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This paper investigates the influence of viscous dissipation and magnetic field on natural convection from a vertical plate
in a non-Darcy porous medium saturated with a nanofluid. In addition, a convective boundary condition is incorporated
in the nanofluid model. A nonsimilarity transformation is used to reduce the mass, momentum, thermal energy, and the
nanoparticle concentration equations into a set of nonlinear partial differential equations. The obtained equations are
solved numerically by an accurate implicit finite-difference method. The accuracy of the numerical results is validated
by a quantitative comparison of the heat transfer rates with previously published results for a special case and the results
are found to be in good agreement. The effects of magnetic field, viscous dissipation, and non-Darcy and the convection
parameters on the velocity, temperature, nanoparticle volume fraction, and heat and nanoparticle mass transfer rates
are illustrated graphically.
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1. INTRODUCTION the sense that they are more stable and have acceptable
viscosity and better wetting, spreading, and dispersion
In recent years, the flow analysis of nanofluids has beamperties on solid surfaces. Nanofluids are used in differ-
the topic of extensive research due to its characteristiceint engineering applications such as microelectronics, mi-
increasing thermal conductivity in heat transfer processofluidics, transportation, biomedical, solid-state light-
Several ordinary fluids, including water, toluene, ethylemgg, and manufacturing. In particular, nanofluids are sus-
glycol, and mineral oils, etc., in heat transfer processasnsions of nanopatrticles in fluids that show significant
have rather low thermal conductivity. The nanofluid [inienhancement of their properties at modest nanoparticle
tially introduced by Choi (1995)] is an advanced typeoncentrations. Nanofluids have been demonstrated to be
of fluid containing nanometer-sized particles (diametable to handle this role in some instances as a smart fluid.
less than 100 nm) or fibers suspended in the ordindrge research on heat transfer in nanofluids has been re-
fluid. Undoubtedly, the nanofluids are advantageous daiving increased attention worldwide. Many researchers
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have found unexpected thermal properties of nanofin-a porous medium. The effects of suction, viscous dis-
ids, and have proposed new mechanisms behind the gpation, thermal radiation, and thermal diffusion numer-
hanced thermal properties of nanofluids. For details aiedlly studied on a boundary layer flow of nanofluids over
methodologies of convective heat transfer in nanofluidsmoving flat plate have been discussed by Motsumi and
the reader is referred to the book by Das et al. (2007) adidkinde (2012). Kameswaran et al. (2012) investigated
in the review papers by Buongiorno (2006) and Kakac atfte convective heat and mass transfer in nanofluid flow
Pramuanjaroenkij (2009). over a stretching sheet subject to hydromagnetic, viscous
In view of these applications, many researchetéssipation, chemical reaction, and Soret effects.
have begun research in this field. Nield and Kuznetsov There is a more common practical situation, where
(2009a,b) analyzed the free convective boundary layerat transfer occurs at the boundary surface to or from
flows in a porous medium saturated by nanofluid by tas-fluid flowing on the surface at a known temperature and
ing Brownian motion and thermophoresis effects ineknown heat transfer coefficient, e.g., in heat exchangers,
consideration. Chamkha et al. (2011) carried out a bourmdndensers, reboilers, etc. In view of the above said appli-
ary layer analysis for the natural convection past a@ation, the aim of the present paper is to further contribute
isothermal sphere in a Darcy porous medium saturatechis open research field by describing surprising effects
with a nanofluid. Nield and Kuznetsov (2011) invessf viscous dissipation and MHD on the mechanism of
tigated the cross diffusion in nanofluids. Recently, rsanoparticles onto a vertical plate in a non-Darcy porous
boundary layer analysis for the natural convection pasedium saturated with a nanofluid. The implicit, iterative
a horizontal plate in a porous medium saturated wifimite-difference method discussed by Blottner (1970) is
a nanofluid is analyzed by Gorla and Chamkha (201&mployed to solve the nonlinear system of this particu-
Many problems of magnetohydrodynamics (MHD) flowkar problem. The effects of magnetic, viscous dissipation,
of porous media (Darcian and non-Darcian) saturatedn-Darcy, and Biot parameters are examined and are dis-
with Newtonian as well as non-Newtonian fluids [seglayed through graphs. Based on the author’s knowledge,
Chamkha and Aly (2010); Hamada et al. (2011)] hatke present model has not been reported in the literature.
been analyzed and reported in the literature due to its
importance in the various fields. Some of the authogs
[e.g., Uddin (2012a); Ferdows et al. (2012)] have explo?gd MATHEMATICAL FORMULATION
the importance of MHD in the nanofluids. As has bed@onsider the steady two-dimensional free convection flow
pointed out by others, magnetic nanofluids have maaf/an electrically conducting fluid from the vertical flat
applications: magnetofluidic leakage-free rotating segidate in a nanofluid-saturated non-Darcy porous medium.
magnetogravimetric separations acceleration/inclinatiofise coordinate system is chosen such that thexis
sensors, aerodynamic sensors (differential pressure, igoalong the vertical plate and thgaxis is normal to
lumic flow), nano-/micro-structured magnetorheologic#the plate. The physical model and coordinate system are
fluids for semiactive vibration dampers, and biomedicshown in Fig. 1. A uniform magnetic field is applied nor-
applications in plant genetics and veterinary medicine. mal to the plate. The magnetic Reynolds number is as-
The viscous dissipation effect, that is, a local produsumed to be small so that the induced magnetic field can
tion of thermal energy through the mechanism of vige neglected. The fluid and the porous structure are every-
cous stresses, serves to modify, sometimes greatly, figbere in local thermodynamic equilibrium and the porous
forced, and mixed convection flows in both clear viscousedium is assumed to be transparent. The fluid flow is
fluids and in fluid-saturated porous media. Several r®oderate, so the pressure drop is proportional to the lin-
searchers (Gebhart, 1962; Takhar and Beg, 1997; Murtlgr combination of fluid velocity and the square of ve-
and Singh, 1997; Rees et al., 2003; Nield, 2007) haleeity (Forchheimer flow model is considered). At this
focused their efforts on the effect of viscous dissipatidmoundary, the temperatufie,, to be determined later, is
in porous media in regular fluids/fluid-saturated porotise result of a convective heating process which is charac-
medium, but there is very limited literature available oterized by a temperatutE; and a heat transfer coefficient
the study of viscous dissipation in nanofluids about dif,. The nanoparticle volume fractiapat the wall isg.,.
ferent surface geometries. Uddin et al. (2012b) analyZ€de ambient values, attained agends to infinity, ofT’
the influences of viscous dissipation on the free convemdd are denoted b{ . and¢ ., respectively. In addi-
tive boundary layer flow of a non-Newtonian power-lawion, the viscous dissipation and the convective boundary
nanofluid over an isothermal vertical flat plate embeddedndition are incorporated.
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. L R W . . e . gravity, K is the permeability; is the empirical constant
. R I . . . associated with the Forchheimer porous inertia terns,
L -1 . . . theelectrical conductivity of the fluidi. is the magnetic
. . s U=0 permeability, By is the strength of the magnetic fiel@,

is the porosityx,, = k.,/(pc); is the thermal diffusiv-

B T ity of_ the fluid, v = p/pf is the kinematic vis_:cosity
-k, = hf (Tf D] I « « o coefficient, and/ = @(pc),/(pc)s. Further,p fo, is the
¥ . . . density of the base fluid and u, k,,,, andf3 are the den-
. e e gfj = GSW T'—T, " sity, viscosity, thermal conductivity, and volumetric ther-

= * J+ +« + «  malexpansion coefficients of the nanofluid, whilgis

—",’ .. G“)_; @ . the density of the nanoparticle@c) ; is the heat capac-

... BD . ——b ' me ity of the fluid, and(pc),, is the effective heat capacity
—»

of the nanoparticle material. The coefficients that appear
- . + in Egs. (3) and (4) are the Brownian diffusion coefficient

« « .Y . Dg, the thermophoretic diffusion coefficiebt;, and the

» . lasttermin Eq. (3) is the viscous dissipation term, which

* can be approximated as the work done by the surface and

the body forces acting on the pore [see Murthy and Singh

(1997)]. For detailed derivation of Egs. (1)—(4), one can

refer to the papers by Buongiorno (2006) and Nield and
By employing the Oberbeck-Boussinesq and the StaKuznetsov (2009a,b). .

dard boundary layer approximations, and making useThe associated boundary conditions are

FIG. 1: Physical model and coordinate system.

of the above assumptions and the Darcy-Forchheimer — 0. —k or _ hy (Ty—T), b = &

model, the governing equations for the nanofluid flow v=5 "oy ! v

problem under investigation are given by at y=0, (5a)
Gu v _ 1 u=0 T=T. ¢=dx as y—oco, (5b)
Ox Oy ’

where the subscripts andco indicate the conditions at
the wall, and at the outer edge of the boundary layer, re-
(1+ ou’BK ) N VK o, K —do)pfogp  SPectively, wherek,, is the thermal conductivity of the
u u- = .

m m m fluid
(pf) We introduce the following nondimensional transfor-
(0 pf°°> oK mations,

X (T = Tao) = =225 (§ — o) (2)

( ) m ( ) n= gRetL/27 P (2, 1) = amRa/?f (2, 1),

_ T— Too _ Cb B cI)oo
oT T 82T 90T Dr T\ Oz, m) = T 7@ =g—p 6

“or T oy = o TPE ey oy T oy

z Yy Y Y Y where Ra = [(1 — ¢oo)pfocgKB(Tf — Too)]/[10tn]

is the local Rayleigh number.

v /K In view of the continuity equation (1), we introduce the
+ kmcpu ut ( " )“ ’ (3) stream function) by
pfoc u:%w’ b (‘;w -
1,09 0 ¢ Dr 0T Y T
o "oy TV Yoy DB@Tﬂ + T Oy2’ (4) Substituting Eq. (7) into Egs. (2)~(4) and then using the

nondimensional transformations (6), we get the following

Whereu andv are the Darcy velocity components in the system of nondimensional equations:

andy directions, respectively’ is the temperaturep is
the nanopatrticle concentratiaonis the acceleration due to (1+Ha) f' +Grf> =0 —Nrs, (8)
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9" + lfe/ +Nb0'S" + Nt + ¢ % (1 + Grf') atn=0:f=0,0 = 1, Egs. (8)—(10)_ governing the non-
2 Darcy porous medium saturated with a nanofluid reduce
_ / / to the non-Darcy natural convection from vertical isother-
_€< ae_eaf> ) h Darcy | ion f ical isoth
’ mal surfaces in saturated porous media in the absence of

¢ de
viscous dissipation and MHD effects.

Nt af

i ]‘ ! " /83 !

S+2LefS+Nb9 —Lee(f 9 Sae),(lo)
where the primes indicate partial differentiation with reef' HEAT AND MASS TRANSFER COEFFICIENTS
spect ton alone, Gr= [(cVK)/v][(«m)/z]Ra, is the The primary objective of this study is to estimate the pa-
non-Darcy parameter, Le- (o,,)/(@Dp) is the Lewis rameters of engineering interest in fluid flow, heat, and
number, Nr= [(p, — pfoo)(Pw — doc)]/[PfcB(l — mass transport problems, which are the Nusselt number
$oo)(Ty — Tw)] is the buoyancy parameter, Nb= Nu,, and nanoparticle Sherwood number,SFhese pa-
[JDp($w —$oo)]/[%m] is the Brownian motion parame-rameters characterize the wall heat and nanoparticle mass
ter, Nt= [JDr]/[otnToo (T — Two)] is the thermophore- transfer rates, respectively.
sis parameter, He= (op?BjK)/u is the magnetic field  The local heat and local nanoparticle mass fluxes from

parameter, and = [(1 — ¢oo)gBz]/C), is the viscous the vertical plate can be obtained from
dissipation parameter (i.e., Eckert number). For most sit-
o

uations the Darcy number is small, so viscous dissipation oT D 12

is important at even modest values of the Eckert number. 7~ "™ (ay) y=0 Im=—"F (83;) y=0 (12)
The circumstances in which viscous dissipation is impor-

tant are those involving flows of relatively large velocityThe dimensionless local Nusselt number,Ng [q,,z]
The author believes that the results in this paper are likely,,, (T — T, )] and local nanoparticle Sherwood number

to be applicable in the context of particle bed nuclear r18h, = [¢,,7]/[Dp(dw — doo)] are given by
actors.

" . N
The boundary conditions (5) in terms ¢f 6, and.S Uz _ 9/ (¢, 0) and Sh, — _S'(e,0). (13)
become Ral/? Ral/?
n=0: f(e 0)=—2¢ %, 0’ (¢, 0) = —Bie'/?  The effects of the various parameters involved in the in-
£

vestigation on these coefficients are discussed in the Re-

x[1—-0(e0)], S(e0)=1, (1128) gyits and Discussion section.

n—oo: f'(e,00) =0, 0(e 00)—0,
S (e, 00) — 0, (11b)

4. NUMERICAL METHOD

Equations (8)—(10) represent an initial-value problem
where Bi = {hs/kn}{\/[Cpz]/[(1 — bso)gPRa;]} is with e playing the role of time. This general nonlinear
the Biot number. It is important to note that as the coproblem cannot be solved in closed form and, therefore,
vective parameter Bi increases, the heat transfer radasumerical solution is necessary to describe the physics
approaches the isothermal case. This statement is @bthe problem. The implicit, tridiagonal finite-difference
supported by the first thermal boundary condition efiethod similar to that discussed by Blottner (1970) has
Eq. (11a), which give8(e, 0) = 1 as Bi— oc. proven to be adequate and sufficiently accurate for the so-

If ¢ =0, Ha= 0, and Gr= 0, the problem reduceslution of this kind of problem. Therefore, it is adopted in
to natural convective boundary-layer flow in a porouke present work. All first-order derivatives with respect
medium saturated by a nanofluid under convective bourid< are replaced by a two-point backward-difference for-
ary condition. In the limite — 0, the governing equa-mula when marching in the positivedirection. Then, all
tions (8)—(10) reduce to the corresponding equations fosecond-order differential equations inare discretized
non-Darcy porous medium saturated with nanofluid undesing three-point central difference quotients. This dis-
convective boundary condition in the presence of MHEretization process produces a tridiagonal set of alge-
effects. Furthermore, if Bi> co, Nb — 0, Nt= Nr =0, braic equations at each line of constanthich is readily
¢ =0, Ha= 0, andS(n) — 0 (i.e., for the regular New- solved by the well known Thomas algorithm [see Blot-
tonian fluid), and with the choice of boundary conditiomer (1970)]. During the solution, iteration is employed to
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deal with the nonlinearity aspect of the governing diffeb. RESULTS AND DISCUSSION
ential equations. The problem is solved line by line start-
ing with line e = 0 where similarity equations are solvedVe have computed the solutions for the dimensionless
to obtain the initial profiles of velocity, temperature, andelocity, temperature, and nanoparticle volume fraction
nanoparticles volume fraction and marching forward infunctions and heat and nanoparticle mass transfer rates as
until the desired line of constaatis reached. The initial Shown graphically in Figs. 2-13. The effects of viscous
step sizeAn; and the growth factof* employed such dissipation parametet, magnetic parameter Ha, non-
that An;+1 = K*An; (where the subscript indicates Darcy parameter Gr, Biot number Bi, Brownian motion
the grid location) were 10° and 1.0375, respectively,parameter Nb, thermophoresis parameter Nt, Lewis num-
and constant step sizes in thelirection withAe = 0.01 ber Le, and buoyancy ration Nr have been discussed.
are employed. These values were found (by performingThe dimensionless velocity distribution for different
many numerical experimentations) to give accurate avaues of Forchheimer number Gr and Biot number Bi
grid-independent solutions. The solution convergence aniith the fixed values of other parameters is depicted in
terion employed in the present work was based on the difg. 2(a). Since Gr represents the inertial drag, thus an in-
ference between the values of the dependent variablesratise in the Forchheimer number increases the resistance
the current and the previous iterations. When this diffdo the flow and so a decrease in the fluid velocity ensues.
ence reached 10, the solution was assumed convergddere Gr= 0 represents the case where the flow is Darcian.
and the iteration process was terminated. The velocity is maximum in this case due to the total ab-
With Bi — oo, Nb— 0, Nt=Nr=0,¢ =0, Ha= 0, sence of inertial drag. The reverse trend can be seen in
andS(n) — 0 (i.e., for the regular Newtonian fluid), andhe case of convective parameter Bi. The dimensionless
with the choice of boundary condition gt= 0: f = 0, temperature for different values of Forchheimer number
0 = 1, Egs. (8)—(10) governing the present investigatidar Biot number Bi for the fixed values of other parame-
of nanofluid-saturated non-Darcy porous medium (witkrs is displayed in Fig. 2(b). An increase in Forchheimer
isothermal boundary) reduce to those limiting cases miimber Grincreases temperature values, since as the fluid
free convection flow. Plumb and Huenefeld (1981) ins decelerated, energy is dissipated as heat and serves to
vestigated non-Darcy natural convection from verticalcrease temperatures. As such the temperature is mini-
isothermal surfaces in saturated porous media in the abized for the lowest value of Gr and maximized for the
sence of viscous dissipation and MHD effects. Also, theghest value of Gr as shown in Fig. 2(b). Given that con-
results have been compared with Plumb and Huenefekttive heating increases with Biot number,-Bico sim-
(1981) and it is found that they are in good agreementaates the isothermal surface, shown in Fig. 2(b), where
shown in Table 1. Therefore, the developed code canie, 0) = 1 — ¢ as Bi— co. In fact, a high Biot number
used with great confidence to study the problem considdicates that the internal thermal resistance of the plate
ered in this paper. is higher than the boundary layer thermal resistance. As a

TABLE 1: Comparison of dimensionless similarity functiodign) and f'(n) for free convection
along a vertical flat plate in non-Darcy porous medium with-Bico, Nb — 0, Nt=Nr =0, ¢ =0,
Ha = 0, andS(n) — O; with boundary conditiong = 0: f = 0,6 = 1 (Plumb and Huenefeld,

1981)
6'(0) f'(0)

Gr Plumb and Huenefeld (1981)| Present | Plumb and Huenefeld (1981)| Present
0.00 0.44390 0.44374 1.00000 1.00000
0.01 0.44232 0.44216 0.99020 0.99019
0.10 0.42969 0.42950 0.91608 0.91608
1.00 0.36617 0.36575 0.61803 0.61803
10.00 0.25126 0.25065 0.27016 0.27016

100.00 0.15186 0.15145 0.09512 0.09512
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FIG. 2: Effects of non-Darcy parameter and Biot number arvelocity, (b) temperature, ana) volume fraction.
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FIG. 3: Variation of nondimensional heat transfer coefficient wittor different values of non-Darcy parameter and
Biot number and fixed values of other parameters.

result, these figures illustrate that an increase in the Bibé specified conditions. The increase in non-Darcy pa-
number leads to increase of fluid temperature, efficienttgmeter reduces the intensity of the flow but enhances the
Figure 2(c) depicts the dimensionless volume fraction firermal and nanoparticle volume fraction boundary layer
different values of Forchheimer number Gr and Biot nunthicknesses.

ber Bi for fixed values of other parameters. As the param-In Fig. 3, the nondimensional heat transfer coefficient
eter Grincreases, the volume fraction profile increases Buplotted against the viscous dissipation parameter

the opposite behavior can be seen in the case of Bi ffifferent values of Forchheimer number Gr and Biot num-
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FIG. 4: Variation of nondimensional nanoparticle mass transfer coefficientanfith different values of non-Darcy
parameter and Biot number and fixed values of other parameters.
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FIG. 5: Effects of viscous dissipation parameter and magnetic paramete) eel6city, (b) temperature, anct)
volume fraction.

ber Bi. It indicates that heat transfer rate decreases withefficient is plotted against the viscous dissipation pa-
the viscous dissipation parameter. Also, the results indimetere for different Forchheimer number Gr and Biot
cated that increases in Gr decrease the heat transfer coeffinber Bi in Fig. 4. It is evident from this figure that for
cient but the reverse phenomena can be observed withitteeeasing values of Gr the nondimensional mass transfer
increasing values of Bi.The nondimensional mass transteefficient decreases whereas with increasing values of
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FIG. 6: Variation of nondimensional heat transfer coefficient versies different values of magnetic parameter with
fixed values of other parameters.
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FIG. 7: Variation of nondimensional nanoparticle mass coefficient ver$oisdifferent values of magnetic parameter
with fixed values of other parameters.

Bi the nondimensional mass transfer coefficient increastign of a transverse magnetic field, normal to the flow di-
Finally, the nondimensional mass transfer coefficient irection, has a tendency to create the drag known as the
creases with increasing valueseofHence the non-Darcy Lorentz force which tends to resist the flow. Hence, the
parameter has an important role in controlling the flolorizontal velocity profiles decrease as the magnetic pa-
field. rameter Ha increases. It can be found from Fig. 5(b) that
The variation of the nondimensional velocity, temincreases in the value of the magnetic parameter increase
perature, and nanoparticle concentration for-6r.0, the temperature of the fluid in the medium. It can be seen
Nr = 0.1, Nb= 0.3, Nt= 0.1, Bi= 5.0, and Le= 10 from Fig. 5(c) that the nanoparticle volume fraction of the
with magnetic parameter Ha and viscous dissipation ghud is increased by increasing the value of the magnetic
rameter (i.e., Eckert numbet) are shown in Fig. 5. It parameter. As explained above, the transverse magnetic
can be observed from Fig. 5(a) that the velocity of tH&ld gives rise to a resistive force known as the Lorentz
fluid is decreased with increase in the value of the mdg+ce of an electrically conducting fluid. This force makes
netic parameter. This is due to the fact that the introdutie fluid experience resistance by increasing the friction
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FIG. 8: Effects of Brownian motion and thermophoresis parametersjove{ocity, (b) temperature, and) volume
fraction.
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FIG. 9: Variation of nondimensional heat transfer coefficient verstmr different values of Brownian motion and
thermophoresis parameters with fixed values of other parameters.

between its layers and thus increases its temperature s@iace of viscous dissipation. Figure 5(a) shows that the
nanoparticle volume fraction. To increase the fluid motiorelocity field increases with the increase of Eckert num-
we have considered the viscous dissipation term. Frdm@re. The effect of viscous dissipatians to increase the
this term we obtained dimensionless parametéhis pa- temperature in the boundary layer, which is displayed in
rameter is called the fluid motion controlling parameter. Rig. 5(b). Figure 5(c) shows that the concentration field
may be noted that = 0 corresponds to the case of the alslecreases with the increase of Eckert nuntydrecause
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FIG. 10: Variation of nondimensional nanoparticle mass transfer coefficient vefsuslifferent values of Brownian
motion and thermophoresis parameters with fixed values of other parameters.
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FIG. 11: Effects of nanoparticle buoyancy ratio and Lewis numbera)rvélocity, (b) temperature, anct) volume
fraction.

the effect of viscous dissipation in the energy equation The effects of a magnetic field and viscous dissipa-
acts as an internal distributed heat source generated tioie on the wall heat and mass transfer rates are shown
to the action of viscous stresses. Therefore, the velodityFigs. 6 and 7. The influence of a magnetic field is to
and temperature distributions are at a higher level whexduce both the wall heat and mass transfer rates. The vis-
this effect is consideredt (# 0) than when this effect is cous dissipation effect reduces the wall heat transfer rate
neglected { = 0). and enhances the wall mass transfer rate. The combined
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FIG. 12: Variation of nondimensional heat transfer coefficient versfe different values of nanoparticle buoyancy
ratio and Lewis number with fixed values of other parameters.

2.5 L) | L] T T T L] ]

L)
Ha=2.0,Gr=1.0,Nb=0.3,Nt=0.1,Bi=5.0 Le=100,10,1.0

FIG. 13: Variation of nondimensional nanoparticle mass transfer coefficient verfsuglifferent values of nanopar-
ticle buoyancy ratio and Lewis number with fixed values of other parameters.

effect of the magnetic field and the viscous dissipatidmoundary layer profile for the temperature function is es-
(see Fig. 5) is to generate more heat in the boundary lagentially the same form as in the case of a regular (New-
region and hence to reduce the wall heat transfer rate. tonian) fluid. The nanoparticle volume fraction decreases

Figure 8 is prepared to present the effect of the Browith increase in Nb but increases with Nt. It is noticed that
nian motion Nb and thermophoresis Nt on the velothe nanoparticle volume fraction increases with increase
ity, temperature, and volume fraction distributions. Wittn Nb in the case of forced convection flow. We notice
Nb = 0, there is no thermal transport due to buoyantfyat positive Nt indicates a cold surface, while negative
effects created as a result of nanoparticle concentratiodicates a hot surface. For hot surfaces, thermophoresis
gradients. It is observed that the momentum boundaends to blow the nanoparticle volume fraction boundary
layer thickness increases with the increase of Nb and Ntyer away from the surface since a hot surface repels the
As the parameters Nt and Nb increase, the temperatsudmicron-sized particles from it, thereby forming a rela-
increases for the specified conditions. As expected, theely particle-free layer near the surface.
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The nondimensional heat transfer coefficient decreasasge of parameters. The following conclusions were ob-
with increasing values of stratification parameter as wédlined:

as with Brownian motion and thermophoresis parameters
as shown in Fig. 9. Asincreases, it can be observed from e
Fig. 9 that the maximum of nondimensional heat transfer
rate decreases in amplitude. Further, it can be seen that
the values of nondimensional mass transfer coefficient in-
crease with an increase in both viscous dissipation param-
eter and Brownian motion but the reverse trend can be
seen from Fig. 10 with the thermophoresis parameter.  ®

The variation of the nondimensional velocity, tem-
perature, and nanoparticle concentration for Ha&.0,
Gr= 1.0, Nb= 0.3, Nt= 0.1, Bi= 0.5, ande = 0.5
with Lewis number Le and nanoparticle buoyancy ratio
Nr is shown in Fig. 11. It is noticed from Fig. 11 that an
increase in the Lewis number Le results in an increase in
the velocity but a decrease in the temperature and volume
fraction within the boundary layer. The present analysis
shows that the flow field is appreciably influenced by the
Lewis number Le. As nanoparticle buoyancy ratio Nr in-
creases, it can be observed from Fig. 11(a) that the maxie
mum velocity decreases in amplitude. The location of the
maximum velocity moves farther away from the wall. It
is clearly seen from Figs. 11(b) and 11(c) that increase in
Nr tends to increase the thermal and nanoparticle volume
fraction boundary layer thickness.

The nondimensional heat transfer coefficient is plot- ®
ted against the viscous dissipation parameterFig. 12
for different values of nanoparticle buoyancy ratio Nr
and Lewis number Le. It indicates that heat transfer rate
decreases with the increasing values of Nr and Le. In
Fig. 13, the nondimensional mass transfer coefficient is
plotted against the viscous dissipation paramefer dif-
ferent nanoparticle buoyancy ratio Nr and Lewis number
Le. Itis evident from this figure that for increasing values
of Nr and Le, the nondimensional mass transfer coeffi-
cient decreases. Finally, the nondimensional heat trans-
fer rate decreases but nanoparticle mass transfer rate iy
creases with increasing valueseof

6. CONCLUSION

In this paper, we studied the effect of viscous dissipa-
tion and magnetic field on free convection in a non-Darcy e
porous medium saturated with nanofluid under convec-
tive boundary condition. Using the dimensionless vari-
ables, the governing equations were transformed into a
set of nonlinear parabolic equations where numerical so-
lution was presented using the implicit, iterative finite-
difference method discussed by Blottner (1970) for a wide

Increasing the magnetic field parameter Ha resulted
in lower velocity distribution and heat and nanopar-
ticle mass transfer rate but higher temperature and
nanoparticle volume fraction distributions in the
boundary layer.

An increase in the non-Darcy parameter Gr pro-
duced decreases in the velocity distribution, heat and
nanoparticle mass transfer rates, and increases in the
temperature and nanoparticle volume fraction distri-
butions.

e An increase in the viscous dissipation parameter

caused increases in the velocity and temperature dis-
tribution, nanoparticle mass transfer rate, and de-
creases in the nanoparticle volume fraction distribu-

tion and the heat transfer rate.

An increase in the Brownian motion parameter Nb,
enhanced the velocity and temperature distributions
and the nanoparticle mass transfer rate but reduced
the nanoparticle volume fraction and heat transfer
rate in the boundary layer.

An increase in the thermophoresis parameter Nt re-
sulted in increases in the velocity, temperature, and
the nanoparticle volume fraction distributions, but
decreases in the nondimensional heat and nanopar-
ticle mass transfer rates in the boundary layer.

e Anincrease in the Lewis number Le produced reduc-

tions in the temperature and the nanoparticle volume
fraction distributions and increases in the velocity,
heat transfer rate, and the nanoparticle mass transfer
rate in the boundary layer.

An increase in the Biot number Bi caused enhance-
ments in the velocity, temperature, and the nondi-
mensional heat and nanoparticle mass transfer rates,
whereas it caused a reduction in the nanopatrticle vol-
ume fraction in the boundary layer.

An increase in the nanoparticle buoyancy parame-
ter Nr produced a reduction in the velocity near the
wall and an opposite behavior far away from the wall
distribution. Also, the temperature and nanoparticle
volume fraction distributions increased but the heat
and nanoparticle mass transfer rates decreased with
increases in the value of Nr.
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