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Abstract 

Fluidic maldistribution in microscale multichannel devices requires deep understanding to 

achieve optimized flow and heat transfer characteristics. A thorough computational study has 

been performed to understand the concentration and thermoïhydraulic maldistribution of 

nanofluids in parallel microchannel systems using an EulerianïLagrangian twin phase model. 

The study reveals that nanofluids cannot be treated as homogeneous single phase fluids in such 

complex flow domains and effective property models fail drastically to predict the performance 

parameters. To comprehend the distribution of the particulate phase, a novel concentration 

maldistribution factor has been proposed. It has been observed that distribution of particles need 

not essentially follow the flow pattern, leading to higher thermal performance than expected 

from homogeneous models. Particle maldistribution has been conclusively shown to be due to 

various migration and diffusive phenomena like Stokesian drag, Brownian motion, 

thermophoretic drift, etc. The implications of particle distribution on the cooling performance 

have been illustrated and smart fluid effects (reduced magnitude of maximum temperature) have 

been observed and a mathematical model to predict the enhanced cooling performance in such 

flow geometries has been proposed. The article presents lucidly the effectiveness of discrete 

phase approach in modelling nanofluid thermoïhydraulics and sheds insight on behavior of 

nanofluids in complex flow domains. 
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1. Introduction 

In the modern era, miniaturization of microelectronic devices and systems coupled with 

increased functionalities poses severe challenges to cooling technologies due to generation of 

high heat fluxes. Conventional cooling techniques prove inadequate in such cases and might lead 

to device failure due to improper thermal management. Parallel microchannel based heat 

exchanger devices, where a cooling fluid flows through a large number of parallel, micro 

machined or etched conduits, is becoming the preferred cooling device to cool modern electronic 

components like MEMS, VLSI circuits, laser diode arrays, highïenergy mirrors and other 

compact products emitting high transient thermal loads. The 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 have thus been a major focus for thermoïfluidics 

researchers over the last two decades. In a pioneering work, Tuckerman and Peace [1] proposed 

a novel cooling technique using microchannel heat 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 researchers stressed upon the applicability of conventional fluidics 

theories on microchannel flow domains [2ï5] and it has been shown that the classical Navierï

Stokes equations can be utilized for accurate prediction of liquid flow characteristics in 

microchannels. Though some discrepancies remain, these have been associated to factors such as 

measurement inaccuracies, imperfections induced during test section and geometry fabrication, 

entrance, exit and bend effects and effects of surface roughness. However, despite all such 

positives, the overall thermal performance of parallel microchannel cooling systems can be 

reduced because of nonïuniform distribution of the working fluid from the manifold to the 

channels. Thereby it becomes an utmost necessity to properly understand the flow 

maldistribution behavior in such systems since grossly nonïuniform cooling can lead to failure 

of certain regions of the source device. The extent of flow maldistribution in macro and miniï

channels are well understood from the several proposed models [6ï8] however such models fail 

to predict maldistribution of flow in parallel microchannels [9] since such models either neglect 

frictional effects within channels or the inertial effects in the manifold while both effects are 

equally important in case of parallel microchannels [9]. There are several experimental and 

numerical reports that attempt to understand flow distribution of single phase flows in parallel 

microchannels [10ï13], for both adiabatic and heat transfer cases. Based on experiments and 
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computations, Siva et al. [14] proposed an optimum configuration to reduce single phase flow 

maldistribution in parallel microchannel cooling systems.  

Later, the attention shifted towards obtaining higher thermal transport by modification of 

the flow field or the fluid itself so as to bring in the practical implementation aspects, such as 

enhancement of heat transfer using offset fins or employing nanofluids as the working fluid [15, 

16]. Nanofluids, which are engineered dilute and stable colloidal suspensions of metallic and/or 

ceramic nanoparticles in a conventional base fluid, exhibit thermal conductivity values ~ 20ï150 

% higher than the base fluids [17]. Several experimental and some theoretical works have been 

reported on the enhanced thermal conductivity of nanofluids [18ï21] over the past decade. The 

thermal transport caliber of any nanofluid depends mainly on nanoparticle concentration, thermal 

conductivity, the diameter of particles, base fluid conductivity and temperature [22]. Several 

studies [23ï25] have conclusively reported that nanofluids show great promise for use in cooling 

technologies. The use of nanofluids in microchannel heat exchangers has been recommended as 

a potentially feasible solution for cooling microelectronic devices. There are several 

experimental and numerical reports that concentrate on understanding the enhanced heat transfer 

characteristics and pressure drop of nanofluids in parallel microchannel systems [26ï32]. It has 

been reported that enhanced heat transfer can be achieved with the use of nanofluid in 

microchannels but at the cost of increased pressure drop. Further, the mechanisms involved in 

the heat transport phenomena are not fully understood and may need more analysis [33, 34]. 

Overall there are few reports which concentrate on the modeling of flow and heat transfer 

characteristics of with nanofluids in microchannels but all these consider nanofluids as 

homogeneous single component fluids for analysis; which has been conclusive reported [16] to 

be an inefficient and incorrect assumption. Thorough survey of literature reveals there are no 

reports which try to understand the effects of flow and particle concentration distribution of 

nanofluids (treated as nonïhomogeneous twin component fluids) in parallel microchannels and 

its impact visïàïvis thermal capabilities and uniformity. So there is a need to carry out an inï

depth study to understand the effects of nanofluid maldistribution along with nanoparticle 

concentration and temperature maldistribution in parallel microchannel cooling systems since 

such a study may directly contribute towards design and optimization of nanofluid properties and 

microchannel systems for increasing the performance of parallel microchannel cooling systems 

employing nanofluids. 
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2. Numerical formulation  

To understand the concentration and thermo-hydraulic maldistribution of nanofluids within 

parallel microchannels, detailed numerical investigation on the flow and heat transfer of 

aluminaïwater nanofluid in parallel microchannel system has been carried out. There are two 

different approaches used in the present work, Effective Property Modeling (EPM) and Discrete 

Phase Modeling (DPM) (EulerianïLagrangian approach). The former one considers the 

nanofluid as single phase homogeneous fluid with effective physical properties which are linear 

functions of fluid and particle material properties. The latter considers nanofluid as two phase 

nonïhomogeneous fluid i.e., fluid phase as continuous phase with nanoparticles as a discrete 

dispersed phase and considers all the prevalent diffusion and migration mechanisms of the 

nanoparticles within the fluid, viz. hydrodynamic forces, Brownian and thermophoresis 

diffusion, shear induced migration, etc. The present work focuses on elaborating why the DPM is 

a must requirement to model nanofluid behavior in microchannel systems.   

2.1. Governing equations for the continuous phase 

The governing equations for the EPM and continuous phase of the DPM are the continuity 

equation (mass), NavierïStokes equation (momentum) and energy equation. The following 

equations respectively represent the mathematical formulations for the same. 

​Ȣ”ὠ ᴆ π          (1) 

ᴆ
​Ȣ”ὠᴆὠᴆ  ​ὖ ​Ȣ‘​ὠ ᴆ ​ὠ Ὓ       (2)  

”ὅ  ὠᴆȢ​Ὕ ​ȢὯ​Ὕ Ὓ         (3) 

The effects of viscous dissipation and work due to compressibility are assumed to be negligible 

in the energy equation. In Eqns. (1)ï(3), ɟ is density of liquid, V is velocity of the liquid, t is 

time, P is pressure, g is the acceleration due to gravity, C is the specific heat of fluid, k is thermal 

conductivity of fluid and T is fluid temperature. Sm and Se are source terms representing 

momentum and energy exchange respectively between the continuous phase (fluid) and discrete 

phase (nanoparticles) and the terms are zero for single phase model i.e. EPM. 
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2.2. Governing equations for the dispersed phase 

The particle trajectories in the flow field are determined by Newtonôs second law of motion. 

Considering a Lagrangian frame of reference, the governing equation (in Cartesian coordinates) 

for the motion of the nanoparticles is expressed as 

Ὂ           (4) 

Ὂ Ὂ  Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ       (5) 

Where Vp is the instantaneous velocity of the particles and F is the net specific force acting on 

the particle. The terms FD, FG, FB, FT, FL, FP and FV represent the forces due to fluidic drag, 

gravity, Brownian motion, thermophoretic drift, Saffman lift, contribution due to pressure 

gradient and contribution due to virtual mass respectively. The forces can be expressed 

mathematically as follows [35]  

Ὂ           (6) 

For submicron particles as is the present case, the classical form of Stokesian drag needs to be 

modified so as to accommodate the nonïcontinuum or slip boundary effects (which creeps in for 

high Knudsen number systems, such as flow past nanoscale particles) at the particleïfluid 

interface and can be expressed as 

Ὂ             (7) 

Where Cc represents the Cunningham correction factor to Stokes law and the expression for the 

same is as 

ὅ ρ  ρȢςυχπȢτὩ Ȣ ϳ        (8) 

Ὂ            (9) 

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

is required to model the force. The amplitude of the Brownian force components is expressed as  
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Ὂ ‒
Ў

           (10) 

where ɕi is a random number which is part of a Gaussian distribution with zero mean. The 

amplitudes of the Brownian force components are estimated at each step of the discrete phase 

calculations. The components of the Brownian randomness are modeled as Gaussian white noise 

process with the expression for the spectral intensity Sn,ij expressible as [36] 

 

Ὓȟ Ὓ‏            (11) 

where ŭij is the Kronecker delta function and the expression for the amplitude of the spectrum S0 

is expressed as 

Ὓ            (12) 

The dispersed particles within a continuous phase subjected to a temperature gradient experience 

a force in the direction opposite to that of the gradient due 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 is less. The phenomenon is known as thermophoresis or Soret 

effect and the expression for the force generated due to the drift is expressed as 

Ὂ Ὀȟ           (13) 

Where DT,P is the thermophoretic coefficient [37] 

Ὀȟ         (14) 

Where Cm=1.146, Cs=1.147 and Ct=2.18 are the momentum exchange, thermal slip and 

temperature jump coefficients respectively. 

The Saffman lift force which is generated due to shear on the particle by the continuous phase 

(this form of lift arises for small particles in flow) is expressed as  

Ὂ Ⱦ ὠ ὠ          (15) 
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where ks =2.594 is a constant and dij is the deformation tensor for the continuous phase which 

governs the shear generated around the particle.  

The force arising on the particles due to pressure gradient within the fluid is expressed as 

Ὂ ὠ            (16) 

The inertia required to propel the fluid surrounding the particles gives rise to a virtual mass force 

and can be expressed as 

Ὂ ὠ ὠ            (17) 

 

2.3. Effective Property Model  

The following formulations have been used for determining the effective properties (density, 

specific heat, viscosity and thermal conductivity in ascending order of equation numbers) of 

aluminaïwater nanofluid considering such fluids as homogeneous single component systems 

[38] 

” ρ ‰” ‰”          (18) 

”ὅ ρ ‰ ”ὅ ‰”ὅ         (19) 

‘ ‘ ρ ρπ‰           (20) 

Ὧ Ὧ         (21) 

 

2.4. Computational details 

A 3ïD, U type, parallel microchannel domain has been created, meshed and fluid flow and heat 

transfer solved employing ANSYS Fluent 14.5. Fig. 1(a) shows the geometrical configuration 

utilized in the present study. This particular geometry has been revealed to have the worst flow 
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distribution characteristics [9] and hence studies on the same provide information on nanofluid 

flow in microchannels for the worst case scenario; an essentiality for design and optimization. 

The details of dimensions of geometry and working fluid are as follows:  hydraulic diameter (Dh) 

of channel is 100µm, 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 water and Al2O3ïwater nanofluid. A mesh consisting of 

quadrilateral elements has been utilized and employs the grid at the inlet of the manifold for 

injecting the nanoparticles. A grid independence study is carried out by considering different 

mesh element numbers and Fig. 1 (b) shows the grid independent study results considering the  

flow maldistribution parameter (expressed in Eqn. 22) criteria [9] for grid independence test. As 

evident from the figure, there is no change in maldistribution parameter with respect to number 

of mesh elements beyond 1250000. A finer element size (1455237 number of mesh elements) is 

considered for the present study since availability of large number of surfaces at inlet to inject 

more particle streams renders tracking more accurate. Uniform heat flux has been applied at the 

bottom and side walls for heat transfer cases and the top wall has been considered adiabatic. 

 

 

Figure 1: (a) Geometry of parallel microchannel system used as the simulation domain (b) Grid 

independence test (maldistribution parameter with respect to number of mesh elements). 
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The present numerical model has been validated with respect to the published reports by 

Siva et al. [9] and Singh et al. [16]. The former study discusses in details flow maldistribution of 

water in parallel microchannel systems whereas the later study comprises detailed report on the 

thermoïhydraulic performance of nanofluids in single microchannel system. The present study 

being an effort to shed insight on to the flow and thermal behavior of nanofluids in parallel 

microchannel systems is thereby justifiably validated from the two mentioned sources and the 

plots have been illustrated in Fig. 2(a), (b) and (c). Fig. 2 (a) validates the present microchannel 

model against published data [9], wherein the maldistribution of water among the parallel 

channels for two different hydraulic diameters (88µm and 176µm and flow at Re=70) 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 for justifying the homogeneous model results for 

nanofluids in parallel microchannels (presented in later sections). Fig. 2 (b) and (c) illustrates the 

efficacy of the present model in simulating flow and thermal transport compared to the 

experimental reports [16]. The experiments report flow and heat transfer in nanofluids within a 

single microchannel and illustrates the effectiveness of the EulerianïLagrangian particle tracking 

models in such twin phase flows.  It is evident from the figure that the present Discrete Phase 

Model (DPM) agrees well with reported experimental investigations. Consequently, validating 

against documented experimental data for flow of simple fluids and nanofluids in both single as 

well as multiple microchannel assemblies essentially provides evidence that the present model 

can effectively simulate both homogeneous and discrete phase approaches to determine 

performance of nanofluids in microchannel cooling 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 nanofluids as potential coolants 

in microelectronics or micromechanical devices employing parallel microchannel systems, it is 

of utmost importance to first shed light onto the adiabatic transport of the same. While in case of 
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simple and/or single phase fluids the major adversity to be addressed or modified is the hydraulic 

maldistribution in the channel systems, in case of complex and nonïhomogeneous fluids such as 

nanofluids, maldistribution of the effective concentration is also expected to pose additional 

concerns towards performance of such systems. Thereby it deems a necessity that a detailed 

EulerianïLagrangian particle tracking model be employed to simulate such flows and establish 

the deviances from the homogeneous property models. Furthermore, it is pertinent that the flow 

regimes be identified for the system geometry under consideration within which such 

maldistribution is appreciably high and sensitive to changes in flow Reynolds number. 

Accordingly, the effects of Reynolds number and concentration on flow and concentration 

maldistribution of nanofluids in parallel microchannel systems have been numerically 

investigated using the DPM. The flow maldistribution has been quantified based on the flow 

maldistribution factor (FMF) expressible as [9] 

– ρ
Ў

Ў
            (22) 

Similarly, the extent of concentration maldistribution is quantified using the concentration 

maldistribution factor (CMF), defined as 

‐ ρ             (23) 

The magnitudes of the FMF and CMF vary between 0 and 1, where 1 represents a scenario of 

maximal maldistribution.  

The present study utilizes generalized nanofluid formulation throughout and owing to 

excellent transport characteristics and stability, aluminum oxide (40ï50 nm) and water based 

nanofluids have been used [23]. Furthermore, a basic Uïtype manifold and channel geometry is 

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

configurations, [9] and hence a clear picture of nanofluid performance in the worst case scenario 

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

and pumping requirements in parallel channel systems, has been illustrated in Fig. 3 (a), for 

nanofluid at three different concentrations (1, 3 and 5 vol. %) and for two different Reynolds 

numbers (2 and 50; one low another moderately high). As evident from the figure, the pressure 

drop across the channels is higher for the nanofluid compared to water, which is expected given 
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the higher viscosity of the nanofluid induced by the presence of nanostructures within the fluid. 

The pressure drop in the initial channels is higher for both water and nanofluid when compared 

to those in the later channels due to the nonïuniform distribution of fluid in the parallel 

microchannels; the effect known as flow maldistribution. However, knowledge of the pressure 

drop values in the channels individually does not portray a complete picture onto the 

maldistribution characteristics within the overall geometry.  The extent of maldistribution for 

water and nanofluids has been illustrated in Fig. 3(b) by the maldistribution parameter (Ὥ) at 

different Reynolds numbers and for different concentrations.  

 

 

Figure 2: Validation of present numerical model with reported experimental investigations (a) 

Validation with Siva et al. experimental results (b) Validation with Singh et al. experimental 

results for adiabatic transport (c) Validation with Singh et al. experimental results for diabatic 

transport. 
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It can be observed from the figure that hydraulic maldistribution increases gradually as a 

function of nanofluid concentration and the effect is further enhanced at lower Reynolds 

numbers. However, in reality, 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 nanofluids as complex, nonïhomogeneous fluids, where the distribution 

of the particles governs the flow behavior. At high Reynolds numbers, the flow is dominated by 

inertia, enabling the later channels more share of the working fluid which in turn reduces 

maldistribution. Due to high inertial effects, the shear and diffusion induced migration of the 

nanoparticles is arrested and the particles are forced to track the streamlines along the direction 

of flow, and accordingly, the FMF becomes independent of nanofluid concentrations at high 

flow velocities. However, at low Reynolds numbers, the inertia of flow is less and hence 

resistance to the random motion of particles due 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 of flow. It 

can be thus inferred that flow maldistribution exhibits sensitivity to particle concentration and 

the deviation from the base flow increases with increasing particle concentrations at low 

Reynolds numbers (flow regimes expected in real scenario applications of microscale flow based 

heat transfer devices). Nanofluids will therefore not behave as homogeneous fluids in such 

devices and 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 

assessed from comparison of maldistribution obtained from DPM and EPM analyses, as 

illustrated 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 EPMôs treatment of nanofluids as homogeneous and single component, wherein 

fluid properties are calculated based on effective material properties. From Fig. 4 it can be 

observed that the EPM FMF at 1 and 3 vol. % are similar in magnitude and this occurs due to the 

usage of expressions such as Einsteinôs or Batchelorôsô equations [39] for determining viscosity 

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 
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two cases, leading to similar 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 unaffected by the inertial 

effects in the range considered. On the contrary, the variation of FMF can be observed clearly as 

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

EulerianïLagrangian approach of modeling nanofluids has been reported to predict experimental 

observations unlike its single phase counterparts.  

 

 

Figure 3: (a) Comparison of nanofluid pressure drop across each channel for three different 

concentrations (1, 3 and 5 vol. %) with water (b) Behavior of FMF (Ὥ) with respect to 

concentration at three Re (in the low, moderate and high inertial regimes). 
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Figure 4: Comparison of FMF of nanofluid obtained utilizing DPM and EPM approaches at 

three different concentrations and for three different Re. 

 

The DPM approach is able to capture the proper FMF as the model considers the particles 

as a phase in some ways independent of the fluid phase and tracks the migration of the particles 

(considering all the diffusive effects like Brownian fluctuations, Saffmann lift, thermophoresis, 

Stokesian drag, rotation and so on) within the continuous phase and its interactions with the fluid 

as well as neighboring particles. It 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 population 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 volume introduces 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 first channel be considered, the fluid component of the 

nanofluid gets distributed similarly to that of the base fluid.  However, 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 load thereby prevents the fluidic phase to be distributed similar to the base 

fluid in the later channels 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 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 migration 

effects of the particles decrease and they more or less follow the flow pattern, leading to more 

uniform distribution. In fact, the DPM FMF approaches the EPM FMF as Re increases,           

providing evidence that the nanofluid behavior asymptotically approaches homogeneous fluid 

behavior at high inertia regimes.                      

 

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 and is something that 

all published reports in the field have overlooked. Since it directly affects the cooling 

performance, a comprehensive understanding can provide better suited design approaches for 

nanofluid based microchannel heat exchangers. Common intuition, considering nanofluids 

similar to single phase systems suggests that the nanofluid should distribute similar to the base 

fluid, however, this is far from the reality. Fig. 5 illustrates a comparison between the FMF and 

concentration maldistribution factor (CMF) for different concentrations and Re. As discussed, it 

can be inferred from the figure that nanofluids do not behave like homogeneous fluids as the 

FMF and CMFs are grossly dissimilar at different Re and concentrations. While the trends of 

both flow and concentration maldistributions as function of inlet concentration are qualitatively 

similar at low Re, they are absolutely different at high Re. 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 nonïintuitive flow maldistribution can be gauged. While the FMF 

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

At low Re, the particles are more independent to migrate and diffuse across the 

streamlines, and this in turn leads to nonïuniform distribution of concentration. As the particle 

loading increases, the migration effects, fluidic drag and interïparticle interactions increase, 
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leading to higher CMF. This in turn affects the flow and the FMF enhances too, as discussed in 

the preceding section.  As Re increases, EPM predicts no noticeable changes in the FMF than 

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 arrests 

particle migration to some extent; the decrease of CMF at higher Re with increasing 

concentrations needs deeper insight. With increasing Re for the same hydraulic diameter, the 

flux of the fluid increases and accordingly the streamlines are packed closer. In such cases, 

although inertia has arrested diffusive movements orthogonal to the streamlines severely, the 

particles still have scope to diffuse and migrate along the direction of the flow. This effect still 

leads to uneven distribution and hence at low particle populations, the CMF remains fairly 

unaffected. However, as the concentration is increased, the population is packed within the 

closely placed streamlines and the migratory movements along the streamlines are also cut off 

due to excessive particles in the system. The system thus begins to behave like a packed bed of 

granular media and flows more or less along with the base fluid, thereby reducing the 

concentration maldistribution. This effect is further pronounced at higher Re values and the CMF 

at high concentration further decreases.   

The distribution of the particles within the flow geometry also requires a qualitative 

analysis so as to understand the overall behavior of nanofluids in microchannel systems. The 

DPM concentration profiles at the horizontal geometry midïplane at low Re for three different 

concentrations have been illustrated 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, followed by 

channel 2, whereas the later channels experience flows of much reduced concentration. With 

increased concentration to 3 %, the scenario improves with the 3rd and 4th channels getting a fair 

share of particles. This happens expectedly as a major fraction of the increased population cannot 

travel through the 1st and 2nd channels completely. As the concentration is further increased, the 

end channels also start experiencing a large fraction of the particles. In fact, as discussed earlier, 

movement analogous to that of a packed bed leads to higher concentration flows within the 

central and end channels.  
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Figure 5: Comparison of DPM FMF and CMF for the nanofluid at three different Re and 

concentrations. 

 

The concentration distribution contours at a cross section of the inlet manifold (as shown 

by arrow) and a cross section of the outlet manifold (as shown by the arrow) have been 

illustrated in Fig. 6(b1) and (b2). It can be observed that while 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 zones of particle population, its outlet counterpart consists of a 

more diffused concentration distribution. In the inlet region, the sole flow mechanism that 

actuates mixing of the particulate phase is the convergence of the boundary layers within the 

developing region. Within the developing region the mixing is null in the potential flow zone and 

full scale mixing begins only convergence and establishment of complete viscid flow regime. 

However, the outlet manifold contains flow already experienced to the effects of entrance, exit 

and bend of the flow and to mixing of different merging streams of different effective 
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concentrations. Accordingly, the discrete phase is much more diffused and well dispersed within 

the outlet manifold than the inlet.   

An accurate qualitative assessment of the impact of the particle slip 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 manifold. The concentration distribution 

contours at a section proximal to the inlet cross section at different Re have been shown in Fig. 

6(d). A nonïuniform concentration distribution can be observed to prevail at the entrance of the 

inlet manifold at low Re and the uniformity of concentration distribution improves as Re 

increases. The diffusion or migration of particles away from the point of entry at regions very 

near the entrance of the manifold is 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 

etc. are not present). 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 migration of the particles away from the streamlines takes place spontaneously; 

leading to nonïuniform distribution of concentration at the entrance of the manifold itself. This 

effect perishes as the Re increases and the phenomenon is observed only when ratio of 

continuous phase velocity to Brownian velocity is below 500 (VC / VB< 500).  To justify the 

above observations, simulations have also been carried out by switchingïoff the Brownian 

component in the governing equations and the corresponding results have been illustrated in Fig. 

7. Fig. 7(a) and (b) exhibit the concentration distribution contours at entrance and exit of the inlet 

and outlet manifolds respectively without the Brownian effect. Fig.7(c) and (d) illustrate the 

same with the Brownian effect incorporated. As observable, while the outlets show some 

similarities in the distribution pattern, the inlets are grossly dissimilar and the effect of Brownian 

motion on particle maldistribution can be comprehensively understood, thereby making it one of 

the most important phenomena at low Re flows of nanofluids in microscale flow devices. 
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Figure 6: Contours of dispersed phase concentration of the nanofluid among the parallel 

microchannels at Re=2 for different concentrations (a) ◖ = 1 vol. % (b) ◖ = 3 vol. % (b1) 

Concentration distributions at inlet manifold cross section (b2) Concentration distributions at 

outlet manifold cross section (c) ◖ = 5 vol. % (d) Contours of concentration distribution at inlet 

cross section of inlet manifold at different Reynolds numbers for 1 vol. % with Brownian 

diffusion active within the DPM formulation.  

 

The effect of flow inertia on the distribution of the nanofluid and its implications visïàï

vis concentration maldistribution among the individual can be assessed from the concentration 

contours within specific channel inlets for different Re. Fig. 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 fair share of the particle population than the case at higher Re, where majority 

of the 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 flow 
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aggregations as those in low Re. Channel 5, being almost within the central region, 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 with fairly constant share of particles. At low Re, the last channel 

gets a dilute flow, as observed in the figure, where large fractions of disappearing dilution can be 

observed. As the Re increases, the flushing event pushes more particles to the latter channels and 

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, 

probability of occurrence of hot spots can be deduced to be low among the regions housing the 

central channels for almost all inertial regimes.   

 

 

Figure 7: Dispersed phase mass concentration distribution contours at Re =2 at the (a) entrance 

of the inlet manifold with Brownian effect switched 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 individual channels (at a 

section proximal to the channel inlet) for nanofluid of a fixed concentration.    

 

3.2. Diabatic flows 

3.2.1. Flow maldistribution  

Although understanding flow maldistribution is important for optimizing the pumping 

characteristics, understanding the same with increasing heat loads is required for efficient design 

of such specialized microscale flow systems. Fig. 9 illustrates the FMF for nanofluids as function 

of concentration, Re and imposed heat flux. It can be observed that for the geometry considered, 

the presence of nanoparticles in 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 temperatures is more in case of the 

nanofluid than that of water, which brings to the forefront the important role that nanoparticle 

migration and diffusion (which is more prominent at elevated temperatures) in determining the 

overall flow pattern. As heat flux increases, the temperature in the system increases, and the 

viscosity of the fluid decreases, leading to increased nonïuniform distribution of fluid due to 

enhanced inertia. 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 and 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, leading to localized disruption of the 


