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Abstract

Fluidic maldistribution in  microscale multichannel devicegquires deep understanding to
achiee optimzed fow andheat transfercharacteristics A thorough computationalstudy has

been performed to understand the concentratioand thermd hydraulic maldistribution of
nanofluids in parallel microchannel systemusing an EuleridrLagrangian twin phase model.

The study reveas that nanofiuids cannot be treated as homogeneous single phase fiuids in such
complex flow domains and effective property models fail drasticaly to prediw performance
parametes. To comprehend the distribution dhe particulate phasea nové concentration
maldistribution factor has been proposed. It bagn observedhat distribution of particles need

not essentialy folow the flow pattern, leading tagher thermal performance than expected
from homogeneous model®article maldistribution has been conclusively shown to be due to
various migraton and difusive phenomena lke Stokesian drag, Brownian motion,
thermophoretic drit etc The implications of particledistribution on the cooling performance

have been ilustrated areimart fluid effects (reduced magnitude of maximum temperature) have
been observed and a mathematical model to predict the enhanced cooling performance in such
fow geometries has been proposed. The article presents lucidly the effectiveness of discrete
phase approach in modeling nanofuid theirgdraulics and sheds insight on behavior of

nanofluids in complex flow domains.
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1. Introduction

In the modern erg miniaturizaton of microelectronic deviceand systems coupled with
increased functionalites pasesevere challengesto cooling technologiedue to generation of
high heat flues Conventional cooling techniquggove inadequate in such cases and might lead
to device faiure due to improper thermal managemerRaralel microchannebased heat
exchanger deviceswhere a cooling fluid fowsthrough a large number of paralel, micro
machined or etched conduits becoming the preferred cooling device to cool modern electronic
components lke MEMS, VLSI circuits, laser diode arrays, higenergy mwrors and other
compact products emitindigh transient thermal loadsThe microscale flows ensure higher
levels of absorption of energy per unit volume and also provide enhanced values of convective
heat transfer coefficient per unit volume and hdiwes been a major focus for therirfiidics
researchers over the lasto decadesin a pioneering work Tuckerman and Peace [1] proposed
a novel cooling technique using microchannel heat exchangers wahiclsapalie of dissipaing
large amounts of heat from small aseaith high heat transfer rates and less operating fiuid
requiremers Later, several researchers stresspdn the applicabiity of conventionafluidics
theories on microchanndbw domairs [2'5] and it hasbeen shan that the classicaNavieii
Stokes equations can batilized for accurate prediction of liquidiow characteristics in
microchannels Though some discrepancies remdimese have beeassociatedo factorssuch as
measurement inaccuracies, imperfectionduced during test sectionand geometry fabrication,
entrance, exit and beneéffects andeffects of surface roughness-However, despite all such
positives, he overall thermal performance of paralel microchannel cooling systecan be
reduced because ofom uniform distribution of the working fuid from the manifold to the
channels. Thereby it becomes an utmost necessity to properly understand the flow
maldistribution behavior in such systems since grossh umiform cooling can lead to faiure
of certainregions of the source devicdhe extent of flow maldistribution in macro and imini
channelsare well understood from theseveralproposed models6{ 8] however such models fail

to predict maldistributionof flow in parallel microchannels [9%ince such models eithemeglect
frictional effects within channelsor the inertial effects inthe manifold whe both effects are
equally important in case ofparallel microchannels [9]. There are several experimental and
numerical reports that attempt tounderstandfiow distribution of single phase flowsn paralel
microchannels [1013], for both adiabatic and heat transfer cadéssed on experiments and
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computations,Siva et al. [14] proposed an optimum configuration to reduce single phase flow

maldistribution inparallel microchannel cooling system

Later, the attention shited twards obtaining higher thermal transport by modification of
the fow field or the fiuid itself so as to bring in tigractical implementation aspectsuch as
enhancenent of heat traner using offset finsor employing nanofiuids as the working fluid[15,

16]. Nanofluids, which are engineereddiute and stable colloidal suspensioois metalic and/or
ceramic nan@articles in aconventionalbase fluig exhibit thermal conductivity values- 20i 150

% higher than the base fuids [17everal experimental andome theoretical works havéeen
reportedon the enhanced thermabnductivity of nanofluids [181] over the past decad@he
thermal transport caliberof any nanofluid depends mainly on nanoparticiencentration thermal
conductivity the diameter of particles base fiud conductivty and temperauf22]. Several
studies [2825] have conclusively reported thaanofluids show great promise for use in capli
technologies. The use of nanofluids in microchannel heat exchadmgerbeen recommended as
a potentially feasible soluton for coolng microelectronic devices. There are radve
experimental and numerical reports that concentateinderstanding thenhanced heat transfer
characteristics and pressure drop of filaids in parallel microchannedystems [2632]. It has
been reported that enhanced heat transfer can be achieved with the use of nanofluid in
microchannels but at the cost of increased pressirop. Further, the mechanisms involved in
the heat transport phenomena are not fully understood and may need more @B#ly34).
Overall there arefew reports which concentrate on the modeling of fow and heat transfer
characteristcs ofwith nanolids in microchannels but all these consider nanofluids as
homogeneous simgl component fluids for analysisyhich has been conclusive report§lb] to

be an ineficientand incorrectassumption Thorough survey of literature revedlsere are no
reports which try to understandthe effects offow and particle concentration distribution of
nanofluids (treated as ndmomogeneous twin component fluidg) parallel microchannels and
its impact vi$aivis thermal capabiites and uniformityso there is a need to carry out an in
depth study to understand theffects of nanofiuid maldistribution along with nanoparticle
concentration and temperature maldistribution in raticrochannel cooling systems since
such a study may directly conuie towardsdesign and optimization of nanofiuid propertiesid
microchannel systems for increasing tperformance of parallel microchannel cooling systems

employing nanofluids.



2. Numerical formulation

To understandthe concentratonand thermehydraulic maldistribution of nanofiuids within
parallel microchannels,detailed numerical investigatonon the flow and heat transfeof
alumind water nanofiuid in paralel microchannel system has been carried out. There are two
different appraches used in the present woHEffective Property ModelingEPM) andDiscrete
Phase Modeling (DPM) (Eulerian Lagrangian approach). The former one considers the
nanofluid as single phaskomogeneoudiuid with effective physical propertiesvhich are linear
functions of fud and particle material propertieéhe later considers nanofluid as two phase
nori homogeneousfiuid i.e., fud phase as continuous phagéth nanoparticles asa discrete
dispersed phase and considers all the prevalent diffusion and migraton mechanisms of the
nanoparticles within the fluid viz. hydrodynamic forces, Brownian and thermophoresis
diffusion, shear induced migration, ef€he present workocuses on elaborating wtile DPM is

a must requirement to model nanofluid behavior in microchannel systems.
2.1. Goveming equationsfor the continuous phase

The governing equations for th&PM and continuous phase of the DP are the @ntinuity
equation (mass), Navi@rStokes equation (moemtun) and energy equationThe following

equationsrespectivelyrepresent the mathematical formulatioios the same.

— 8"Ww T (1)
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The effecs of viscous dissipation andiork due to compressibiitare assumed to be negligible
in the energy equatiorin Egns. (1) (3), } is density of liquid,V is velocity of the liquid,t is
time, P is pressureg is the acceleration due to gig, C is the specific heat of fluid is thermal
conductivity of flud and T is flud temperature.S, and S are sourceterms representing
momentumand energy exchangeespectivelybetween the continuous phase (fluid) and discrete

phase(nanoparticles)and theterms are zero for single phase model i.e. EPM.



2.2.Goveming equations for the dispersed phase

The partclket r aj ect ori es in the fl ow f ddawddf matore
Considering a Lgrangian frame of reference, tlgoverning equation (irCartesiancoordinates)

for the motion of the anoparticlesis expressed as
— O (4)
00 O 0 0 0 0 O (5)

Where V, is the instantaneousselocity of the particle and F is the net specificforce acting on
the particle The termsFp, Fg, Fs, Fr, F, Fp and K represent the forces due ftodic drag
gravity, Brownian motion thermophoretic drift, Saffman Iift, contributon due to pressure
gradient and contribution due to vitual massespectively The forces can be expressed

mathematically as folowg35]
0 —- (6)

For submicron particless is the present castie classical form ofStokes&an drag needs to be
modified so as to accommodate theri continuum or slip boundary effecfevhich creeps in for
high Knudsen number systemsuch as flow past nanoscale partcled the particléefiuid

interface andtan be expressed as
o — (7)

Where C. represents th€unningham correctiofactor to Stokes law and thexpression for the

same is as
6 p — pguyxmQ ° ! (8)
0o — 9)

Since Brownian motion is random in nature with zero net directional flux, a probéliltiion

is required to model the force. The amplitudethe Brownian force components expressed as
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where g is a random numberwhich is part ofa Gaussian distributiomwith zero mean.The
amplitudes of the Browniaforce components are estimated at each efethe discrete phase
calculations The components of the Browniaandomnessare modeled as Gaussian white noise

process withthe expression for thepectral intensityS, jj expressible af86]

iV (11)
where (; is the Kronecker deit function and the expression for the ampitude of the speS&yum

is expressed as

| — (12)

The dispersedparticles within a continuous phase subjectedatdemperature gradient experience

a force in the direction opposite to that of the gradeuwe to higher degree of molecular
bombardment on the particles at the heated region, driving it towards the colder region where the
net force due to bombardment lsss The phenomenon is known akermophoresior Soret

effect and the expression fahe force generated due to the drift is expressed as
O Oy —— (13)

Where D+ pis the hermophoretic coefficient [37]

Oy (14)

Where C=1.146, Cs<=1.147 and C=2.18 are the momentum exchange, thermal slp and

temperature jump coefiiciesitrespectively.

The Saffiman Iift forcewhich is generated dut shearon the particle by the continuous phase

(this form of lit arisesfor small particls in flow) is expressed as

0 — 0 (15)



where ks =2.594 is a constaniand d; is the deformation tensdor the continuous phase which

governs the shear generated around the particle

The force arisingon the particlesdue to pressure gradientithin the fiuid is expressed as
0 @ — 00— (16)

The inertia required to propéhe fuid surrounding the partidlegives rise taa \Jrtual mass force

andcan be expressed as

0 —® ® (17)

2.3. Effective Property Model

The following formulations have beensed for determining theeffective properties(density,
speciic heat, viscosity and thermal conductivity in ascending order of equation nuraobers)
alumind water nanofluid considering such fluds as homogeneous single component systems
[38]

” P %o %3 (18)
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2.4. Computational details

A 3iD, U type, paralel microchannetiomainhas beercreateqd meshed anduid fow and heat
transfer soved employing ANSYS Fluent 14.5. Fig. 1(a) shows the geometrical configuration

utized in the present study. This particular geometry has been revealed to have the worst flow



distribution characteristics [9] dnhencestudies on the same provideformation on nanofiuid
flow in microchannels for the worst case scenasio essentialty for design and optimization
The details of dimensions of geometry and working are as follows: hydraulic dameter (D)

of channel is 100um, area ratio fAnnelAmanifold iS 0.2, number of channefN) is 7, aspect ratio
of channel (H/W)is 0.1, working flud is water andl,Osi water nanofiuid. A meshconsisting of
guadrilateral elements has beetlized and employs the grid at the inlet of the manifddof
injecting the nanoparticles. A grid independence study is carried out by considifengnt
mesh element numbers aredg. 1 (b) shows the grid independent study resctimisidering the
flow maldistibution parameterlexpressed in Eqn. 2Zriteria [9] for grid independence test. As
evident from the figure, there is no change in maldistribution parameter with respect to number
of mesh elementbeyond 1250000.A finer element size (1455237 number ofsmeslements) is
considered for the present studyce avaiabiltyof large number of surfaces at inléd inject
more particle streams renders tracking more accutitiiorm heat fluxhas beerapplied atthe

bottom and side walldor heat transfer casesd thetop wall has beeronsidered adiabatic.
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Figure 1: (a) Geometry of par@l microchannel system used as the simulation doftojir@rid

independere test (maldistribution parameter with respect to number of mesh elements)



The present numerical modeas been validated with respect to the published reports by
Siva et al[9] and Singh et al[16]. The formerstudy discussesn details flow maldistribution of
water in parallel microchannel systems whereas the latedy comprises detailedeport on the
therma hydraulic performance of nanofiuids in single microchannel systdme present study
being an effort to shed insight on to the flow and thermal behavior of nanofiuids in paralel
microchannel systems is thereby fiadily valdated from the two mentioned sources and the
plots have been ilustratedh Fig. 2(a), (b) and (c). Fig. 2 (ayalidates thepresent microchannel
model againstpublished data [9],wherein the maldistribution of wateramong the paralel
channels for two different hydraulc diametg@8um and 176pm and fow atRe=7Q has been
considered It can be observed from Fig. 2 (a) that the present simulations accurately track the
reported results and this paves a roadway jistiying the homogeneous model results for
nanofluids in parallel microchannels (presented in later sectioigs).2 Kb) and (c) ilustrates the
eficacy of the present model in simulatihg fow and thermal transport compared to the
experimental repast[16]. The experiments report flow and heat transfer in nanofiuids within a
single microchannel and ilustrates the effectiveness of the Ellemigiangian particle tracking
models in such twin phase flowslt is evident fromthe figure thatthe presenDiscrete Phase
Model (DPM) agrees wellvith reported experimental investigationsConsequently, validating
against documented experimental data for fow of simple fluds and nanofiuids in both single as
well as multiple microchannel assemblies essentiakyviges evidence that the present model
can effectively simulate both homogeneous and discrete phase approaches to determine
performance of nanofiuids in microchannel coolng and to provide insight onto the associated

flow and thermal physics.

3.Results and Discussions:
3.1. Adiabatic flows
3.1.1.Pressure drop and flow maldistribution:

In order to comprehensively project the performance of nanofiuids as potential coolants
in microelectronics or micromechanical devices employing parallel microchannel systems, it is

of utmost importance to frst shed light onto the adiabatic transpolteo$ameWhile in case of



simple and/or single phase fiuids the major adversity to be addressed or modified is the hydraulic
maldistribution in the channel systems, in case of complex arithowogeneous fuids such as

nanofluids, maldistribution of the fe€tive concentration is also expected to pose additional
concerns towards performance of such systefhereby it deems a necessity that a detaied

Eulerian Lagrangian particle tracking model be employed to simulate such flows and establish
consideration within which such

the deviancedrom the homogeneous property modeiirthermore, it is pertinent that the flow
in floiReynolds number

regmes be identfied for the system geometry under
maldistribution is appreciably highand sensitive to changes
Accordingly, te effects of Reynolds number andtoncentration onldw and concentration
maldistribution of nanofluids in parallel microchannel systems havdeen numericaly
investigated using the DPM The flow maldistribution has been quantifiedased on the flow
(22)

maldistribution factor (FMF)expressible a@]

<

the extent of concentration maldistribution isquantiied using the concentration
(23)

Similarly,
maldistribution facto(CMF), defined as

- p _—
The magnitudesof the FMF and CMFvary between 0 and, where 1 represents a scenario of

maximal maldistribution
excelent transport characteristics and stabilty, aluminum oxidé5@0nm) and water based
nanofluids have been used [23]. Furthermore, a baskigpel manifold and chaeh geometry is

considered as it has been reported to exhibit highest maldistribution (compared to | and Z

The present study utiizes generalized nanofuid formulation throughout and owing to
configurations, [9] and hence a clear picture of nanofiuid performance in the worst case scenario

can be obtained. Channel wise pressure drop, a ptmammportant to characterize flow features

and pumping requirements in parallel channel systems, has been ilustrated in Fig. 3 (a), for
nanofluid at three different concentrations (1, 3 and 5 vol. %) and for two different Reynolds

numbers (2 and 50; orlew another moderately high). As evident from the figure, the pressure
drop across the channels is higher for the nanofuid compared to water, which is expected given
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the higher viscosity of the nanofiuid induced by the presence of nanostructures heittinidt

The pressure drop in the initial channels is higher for both water and nanofuid when compared
to those in the later channels due to theiooform distribution of fiud in the paralel
microchannels; the effect known as flow maldistribution.wieleer, knowledge of the pressure
drop values in the channels individualy does not portray a complete picture onto the
maldistribution characteristics within the overal geometry. The extent of maldistribution for
water and nanofluids has been ilustrated Fig. 3(b) by the maldistribution parametes) (at

different Reynolds numbers and for different concentrations.
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Figure 2: Validation of present numerical model with reported experimental investigggns

Validation with Siva et al. experimental resul¢) Valdation with Singh et al. experimental

results for adiabatic transpoft) Valdation with Singh et al. experimental results for diabatic

transport.
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It can beobserved fronthe figure thathydraulic maldistribuion increasesgradualy as a
function of nanofluid concentration and tle effect is further enhancedat lower Reynolds
numbers However, in realty, enhanced viscosity is expected to induce more uniform
distribution and the enhanced flow maldistribution at higher concentration thus provides the first
hint at the behavior of nanofuids as complex, ifmmogeneous fluids, where thestdoution
of the particles governs the fow behaviést high Reynolds numbershe flow is dominatedby
inertia, enabling the later channels more share of the working fuid which in turn reduces
maldistribution Due to high inertial effects, the sheamdh diffusion induced migration of the
nanoparticles is arresteahd the particles are forced to track the streamlnes along the direction
of fow, and accordingly, the FMF becomes independent of nanofuid concentrations at high
flow velocities. However, atlow Reynolds numbersthe inertia of fow is lessand hence
resistanceto the random motion of particledue to Brownian effect and shear induced migration
is less. Thereby, the enhanced motion of the nanoparticles leads to concentration maldistribution,
which in turn affects the localized viscous forces and causes further maldistribution oftflow.
can be thus inferred thelow maldistribution exhibits sensitivity to particleoncentration and
the deviation from the base flow increases witlsreasing prticle concentrationsat low
Reynolds numbergflow regimes expected in real scenario applications of microscale fow based
heat transfer devices)Nanofiuids wil therefore not behave as homogeneous duith such
devices and hence their transport capliibs in microchannelsystemscannot bepredicted by
conventional numerical methods employing Effective Property Modsl (EPM) wheren the

nanofluid is treated ashomogeneoyssingle componentuid.

Further insight into the behavior of nanofuids in such complex fow paths can be
assessed from comparison of maldistributon obtaned from DPM and EPM analyses, as
llustrated in Fig. 4. As observable, the FMF predicted by the EPM remains independent to
changes in either concentration or Re, except for highly concentrated fluids and this anomaly
arises due to the EPMO6s treat ment of nanofl ui
flud properties are calculated based on effective material propeRmesn Fig. 4 it can be
observed that the EPM FMF at 1 and 3 vol. % are simiar in magnitude and this occurs due to the
usage of expressions such as Einsteinbs or B
of suspensions in the EPM. These exgioes work well only for very diute suspensions and the

predictions are weakly dependent on concentration, which leads to simiar viscosity values in the
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two cases, leading to simlar FMF. However, at 5 %, the viscosity value predicted by the EPM

increase marginally, leading to marginal drop in the FMF, but all the predictions remain

independent of Re since the distribution of the single phase nanofluid is unaffected by the inertial

effects in the range considered. On the contrary, the variation of FMBecabserved clearly as

functions of Re and concentration when DPM is resorted to and the observations are credible as

Euleriari Lagrangian approach of modeling nanofluids has been reported to predict experimental

observations unike its single phase ceyparts.

Pressure drop (kPa)

B Re=2, water D Re=2,1% B Re=2,3 %
[JRe=2,5% B Re = 50, water [IRe=50,1%
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Figure 3: (a) Comparison ofnanofiuid pressure dropacross each channé@r three different

concentrations (13 and 5 vol. %) with water (b) Behavior of FMF ('Q) with respect to

concentration at threRe (in the low, moderate and high inerti@gimes.
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Figure 4: Comparison ofFMF of nanofluid obtained utiizhgDPM and EPM approachesat
three different concentrationand for threedifferent Re

The DPM approach is able to capture the proper FMthaasnodel consideithe particles
as a phase in some ways independent of the fluid phase and tracks the migration of the particles
(considering all the diffusive effects lke Brownian fluctuations, Saffmann Iift, thermophoresis,
Stokesian drag, rotation and so on) within the inootis phase and its interactions with the fiuid
as wel as neighboring particles.can be observed in Fig. 4 that increment in concentration at a
particular Re leads to increased DPM FMF, as opposed to the decreasing trend in EPM.
Enhanced particle pojation expectedly enhanced the viscosity of the nanofluid, which in
accordance to EPM should lead to reduced FMF. However, the fact that increased particle count
per unit volumeintroduces higher degree of Brownian fluctuations and more importantly drag,
are taken into consideration by the DPM. Exemplary scenario for the enhanced maldistribution
can be provided at this instance. If the frst channel be considered, the fiud component of the
nanofiuid gets distributed similarly to that of the base fluid. weler, owing to higher inertia of
the particles (due to the higher density), only a small fraction of the particle enter the first

channel and effectively enhance the concentration of the fluid heading to the next channel. This
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enhanced and varying loadeteby prevents the fluidic phase to be distributed simiar to the base
fud in the later channed and this continues so forth, thereby inducing higher degrees of
maldistribution to the flow. With increasing concentration, this effect enhances, leading to
further hampering of fow distributionincrease in flow Re leads to deceased FMF and this is
caused by the dominance of fow inertia. At higher flow veloctties, the diffusive and migration
effects of the particles decrease and they more or less folow the flow pattern, leading to more
uniform distribution. In fact, the DPM FMF approaches the EPM FMF as Re increases,
providing evidence that the nanofiuid behavior asymptotically approaches homogdinebus

behavior at high inertia regimes.

3.1.2.Concentration maldistribution

As discussed in the preceding sectiinis also important to understand timarticle
concentrationdistribution during nanofiud flow in parallel miacbannels and is something that
all published reports in the field V& overlooked. Sine it directly affects the cooling
performance, a comprehensive understanding can provide better suited design approaches for
nanofluid based microchannel heat exchange@ommon intuition, considering nanofluids
similar to single phase systems suggest$ tiha nanofuid should distribute simiar to the base
fluid, however, this is far from the realt§ig. 5 illustratesa comparisonbetween the FMF and
concentration maldistribution factor (CMF) for feient concentrations and Re. As discussed, it
can beinferred from the figurethat nanofuid do not behave lke homogeneous fisicas the
FMF and CMFs are grossllissimiar at differentRe and concentration®Vhie the trends of
both fow and concentratiomaldistributions as function of inletoncentration arequaltatively
similar at low Re, they are absolutehdifferent at highRe In fact, Fig 5 provides further
evidence as to the failure of the EPM and the process by which the maldistribution of
concentration in turn leads to riamuitive flow maldistribution can be gaugedVhie the FMF

is expected to reduce for concentrated nanofiuids, the reverse occurs.

At low Re, the particles are more independent to migrate and diffuse across the
streamlines, and this in turn leads to inmiform didribution of concentration. As the particle

loading increases, the migration effects, fluidic drag and i péeticle interactions increase,
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leading to higher CMF. This in turn affects the fow and the FMF enhances too, as discussed in
the preceding sectio As Re increasesEPM predicts no noticeable changesthe FMF than

that of low Re, however, DPM predicts appreciable changéalhie the decrease in FMF
compared to low Re scenario can be justified based on the higher inertia of flow which arrests
paticle migraton to some extentthe decrease ofCMF at higher Re with increasing
concentrations nels deeper insight. With increasing Re for the same hydraulic diameter, the
flux of the fluid increases and accordingly the streamlnes are packed diobssuch cases,
although inertia has arrested diffusive movements orthogonal to the streamlines severely, the
particles stil have scope to diffuse and migrate along the direction of the Tiasv effect still

leads to uneven distributiomnd hence at low picle populations, the CMF remains fairly
unaffected. However, as the concentration is increased, the population is packed within the
closely placed streamlnes and the migratory movements along the streamlnes are also cut off
due to excessive particlas the system. The system thus begins to behave lke a packed bed of
granular media and flows more or less along wih the base fiuid, thereby reducing the
concentration maldistributioniThis effect is further pronounced at higher Re values and the CMF

at hgh concentration further decreases.

The distribution of the particles within the flow geometry also requires a qualtative
analysis so as to understand the overal behavior of nanofiuids in microchannel systems. The
DPM concentration profles at the @ontal geometry midplane at low Re for three different
concentrations have been ilustrated in the Fig. 6 (a), (b) and (c). As discussed earlier, at low Re,
the particle concentration distribution is relatively uniform at low concentrations compared with
high concentrations and this can be seen qualitatively from Fig. 6. At low concentrations, it can
be observed that a large fraction of the population is channelized through channel 1, folowed by
channel 2, whereas the later channels experience flowsuoi meduced concentration. With
increased concentration to 3 %, the scenario improves with"then@ 4" channels getting a fair
share of particles. This happens expectedly as a major fraction of the increased population cannot
travel through the %1 and 29 channels completely. As the concentration is further increased, the
end channels also start experiencing a large fraction of the particles. In fact, as discussed earler,
movement analogous to that of a packed bed leads to higher concentrat®nwitbin the

central and end channels.
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Figure 5: Comparison ofDPM FMF and CMFfor the nanofiud at three different Rand

concentrations

The concentratiordistribution contoursat a cross sectiorof the nlet manifold (as shown
by arrow) and across section of the outlet manifold (as shown by the arrohave been
llustrated in Fig. 6(b1l) and (b2).lt can be observed that whie the area weighted mean
concentration of the two sections remain same (preservation of continuity of the discrete phase)
the distribution patterns are grossly different. While the distribution at the inlet manifold consists
of many regions of concentrated zenef particle population, its outlet counterpart consists of a
more diffused concentration distribution. In the inleigion, the sole fow mechanism that
actuates mixing of the particulaehase is the convergence of the boundary layers within the
developing region. Within the developing region the mixing is nul in the potential low zone and
ful scale mixing begins onlyconvergence and establshment of complete viscid flow regime.
However, the outlet manifold contains flow already experienced to the effects of entrance, exit

and bend of the fow and to mixing of different merging streams of different effective
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concentrabns. Accordingly, the discrete phase is much more diffused and wel dispersed within
the outlet manifold thathe inlet

An accurate qualtative assessment of the impact of the particle slp forces on the
concentration maldistribution can be made from the maldistribution pattern at sections very near
(within a few grid lengths) the entrance of the inlet ifolash The concentr@n distribution
contours ata section proximal to thalet cross section at different Reve been shown in Fig.
6(d). A nori uniform concentration distributiosan be observed to preval the entrance of the
inlet manifold at low Re and the uniformity of concentration distribution improves as Re
increases. The diffusion or migration of particlesay from the point of entrat regions very
near the entrance of the manifolis due to Browniarmotion since in this region it is the only
slip mechanism which is existenait(the inlet flow is yet to be established and hence drag, It
etc. are not presentpt very low Re, the inertia othe continuous phase small in magnitude
and the Brownian velocy of particles is comparable with the continuous phase velddgynce,
diffusion or migration of the particlesaway from the streaminetakes placespontaneously;
leading to noinuniform distribution of concentration at thentrance of the manifold itselfThis
effect perishes as the Re increases and pthenomenon is observednly when ratio of
continuous phase velocity to Brownian velocity is below 50@ (Wg< 500). To justifythe
above observations, simulations havealso been carried out by switchiadf the Brownian
component in the governing equatiomsd the corresponding resulieve been illustrated iRig.

7. Fig. 7(a) and (bgxhibit the concentration distribution contours aitrance and exit of the inlet
and outlet manifolds respectivelithout the Brownian effect Fig.7(c) and (d)ilustrate the
same with the Brownian effect incorporated As observable, whie the outlets show some
similarities in the distribution pattern, the inlets are grossly dissimiar and the effect of Brownian
motion on particle maldistribution can be comprehensively understood, thereby making ibf

the most important phenomenat low Reflows of nanofluids in microscale flow devices
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Figure 6: Contours of dispersed phase concentration ofthe nanofuid among the gralel
microchannels at Re=2 for different concentratiday « = 1 vol. % (b) « = 3 wl. % (bl)
Concentration distributions at inletanifold cross section(b2) Concentration distributions at
outlet manifold cross sectior(c) « = 5 wl. % (d) Contours of concentration distribution at inlet
cross section ofinlet manifold at different Reynolds numbers for ol % with Brownian

diffusion active within the DPM formulation.

......

vis concentration maldistributon among the individual can be assessed from the concentration
contours within specific channel inlets for different Re. Fig. 8 ilustrates the cross sectional
concentration contours at regions very nea itliets of channels 3, 5 and 7 for three different

Re. At low Re, the inertia of the fiuid within the inlet manifold is low, thereby allowing the front
channels to get a fair share of the particle population than the case at higher Re, where majority
of the population is fushed to the later channels. This can be observed in Fig. 8, where the

concentration contour in channel 3 at higher Re is much more diffused and has no particle fow
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aggregations as those in low Re. Channel 5, being almost within tlval gegion, experiences

very little change in distribution pattern with changing Re value. At low Re, a large extent of the
particles travel into the front channels and at high Re they travel through the latter channels,
leaving the central channels wifhirly constant share of particles. At low Re, the last channel
gets a diute fow, as observed in the figure, where large fractions of disappearing diution can be
observed. As the Re increases, the flushing event pushes more particles to the latds afcnn

as evident from the figure, the distribution in channel 7 at moderate and high Re improves
drastically compared to the low inertia regime. Thereby, when used in cooling technologies,

probabilty of occurrence of hot spots can be deduced to be rawmgathe regions housing the
central channels for almost all inertial regimes.
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Figure 7: Dispersed phasenass concentration distribution contoatsRe =2at the (a) entrance
of the nlet manifold with Brownian effectswitched off (b) exit of the outlet manifold with

Brownian effect switched off (c) entrance of the inlet manifold with Brownian effect
incorporated(d) exit of the outlet manifold with Brownian effect incorporated.
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Figure 8: Effect of flow inertia on the concentration distribution within individuahannels(at a

section proximal to the channel inle)r nanofluid of a fixed concentration.

3.2.Diabatic flows
3.2.1. Flow maldistribution

Although understandingfiow maldistribution is important for optimizing thepumping
characteristics, nderstandingthe samewith increasing heat loads is required for efficient design
of such specialized microscale fow systerRgy. 9 lustratesthe FMF for nanofiuics as function
of concentration, Re anihposedheat flux. It can be observed thédr the geometryconsidered,
the presence of nanoparticles in base flud clsange trend of fuid distribution among the
parallel microchannels and theffect is more pronounced at low Re. Furthermore, the
deterioraton of FMF at a particular Re with increasing temperatures is more in case of the
nanofiud than that of water, which brings to the forefront the important role that nanoparticle
migration and diffusion (which is mor@rominent at elevated temperatures) in determining the
overall fow pattern As heat flux increaseghe temperature inthe system increasesand the
viscosity of the fluid decreases leading to increased ndruniform distribution of fluid due to
enhancedinertia However, he incrementof FMF for water with respect to Re and heat fisix
negligbly smal On the contrary the FMF increases appreciably for the nanofluids (DPM
simulation) with Re, heat flux and concentration amctease INFMF is more at low Re with
respect to both heat flux ancbncentration At low Re, as discussed earlier, resistance to the
random motion of particles due to Brownifuctuationsis lessand the Brownian velocity of the

particles is comparable to theontihuous pase veloctty leadingto localized disruption of the
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