanofluids containing diamond (1 vol. %, 2
nm) at the fixed pumping power of 2.25W is
enhanced by about 10% compared with that of a
microchannel heat sink with water. Also, that
nanofluid reduces both the thermal resistance laad t
temperature  difference  between the heated
microchannel wall and the coolant. Chein et al][21
in their work on analysis of microchannel heat sink
performance using nanofluids, they concluded tioat n
additional penalty in pressure drop in incurred by
using nanofluid as the coolant.

Review of literature shows that nanofluid/micro-
channel heat sinks have high heat dissipation
capability, low thermal resistance, and could
potentially be the next generation cooling system.
However, the deposition of nanoparticle on the
channel wall, interaction between particle and the
channel walls have not been fully assessed. If the
particles deposit on the walls, this could increthse
wall thermal resistance in a replica manner toifaul
in pipe walls. In addition, the relationship betwee
channel aspect ratio and volume fraction, chaniges,
any, in thermophysical properties of nanofluid e t
exit of the channel has not been appraised. This
information is consequential to the comprehensibn o
nanofluid transport behavior in microchannels. The
objectives of this study are to experimentally
investigate the hydrodynamic interactions of
nanoparticles in microchannel, and the impact of
pressure drop and nanoparticle concentration on
thermal augmentation, and finally to estimate the
optimum volume fraction, flow rate, and pressure
drop that result in maximum heat transfer rate.

MATHEMATICAL FORMULATION

Figure 1 presents a schematic of the
microchannel heat sink. According to Ref. [21],
assuming uniform heat distribution on the bottom of
the heat sink, and that the fluid flows uniformly
across each channel, the velocity and hydraulic
diameter, dcan be respectively expressed as

\%

= 1

tm NHw (1)
2Hw,

= W 2

H+w, 2

where v is the volumetric flow rate, N is the
number of channels, H is the height, andisvthe
channel width. The Reynolds number
is Re=up,dy, /v, Where U is kinematic viscosity.

Based on the value of the Re, it is determined kdret
the flow is hydrodynamically and/or thermally
developed, using expressions from [23]
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Figure 1. Schematic of heat sink microchannel

The Nusselt number is expressed as

Nug = 2gyH _ 2Hhy 5)
ekt (Tw=Tm) ek
where &= WC/W is the porosity of the

microchannel heat sink, and w z wft. Based on the
experimentally measured data in this work, the
friction factor [23] is computed using

fz—z(Lgx)dh )
PUm
Equation (6) will be compared withf - 64 to
Regn

ascertain the deviation of the flow regime from the
classical equation for friction factor in lamin&m\.

EXPERIMENTS

For brevity, details of the manifold design will
not be discussed in this paper and can be found in
Senta and Nnanna, [23]. The key considerationén th
design of the jacket (manifold) is to ensure umifor
distribution of fluid in all the channels, thereby
minimizing dead volumes and hot spots. Several
jacket shapes such as rectangular, trapezoidayequ
etc, and fluid inlet and exit locations were coesétl.
Numerical studies were performed to investigate the
best shape for inlet/outlet manifold designs. Using
Fluent, Computational Fluid Dynamics software, the

geometries were designed, meshed, and appropriate

boundary conditions were assigned. For eacheof th
geometries, attention were given to performance
criteria such as the nature of the fluid distribofi
accumulation of large dead volume at the corners,
back flow, excess pressure drop if more than olet in

is allocated in the design etc. So these initial
numerical outputs led to the refining and iteratain
designs until an optimum design is obtained. Based
on comparison of the performance criteria for eafch
the geometries, result shows that the trapezoidal
shaped manifold, see Fig. 2, yields the “best” flow
distribution and that flow uniformity among the
channels largely depends on the shape of the
manifolds, length and location of inlet and outlets

Figure 2 Trapezoidal manifolds with circular-shaped
inlet and open outlet

The test setup is depicted in Figs. 3a and 3b. It
consists of deionized water, micro pumps, flow mete
pressure transducers, and microchannel test section
hollow jacket consisting of inlet/outlet manifolds,
micro condenser and data acquisition system. The
microchannel heat sink is donated by Fujikura Ltd,
Japan. It has 126 microchannels fabricated using
copper material, and a footprint area of 24.76mm x
24.76mm. The channel width and height is 14.5um
and 4.8mm, respectively.
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Figure 3a. Schematic of experimental setup
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Figure 3b. Experimental facility

The condenser is a 1-shell and 2-tube pass heat
exchanger. Fluid is propelled through the condenser
using a bidirectional, self-priming peristaltic ppm
for precise low flow deliveries. The flow is
proportional to the speed of the pump head and the
inside diameter of the tubing, both of which can be
varied. It has a variable speed flow control ane fi
different sized tubing assemblies to provide fine
resolution with a wide range of flow rates.

The heat source is a 2.5cm x 2.5cm foot-print
area aluminum block with four through-holes drilled
along the length of the aluminum block for placetmen
of heater cartridges. A total of four cartridgesrave
used. Each generates a maximum of 150 Watts hence
the maximum heat output is 450 Watts. The cartddge
are electrically connected in parallel to each iothe
maintain a constant voltage across the heaters and
also to increase power output. All the cartridges a
connected to a power supply which controls the
voltage and current output from the heater.

To study the heat transfer behavior across the
microchannel, thirty-two type-T thermocouples were
attached at pre-selected sites to monitor the tiamia
of fluid temperature, base and wall temperaturthef
microchannel heat sink. Differential pressure
transducers are installed at the inlet and thesbofl
the heat sink test section. The pressure transslucer
are temperature sensitive and adjust accordingdo t
variation of the fluid inlet and exit temperature.

All the thermocouple and pressure transducer
wires were connected to three twenty-channel Reed
plug-in  module with a built-in temperature
compensation for direct temperature measurement.
Each module has twenty channels and communicates
with the floating logic via the internal isolatedidal
bus of the data logger HP34970A. Temperature and
pressure measurements from the data logger are

automatically recorded in the personal computer for
further data reduction.

As depicted in Fig. 3, all the components are
connected to each other via a piping network. The
pipe is a silicon-based flexible pipe, a controlvea
attached to the pipe is used to regulate the nadofl
flow rate. In addition to the valve, the rate aivil is
also controlled using the built-in meter on the
peristaltic pump. This help in providing flow ineh
range of ultra flow, low ultra flow and also to nieah
flow. Once the test section is assembled, the pump
attached to the reservoir is activated to charge th
system with nanofluid and consequently degasify the
components.

The microchannel test piece is mounted on the
trapezoidal jacket and a water-proof sealant along
with a gasket is applied between the mating susface
to avoid leakage and contamination (dust particles,
dust vapors etc).

The heater power supply is switched on and
maintained at the required power level, and a gtead
state is reached. As the test section is heatedhend
nanofluid is allowed to flow through the channels,
readings for temperature variation are collectednfr
all the thermocouple attached to the test sec#din.
the temperature data’s from the thermocouple are
stored in the data acquisition system throughoet th
duration of the experiment3he steady state values
are calculated on the average of all the reading
recorded during that span of time.

The main source of uncertainties is error due to
the measurement of temperature, heat transfer rate,
and physical dimensions. The combined uncertainty
of the data logger HP34970A and the thermocouple
calibration in the measurement of temperature is
+0.4% or £0.5°C, whichever is greater. The error
associated with heat transfer rate is due to veltayl
current measurements, and are respectively, (U
0.05% of setting + 90mV) and (& 0.1% of settling
+35mA), [22]. The combined uncertainty of the
current and voltage in the heat transfer rate is
expressed as

Uq =Uy00/a1)2 + Uy dg/ov)?

RESULTS AND DISCUSSIONS

Temperature data measured along the base of the
microchannel/jacket is presented in Fig. 4 for egapl
power of 100W. Each curve represents a volumetric
flow rate. A total of twelve flow rate were tested
ranging from 10LPH to 400LPH. The maximum
temperature occurred at the mid-point of the heat
source. Data from Fig. 4 shows non-uniformity in
base temperature distribution, thermal spreading
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resistance, and that the 400LPH flow rate has the
lowest base temperature.
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Figure 4. Base temperature distribution

Figures 5 and 6 compare the heat source temperature
for fluid flow, with and without the microchannel.
According to data from Fig. 5, microchannel has
significant impact in the heat transfer rate fdrthé

flow rates considered. A temperature difference of
about 23°C is observed. This enhancement could be
attributed to laminar flow in the microchannels,
conduction heat transfer through the walls of the

channel, fluid-channel wall interaction, and
microconvection within the channel. Presently,
additional work is being conducted to better
understand the thermal augmentation due to
microchannel.
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Figure 5. Comparison of heat source temperature,
with and without microchannel for various flow rate
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Figure 6. Comparison of inlet and exit flow
temperatures, with and without microchannel for
various flow rates

In an effort to study the impact of microchannel on
flow field and heat transfer, a preliminary tesfflafd

flow through the manifold without the microchannel
was performed, and the result is presented inFag

the variation of Nusselt number with Reynolds
number. The Nusselt number is expressed in Eq. (5)
as Nu=q'L/kAT . It should be pointed out that

three Reynolds number are in the test setup: Resval
in the pipe that carries fluid into the manifolde-R
value in the manifold, and Re-value in the
microchannel. The Re-values plotted in Fig. 7 efer
to those within the manifold. Figure 7 reveals an
increase in Nusselt number with Reynolds number for
various flow rates.
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Figure 7. Nusselt number as a function Reynolds
number without microchannel
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Nusselt number correlations for flow between patall
plates are expressed in [23] 8$=0335re/2pY2 and
Nu=036Re5p ¥4 for laminar and turbulent flow,
respectively. Using these correlations, the Nu is
calculated and compared with experimentally
determined Nu as shown in Fig. 8. It reveals
significant discrepancy between the experimentdl an
Nu correlations especially in the turbulent region.
This raises concern on the approximation of
microchannel flow as fluid flow between parallel
plates.

The inlet and exit pressure across the microchannel
for various flow rates is plotted in Fig. 9. The
maximum pressure drop is 24KPa. Equation (6),
f =—2(dp/dx)d,,/ pu? is plotted in Fig. 10 as a
function Re. It is observed that the friction facti
decreased with Reynolds number.
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Figure 9. Variation of pressure drop with flow rate
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SUMMARY

An experimental study of fluid flow through
microchannel has been performed. Based on the work
of Senta and Nnanna, [23], a trapezoidal-shaped
manifold is used to ensure uniform flow distributio
in the microchannel. Analysis further shows thaf
uniformity among the channels largely depends on
shape of the manifolds, length and location oftinle
and outlets, and the inlet flow rate.

The test setup consists of one hundred twenty-six
14.5pm-width channels, flow loop, heat source,
thermal sensors and pressure transducers. Flow of
fluid through the channels is regulated using a
peristaltic pump. Experiments were conducted from
various flow rates and heat loads.

According to experimental data, microchannel
has significant impact in the heat transfer rateafd
the flow rates considered. This enhancement coald b
attributed to laminar flow in the microchannels,
conduction heat transfer through the walls of the
channel, fluid-channel wall interaction, and
microconvection within the channel. Results show
raises some concerns on the use of empirical
correlations for flow between two parallel plates t
predict heat transfer behavior in microchannelghén
absence of experimental datg,~ - (dp/dx)dy,/ 3

provides a reasonable estimate of friction factor i
microchannel.
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