Temperature variations and cooling efficiency of foced convective heat
transfer of nanofluids in microchannel laminar flow
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Abstract

Numerical study of heat transfer of nanofluids een conducted to investigate forced
convective cooling in rectangular microchannel. Acnm-electro-mechanical system is
modelled by building with two heating resistors emtled in a silicon substrate. Microchannel
made from polydimethylsiloxane is planted in thestate with a length of 17.5mm. Two cross
section areas with high and width of x 10Qum and 10Qm x 100@m are being used for
the study. TiGQ/water nanofluid with different volume fractiongarsed as the coolant. Because
of the not well-insulated micro-electro-mechanisgbktem, heat generated by the heating
resistors will be lost to the surrounding as wellcarried away by the nanofluids through the
microchannel. Temperature variations along the eoitannel Is calculated based on the
concept of conjugate convective heat transfer.d-oonvective heat transfer is analyzed at low
Reynolds number for different nanofluid concentras. Numerical results are compared with
experimental data available in the literature.
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Introduction

Due to scientific and technological progress andowations, traditional heat exchanger
technology has become difficult to meet the coolieguirement. It is necessary to develop a
better heat transfer technology. Some researcleganbto explore the nanotechnology and
cooling of micro-electro-mechanical system (MEMSanofluid is proposed to improve the
cooling effect by increasing heat transfer coegiiti[1]. Nanofluid is a fluid which consists of
nanometer-sized particles dispersed in liquids.dgarticles are typically made of metals,
oxides, carbides, or carbon nanotubes and typibakg fluids were water, ethylene glycol and
oil. Nanoparticles sizes typically on the orderlafo 100 nm. Moreover, nanoparticle shapes
typically have sphere, cylinder, platelet, bladd brick. Nanofluid is primarily used as coolant
in heat transfer equipment such as microelectroaiogine cooling, chiller and heat exchanger.

In order to improve heat transfer technology, ofhehe effective methods is to add high
conductivity solid particles in fluid because thatroonductivity of solid is much larger than
liquid. As shown in Table 1.1 of [2], the thermaihductivity of copper is larger than thermal
conductivity of water almost by 650 times. Morequeermal conductivity of Alumina also is

more than that of common nonmetallic liquid by @éaamount. Adding solid particles in fluid

can greatly increases thermal conductivity of flumwever it may lead to an increase in
friction and viscosity if micrometer scale partklare added to the fluid. Along with the
progress of science and technology, adding nanoreedée particles to fluid is found that can
effectively improve thermal conductivity of fluidithiout increasing friction and viscosity.

Numerous literatures began to study about the hadofor increasing the heat transfer
coefficient. Although many results have indicathdttnanofluids can increase the convective
heat transfer coefficient [3]-[6], some other réswdhow that adding nanoparticles do not
improve the cooling effect or increase the frictfaotor [7][8]. The possible explanations for
the anomalous reasons were Brownian motion of #éinectes, molecular-level layering of the
liquid at the liquid/particle interface, the natwkheat transport in the nanoparticles and the
effects of nanopatrticle clustering.



Nanofluids experiments have many limits. For exanpldiabatic wall condition, constant
temperature wall condition and supply constant ffleatare difficult to achieve. The limited
amounts of sensors and low precision sensors Vgl affect the result of the exPeriment.
Computational investigation could meet the requests more easily. Experimental data and
conditions such as temperature field, velocitydfiahd energy distribution can be realized
through computational investigation.

In order to further analyze heat transfer enhanoénm® nanofluids in rectangular
microchannels flow, this numerical study is basedh® experiment of [7ﬂ]for comparison. The
objective of present study is to analyze the naiadlfor heat transfer enhancement in different
conditions such as different channel size, Reynaldsiber, and volume fraction of the
nanoparticles. Temperature variation along the obband heat carried away by the nanofluid
}/_vill be investigated and the results will be congazhwith experimental data available in the
iterature.

Model Setting in Simulation

The experiment of [7] is modelled b%/ COMSOL-Multsigs and is given in Fig. 1. To
complete this complex modelling, the following s&ds which are close to [7] as possible are
applied in the modelling. A base silicon substratth a size of 45mm x 45mm x 5g8 is
built first. Two heating resistors with size of 2mwidth, 30mm long and 0.1mm high are then
embedded on the substrate. Two reservoirs witmelier of 2mm are connected to the inlet
and outlet of the microchannel separately. Miceootel with length of 17.5mm and two
different rectangular cross section areas oub®@ 10Qum and 10Qm x 100Qum are used for
study. For analysis of the experiment and simutatiata, the model is marked with seven
points which are the locations of experiment tharouples of [7] as shown in Fig. Roint A
and point G represent inlet and outlet positiormidrochannel, respectivelffoint B to point F
are locations for temperature measurement whictdiséance of O (inIetR, 4.4, 8.8, 13.2, and
17.5mm (outlet) from the inlet, respectively. Thetiee microchannel and reservoirs are
sheltered with a polydimethylsiloxane (PDMS) chdmower. Property of silicon substrate and
PDMS channel cover is given in Table 1.

The simulation model is solved with finite elemergthod for the governing partial differential
equations. The more the amounts of grids are meshednore precise the result should be.
Because computer operational capability is limitedst of the grids are set at channel for
analyzing fluids heat transfer. The model is maimgshed to triangular prism grids and
tetrahedral prism grids. Moreover the heat trarsfelysis is mainly needed for the acquisition
data of channel surface, for example calculatirey dbnvective heat transfer coefficient is
required the surface temperature and surface heaBoundary layer meshing way is used in
this model to mesh grids at the channel bounddrg. total number of grids consist of around
one million elements as shown in Fig. 3. In oraefind out the amount of heat that is lost to
the ambient air which surrounds the MEMS, an appatg convective heat transfer coefficient
of air has to be determined. It is found in [9]ttlundary condition with heat transfer
coefficient, h=12 W/n?/K, at room temperature of twenty-five degrees Dslss accurate
enough for present simulation. This value of hesgfer coefficient is in the range of natural
convection coefficient between 2 and 25 W/K{2].

Table 1. Property of silicon substrate and PDMS car

Material Silicon substrate PDMS cover
Density (kgfin 2329 0.97
Thermal conductivity (W/m/K) 130 0.15

Specific heat (J/kg/K) 700 1460
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Figure 1. : Model setting of heat transfer in [7]
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Figure 2. Locations of thermocouple and temperatw simulation for comparison



Figure 3. Typical mesh simulation model

Thermal and Transport properties of Nanofluids

Nanofluids in convective heat transfer has beeeamhed only in past few decades, so
nanofluid properties could not be explained by xistheories completely. In this study,
nanofluid was assumed to be a new kind of fluidthe simulation. Effective thermal
conductivity, specific heat capacity and dynamicesity of this new fluid were required in
order to perform the simulation and analysis. Beedtere are many literatures indicated that
the variation of dynamic viscosity can almost beoiged such as in [7], the dynamic viscosity
was set the same as base fluid. Calculation ofhake properties is given in [6] and the
information is reproduced in Table 2.

Table 2. Properties of nanofluids

Volume fraction %0 0.6% 1.2% 1.8%
Density (kg/f) 998.57 1017.96  1037.34056.73
Thermal conductivity (W/m/K)  0.6070 0.61644  0.62599 0.63564
Specific heat (J/kg/K) 4181.3 4094.24  4010.43 3929.70
Dynamic Viscosity (kg/m/s) 0.00084 0.00084 0.00084 0.00084

Results and Discussion

In order to analyze heat transfer enhancement abfhads flowing inside rectangular
microchannels, the temperature of nanofluid albiegiicrochannel is required for the analysis.
The computational results and experimental resil{g] of nanofluid temperature along the
channel with heating power 0.58Watt in differentyRalds numbers and different volume
fractions for two cross section areas of @& 10Qum and 10@mx100Qum are shown in Fig.

4 and Fig. 5, respectively. Reynolds number isndefiasRe = PimDh wherep is density of



nanofluid,u,, is mean velocity of nanofluid in microchannB}, is hydraulic diameter, and
is dynamic viscosity of nanofluid.

In Fig 4, solid lines are for computational resultsile solid symbols for experimental data of
[7]. For low Reynold number such as Re=6 shownig &a), both simulation results and
experimental results cannot clearly indicate tlvedase of temperature with increase of volume
fractions. But for Re=10 and 18 as indicated in. Fo) and 4(c), both simulation and
experimental results of temperature increase witheiasing the volume fraction of nanofluid.
In Fig. 4(c) the simulation results with volumedtian of 1.2% and 1.8% have very close
temperature variations, so these two results cadldn a single line. Moreover It is noted that
while the simulation results find the nanofluid fsmature increases gradually along the
channel from inlet to outlet, the experimental Hssof [7] show the other way, nanofluid
temperature decreases along the channel. Accotdirtge report of [7], this temperature
decreases along the channel may due to the factah@e titanium dioxide nanoparticles may
have agglomeration inside the channel at lower Blefgnnumber with cross section area of
100umx10Qum. The simulation results seem more reasonablettieaexperimental results of
[7] as simulation results truly predict the increas temperature as the fluid flows along the
channel, this is because the fluid absorbs heat the walls and make the temperature rise.

Figure 5 gives temperature result for cross sectima of 10Amx100Qum. Although the
simulation nanofluid temperatures do not incread® wmcrease in the volume fraction of
nanofluid for all Reynolds numbers being considetieel nanofluid with 1.8% volume fraction
has temperature higher than that of deionized wa@ding nanoparticles to fluid does not
contribute any regular variations to the experiraenémperatures. Both simulation and
experiment results of temperature increase asuiefiows from inlet to outlet. It is also found
that simulation results of temperature decreade wirease of Reynolds number.

Cooling efficiency E) of nanofluid in microchannel represents the rafibeat carried out by
coolant () over heat generated by the heating electroQe®), which can be expressed as:

g=-%
Qchip

X 100% (D
Where the heating power generated by electrodegiessed as:

Qchip =1 *V
Wherel is electric current and is voltage. Heat carried out by the coolant capXyessed as

Qf =1 * Cp * (Tout - Tin)

WhereTow andTin are the outlet and inlet temperature of nanoftagpectivelyyi is the mass
flow rate of nanofluid, an@; is the specific heat capacity of nanofluid.
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Figure 4. Temperature variations of nanofluid alorg the microchannel for different
Reynolds Numbers (cross section=1Q@1x100um, heating power=0.58Watt).
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Figure 5. Temperature variations of nanofluid alorg the microchannel for different
Reynolds Numbers (cross section=1@fnx100Qum, heating power=0.58Watt).



Figure 6 shows the numerical results of coolingcifhcy versus Reynold number based on Eq.
(1) for different combinations of cross sectionaar@nd heating powers. Also shown in the
figure are the experimental results of [7] for camgon. Hollow symbols and solid symbols
represent computational findings and experimerdatd despectively. In Figs. 5 (a) and 5(b) it
is shown that simulation results of cooling effiwg is always lower than the experimental
results for heating power = 0.58Watt, but in Figchsimulation results of cooling efficiency
gradually become higher than experimental resekpgecially for higher Reynolds number.
Moreover the cooling efficiency increases with #asing Reynolds number for all
combinations of cross section areas and heatingefowonsidered in this study. When
comparing with Figs 5 (a) and 5(b) which differemly in cross section area, it is clearly
indicated that increase of cross section areaefltrochannel always leads to increase of
cooling efficiency.

Conclusions

Simulation of nanofluid heat transfer with softwd@®©MSOL Multiphysics was performed
based on an existing experiment [7]. Simulatiorultesshow that nanofluid temperature
increases along the microchannel. This findingffednt from the experimental data for small
cross section area of 00x10Qum. It is also displayed that cooling efficiencglieases with
increasing cross sections area of microchannel.
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Figure 6. Cooling Efficiency for different Reynolds numbers



