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Abstract: In this paper, a modified Buongiorno model is proposed and utilized to examine the nanoparticles distribution
pattern in a nanofluid flow through a microchannel filled with a porous medium. The governing nonlinear differential
equations are obtained and tackled numerically by using shooting method coupled with Runge-Kutta-Fehlberg integration
scheme. Graphical results showing the effects of the pertinent parameters on the nanofluid velocity, nanoparticles
concentration, skin friction and Sherwood number are presented and discussed quantitatively. It is found that nanoparticles
tend to aggregate with high concentration along the microchannel centreline region, thus, lessens the skin friction and
boosts the Sherwood number.

Keywords: Nanofluid; Microchannel; Poiseuille Flow; Nanoparticles Distribution; Porous Medium.

Nomenclature

u Velocity components (ms™) Greek symbols

(x,y) Coordinates (m) n Dimensionless variable

C Nanoparticles concentration W Base fluid dynamic viscosity(kgm's™)
Cw  Wall concentration Hnf Nanofluid dynamic viscosity(kgm's™!)
Cs  Total nanoparticles concentration U Nanofluid kinematic viscosity(m?s™)
K Permeability pr Density (kgm™)

h Microchannel width (m) Tw Wall shear stress (Pa)

L Microchannel length (m)

Sh Sherwood number

Re Reynolds number

Da Darcy number

qm Mass flux (Wm™)

w Dimensionless velocity

1 Introduction

Microfluidics has become an emerging science and technology of systems that process nano-sized fluid materials using
channels with dimensions of tens to hundreds of micrometres [1-3]. Adequate knowledge of fluid flows in microchannels are
crucial for the effective control of dynamic effects associated with transport phenomena such as momentum, heat and mass
transfer for different applications in micro-system technology. Moreover, the enormously small aspect ratio characteristics of
microchannels offer a veritable platform for enhance flow rate with heat and mass transfer processes such as the
transportation of fluids for chemical or biological processing, micro-mixing of different fluids or separating different species
and micro-scaled cooling systems of electronic devices [4, 5]. Meanwhile, it is reported that the surface contact area to-
volume ratio of the flow is enhanced by incorporating porous media into the microchannels [6, 7]. Consequently, the
embedment of porous media in microchannels will further improve the local velocity mixing of working fluid and provide a
high-mass-flux removal method in miniaturized devices.

Recently, the advancement in the field of nanotechnology have led to the advent of a new generation of coolants known as
nanofluids [8, 9]. It is engineered by colloidal suspensions of functionalized nano-sized particles composite materials into the
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based fluid. Some typical nanofluids are ethylene glycol based copper or silver nanofluids and water based copper oxide or
iron oxide nanofluids [10, 11]. In spite of the existence of numerous experimental and theoretical investigations [12-15] on
micro-porous channel hydrodynamics of nanofluids, a number of principal problems are not well studied especially with
respect to the impact of nanoparticles distribution pattern on flow rate and mass flux. In the present studies, the objective is
to fill this gap by theoretically examining the combined effects of porous medium permeability and nanoparticles
distribution pattern on both flow rate and mass transfer rate in a micro-porous channel. In the following sections, the model
problem is formulated, analyzed and numerically tackled. Pertinent results for the velocity and nanoparticles concentration
profiles as well as the skin friction and Sherwood number are obtained. Effects of various physical parameters are displayed
graphically and discussed.

2 Model Problems

The modified Buongiorno [9] model for a Poiseuille flow of an incompressible nanofluid with variable viscosity in a
microchannel filled with a porous medium is considered as shown in figure 1. The flow takes place in the x - direction
between two parallel plates of small width 2 and very long length L. Following [16], the nanoparticle concentration
dependent nanofluid dynamic viscosity (zuy) can be expressed as

u,(C, -C,)”
lurzf = (C _C)z.s

Where C; is the total concentration of nanoparticles such that Cw < C << Cs, yris the base fluid dynamic viscosity, Cw is the
nanoparticles concentration at the microchannel walls and C is the nanofluid concentration.
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Fig. 1: Schematic diagram of the problem.

Under these conditions, the continuity, momentum and nanoparticles concentration equations governing the problem may be
written as [11, 13-15];
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with the boundary conditions given as

u=0, =7, C=C,, at y=0 (5)
u=0, 7=7,, C=C,, at y=h

where Dz is the nanoparticles mass diffusivity, oris the base fluid density, P is the nanofluid pressure, y relates to the source
rate of nanoparticles into the nanofluid. We introduce the following non-dimensional quantities in equations (2) - (5):
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T Sea1-g)=0, ®)
dn
with boundary conditions given as
W(0) =¢(0) =0,
®
w1 =¢) =0,

where A corresponds to the constant axial pressure gradient, Sc is the Schmidt number, Da is the Darcy number and A is the
parameter that relates to the rate of injection of nanoparticles into the base fluid. Other quantities of interest are the skin
friction coefficients (Cy) and the Sherwood number (S#) which are given as

h? h
C,= TVZ - , = T = d¢| , (10)
Copp dnl, D,(C,-C,)  dn|
where
o oC "

7, = A ° m
w lunf ay q B ay
3 Numerical Procedures

The nonlinear model boundary value problem in equations (7)-(9) are transformed into a set of first order ordinary
differential equations with some unknown initial conditions and tackled numerically using shooting method with Runge-
Kutta-Fehlberg integration scheme [17].

Let W=y ,W'=y,0=y,¢ =y, (12)

The governing equations then become

W=V
' SY2Ys DI
Y2 2(1—y3)+Da ( ys) (13)
Vi =Y,
Yo =SeAly,-1)

with the corresponding initial conditions as

1(0)=0,,(0)=a,y,(0)=0,,(0) = a,. (14

The values of a1 and a2 in the equation (14) are initially guessed and thereafter accurately determined via shooting method
with Newton-Raphson’s iteration technique for each set of parameter values in equation (13) with step size of An=0.01.
Solutions obtained for the velocity and nanoparticles concentration profiles are utilized to compute the values for the skin
friction and Sherwood number as given in equation (10).

4 Results and Discussion

In order to gain an insight into the overall flow structure with mass transfer characteristics, numerical solution for the
velocity and nanoparticles concentration profiles are presented graphically in figures 2-6. We also compute the results for
the skin friction (Cy) and Sherwood number (Sh) as depicted in figures 7-9. Generally, the velocity profiles as illustrated in
figures 2-4 are parabolic with maximum value along the microchannel centreline region and zero at the walls due to no slip
condition. It is noteworthy that an increase in the Darcy number (Da) enhances the nanofluid velocity due to an enlarge
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Permeability of the porous media (see figure 2). Meanwhile, the velocity profiles lessens with a rise in the parameter values
of Sc andA. This can be attributed to the thickening of the nanofluid due to increasing concentration of nanoparticles,
consequently, the nanofluid viscosity rises and the flow rate diminishes as depicted in figures 3-4.
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Fig. 2: Effect of Da on velocity profiles. Fig. 3: Effect of Sc on velocity profiles.
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Fig. 4: Effect of A on velocity profiles. Fig. 5: Nanoparticles concentration profiles with Sc.

In figures 5-6, we observed that nanoparticles tend to aggregate more towards the microchannel centreline region with high
concentration as compare to the wall region. Moreover, this distribution pattern of nanoparticles is enhanced with an
amplification in the parameter values of Sc and A. This is expected, since an increase in the values Sc and A implies more
injection of nanoparticles into the base fluid, leading to a rise in the concentration of nanoparticles towards the microchannel
centreline region.

Figures 7-8 show that the shear stress (skin friction) at the microchannel wall lessens with a rise in parameter values of Sc
and A, but escalates with an increase in parameter values of A and Da. Since the nanofluid viscosity is augmented with
increasing values of Sc and A, consequently, velocity gradient at the wall diminished, leading to a fall in skin friction.
Meanwhile, as A and Da values increase, the velocity gradient at the wall is enhanced, leading to skin friction amplification.
In figure 9, it is seen that nanoparticles mass transfer rate at the wall increases with both Sc and A. This is expected since the
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injection of nanoparticles into the base fluid rises with increase values of Sc and A, leading to a boost in the nanoparticles
concentration gradient at the wall and enhanced Sherwood number.
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Fig. 6: Nanoparticles concentration profiles withA. Fig. 7: Skin friction with Sc and A.
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Fig. 8: Skin friction with A and Da. Fig. 9: Sherwood number with Sc and A.

5 Conclusions

In this study, variable viscosity nanofluid Poiseulle flow in a microchannel filled with a porous medium has been
investigated numerically using shooting method coupled with Runge-Kutta-Fehlberg integration scheme. Pertinent results
can be summarized as follows:

e Increase in Sc and A lessen the velocity profiles but enhance the nanoparticles concentration profiles.

e Increase in Da boosts the velocity profiles.

e Nanoparticles tend to aggregate more towards the microchannel centreline region as compare to the wall region

e  Skin friction diminishes with a rise in Sc and A, but amplifies with an increase in A and Da.

e Increase in Sc and A boost the Sherwood number.
Finally, it is worth mentioning that the observed distribution pattern of nanoparticles with high concentration along the
microchannel centreline region augments the efficient flow process through the reduction of the skin friction and
enhancement of the Sherwood number.
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