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have been illustrated, and smart fluid effects (reduced mag-
nitude of maximum temperature in critical zones) have 
been observed for nanofluids. A comprehensive mathemati-
cal model to predict the enhanced cooling performance in 
such flow geometries has been proposed. The article clearly 
highlights the effectiveness of discrete phase approach in 
modeling nanofluid thermohydraulics and sheds insight 
on the specialized behavior of nanofluids in complex flow 
domains.

Keywords  Parallel microchannels · Nanofluid · Discrete 
phase model · Heat transfer · Maldistribution · Brownian · 
Thermophoresis

1  Introduction

Miniaturization of microelectronic devices and systems 
coupled with increased functionalities poses severe chal-
lenges to cooling technologies due to the generation of 
high heat fluxes. Conventional cooling techniques prove to 
be inadequate, and improper thermal management in such 
cases might lead to device failure. Heat exchange devices, 
in which a cooling fluid flows through a large number of 
parallel, micromachined or etched conduits, are com-
monly employed to cool modern electronic components 
like MEMS, VLSI circuits, laser diode arrays, high-energy 
mirrors and other compact products with high thermal 
loads. Microscale flows ensure higher levels of absorption 
of energy per unit volume and also provide enhanced val-
ues of convective heat transfer coefficient per unit volume. 
Hence, over the last two decades, microchannel flows have 
become a major focus of thermofluidics research.

In a pioneering work, Tuckerman and Pease (1981) pro-
posed a novel cooling technique using microchannel heat 

Abstract  A deep understanding of fluidic maldistribu-
tion in microscale multichannel devices is necessary to 
achieve optimized flow and heat transfer characteristics. 
A detailed computational study has been performed using 
an Eulerian–Lagrangian twin-phase model to determine 
the concentration and thermohydraulic maldistributions 
of nanofluids in parallel microchannel systems. The study 
reveals that nanofluids cannot be treated as homogeneous 
single-phase fluids in such complex flow situations, and 
effective property models drastically fail to predict the per-
formance parameters. To comprehend the distribution of 
the particulate phase, a novel concentration maldistribution 
factor has been proposed. It has been observed that the dis-
tribution of particles does not entirely follow the fluid flow 
pattern, leading to thermal performance that deviates from 
those predicted by homogeneous models. Particle maldis-
tribution has been conclusively shown to be due to various 
migration and diffusive phenomena such as Stokesian drag, 
Brownian motion and thermophoretic drift. The implica-
tions of particle distribution on the cooling performance 
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exchangers which are capable of dissipating large amounts 
of heat from small areas with high heat transfer rates and 
less operating fluid requirements. Later, several research-
ers critically examined the applicability of conventional 
fluidics theories on microchannel flow domains (Weilin 
and Mudawar 2002; Qu et  al. 2000; Judy et  al. 2002). It 
has been shown that the classical Navier–Stokes equations 
can be utilized for accurate prediction of liquid flow char-
acteristics in microchannels. Though some discrepancies 
remain, these have been associated with factors such as 
measurement inaccuracies, imperfections induced during 
test section and geometry fabrication, entrance/exit/bend 
effects and effects of surface roughness. However, despite 
all such positives, the overall thermal performance of paral-
lel microchannel cooling systems is often reduced because 
of non-uniform distribution of the working fluid from the 
manifold to the channels. Thereby, it becomes imperative 
to properly understand the flow maldistribution behavior 
in systems that employ microchannel flow cooling, since 
grossly non-uniform cooling can lead to device failure.

The extent of flow maldistribution in macro- and mini-
channels is well understood from several proposed mod-
els (Bassiouany and Martin 1983a, b; Maharudrayya et al. 
2006). However, such models fail to predict maldistribu-
tion of flow in parallel microchannels reported by Siva 
et  al. (2014), since they neglect either frictional effects 
within the channels or the inertial effects in the manifold, 
while both effects are actually quite important. There are 
several experimental and numerical reports that attempt to 
understand flow distribution of single-phase flows in par-
allel microchannels (Jones et al. 2008; Seghal et al. 2011; 
Kumaraguruparan et al. 2011), for both adiabatic and heat 
transfer situations. Based on experiments and computa-
tions, Siva et  al. (2013) proposed an optimum configura-
tion to reduce single-phase flow maldistribution in parallel 
microchannel cooling systems.

In recent years, focus has shifted toward obtaining 
higher thermal transport by modification of the flow field 
or the fluid itself. Strategies such as enhancement of heat 
transfer using offset fins or employing nanofluids as work-
ing fluids (Bejan and Morega 1993; Singh et al. 2011) have 
been practically implemented. Nanofluids, which are engi-
neered colloidal suspensions of metallic and/or ceramic 
nanoparticles in a conventional base fluid, exhibit thermal 
conductivity values which are 20–150 % higher than those 
of the base fluids reported by Choi and Eastman (1995). 
Several experimental and theoretical works have been 
reported on the enhanced thermal conductivity of nanoflu-
ids (Dhar et al. 2013a, b; Lee et al. 1999; Koo and Klein-
streuer 2004) over the past decade. The thermal transport 
caliber of any nanofluid depends mainly on nanoparticle 
concentration, thermal conductivity, diameter of particles, 
base fluid conductivity and temperature Das et al. (2003). 

Several studies (Das et al. 2006; Özerinç et al. 2010) have 
conclusively reported that nanofluids show great promise 
for use in cooling technologies.

The use of nanofluids in microchannel heat exchang-
ers has been recommended as a potentially feasible solu-
tion for cooling microelectronic devices. There are several 
experimental and numerical investigations that highlight 
the enhanced heat transfer characteristics and pressure drop 
of nanofluids in parallel microchannel systems (Chen and 
Ding 2011; Kalteh et al. 2011; Hung et al. 2012; Raisi et al. 
2011). It has been reported that enhanced heat transfer 
can be achieved with the use of nanofluids in microchan-
nels but at the cost of increased pressure drop. Further, 
the mechanisms involved in the heat transport phenomena 
are not fully understood, requiring more analysis (Salman 
et al. 2013; Mohammed et al. 2011). There are few reports 
which concentrate on the modeling of flow and heat trans-
fer characteristics of nanofluids in microchannels, but all 
these consider nanofluids as homogeneous single-compo-
nent fluids for analysis; this has been conclusively reported 
by Singh et  al. (2011) to be an inefficient and incorrect 
assumption. Unlike macro-size particles, the nanoparticles 
migrate under the influence of a variety of factors such as 
temperature, temperature gradient, shear gradient and pres-
sure gradient. Therefore, the concentration of the nanopar-
ticle phase varies in a non-trivial manner, often not in line 
with the flow pattern. The resulting heat transfer character-
istics of nanofluids are also complex, particularly for non-
simple flow patterns.

A detailed survey of literature reveals that there are no 
studies which highlight the effects of flow and particle con-
centration distributions of nanofluids (treated as non-homo-
geneous multicomponent fluids) in parallel microchannels. 
So there is a need to carry out an in-depth study to under-
stand the effects of nanofluid maldistribution along with 
non-uniform nanoparticle concentration and temperature 
in parallel microchannel cooling systems. Such a study is 
expected to directly contribute toward the design and opti-
mization of microchannel systems which employ nanoflu-
ids for cooling.

2 � Numerical formulation

A detailed numerical investigation of the flow and heat 
transfer in alumina–water nanofluid in a parallel micro-
channel system has been carried out, to understand the 
associated concentration and thermohydraulic maldistribu-
tions. There are two different approaches used in the pre-
sent work, namely the effective property modeling (EPM) 
and the discrete phase modeling (DPM) or Eulerian–
Lagrangian approach. The former one considers the nano-
fluid as a single-phase homogeneous fluid with effective 



Microfluid Nanofluid (2016) 20:109	

1 3

Page 3 of 16  109

physical properties which are linear functions of fluid and 
particle material properties. The latter considers nanofluid 
as a two-phase non-homogeneous fluid, i.e., dispersed nan-
oparticle phase transported by the continuous fluid phase. 
This formulation considers all the prevalent diffusion and 
migration mechanisms of the nanoparticles within the fluid, 
such as hydrodynamic forces, Brownian and thermopho-
retic diffusion and shear-induced migration. The work also 
critically examines the need for the computationally inten-
sive DPM approach to model the nanofluid behavior in 
microchannel systems.

2.1 � Governing equations for the continuous phase

The governing equations for the EPM and the continu-
ous phase of the DPM are the continuity equation (mass), 
Navier–Stokes equation (momentum) and energy equation, 
which are summarized below.

In Eqs. (1)–(3), t represents time, g is the acceleration due 
to gravity, p is the pressure, T is the temperature, and V 
is the velocity of the fluid. Also ρ, C and k represent the 
density, specific heat and thermal conductivity of the con-
tinuous phase fluid. The effects of viscous dissipation and 
work due to compressibility are assumed to be negligible 
in the energy equation. The source terms, Sm and Se, rep-
resent the momentum and energy exchanges, respectively, 
between the continuous phase (fluid) and the discrete phase 
(nanoparticles). These terms are zero for the homogeneous 
single-phase model (i.e., EPM).

2.2 � Governing equations for the dispersed phase

The particle trajectories in the flow field are determined by 
the Newton’s second law of motion. Considering a Lagran-
gian frame of reference, the governing equation (in Car-
tesian coordinates) for the motion of the nanoparticles is 
expressed as:

where the force per unit mass is given as
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(5)F = FB + FT + FL + FP + FV

In the above equation, up, u are the particle velocity and fluid 
phase velocity, respectively. ρp, ρ are the nanoparticles density 
and fluid phase density, respectively. F is the net specific force 
acting on the particle. The terms FB, FT, FL, FP and FV repre-
sent the forces due to Brownian motion, thermophoretic drift, 
Saffman lift, contribution due to pressure gradient and con-
tribution due to virtual mass FLUENT User Manual (2016), 
respectively. The velocity coefficient (FD) of drag force 
exerted by the continuous phase on the particle is evaluated as:

where µ is the fluid viscosity.
For submicron particles of size dp (as is the present 

case), the classical form of Stokesian drag needs to be 
modified so as to accommodate the non-continuum or slip 
boundary effects particularly for high Knudsen number 
situations such as the flow past nanoscale particles, at the 
particle–fluid interface. The modified coefficient for Stokes 
drag can be expressed as: Ounis et al. (1991)

where Cc represents the Cunningham correction factor to 
Stokes law, given by the expression

with λ representing the molecular mean free path.
Since Brownian motion is random in nature with zero 

net directional flux, a probability function is required to 
model the force. The amplitude of a Brownian force com-
ponent is expressed as:

where ζi is a random number which is part of a Gaussian 
distribution with zero mean. The amplitudes of the Brown-
ian force components are estimated at each step of the dis-
crete phase calculations. The components of the Brownian 
randomness are modeled as Gaussian white noise process 
with the expression for the spectral intensity Sn,ij given as 
Li and Ahmadi (1992)

where δij is the Kronecker delta function and the amplitude 
of the spectrum S0 is expressed as
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Because of the random nature of the Brownian force, this 
will result in an additional isotropic diffusion of the nano-
particles within the fluid medium.

The dispersed particles subjected to a temperature gra-
dient in the fluid experience a force in the direction oppo-
site to that of the gradient. This is due to higher degree 
of molecular bombardment on the particles in the heated 
region, driving them toward the colder region where the 
net force from bombardment is less. This phenomenon is 
known as thermophoresis or Soret effect, and the expres-
sion for the force generated due to the thermophoresis drift 
is expressed as

where mp, T are particle mass and local fluid temperature, 
respectively.

DT,P is the thermophoretic coefficient Talbot et al. (1980) 
evaluated through the expression

The constants, Cm = 1.146, Cs = 1.147 and Ct = 2.18, are 
the momentum exchange, thermal slip and temperature 
jump coefficients, respectively. Kn is the Knudsen number 
and K is the ratio of fluid thermal conductivity to particle 
thermal conductivity.

The Saffman lift force is generated due to shear on the 
particle by the continuous phase. This form of lift arises 
only for small particles in a flow and it is expressed as Saff-
man (1965)

where ks =  2.594 is a constant and dij is the deformation 
tensor for the continuous phase which governs the net shear 
force generated on the particle.

The force arising on the particles due to pressure gradi-
ent within the fluid is expressed as

The inertia required to propel the fluid surrounding the par-
ticles gives rise to a virtual mass force of the form

2.3 � Effective property model

The following equations have been used for determining 
the effective properties like density, specific heat, viscosity 
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and thermal conductivity, respectively, for alumina–water 
nanofluid Anoop et al. (2009) through the expressions:

In the above equations, φ is the volume fraction of the nan-
oparticle phase. With these effective properties, the nano-
fluid can be approximated by a homogeneous single-com-
ponent system, in the EPM approach.

2.4 � Computational details

A three-dimensional U-type parallel microchannel domain 
has been created for simulating the fluid flow and heat 
transfer associated with a nanofluid. The governing equa-
tions described for the DPM and EPM approaches have 
been solved using ANSYS Fluent 14.5. Figure  1a shows 
the geometrical configuration utilized in the present study. 
This particular geometry has been shown to have the worst 
flow distribution characteristics (Siva et  al. 2014). Hence, 
studies conducted with this geometry can provide informa-
tion on nanofluid flow maldistribution in microchannels for 
the worst-case scenario. The details of geometry and work-
ing fluid are as follows: Hydraulic diameter (Dh) of chan-
nel is 100 µm, area ratio (Achannel/Amanifold) is 0.2, number 
of channels (N) is 7, aspect ratio of channel (H/W) is 0.1, 
working fluid is either water or Al2O3–water nanofluid. 
A mesh consisting of quadrilateral elements has been uti-
lized. Nanoparticles are injected at the inlet manifold in a 
spatially and temporally uniform manner, and the maldis-
tributions that develop in the flow within the microchannel 
ducts are captured. A grid independence study is carried 
out by considering different number of grid cells. Figure 1b 
depicts the variation of flow maldistribution parameter (see, 
Eq. 21) which is considered for the grid independence test. 
As evident from the figure, there is no change in maldistri-
bution parameter with respect to the number of mesh ele-
ments beyond 1,250,000. A finer grid with (with 1,455,237 
grid cells) is considered for the present study since availa-
bility of large number of surfaces at the inlet to inject more 
particle streams renders particle tracking more accurate. 
Uniform heat flux boundary condition has been applied at 
the bottom and side walls for heat transfer cases, and the 
top wall has been considered as adiabatic.
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The present numerical model has been validated with 
respect to the published results of Siva et  al. (2014) and 
Singh et  al. (2011). The former study discusses in detail 
the flow maldistribution of water in a parallel microchannel 
system, whereas the latter study provides a comprehensive 
report on the thermohydraulic performance of nanofluids 
in a single microchannel system. In the limiting cases of 
number of channels becoming unity or the inlet nanopar-
ticle concentration becoming zero, the results of the pre-
sent study are expected to match with those of the earlier 
studies mentioned above. It is therefore justifiable to vali-
date the nanofluid flow and thermal behavior predicted by 
the present approach with the results of these two sources 
mentioned. The corresponding comparison plots have been 
illustrated in Fig.  2a–c. Figure  2a compares the present 
microchannel model predictions against the published data 
of Siva et  al. (2014) for the maldistribution of water flow 
rate among the parallel channels for two different hydrau-
lic diameters (88 and 176 µm) at Re =  70. It is observed 
from Fig. 2a that the present simulations accurately depict 
the flow maldistribution behavior in parallel microchannel 
systems. Figure 2b, c illustrates the efficacy of the present 
model in simulating flow and thermal transport behavior, 

in comparison with the available data for nanofluid flow 
within a single microchannel Singh et al. (2011). It is evi-
dent that the present discrete phase model (DPM) agrees 
well with reported experimental data of Singh et al. (2011). 
Thus, the present DPM approach has been validated with 
documented experimental data for the flow of simple flu-
ids and nanofluids in both single as well as multiple micro-
channel assemblies.

3 � Results and discussion

3.1 � Adiabatic flows

3.1.1 � Pressure drop and flow maldistribution

In case of single-phase fluids, the major challenge to be 
addressed is often the hydraulic maldistribution in the 
channel system; however, in the case of non-homogeneous 
media such as nanofluids, maldistribution of the effective 
concentration is also expected to pose additional concerns 
toward the system performance characteristics. Thus, a 
detailed Eulerian–Lagrangian particle-tracking model is 
necessary to simulate such flows and to establish the devia-
tions from the predictions of homogeneous property mod-
els. Furthermore, it is pertinent that the flow regimes be 
identified for the system geometry under consideration over 
which maldistribution effects are appreciably high. Accord-
ingly, the effects of Reynolds number and concentration on 
flow and particle maldistributions of nanofluids in parallel 
microchannel systems have been numerically investigated 
in the present study using the DPM approach. The flow 
maldistribution can be quantified based on the flow maldis-
tribution factor (FMF) defined as Siva et al. (2014):

where ΔPmin and ΔPmax are the channel-wise minimum 
and maximum pressure drops.

Similarly, the extent of concentration maldistribution is 
quantified using the concentration maldistribution factor 
(CMF) defined as

The magnitudes of the FMF and CMF vary between 0 and 
1, where 1 represents a scenario of maximal maldistribu-
tion (when some channels have no coolant flow or some 
regions of the flow field are totally devoid of particles).

The present study utilizes a generalized nanofluid for-
mulation throughout. Owing to their excellent transport 
characteristics and stability, nanofluids based on aluminum 
oxide particles (40–50 nm) and water have been used Das 

(21)η =

(

1−
�Pmin
�Pmax

)

(22)ε =

(

1−
φmin
φmax

)

Fig. 1   a Geometry of parallel microchannel system used as the simu-
lation domain, b grid independence test (maldistribution parameter 
variation with respect to number of mesh elements)
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et  al. (2006). Furthermore, a basic U-type manifold and 
channel geometry are considered as it has been reported 
to exhibit the highest maldistribution (compared to I and Z 
type configurations, Siva et al. 2014) in order to get a clear 
picture of nanofluid performance in the worst-case sce-
nario. Channel-wise pressure drop, a parameter important 
to characterize the flow features and pumping requirements 
in parallel channel systems, has been illustrated in Table 1, 
for nanofluid medium at three different concentrations (1, 
3 and 5  vol%) and for two different Reynolds numbers 
(2 and 50). As evident from the figure, the pressure drops 
across the channel are higher for the nanofluid as com-
pared to those of water, because of higher fluid viscosity. 

The pressure drop values in the initial channels are higher 
for both water and nanofluid as compared to those of the 
end channels. This variation in channel-wise pressure drop 
is attributed to the non-uniform distribution of flow rate 
across the different channels (i.e., flow maldistribution). 
However, knowledge of the pressure drop values in the 
channels individually does not portray a complete picture 
regarding the maldistribution characteristics for the overall 
geometry.

The extent of maldistribution for water and nanofluids 
has been illustrated in Fig. 3 by the maldistribution param-
eter (η) at different Reynolds numbers and for different 
concentrations.

Fig. 2   Comparison of present 
numerical model with reported 
experimental data a validation 
with experimental results of 
Siva et al., b validation with 
the experimental results of 
Singh et al. for adiabatic case, 
c validation with the experi-
mental results of Singh et al. for 
diabatic case

Table 1   Comparison of 
pressure drop (in Pa) across 
each channel for three different 
concentrations (1, 3 and 5 vol%) 
for water nanofluid

Channel number Re = 2 Re = 50

Water 1 vol% 3 vol% 5 vol% Water 1 vol% 3 vol% 5 vol%

1 1871.262 2007.619 2310.916 2531.31 46,785.9 49,849.2 56,953.2 62,196.2

2 1501.764 1607.53 1844.36 2014.9 37,569.3 40,046.5 45,673.6 49,939.4

3 1223.03 1304.63 1491.47 1620.18 30,608.2 32,622.3 37,209.9 40,690.5

4 1017.86 1079.9 1224.31 1333.64 25,480.3 27,109 30,816.2 33,712

5 873.99 919.4 1043.65 1127.62 21,882.7 23,132.1 26,056 28,420.1

6 782.7 817.34 914.87 985.9 19,599.2 20,533.3 22,985.1 25,101.2

7 733.15 757.96 845.8 900.84 18,359.2 19,030.4 21,170.6 23,176.6
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It is observed from the figure that hydraulic maldistribu-
tion increases gradually as a function of nanofluid concen-
tration and the effect is further enhanced at lower Reynolds 
numbers. However, in reality, higher viscosity is expected 
to give rise to a more uniform distribution; greater flow 
maldistribution at higher concentration thus provides a 
strong hint that the behavior of nanofluids is complex. The 
flow characteristics of nanofluids at low Reynolds numbers 
seem to be governed by the non-homogeneous distribution 
of particles caused by various particle migration mecha-
nisms addressed in Eq. 5. At high Reynolds numbers, the 
flow is dominated by inertia, but the end channels receive 
a greater share of the working fluid flow. In other words, 
maldistribution is reduced at high Re because the shear and 
diffusion-induced migration of nanoparticles are arrested 
and the particles are forced to follow the streamlines due 
to higher inertial forces exerted by the fluid flow. Accord-
ingly, the flow maldistribution factor (FMF) becomes inde-
pendent of nanofluid concentrations at high flow velocities. 
However, at low Reynolds numbers, the inertia of flow is 
less, and hence, the random migration of particles due to 
Brownian motion and shear-induced migration become 
dominant. Such random motion of nanoparticles leads to 
increased maldistributions of flow and particle concentra-
tions. For the same reason, flow maldistribution exhibits 
sensitivity to the particle concentration and the deviation 
from the base flow increases with increasing particle con-
centrations at low Reynolds numbers. Another important 
inference from the above result is that in practical micro-
channel flows operating in the low Re regime, nanoflu-
ids may not behave as homogeneous fluids. Hence, their 
transport capabilities in microchannel systems cannot be 
predicted by conventional numerical methods employing 
effective property models (EPM) wherein the nanofluid is 
treated as a homogeneous, single-component fluid.

Further insight into the behavior of nanofluids in such 
complex flow paths can be acquired from the comparison 

of maldistribution patterns obtained from DPM and EPM 
analyses, as illustrated in Fig. 4. The FMF predicted by the 
EPM remains independent of changes introduced in either 
the concentration or Re, except for highly concentrated 
fluids. This anomaly arises due to the EPM’s treatment of 
nanofluid as a homogeneous and single-component fluid 
medium, wherein fluid properties are calculated based on 
the effective material properties. From Fig. 4, it is observed 
that the flow maldistributions predicted at 1 and 3 vol% by 
the EPM are similar in magnitude and this occurs due to 
the usage of expressions such as Einstein’s or Bachelor’s 
equations Dhar et  al. (2013a, b) for determining the vis-
cosity of suspensions in the EPM. These expressions work 
well only for very dilute suspensions, and the predictions 
are weakly dependent on concentration, which leads to 
similar viscosity values in the two cases, leading to simi-
lar FMF. However, at 5 %, the viscosity value predicted by 
the EPM increases 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 unaf-
fected by inertial effects in the range considered. On the 
contrary, the variation of FMF can be clearly observed to 
be functions of Re and concentration when DPM is resorted 
to. These observations are credible as the Eulerian–Lagran-
gian approach of modeling nanofluids has been reported to 
predict experimental observations more accurately unlike 
its single-phase homogeneous fluid approach.

The DPM approach is able to capture the actual varia-
tion of FMF since it offers a separate treatment for particle 
motion and tracks the migration of the particles (consider-
ing all the diffusive effects such as Brownian fluctuations, 
Saffman lift and thermophoresis) within the continuous 
phase. It is observed in Fig.  4 that increment in concen-
tration at a particular Re leads to increased FMF value 
for DPM, as opposed to the decreasing trend for EPM. 

Fig. 3   Variation of FMF (flow maldistribution factor) (η) with 
respect to concentration at different Reynolds number values Fig. 4   Comparison of FMF (flow maldistribution distribution) of 

nanofluid obtained through DPM (discrete phase modeling) and EPM 
(effective property modeling) approaches at three different concentra-
tions and for three different Re
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Enhanced particle population increases the viscosity of the 
nanofluid, which, in accordance with EPM approach, leads 
to reduced FMF. However, in the DPM approach, increased 
particle count per unit volume introduces higher degree of 
Brownian fluctuations and more drag as well. Exemplary 
scenario for particle maldistribution can be provided at this 
instance. If flow in the first channel is considered, the fluid 
component of the nanofluid gets distributed similar to that 
of pure base fluid flow. However, owing to higher inertia 
of the particles (due to the higher density), only a frac-
tion smaller than the average particle concentration enters 
the first channel. This effectively enhances the concentra-
tion of the fluid heading to the next channel. The selective 
admission of the fluidic phase results in a higher degree 
of particle maldistribution of flow and particle concentra-
tion within the channels. With increasing concentration, 
this effect becomes more significant, leading to further 
worsening of flow distribution. Increase in flow Re leads to 
deceased FMF, and this is caused by the dominance of flow 
inertia. At higher flow velocities, the diffusive and migra-
tion effects of particles lose significance and the particles 
more or less follow the flow pattern, leading to more uni-
form distribution. In fact, the DPM predictions for FMF 
approach those of EPM as Re increases, providing evidence 
that the nanofluid behavior asymptotically approaches 
homogeneous fluid behavior in high inertia regimes of the 
fluid.

3.1.2 � Concentration maldistribution

As discussed in the preceding section, it is also important 
to understand the particle concentration distribution during 
nanofluid flow in parallel microchannels, since it directly 
affects the cooling performance. Common intuition, 

considering nanofluids to be similar to single-phase sys-
tems, suggests that the nanofluid should distribute similar 
to the base fluid; however, this assumption is not supported 
by the DPM predictions. Figure 5 illustrates a comparison 
between the FMF and concentration maldistribution fac-
tor (CMF) for different concentrations and Re. It can be 
inferred from the figure that nanofluids do not behave like 
homogeneous fluids as the FMF and CMFs are grossly dis-
similar at different Re and inlet concentrations. While the 
trends of both flow and concentration maldistributions are 
qualitatively similar at low Re, they are absolutely different 
at high Re. In fact, Fig. 5 provides further evidence for the 
failure of the EPM and the process by which the maldis-
tribution of concentration, in turn, leads to a non-intuitive 
pattern of flow maldistribution. While the FMF is expected 
to reduce for concentrated nanofluids owing to higher vis-
cosity, the reverse trend is observed.

At low Re, the particles are more independent to migrate 
and randomly diffuse across the streamlines; this in turn 
leads to non-uniform distribution of concentration. As the 
particle loading increases, the migration effects, fluidic 
drag and inter-particle interactions increase, thereby caus-
ing higher CMF. As a consequence, the flow maldistribu-
tion also increases, as discussed in the preceding section. 
At high Reynolds numbers, EPM predicts no noticeable 
changes in the FMF from that of low Re; however, DPM 
predicts appreciable changes. While the decrease in FMF 
compared to low Re scenario can be justified based on the 
higher inertia of flow which reduces particle migration 
effects, the decrease of CMF at higher Re with increasing 
concentrations calls for a deeper insight. Increase of Re 
at a fixed hydraulic diameter causes the flux of the fluid 
to increase, and accordingly, the streamlines are packed 
closer. In such cases, although inertia reduces diffusive 

Fig. 5   Comparison of FMF 
(flow maldistribution fac-
tor) and CMF (concentration 
maldistribution factor) for the 
nanofluid at three different Re 
and concentrations
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particle movements orthogonal to the streamlines severely, 
the particles still have scope to diffuse and migrate along 
the direction of flow. This effect still leads to uneven dis-
tribution, and hence at low particle populations, the CMF 
remains fairly unaffected. However, as the concentration 
is increased, the particle population is dense within the 
closely placed streamlines and migratory particle move-
ments along the streamlines are also restricted due to exces-
sive particle loadings in the system. The system thus begins 
to behave like a bed of granular media and particle motion 
more or less follows that of the base fluid, thereby reduc-
ing the concentration maldistribution. This effect is further 
pronounced at higher Re values, and the CMF at high con-
centration further decreases.

A qualitative assessment of the impact of the particle slip 
forces on the concentration maldistribution can be made 
from the maldistribution pattern at the entrance section of 
the inlet manifold. The concentration distribution contours 
at different Re have been shown in Fig. 6. A non-uniform 
concentration distribution can be observed to prevail at the 
entrance of the inlet manifold at low Re, and the uniform-
ity of concentration distribution improves as Re increases. 
The diffusion or migration of particles in the region near 
the entrance of the manifold is primarily due to Brownian 
motion, since in this region, it is the only slip mechanism 
which is existent (at the inlet, flow is yet to be established, 
and hence, drag, lift is of less importance). At very low Re, 
the inertia of the continuous phase is small in magnitude 
and the Brownian velocity of particles is comparable with 
the continuous phase velocity. Hence, diffusion or migra-
tion of the particles away from the streamlines takes place 
spontaneously, leading to non-uniform distribution of con-
centration at the entrance of the manifold itself. This effect 
diminishes as the Re increases and the phenomenon is 

observed only when the ratio of continuous phase velocity 
(VC) to Brownian velocity (VB) is below 500 (VC/VB < 500).

To justify the above observations, simulations have also 
been carried out by switching off the Brownian component 
in the governing equations and Fig.  7 illustrates the cor-
responding results. Figure 7a, b exhibits the concentration 
distribution contours at the entrance and exit of the inlet 
and outlet manifolds, respectively, without the Brownian 
effect. Figure 7c, d illustrates the same with the Brownian 
effect incorporated. While the outlets show some similari-
ties in the distribution pattern, the inlets are grossly dis-
similar and the effect of Brownian motion on particle mald-
istribution can be clearly understood. Brownian motion is 
evidently one of the most important phenomena in low Re 
flows of nanofluids in microscale flow devices.

The effect of flow inertia on the distribution of the nano-
fluid and its implications vis-à-vis concentration maldistri-
bution among the individual channels can be understood 
from the concentration contours plotted for specific chan-
nel inlets at different Re values. Figure  8 illustrates the 
cross-sectional concentration contours at regions very near 
the inlets of channels 3, 5 and 7 for three different Re. At 
low Re, the inertia of the fluid within the inlet manifold 
is low, thereby allowing the front channels to get a high 
share of the particle population than the case at higher Re, 
where majority of the particle population is flushed 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 aggregations as seen 
in low Re situations. Channel 5, falling within the central 
region, experiences very little change in distribution pat-
tern with changing Re value. At low Re, a large extent of 
the particles enter into the front channels, and at high Re, 
they travel toward the end channels, providing the central 

Fig. 6   Contours of concentration distribution at inlet cross section of 
inlet manifold. At different Re (Re = 2, 5, 12, 15 and 20) for 1 vol% 
with Brownian diffusion active within the DPM (discrete phase mod-
eling) formulation

Fig. 7   Particle concentration variation across the inlet and exit sec-
tions, a entrance of the inlet manifold with Brownian effect switched 
off at Re =  2, 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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channels with essentially the same share of particles. At 
low Re, the last channel gets a dilute flow, as observed in 
the figure, where significant fractions of particle free zones 
can be observed. As the Re increases, convective flushing 
pushes more particles to the end channels, and as evident 
from the figure, the distribution in channel 7 at moderate 
and high Re improves drastically compared to that in the 
low inertia regime. In the context of cooling technologies, 
probability of occurrence of hot spots can be deduced to be 
low among the regions housing the central channels for all 
flow regimes.

3.2 � Diabatic flows

3.2.1 � Flow maldistribution

Although understanding flow maldistribution is important 
for optimizing the pumping characteristics, understand-
ing the same with increasing heat loads is required for 
efficient design of such specialized microscale flow sys-
tems. Figure 9 illustrates the FMF variation for nanofluids 
as a function of concentration, Re and imposed heat flux. 
As already pointed out for the adiabatic cases, the pres-
ence of nanoparticles in the base fluid changes the trend 
of fluid distribution among the parallel microchannels and 
the effect is more pronounced at low Re. Furthermore, the 
deterioration of FMF at a particular Re with increasing 

temperature is more in the case of nanofluid than that of 
water, which brings to the forefront the important role of 
nanoparticle migration and diffusion (which are more 
prominent at elevated temperatures) in determining the 
overall flow pattern. As heat flux increases, the temperature 
in the system increases, giving rise to a more non-uniform 
distribution of fluid because of the increased role played 
by particle migration over fluid convection. However, the 
increment of FMF for water with respect to Re and heat 
flux is negligibly small. On the contrary, the FMF increases 
appreciably for the nanofluids (DPM simulation) with Re, 
heat flux and concentration; the increase in FMF is more 
at low Re with respect to both heat flux and concentration. 
At low Re, as discussed earlier, resistance to the random 
motion of particles due to Brownian fluctuations is less and 
the Brownian velocity of the particles is comparable to the 
continuous phase velocity. This leads to localized disrup-
tion of the flow by the particle diffusion and consequent 
maldistribution of fluid due to the combined effects of fluid 
and particle forces. As heat flux increases, the viscosity of 
the fluid decreases, and simultaneously, the thermal migra-
tion of the nanoparticles increases. The net effect leads to 
higher degrees of maldistribution. At high Re, inertia domi-
nates within the flow regime and resistance to the random 
motion of particle is high. Thus, presence of particles in the 
base fluid does not affect the distribution of fluid among the 
channels to an appreciable extent. However, it is observed 
that the FMF tends to a plateau value as the concentration 
increases. At concentrations beyond 5 vol% (already in the 
high concentration regime), the effect of particle migration 
is greatly reduced by overcrowding and the viscosity of the 
overall fluid enhances drastically, leading to attainment of 
a saturation value for FMF. Several associated phenomena 
have been discussed in the subsequent sections where con-
centration maldistribution at enhanced temperatures has 
been dealt with in depth.

3.2.2 � Concentration maldistribution

The extent of concentration maldistribution of the nano-
fluid as a function of Re and inlet concentration for both 
adiabatic and diabatic cases has been illustrated in Fig. 10. 
It can be inferred that although the trends of CMF varia-
tion for adiabatic and diabatic cases remain fairly similar, 

Fig. 8   Effect of flow inertia on 
the concentration distribution 
within individual channels (at a 
section proximal to the channel 
inlet) for nanofluid of a fixed 
concentration

Fig. 9   FMF (flow maldistribution factor) variation for nanofluids 
with respect to concentration at three different heat fluxes and three 
Re values
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they differ quantitatively. Also, several different phenom-
ena in the distribution of particles crop up at elevated tem-
peratures. At low Re, the CMF decreases at moderate heat 
flux and increases marginally at high heat fluxes, with the 
5 % nanofluid being the exception wherein the CMF fur-
ther falls at high heat flux. In low inertia flows, with the 
increase in fluid temperature, the decrease in fluid viscos-
ity aids uniform distribution of particles. Due to lower vis-
cosity, the particles experience reduced drag and therefore 
can diffuse more freely to achieve a more uniform particle 
distribution, despite flow maldistribution. However, further 
increase in heat flux leads to further lowering of viscous 
drag; the Brownian and thermophoretic diffusion/migration 
phenomena are enhanced, and thereby, the concentration 
maldistribution is more severely influenced by the non-iso-
thermal temperature distribution within the fluid.

Another way of looking at the observed trends is from 
the particle migration point of view. In adiabatic case, the 
random motion of the particles is solely due to Brownian 
diffusion, whereas in diabatic case, it is due to both Brown-
ian and thermophoretic migrations. Due to thermophoresis, 
the nanoparticles are directed away from the heated chan-
nel walls and the phenomenon is more predominant at the 
end channels because of the higher temperatures prevail-
ing there due to flow maldistribution. Thermophoresis may 
oppose the random Brownian diffusion, providing the par-
ticles a net directional drift that overshadows the Brown-
ian effect. Hence, added resistance to the random motion 
of particles leads to relatively more uniform distribution 
of concentration among the channels. At very high Re, the 
inertia of the flow enhances drastically with decreasing vis-
cous forces and the flushing effect on the particles toward 
end channels essentially increases. However, in the case of 
moderate Re, the CMF shoots up even for moderate heat 
fluxes and then reduces when the flux increases. This is in 
all probability caused due to the sudden shift of particle 

migration regimes from Brownian motion-controlled situa-
tion to Thermophoresis-controlled regime. At low Re, even 
drastic changes in viscosity cannot be expected to transit 
the flow regime from predominantly viscous to high iner-
tia. Similarly, high Re flows remain predominantly iner-
tia dominated. At moderate Re, where the flows are not 
dominated totally by either viscous or inertial regimes, 
a slight alteration in viscosity value can shift the flow to 
fully inertial regime or vice versa, leading to drastic local-
ized particle maldistribution. This is possibly why the CMF 
increases suddenly even at moderate heat fluxes. How-
ever, at high heat flux, the viscous forces further decrease, 
thereby reducing the maldistribution as in high Re scenar-
ios. Also, at high Re, Brownian fluctuations are effectively 
arrested by inertia and thermophoretic drift also reduces 
due to more uniform cooling at high flow velocities, result-
ing in similar concentration distribution among the chan-
nels for different inlet concentrations.

A more thorough picture of the effect of temperature on 
the distribution of the particulate phase can be envisioned 
by illustrating the effective concentration of the nanofluid 
entering each channel under different conditions. Figure 11 
illustrates the effective concentration entering each micro-
channel at different heat flux level for a base flow equiv-
alent to Re =  5 and an effective concentration of 5 vol% 
at the inlet manifold. It is observed from Fig.  11 that the 
effective concentration in the individual microchannels is 
different for different heat fluxes, thereby leading to vari-
ations in the CMF. Changes in the temperature field due to 
heat addition cause a shift in the concentration distribution 
pattern. It was seen earlier for the adiabatic condition the 
initial channels and the very last channel receive flows of 
appreciable concentration; under 1  kW/m2 heating condi-
tion, a much better distribution is required among the cen-
tral channels as well. As heat flux is applied, thermophore-
sis comes into the picture along with Brownian diffusion, 

Fig. 10   CMF (concentration 
maldistribution factor) variation 
for nanofluid at different inlet 
concentrations and Re for adi-
abatic flow and diabatic flows 
with 1 and 2 kW/m2 applied 
heat fluxes (legend: heat flux_
concentration)
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and since the Re is low, the resistance to the migration of 
the particles due to both the effects is less. Thermophore-
sis directs the particle population away from the manifold 
outer walls (due to less cooling than the channel side) and 
essentially toward the channels, causing the particles to 
distribute more uniformly among the channels than for adi-
abatic conditions. This is in agreement with the observa-
tions from Fig. 11. For increased heat flux, i.e., 2 kW/m2, 
the location of the valleys (low effective concentration) and 
peaks are qualitatively similar to the adiabatic case, except 
for the end channels. With increment in temperature, the 
effect of Brownian motion increases drastically and the 
directionality of the thermophoretic drift is overshadowed 
(but not obliterated) to some extent, leading to deteriorated 
distribution similar to those of adiabatic conditions. How-
ever, toward the end of the manifold, where the temperature 
gradients are higher due to flow maldistribution caused by 

reduced viscosity, the thermophoretic drift regains upper 
hand and leads to better distribution than the adiabatic case.

The effect of temperature on the distribution of the par-
ticulate phase can also be qualitatively understood from 
the concentration contours within each channel. Figure 12 
illustrates the same at a section located at the lengthwise 
central portion of the channels for different heat fluxes and 
for a nanofluid of 5 vol% with manifold flow correspond-
ing to Re = 5. From the contours, it can be observed that 
at 0, 1 and 2 kW/m2 the maximum effective concentration 
exists in channel 7, channel 4 and channel 6, respectively, 
and the minimum effective concentration can be observed 
in channel 5, channel 7 and channel 2, respectively (which 
are in agreement with the quantified data in Fig. 10a). It can 
further be seen that in the diabatic cases, especially for the 
later channels, there exist distinguishable regions of very 
low concentration near the side and bottom walls (such as 
in channels 5, 6 and 7 of 1 kW/m2 and channels 6 and 7 of 
2  kW/m2). Such migration away from the heated channel 
walls is a clear evidence of thermophoretic drift, and it is 
strong in the later channels as these experience large ther-
mal gradients caused by maldistribution in the base flow. 
The concentration within the front channels is more dif-
fused due to the greater degree of mixing by the base flow. 
As the flow moves toward the later channels, it loses inertia 
and the particulate phase sluggishly drifts along, forming 
occasional clustered regions due to lack of inertia-induced 
mixing. However, as the viscous resistance reduces with 
temperature, the diffused contour can be seen to extend up 
to channel 4 in 2 kW/m2 case as compared to channel 2 in 
the adiabatic case. Such observations provide firm support 
on the efficacy of nanofluids as future generation microde-
vice coolants.

Having discussed the distribution patterns of the nano-
particles in the individual channels and also the effect of 
temperature on the same, more insight can be shed on the 

Fig. 11   a Effective concentration in individual microchannel for dif-
ferent heat fluxes for Re = 5 and concentrated nanofluid (5 vol%). b 
The behavior of the CMF (concentration maldistribution factor) at 
different heat fluxes for conditions equivalent to (a)

Fig. 12   Particle mass concen-
tration distribution contours in 
individual channels at differ-
ent heat fluxes for Re = 5 and 
5 vol%
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subject matter by considering the effect of temperature on 
the cross-sectional distribution of the nanoparticles along 
a particular channel. Figure 13 illustrates the concentration 
variation over a cross section for the nanoparticles within 
channel 3 (for adiabatic conditions) and channel 5 (at 
2 kW/m2). These cases have been meticulously chosen as 
these channels receive nanofluid flow of the same effective 
concentration (evident from Fig.  11). As observable, the 
distribution patterns in case of the adiabatic flow remain 
qualitatively similar, whereas that of the diabatic cases 
clearly show signs of redistribution and mixing. The fact 
that the particles tend to stay away from the heated bottom 
wall of the channel in the diabatic case further proves the 
vital effect of thermophoresis in particle distribution and 
subsequent heat transport. As the flow traverses toward the 
end of the channel, it gathers more heat and the Brownian 
flux increases, leading to more diffused distribution than 
that of the channel entrance regions.

3.2.3 � Thermal performance

The cooling capability of the nanofluids is of course a 
major focus of the present article. Figure 14a, b illustrates 
the differences between the temperatures at the inlet and 
outlet in individual channels at a heat flux of 1000 W/m2. 
The temperature drop at different Re for 5  vol% nano-
fluid has been shown in Fig.  14a. From the figure, it can 
be inferred that the temperature drop for initial channels 
is less when compared to those of end channels and this 
is because of non-uniform distribution of fluid due to flow 
maldistribution. Increase in Re enhances the heat transfer 
coefficient, and the increased inertia leads to better fluid 
distribution and less temperature drop across the channels. 
As discussed earlier, the presence of nanoparticles in base 
fluid leads to change in flow distribution among channels 
and this effect is more obvious at low Re and high concen-
trations (as illustrated in Fig. 3) and the same can also be 

observed in Fig. 14a, b. At high Re, the temperature drop 
in channels follows a linear variation, whereas the slope of 
the line gradually increases at low Re. For low inertia flow 
regimes (Re = 5), the temperature drop is higher toward the 
end channels which is caused by the higher degree of mald-
istribution of fluid and higher concentrations. The tempera-
ture drop in channels at different concentrations for Re = 5 
has been shown in Fig. 14b, and it clearly demonstrates the 
effectiveness of nanofluids over conventional fluids.

Fig. 13   Particle mass concen-
tration contours of nanoparticles 
at Re = 5 and 5 vol% nanofluid 
in channel 3 and channel 5 at 
different cross sections for 0 
and 2 kW/m2, respectively. 
The channels have been so 
chosen since they have the same 
equivalent concentrations enter-
ing from the manifold (Fig. 11a)

Fig. 14   Temperature difference between the inlet and the outlet of 
the channels at 1 kW/m2, a temperature difference at different Re for 
5 vol% nanofluid, b temperature difference at Re = 5 for water and 
different concentrations of nanofluid
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As with the case of flow, the efficacy of the EPM and 
DPM in predicting heat transfer by nanofluids in micro-
channel systems also requires further probing. For this 
purpose, maximum temperatures occurring within the flow 
domain are considered and are illustrated in Fig.  15a. It 
can be observed that the results obtained from EPM analy-
sis are consistently higher than those obtained from DPM 
analysis, and this difference increases with increase in heat 
load. Essentially, the figure further sheds light on the effec-
tiveness of DPM in modeling convective transport in nano-
fluids. Since the maximum temperature within the domain 
is lower in case of DPM than EPM, it essentially means 
that the non-homogeneous nature of the nanofluids leads 
to efficient cooling of hotspots within the domain, thus 
establishing the ‘smart fluid’ characteristics of nanofluids 
and the efficacy of DPM in capturing the same. The EPM 
predicts higher degrees of thermal maldistribution com-
pared to DPM, up to 5 °C in case of 5 kW/m2 heat load and 
Re = 5, since it does not account for the particle migration 
effects. Effects such as enhanced Brownian and thermo-
phoretic particle flux due to high heat flux lead to enhanced 
transport of heat from the channel walls to the bulk fluid. 
The particle distribution patterns are also modified (as dis-
cussed earlier), leading to more cooling, both in magnitude 
and in uniformity. It is only beyond Re values of 50 that the 
predictions by EPM are similar to those of DPM since in 
high velocity flows, the migration effects are arrested and 
the cooling essentially occurs due to increased mass flux of 
fluid. However, for microscale devices where low Re flows 
are expected in reality, such analysis is required for accu-
rately predicting cooling capabilities of nanofluids as work-
ing fluids. A larger magnitude of the standard deviation of 
temperatures in a statistical population of data points in the 
domain essentially signifies more non-uniformity in the 
cooling characteristics. The differences between the stand-
ard deviations obtained for EPM and DPM-based com-
putations have been illustrated in Fig.  15b. As observable 
from Fig. 15b, nanofluids are more effective cooling fluids 
than water, irrespective of the model employed for predic-
tion. The caliber of the EPM can be seen to deteriorate with 
increasing concentration, and this is further evident that the 
particle migration and diffusive events are major govern-
ing parameters toward understanding thermofluidic perfor-
mance of nanofluids.

Finally, having established the physics of flow distribu-
tion of nanofluids in parallel microchannel systems and 
the overall cooling effectiveness, it is imperative to math-
ematically predict the cooling capability of a given nano-
fluid for a particular geometry so as to reduce experimental 
trials for system optimization. The performance of a fluid 
in cooling a complex geometry can be assessed from the 
average temperature of the system and the standard devi-
ation of a statistical population of temperatures. It has 

already been established that nanofluids are better coolants 
when the average temperature is concerned, as it is lower 
than that due to the base fluid itself. Furthermore, as shown 
in Fig.  15b, the standard deviation of the temperatures of 
a large number of points in the heated domain is also low 
in case of nanofluids, thereby proving that these fluids not 
only cool a system better but do the same in a much more 

Fig. 15   Quantitative illustration of the efficiency of the DPM (dis-
crete phase modeling) over the conventional EPM (effective property 
model) in prediction of thermofluidics features of nanofluid flows 
over a wide range of operating parameters. a Difference between the 
maximum temperatures, b standard deviation of the temperature

Fig. 16   Cooling performance prediction for nanofluids in microchan-
nel heat exchanger systems
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uniform fashion than normal fluids. However, the extent 
of this uniformity needs to be mathematically predicted in 
order to understand the effects of nanofluid concentration 
and flow domains on the cooling caliber. From the analy-
sis of data, the standard deviation of the temperature drop 
in the channels (proposed here as the cooling performance 
uniformity factor) can be related to standard deviation for 
water as base fluid (at same Re); the Re and concentration 
are expressed as

The predictions obtained from the equation described 
above have been compared with respect to the predictions 
obtained from full-scale simulations, and the same have 
been illustrated in Fig. 16.

The uniformity parameter has been found to be a direct 
function of concentration, i.e., the reduction in standard devi-
ation compared to that of water is higher when concentrated 
nanofluids are employed. While this sounds promising, very 
high concentrations lead to excessive pumping power and 
stability issues for the nanofluid particle agglomeration in 
reality. Accordingly, the concentration required to be opti-
mal so as to obtain minimal increment in pumping power 
and maximum possible uniformity in cooling. Similarly, the 
inverse relation to the Re implies that flows of higher veloc-
ity lead to reduction in uniformity and this has been observed 
before, i.e., as Re increases, the behavior tends toward that of 
a homogeneous fluid. Accordingly, the Re also requires to be 
selected smartly so as to obtain maximal uniformity in cool-
ing but should not be too low such that the average cooling 
performance deteriorates at the expense of uniformity. The 
effect of geometry comes into the picture through the critical 
Re value, which is purely dependent on the geometry. At low 
Re, the CMF increases with increment in concentration, and 
at higher Re, it decreases. The transit Re value at which the 
CMF becomes independent of the concentration is termed as 
the critical Re and can be deduced from analysis of simula-
tion results. For the present geometry, this is determined to 
be ~30 and a clear scrutiny of Fig. 5 shows that the CMF is 
fairly constant for Re = 50, thus providing credibility to the 
obtained value.

4 � Conclusions

The present article deals with the flow and concentration 
maldistribution of nanofluids in parallel microchannel sys-
tems. Reports in literature treat nanofluids as homogeneous 
single-phase fluids with enhanced effective properties and 
conclude improved cooling performance in such devices. 
However, experiments reveal that such predictions fall 
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short of the real fluid distribution and cooling performance. 
In particular, particle migration effects caused by Brownian 
motion, Thermophoresis and gradients of pressure or shear 
stress result in non-trivial variations in particle concentra-
tions, particularly at low Re, dilute concentrations and for 
situations with heat transfer. Hence, a non-homogeneous 
two-phase model has to be utilized to model and understand 
nanofluid flow and associated heat transfer. In this article, 
an Eulerian–Lagrangian model for nanofluid flow in U con-
figuration parallel microchannels has been considered and 
distribution of particles as well as the fluid and their impact 
vis-à-vis thermal performance has been reported. It has 
been observed that effective property model cannot be used 
to predict nanofluid performance in complex flow geom-
etries as the distribution of particles and the fluid are inter-
dependent on the distribution pattern of one another. This 
leads to grossly different flow distribution patterns and the 
effective particle concentration in the individual channels. 
The flow distribution has been observed to be more uniform 
at high heat fluxes. Essentially, this leads to ‘smart’ effects 
in terms of more uniform cooling in critical zones, and 
this is only predicted by the DPM formulation. The smart 
fluid effect refers to the compensation for the lack of cool-
ant flow in certain zones of the channel assembly, by the 
appropriate modifications in nanoparticle concentrations 
as well as thermal conductivity (Li and Ahmadi 1992) to 
achieve uniform cooling. A mathematical predictive model 
has also been proposed to determine a quantitative measure 
of the uniformity of cooling performance of the nanofluid 
with water as base fluid. The proposed model well matches 
with numerical results at low heat flux conditions, whereas 
the simulations take care of temperature-dependent viscos-
ity, but the model has no such provision, and hence, slight 
deviations are observed at high heat flux. The present find-
ings can be utilized to obtain a priori estimates of nanofluid 
behavior within a particular microgeometry for optimizing 
flow and thermal performance in parallel microchannel 
heat sinks employing nanofluid coolants.
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