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these parameters.

The problem: of laminar fluid flow which results from the stretching of a vertical surface with variable
stream conditions in a nanofluid due to solar radiation has been investigated numerically, The model
used for the nanofluid incorporates the effects of Brownian metion and thermophoresis with thermal
stratification in the presence of magnetic field. The symmetry groups admitted by the corresponding
boundary value problem are obtained by using a special forro of Lie-group transformations viz. scaling
group of transformations. An exact solution is obtained for translation symmetry and numeiical solutions
for scaling symmetry. This solution depends on a Lewis number, magnetic field, Brownian mation
parameter, thermal stratification parameter and thermophoretic parameter. The conclusion is drawn that
the flow field and temperature and nanoparticle volume fracton profiles are significantly influenced by

©® 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Energy plays an important role in the development of human
society. However, over the past century, the fast development of
buman society leads to the shortage of global energy and the
serious environmental pollution. All countries of the world have to
explore new energy sources and develop new energy technologies
to find the rode to sustainable development. Solar energy as the
renewable and environmental friendly energy, it has preduced
energy for billions of years. Solar energy that reaches the earth is
around 4 x 1015 MW, it is 2000 times as large as the global energy
consumption. Thus the utilization of solar energy and the tech-
nologies of solar energy materials attract much more attention.
Nano-materials as a new energy material, since its particle size is

" the same as or smaller than the wavelength of de Broglie wave and
coherent wave. Therefore, nanoparticle becomes to strongly
absorb and selectively absorb incident radiation. Based on the
radiation and Brownian motion properties of nanoparticle, the
utilization of nanofluids in solar thermal systemn becomes the new
study hotspot.

Solar energy is one of the best sources of renewable energy
with minimal environmental impact. Solar power is very impor-
tant in our daily uses and it is a natural way of obtaining heat,
electricity and water with the help from the nature. In near future
we will be forced to switch our powering ways to keep the above

* Corresponding author. Tel.: +60 17 7977 259; fax: +60 74 5360 51.
E-mail address: future990@gmail.com (R. Kandasamy),

0020-7403/3 - see front matter © 2013 Elsevier Ltd. All rights reserved.
htp: ffdx.dolorg01018jjjmecscd.2013.03.007

mentioned necessities and conveniences. As we will face some
fossil fuels crisis, the solar power is a renewable source of energy
which never consumes. The radiation that comes frorn solar
energy along with the resultant solar energized resources such
as wave power, wind, biomass and hydroelectricity all give an
explanation for most of the accessible renewable energy that is
present on earth. Solar energy is currently one kind of important
resource for clean and renewable energy, and is widely investi-
gated in many fields. In order to increase the operating tempera-
ture and thermodynamic efficiency, concentrated solar radiation is
normally used to heat the working fluid in solar thermal power
system [28,26] and other industrial engineering. Solar thermal
power systemn [25] is a very promising and challenging technology
for its high operating temperature and thermodynamic efficiency.
The heat losses of natural convection and radiation play an
important role in heat absorption process of the heat receiver.
Clausing [9] analyzed the convective losses from cavity solar
central receivers. Dehghan and Behnia [10] researched cormbined
natural convection conduction and radiation heat ransfer in a
discretely heated open cavity. Muftuoglu and Bilgen [23] simu-
lated heat transfer in inclined rectangular receivers for concen-
trated solar radiation. In addition, the solar selective coatings are
usually used to increase the absorption efficiency of the receiver,
and Kennedy {14] reported solar selective absorber materials in a
wide temperature range. The nanofluid is a colloidal syspension
with nanoparticles dispersed uniformly in a base fluid and has
many unique characteristics in thermal engineering fields.

A nanofluid is a new class of heat transfer fluids that contain a
base fluid and nanoparticles. The use of additives is a technique
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Nomenclature

By magnetic field strength

C nanoparticles volume fraction

Cr skin-fraction coefficient

Cy nanoparticle volume fraction at the wall
Ce ambient nanoparticle volume fraction
¢p specific heat at constant pressure
Dg Brownian diffusion coefficient

Dr thermophoretic diffusion coefficient
f dimensionless stream function

g acceleration due to gravity

k thermal conductive

Le Lewis number

M magnetic parameter

Nb Brownian motion parameter

n thermal stratification parameter

Nt thermophoresis parameter

Nr buoyancy ratio

Pr Prandt]l number

P pressure

Rax local Rayleigh number

S suctionfinjection parameter

T temtperature of the fluid

Tuw temperature at the wall

Te ambient temperature

v velocity vector

v velocity components along x- and y-axes
Utx) uniform velocity of the free stream flow
Vo velocity of suction/injection

Greek symbols

o thermal conductivity

Fi coefficient of thermal expansion

17 dimensionless temperature

@ dimensionless nanoparticle volume fraction
n similarity variable

" dynamic viscosity

o- electric conductivity of the fluid

o5 density of the base fluid

Pp nanoparticle mass density

(p ¢y  heat capacity of the base fluid

(p ©)p effective heat capacity of the nanoparticle material
7 heat capacity ratio

v kinematic viscosity

W stream function

applied to enhance the heat transfer performance of base fluids.
The thermal conductivity of the ordinary heat transfer fluids is not
adequate to meet today's cooling rate requiremnents. Nanofluids
have been shown to increase the thermal conductivity and con-
vective heat transfer performance of the base liquids. One of the
possible mechanisms for anomalous increase in the thermal
conductivity of nanofiuids is the Brownian motions of the nano-
particles inside the base fluids. The addidon of small particles
causes scattering of the incident radiation allowing higher levels of
absorption within the fluid. A recent development in solar thermal
collectors, proposed by Todd et al. [27], is the use of nanofluids to
directly absorb solar radiation. The term nanofluid applies to
colloidal suspensions of nanoparticles, which have been the
subject of much recent study for their potentially enhanced
thermal transport characteristics, Adding nanoparticles in suspen-
sion to a base liquid can drastically alter the optical properties of
the fluid. The optical properties of the effective fluid are highly
dependent on the particle shape, particle size, and the optical

nanoparticles on natural convective boundary-layer flow past a
vertical plate, using a model in which Brownian motion and
thermophoresis are accounted for, The authors have assumed the
simplest possible boundary conditions, namely these in which
both the temperature and the nanoparticle fraction are constant
along the wall. Further, Nield and Kuznetsov [24] have studied the
Cheng-Minkowycz [7] problem of natural convection past a
vertical plate, in a porous medjum saturated by a nanoftuid. The
model used for the nanofluid incorporates the effects of Brownian
motion and thermophoresis. Tzou [29], Buongiome [6]. and
Brenner and Bielenberg [4] considered Brownian motion and
thermophoresis of nanoparticles and presented another equation
for volume fraction of nanoparticles and investigated the thermal
instability in nanofluids.

Recently, Kuznetsov and Nield [17,19] and Nield and Kuznetsov
[20] have examined an analytical treatment of double-diffusive
nanofluid convection in a porous medium. The model used for the
nanofluid incorporates the effects of Brownian motion and ther-

properties of the base fluid and particles themselves [16,8]). In
order to fully understand the effects of suspending nanoparticles
within a base fluid the complete optical properties of the base
fluid are needed. Nanofluids are engineered colloidal suspensions
of nanoparticles in water and exhibit a very significant enhance-
ment of the beiling critical heat flux at modest nanoparticle
concentrations. They are also used in other electronic applications
which use microfluidic applications.

Magnetic nanefluid is a unique material that has both the liquid
and magnetic properties. Many of the physical properties of these
fluids can be tuned by varying magnetic field. The characteristic
feature of nanofluids is thermal conductivity enhancement, a
phenomenon observed by Masuda et al. [22]. This phenomenon
suggests the possibility of using nanofhuids in advanced nuclear
systems [5]. A comprehensive survey of convective transport in
nanofluids was made by Buongiorno [6], who says that a satisfac-
tory explanation for the abnormal increase of the thermal con-
ductivity and viscosity is yet to be found. He focused on the further
heat transfer enhancement observed in convective situations.
Kuznetsov and Nield [18] have examined the influence of

mophoresis, while the base fluid of the nanofluid is itself a binary
fluid such as salty water whereas in the present study we
considered the combined effects of Brownian motion and thermo-
phoresis with thermal stratification in the presence of copper
nanofluid due to solar radiation. The thermal conductivity of the
ordinary heat transfer fluids is not adequate to meet today's
cooling rate requirements. Nanofluids have been shown to
increase the thermal conductivity and convective heat transfer
performance of the base liquids. One of the possible mechanisms
for the anomalous increase in the thermal conductivity of nano-
fluids is the Brownian motions of the nanoparticles inside the base
fluids. The study of heat and mass transfer with thermophoresis
particle deposition in the presence of temperature-dependent
fluid viscosity is of great practical importance to engineers and
scientists because of its almost universal occurrence in many
branches of science and engineering. Thermophoresis particle
deposition with Brownian motion principle in the presence of
temperature-dependent viscosity is utilized to manufacture
graded index silicon dioxide and germanium dioxide optical fiber
preforms used in the field of communications. For the porous
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medium the Darcy model has been employed. Thermal stratifica-
tion phenomena are very commeon in pool type reactor systems,
such as the liquid-salt cooled advanced high temperature reactor
and liguid-metal cooled fast reactor systems such as the sodium
fast reactor. It is important to accurately predict the temperature
and density distributions both for design optimization and acci-
dent analysis.

In the present study we considered the combined effects of
Brownian motion and thermophoresis in the presence of thermal
stratification due to solar radiation to get the gradient of nanopar-
ticles’ volume fraction. Using Lie-group analysis, three-dimensional,
unsteady, laminar boundary-laver equations of non-Newtonian fluids
were studied by Yurusoy and Pakdemirli [30,31]. Using Lie-group
analysis, they obtained two different reductions to ordinary differ-
ential equations. They studied the effects of a moving surface with
vertical suction or injection through the porous surface and also
analyzed the exact solution of boundary-layer equations of a spedial
nen-Newtonian fluid over a stretching sheet by the method of Lie-
group analysis, Yurusoy et al. [32] investigated the Lie-group analysis
of creeping flow of a second grade fluid, They constructed an
exponential type of exact solution using the translation symmetry
and a series type of approximate solution using the scaling symmetry
and also discussed sorme boundary value prohlems. The objective of
the present study is to analyze the development of the steady
boundary-layer flow, heat transfer and nanoparticle volume fraction
over a stretching surface in a nanofluid for various parameters using
scaling group of transformations viz,, Lie-group transformations,

2. Mathematical analysis

‘We consider a two-dirnensional problem. We select a coordinate
frame in which the x-axis is aligned vertically upwards. We consider
a vertical plate at y=0. A uniform transverse magnetic field of
strength By is applied parallel to the y-axis. It is assumed that the
induced magnetic field, the extemal eleciric field and the electric
field due to the polarization of charges are negligible. Far away from
the vertical plate, both the surroundings and the Newtonian and
absorbing fluid are maintained at a constant temperature T.. The
parous medjum is assumed to be transparent and in thermal
equilibrium with the fluid. Both the fluid and the porous medium
are opaque for seif-emitted thermal radiation. Also, the solar radia-
tion is a collimated beam that is normal to the plate. Due to the
heating of the absorbing fluid and the vertical plate by solar
radiation, heat is transferred from the plate to the surroundings. As
mentioned before, the working fluid is assumed to have heat
absorption properties. In this situation, the parous medium absarbs
the incident solar radiation and transmits it to the working fluid by
convection. At this boundary the temperature T and the nanoparticle
fraction ¢ take constant values T, and ¢,,, respectively, The ambient
values, attained as y tends to infinity, of T and ¢ are denoted by T,
and ¢, respectively,

Tie Oberbeck-Boussinesq approximation is employed. The
following four field equations embody the conservation of total
mass, momentum, thermal energy, and nanoparticles, respectively.
The field variables are the velocity v, the temperature T and the
nanoparticle volume fraction ¢,

V=0 (1)
er (;ﬂ; +v.w) =-Vp+VuVi— (aEﬁJr %)ﬂ uv2iy
+[Cpp +(1-Ofpr(1-AT-T)IE @)

o)y (';—I +V.VT) =kV2T +(pC), [DBVC.VT+ (;ﬁ) VT.VT] -V 3)

_ D
';—f +7.VC=Dpv2C+ T—TVZT {4)

We write ¥ = (u,v).

Here p; is the density of the base fluid, By is a constant
magnetic field of strength, ¢ is the electric conductivity, K is the
permeability of the porous medium, g, is the applied absorption
radiation heat transfer per unit area, g, k and g are the density,
viscosity, thermal conductivity and volumetric volume expansion
coefficient of the nanofluid, respectively, while pp is the density of
the particles. The gravitational acceleration is denoted by g The
coefficients that appear in Egs. (3) and (4) are the Brownian
diffusion coefficient D and the thermophoretic diffusion coeffi-
cient Dr. Details of the derivation of Egs. (3) and (4) are given in
the paper by Buongiorno [6] and Nield and Kuznetsov [24]. The
boundary conditions are taken to be

U=U®), v=V@x), C=Cy T=Tyaty=0:
C=Coy T—+Tew=(1-MTo+nT, as F—oo (5)

u==0,

Here n is a constant, such that 0<n < 1. The n defined as above
is equal to my /(1+my) [1] where my is a2 constant and n refers to
thermal stratification parameter. T, is a constant reference tern-
perature say T (0). The suffixes w and o denote surface and
ambient conditions.

We consider a steady state flow.

In keeping with the Oberbeck-Boussinesq approximation and
an assumption that the nanoparticle concentration is dilute, and
with a suitable choice for the reference pressure, we can linearize
the momentum equation and write Eq. (2) as

oo -
of ('a—r +v.Vv) =—Vp+Vp.Vo-+uV?7+ [(Pp"ﬂf,)(C—Cm)

L =2 W\_
H(1=Calpy, AT-To) | §-(Bo” 1+ 3)7 ®
We now make the standard boundary-layer approximation,
based on a scale analysis, and write the governing equations
ou  av

ap  du duaTou su au
w oy Uy
y ey ax ay
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ap
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xR [Ty To\y/ | Goy ay

oC  aC _ FC D PT

U-a—x+V57DB?aJ'Tz'+tEi (11

where u and v are the velocity components along the x- and
y-axes, respectively, a = (k/(pc)) is the thermal diffusivity of the
fluid, » is the kinematic viscosity coefficient and « — (o), /CoCly-

Using Rosseland approximation for radiation [3] we can write
that q* .0 = —(401/3k*)(T* /ay) is the applied absorption radiation
heat transfer where & is the Stefan-Boltzman constant, k™ is the
absorption coefficient.

The stream wise velocity and the suction/injection velocity are

taken as
U =cx™, V@o)=f,x™ 172 (12

Here ¢> 0 is constant, T,, is the wall temperature, the power-
law exponent m is also constant, In this study we take c= 1.
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The temperature-dependent fluid viscosity is given by [2]
p=pla+b(Tw—T)

where u* is the constant value of the coefficient of viscosity far
away from the sheet and a,b are constants and b(> 0). For a
viscous fluid, Ling and Dybbs [21] suggested a viscosity depen-
dence on temperature T of the form g =p_, /{1 +7(T-T.)] Where ¢
is a thermat property of the fluid and _, is the viscosity away from
the hot sheet. This relation does not differ at all with our
formulation. The range of temperature, ie. {(Ty=T«)°C studied
here is (0-23) °C.

One can elimiuate p Fom Eqs. {8) and (9) by cross-
differentiation. At the same time one can introduce a stream
function y defined by

oy oy T-T, L
U= P’ V= w T Tor and ¢= - (13)
Using the relations (7) into Eqgs. (2)-(4), we obtain
Py Py 0Py Py
dy axay  ax ay> *—5"*,3),33,2 Y [CH'm_g)]F
v By O'Buchy
+ (1=, )or_ABOAO—{pp—ps_ )g¢A¢_f6‘_y-_Tay (14)
dpo0 owdo  F0 dpa0 Dy fan?| 4 3 9
o aay -“Wf”["ﬂw (%) |+ 3o
(15)
dwdg awod . ¢  Drde
Yo way o T T (e
O m MW o maz _ — o
5y =" =T C=Ch T=Ty at y=0;
%“’;Ao. C=Cp. T-Tw=(1-mTy+nTy as y—co an
where
ad —
C=BTy=To) V=, ¢=_M
2 T,

We now iniroduce the simplified form of Lie-group transfor-
mations namely, the scaling group of transformations,

F:xf=xe™, y*=ye, yp*=we™, u*=ue™,
VP=ves, 6 =gets, §* = get (18)
Eq. (13) may be considered as a peint-transformation which

(o, ot U v, @ ).
Substituting Eq. (18) in Egs. (14)-(18} we get

(0 g 62 * 62 o3 69* 62
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The system will remain invariant under the group of transfor-
mations I, we would have the following relations among the
parameters, namely ‘
o+ 2m—2as = 3ay~a3 = 03—y = —ag = ~ay;
ay +ap—oy—ag = 2ay—ag = 2a; —ag—ay = 2az—~2as and
a1 +ay—aa—ay = 2ay—a7 = 2a;—ag

These relations 3ay—a3 = aa—a3 give the value a; =0

Hence, a; +20;—2a3 = 30z—a3 gives ag=a7 =0, ay = (1/4)a; =
(/13)es.

The boundary conditions yield ay=mei=01/2})2;, a5=
{(m-1)/2)o1 =~(1/d)er; (as m=(1/2})

In view of these, the boundary conditions become

%‘J‘,’—: =x W f N =Gy, T=Tw at y*=0 and
aw.*
'5?;—’0, C=Cui ToTa=({1-mT+nTw as y* - (22)

The set of transformations I reduces to
X* = xete , J’* — yee(al /-4)' w* = w,ee(?aa'l /4)‘ u* — uE:(cﬂ/Z) ,
W= Ve—e(al/‘i)' oF — 8, ¢¢ =¢

Expanding by Taylor's method in powers of ¢ and keeping
terms up to the order £ we get

e yeye® e ey pe™
X¥x=2Xew;, y© y=yeg. w-w=we— W-u=ue=,
v*—v:—ws%, F—f=g¢"—¢=0

Fram the above equations we get
Y=gy =f, O =00), 4 = 23)

With the help of these relations, Egs. (19)-(21) become
1, 3
(@+Of —LOf L8 f = S *~(M+-2)f -+ 3 ff* -+ Rax (9-Nr ) = 0
24
. 4 3alie Spa 370, M N\g a 2 _
0 +3N[(CT+3) e} +3/0 4(e+1_n)f +Nbo's +Nt62 =0
25

hechtimtes—WT%W + N—&; g =0 (£0)

—transforms co-ordinates (x, ¥, y, 1, V, &, ¢) to T

The houndary conditions {ake the following forn;

=1, f=—i3w-, f=¢=1at =0 and f'—0, 40,

¢—0 as oo 27

where Pr =1*/a* is the Prandtl number, Rax = ({(1-¢,)82) /b a” is
the local Rayleigh number, Nr = ((pp—p5_)Ad) /pp AAK1—4,,) is the
buoyancy ratio, Nb = ({(pc),DsA¢)/alpc); 15 the Brownian motion
parameter, Nt = ((oC), DrAd)/a(pc)i T is the thermophoresis para-
meter, i =v/Kp; is the porous media parameier, M= BﬁU/pf is
the magnetic parameter, Le=v*/D is the Lewis number,
N =4018? /((pc;);K") is the conduction radiation parameter and
Cr = T /(Tw—T<) I8 the temperature ratio, where Cy assuimes very
small values by its definition as Ty —T,, is very large cormpared to
T In the present study, it is assigned the value 0.07,

The boundary conditions take the fellowing forms:

=1 f=§ #=¢=1, at y*=0 and -0, -8
¢—0as 5* > e0 28)
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where S=—(4/3)f,,, S > 0 corresponds to suction and § < 0 corre-
sponds to injection whereas f,, is the velocity of suction if f,, <0
and injection if f,, > 0.

3. Numerical solution

The set of non-linear ordinary difterential equations (24)-(26)
with boundary conditions (28) have been solved by using the
Runge Kutta Gill algorithm [12] with a systematic guessing of
F1®, #(0) and ¢'(0) by the shooting technique with until the
boundary conditions at infinity f"(c0), &(o0) and (o) decay
exponentially te zero. The computations were done by a program
which uses a symbolic, and computational computer language
Matlab. The step size Ay=0.001 is used while cbtaining the
numerical solution with #,,, and accuracy to the fifth decimal
place is suffident for convergence. The value of »_ was found in
each iteration loop by assignment statement #,=75_+A7 The
maximum value of #,, to each group of parameters N, n,
M, Nr, Nb and Nt, determined when the values of unknown
boundary conditions at y=0 not change to successful toop with
error less than 1077, Effects of development of the steady
boundary-layer flow, heat transfer and naneparticle volume frac-
tion over a porous vertical stretching surface in a nanofluid due to
solar radiation are studied for different values of thermal stratifi-
cation parameter, conduction radiation parameter, Brownian
motion parameter, thermophoresis parameter and magnetic para-
meter. In the following section, the results are discussed in detail.

4. Results and discussion

Numerical analysis are carried out for 0.1<N,<3.0, 0.1<N,<3.0,
052M=<5.00.1sn< 1.0, 0.1<N <50, Cr=0.01 and —-2.0<5<2.0
(Fig. 1). To be realistic, in the case of nanoftuid, the value of Lewis
number, 10<Le<100 and the Prandtl number are chosen to be at
Pr=10 (see [17,15]) which represents air at temperature 25 °C.
The effect of buoyancy is significant for Pr=10 (air) due to the
lawer density of air that makes it more sensitive to the buoyancy
forces. Local Rayleigh number Rax(=3.0)>0, buoyancy ratio
Nr=0.5, Brownian motion parameter N; = 0.5, thermophoresis
parameter N =0.5 effects in moving nanofluid are important in
view of several physical problems (see [17,15]). Eqs. (24)-(26)
subject to the boundary conditions (28) have been solved numeri-
cally for some values of the governing parameters Pr, n, M,
Nr, Ny and N: using Runge Kutta Gill algorithm with shooting
technique. Neglecting the effects of Nb and Nt numbers, the
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Fig. 1. Physical flow model and coordinate system over a vertical stretching
surface.

results for the reduced Nusselt number —¢(0) are compared with
those obtained by Khan and Pop {15], Wang [33], and Gorla and
Sidawi [13] for different values of Pr in Table 1, We notice that the
cormnparison shows good agreement for each value of Pr. Therefore,
we are confident that the present results are very accurate.

In the absence of local Rayleigh number Rax, in crder to
ascertain the accuracy of our numerical results, the present study
is compared with the available exact solution in the literature. The
nanoparticle fraction profiles for Lewis number Ie are compared
with the available exact solution of khan and pop [15] are shown
in Fig. 2a and b. It is observed that the agreements with the
theoretical solution of nanoparticle fraction profiles are excellent.
Fora given Nb and Nt, it is clear that there is a fall in nanoparticle
fraction with increasing the Lewis number. This is due to the fact
that there would be a decrease of nanoparticle volume fraction
boundary-layer thickness with the increase of Lewis number as
one can see from Fig. 2a and b by comparing the curves with
Le=10, Le=20 and Le=30.

Volume fraction of nanoparticles is a key parameter for study-
ing the effect of nanoparticles on flow fields and temperature
distributions. Thus Figs. 3 and 4 are prepared to present the effect
of Brownian motion on temperature distribution and volume
fraction of nanoparticle, Figs.3 and 4 illustrate rhe typical tem-
perature and nanoparticle volume fraction profiles for various
values of Brownian motion parameter, Nb, Temnperature of the
fluid increases and the nmanoparticle volume fraction decreases
with increase of Nb. It is interesting to note that Brownian motion
of nanoparticles at the molecular and nanoscate levels is a key
nanoscale mechanism governing their thermal behavior, In nano-
fluid systems, due to the size of the nanoparticles Brownian
mnotien takes place which can affect the heat transfer properties.
As the particle size scale approaches to the nano-meter scale, the
particle Brownian motion and its effect on the surrounding liquids
play an important role in heat transfer.

Figs. 5 and 6 display the effect of thermopharetic parameter Nt
on temperature and nanoparticle volume fraction profiles, It is to
note that the temperature of the fluid increases whereas the
nanoparticle volutne fraction decreases with increase of Nt, We
notice that positive Nt indicates z cold surface, but is negative to a
hot surface. For hot surfaces, thermaphoresis tends to blow the
nanoparticle volume fraction boundary laver away from the sur-
face since a hot surface repels the sub-micron sized particles from
it, thereby forming a relatively particle-free layer near the surface.
As a consequence, the nanoparticle distribution is formed just
outside. In particular, the effect of increasing the thermophoretic
parameter Nt is limited to increasing slightly the wall slope of the
nanoparticle volume fraction profiles but decreasing the nanopar-
ticle volume fraction. This is true only for small values of Lewis
number for which the Brownian diffusion effect is large cornpared
to the convection effect. However, for large values of Lewis
number, the diffusion effect is minimal compared to the convec-
tion effect and, therefore, the thermophoretic parameter Nt is
expected to alter the naneparticle volume fraction boundary layer

Table 1
Comparison of results for —¢(0) with previous published works.
Pr Khan and ‘Wang Goria and Presen t work
Fop [15] {1989) [33{ Sidawi [13]
0.07 0.0663 0.0656 0.0656 0066129
020 0.1631 0.1691 0.1691 01691736
0.70 04539 04539 0.5349 04542 85
2.00 09113 09113 09113 0911423
7.00 1.8954 1.8954 1.8905 03952 64
200 33539 33539 33539 33538 53
70.0 6.4621 6.4622 6.4622 6462188
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Fig. 2. (a) and (b) Comparison of the nanoparticles fraction profiles (present result—(a) with Khan and Pop [15]—(b}.
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Fig. 4. Effect of Nb aver the nanoparticle volume fraction prefile when Pr=10.0,
Le=10.0, Nt=0.5, §=2.0, N=10, n=035, a={=10.

significantly. Although thermophoresis effect is important in
natural convection of nanofluids, there are other parameters that
may have effect, and should be considered. These effects include
increase in effective viscosity of nanofluids due to the presence of
nanoparticles and density variation due to variable volume frac-
tion. More volume fraction of nanoparticles makes nanofluid much
- viscous and the mixture’s convection takes place weaker, thus

Fig. 6 Effect of Nt over the nanoparticle volume fraction profile when Pr=10.0,
Le=10.0, Nb =05, 5=2.0, N=1.0, Nr=03, M=1.0, n=05, a=¢(=1.0,

natural convective Nusselt number decreases due to high viscose
fluid. On the other hand it is showed that the separation factor for
common nanofluids is positive and density variation due to
variable volume fraction of nanoparticles, called particulate buoy-
angcy force, helps nanofluid to have strong convection heat transfer.

Figs. 7-9 depict the influence of the suctionfinjection para-
meter 5 on the velocity, temperature and nanoparticle volume
fraction profiles in the houndary layer when the thermopheretic
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Fig. 7. Effect of suctionfinjection over the velocity profile when Pr=10.0, fe—10.0,
Nb, Nt=0,5, N=1.0, Nr=05, M=10, =05, a={=16.
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Le=10.0, Nb, Nt=0.5, N=1.0, Nr=0.5, M=1.0, r=0.5, a=¢="1.0.
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Fig. 8. Effect of suciionfinjection over the nanoparticle volume fraction profile
when Pr=100, Le=10.0, Nb, Nt=0.5, N=1.0, Nr=05, M=1.0, r=05, a=£=1.1}

particle deposition is uniform, ie. Nt—=0.5. With the increasing
value of the suction (§>0), the velocity is found to decrease
{Fig.7), i.e. suction causes to decrease the velocity of the fuid in
the boundary-layer region. In case of suction, the heated fluid is
pushed towards the wall where the buoyancy forces can act to

retard the fluid due to high influence of the Brownian motion
effects. This effect acts to decrease the wall shear stress, Figs. 8 and
9 exhibit that the temperature &(y) and nanoparticle volume
fraction @(x) in boundary layer also decrease with the increasing
suction parameter {5 0) (the fluid is of uniform thermophoretic
particle deposition, ie. Nt=0.3) (Pr=10,0 and Nb=05). The
explanation for such behavior is that the {luid is brought closer
to the surface and reduces the thermal and nanoparticle volume

‘ boundary-layer thickness in case of suction. As such then the

presence of wall suction decreases velocity boundary-layer thick-
nesses but decreases the thermal and nanoparticle volume frac-
tion boundary layers thickness, i.e. thins out the thermal and
nanoparticle volume fraction boundary layers. However, the exact
opposite behavior is produced by imposition of wal! fluid blowing
or injection. These behaviors are also clear from Figs.7 to 9. The
samples of velocity, terperature and the nanoparticle volume
fraction profiles are given in Figs. 7-9, respectively. These profiles
satisfy the far field boundary conditions {28) asymptotically, which
support the numerical results obtained.

Figs. 10 and 11 present typical profiles for velocity and tem-
perature for different values of magnetic parameter. Due to the
uniform thermophoresis particle deposition, it is clearly shown
that the velocity of the fluid decreases and the temperature of the
fluid increases whereas the nanoparticle volume fraction of the
fluid is not significant with increase of the strength of magnetic
field. The effects of a transverse magnetic field to an electrically
conducting fluid give rise to a resistive-type force called the
Lorentz force. This force has the tendency to slow down the
motion of the fluid and to increase its temperature profiles. This
result qualitatively agrees with the expectations, since magnetic
field exerts retarding force on the natural convection fiow. Appli-
cation of a magnetic field moving with the free stream has the
tendency to induce a motive force which decreases the motion of
the fluid and increases its boundary layer.

Fig. 12 illustrates typical profile for temperature for different
values of thermal stratification parameter in the case of uniform
magnetic field. It is clearly shown that the temperature of the fluid
decreases whereas nanoparticle volume fraction profiles are not
significant with increase of the strength of thermal stratification.
In particular, the temperature of the fluid gradually changes from
higher value to the lower value only when the strength of thermal
stratification is higher than the thermophoresis and Brownian
motion parameters. For heat transfer characteristics mechanism,
interesting result is the large distortion of the temperature field
caused for 0.9<n < 1. Negative value of the temperature profile is
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Fig. 10. Magnetic effect over the velocity profiles when Pr=10.0, Le=10.0, Nb,
Ni=0.3, §=2.0, N=1.0, a=¢{=1.0, Nr=05, n=05.
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Fig. 1. Magnetic effect over the temperature profiles when Pr=10.0, Le=10.0, Nb,
Nt=0.5 §=2.0, a=[=10, Nr=0.5, r=0.5, N=1.0.
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Fig. 12. Thermal stratification effect over the temperature profile- when Pr=10.0,
Le=10)0, Nb=0.5, Nt=0.5, 5=2.0, a={=10, Nr=0.5, n=1.0, M=10.

seen in the outer boundary region for n=09 (Nb=05
and Nt=0.5). It is observed that the combined effect of thermo-
phoresis and Brownian motion plays a very dominant role on heat
transfer in the presence of thermal stratification.

Fig. 13 illustrates the typical temperature profiles for various
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Fig. 13. Effect of conductive radiation over the temperature profile when Pr=10.0,
Le—10.0, Nb=0.5, Nt=0.5, §=2.0, a=10, £=1.0, Nr=0.5, M=10.

combined effects of the strength of thermophores'is particle
deposition and the Brownian motion in the nanofluid.

5. Conclusions

Solar radiation caused buoyancy induced flow of an absorhing
fluid along an ideally transparent vertical plate embedded in a
porosity porous medium was considered. For the nanofluid we
employed a model that accounts for the mechanics of the
nanoparticle/base-fluid relative velocity by incorporating the
effects of Brownian motion and thermophoresis into the governing
equations. It is found that the volume fraction of nanoparticles is a
key parameter for studying the effect of nanoparticles on fow
fields and temperature distribuiions. It is observed that the
nurmerical solution is possible onty when the fiuid suction/injec-
tion velocity profile varies as x~(/9_ It is interesting to note that
the impact of thermophoresis particle deposition with Brownian
motion in the presence of thermal stratification have a substantial
effect on MHD boundary-layer flow field and, thus, on the heat
transfer and nanoparticle volume fraction rate from the sheet to
the fluid. Particularly, due to the uniform conduction radiation, the
temperature of the fluid increases whereas the nanoparticle
volume fraction decreases with increase of Brownian motion.
Brownian moiion of nanoparticles at the molecular and nanoscale
levels is & key nmanoscale mechanism governing their thermal

values of the radiation parameter N in the presence of nanofluid.
At a particular value of N, the temperature decreases with
accompanying decreases in the thermal boundary-layer thickness
by increasing the values of Pr. Further, it is obvious that for a given
Pr, the temperature is decreased with an increase in N. This result
can be explained by the fact that a decrease in the values of
(N =4010% /((pcp); k™) for given k= and T, means a decrease in
the Rosseland radiation absorptive k+ . According to Eqgs. (2) and
(3), the divergence of the radiative heat flux dg”,,4/dy increases as
(¢ Cp)f decreases which in turn increases the tate of radiative heat
transferred to the nanofluid and hence the fluid temperature
decreases. In view of this explanation, the effect of radiation
becomes more significant as N—0 (N+0) and can be neglected
when N-—»co. It is noticed that the temperature decreases with
increase of conductive radiation parameter N. The effect of radia-
tion parameter N is to reduce the temperature significantly in the
flow region. All these increases in radiation parameter mean the
release of heat energy from the flow region and so the fluid
temperature decreases as the thermal boundary-layer thickness
becomes thicker. All these physica]l behavior are due to the

behavior. In nanofluid systems, due to the size of the nanoparticles
Brownian motion and thermophoresis in the presence of thermal
stratification takes place which can affect the heat transfer proper-
ties. The increase in radiation parameter means the release of heat
energy from the flow region and so the fluid temperature
decreases as the thermal boundary-layer thickness becomes
thicker. Nanoparticles also offer the potential of improving the
radiative properties of the liquids, leading to an increase in the
efficiency of direct absorption solar collectors. In the presence of
uniform radiation, it is found that with the increase of the
magnetic parameter, the momentum boundary-layer thickness
decreases, while the thermal boundary-layer thickness increases.

The natural cenvection of nanofluid, small-particles suspen-
sions has been used in many applications in solar collectors, The
present study is of immediate interest in next-generation solar
film collectors, heat exchangers technology, materials precessing
exploiting vertical surfaces, geothermal energy storage and all
those processes which are highly affected with heat enhancement
concept. The analysis has helped engineers understand the
mechanisms that are most important in the depaosition process.
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Ume of the technological applications of nanoparticles that hold
enormous promise is the use of heat transfer fluids containing
suspensions of nanoparticles to confront cooling problems in
thermal systems. Hence, the combined effect of thenmophoresis
particle deposition with Brownian motion on nanofluids due to
solar radiation is of great interest worldwide for basic and applied
research.
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