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Abstract

In the present paper, the flow and heat transfetwaf types of nanofluids,
namely, silver-water and silicon dioxide-water, &éheoretically analyzed over
an isothermal continues stretching sheet. To thipgse, the governing partial
differential equations were converted to a setaflinear differential equations
using similarity transforms and were then analyfjcaolved. It was found that
the magnitude of velocity profiles in the case @ Swvater nanofluid was higher
than that of Ag-water nanofluid. The results showbdt the increase of
nanoparticle volume fraction increased the non-dsienal temperature and
thickness of thermal boundary layer. In both casfesilver and silicon dioxide,
increase of nanoparticle volume fraction increagedreduced Nusselt number
and shear stress. It was also demonstrated thatdlease of the reduced Nusselt
number was higher for silicon dioxide nanopartictkan silver nanoparticles.
However, the thermal conductivity of silver was mudggher than that of silicon
dioxide.

Nur Reduced Nusselt number
p Parameter of Padé method
a Parameter of Padé method Pr Prandtl number
c Coefficient of stretching sheet velocity q Parameter of Padé method
C:  Skin friction coefficient Re, Local Reynolds number
C, Specific heat at constant pressure S Mass transfer parameter
e, Parameters of symbolic power series Sh, Local Sherwood number
e  method T Temperature
f Dimensionless flow T. Ambient temperature
k  Thermal conductivity Tw Temperature at the stretching sheet
K Aconstant , . U,U, Local velocity of the sheet
L Degree of denominator in Padé method uyv Velocity components along x- and y-
M Degree of numerator in Padé method axes
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Vi Velocity iny direction on the sheet
surface

Cartesian coordinateg-éxis is
aligned along the stretching surface

andy-axis is normal to it)

X,y

Greek

Thermal diffusivity

Function variables

Similarity variable
Dimensionless temperature
Avariable which shows the effect of
nano particles in the momentum
equation

Dynamic viscosity

Density

A variable defined by Eq. (25)
Kinematics viscosity
Nanoparticle volume fraction

o
Gv. B

>3

S« S Aav T

Subscripts

© Ambient value

f Pure fluid property

I, k Parameters of Padé method
n Value at the previous step
nf Nanofluid property

s Solid nanoparticle property
w The stretching sheet (wall)

1. Introduction

The flow and heat transfer of a viscous fluid
over a continues stretching surface have
promising applications in a number of
technological processes such as metal and
polymer extrusion, continuous casting,
drawing of plastic sheets, paper production,
etc. [1 and 2]. In these applications, the heat
transfer rate in the boundary layer over
stretching sheet is important because the
quality of the final product depends on the
heat transfer rate between the stretching
surface and the fluid during the cooling or
heating process [3]. Therefore, the choice of a
proper cooling/heating liquid is essential as it
has a direct impact on the rate of heat transfer.
Recently, convective heat transfer in nanofuids
has become a topic of major contemporary
interest because of the unique thermal
properties of these fluids. Nanofuids can be
described as a fluid in which the particles in
the size of nanometer, -100 nm, are
suspended. Nanofluids were first coined by
Choi [4] in 1995. Dispersed uniformly and
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suspended stably in a pure base fluid, a very
small amount of nanoparticles can provide

impressive improvement in the thermal
properties of the base fluid [5].
Based on the application of nanofluids,

nanoparticles have been made of various
materials such as oxide ceramics, nitride
ceramics, carbide ceramics, metals,
semiconductors, carbon nanotubes as well as
composite  materials such as alloyed
nanoparticles AkCusy Or nanoparticle core—
polymer shell composites, etc. [5].

The boundary layer flow and heat transfer past a
stretching sheet have received a wide range of
attention among researchers. Crane [6] was the
first who obtained an analytical solution for
laminar boundary layer flow past a stretching
sheet. Gupta and Gupta [7] solved the boundary
layer flow over a stretching sheetth suction
and injection. After these pioneering works, a
large humber of studies have been developed to
analyze various aspects of this phenomenon
such as magnetic flows [8], micropolar fluids [9]
and viscoelastic flows [10 and 11].

Khan and Pop [12] examined boundary layer
and heat transfer of nanofluids over a linear
stretching sheet. Makinde and Aziz [13]
analyzed heat transfer of nanofluids over a
stretching sheet subjected to convective heat
transfer. Rana and Bhargava [14] studied the
boundary layer and heat transfer of nanofluids
over a nonlinear stretching sheet.

Noghrehabadi et al. [15] investigated the
thermal enhancement of nanofluids over an
isothermal stretching sheet. They considered a
slip boundary condition for the flow over the
stretching sheet in the presence of nanoparticles.
All of these studies [12L5] analyzed the effect

of parametric variation of non-dimensional
parameters on the thermal enhancement of
nanofluids. They did not perform any case study
to show the enhancement of using nanofluids in
comparison with pure base fluid. In contrast,
some researchers have performed case studies to
indicate the enhancement of using nanofluids in
comparison with the pure base fluid. Yacob et
al. [16] used a numerical analysis to compare the
thermal enhancement of two types of nanofluids,
namely, Ag-water and Cu-water nanofluids, over
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an impermeable stretching sheet. Hamad [17]
studied boundary layer and heat transfer of
nanofluids over an impermeable isothermal
stretching sheet for the metallic and metallic
oxide nanoparticles.

The purpose of the present study is to analyze
the effect of two types of nanoparticles,
namely, silicon dioxide and silver, on the
thermal enhancement of water base nanofluids
over an isothermal stretching sheet with
suction or blowing. A similarity solution,
depending on the volume fraction of
nanoparticles, is obtained and analytically
solved.

2. Problem Formulation

Consider an incompressible laminar steady
two-dimensional boundary layer flow past an
isothermal stretching sheet in a water-based
nanofluid. The nanofluid can contain different
volume fractions of SiQor Ag nanoparticles.
The scheme of the physical model and
geometrical coordinates are shown in Fig. 1. It
is assumed that the base fluid (i.e. water) and
the nanoparticles are in thermal equilibrium,
and also no slip occurs between them. The
thermophysical properties of the water and
nanoparticles are given in Table 1.

Table 1. Thermophysical properties of water and
nanoparticles.

Physical Fluid Phase Ag [18] SiO;[19]
Properties (water) [15]

Cp (I/kg.K) 4179 235 765

p (kg/n?) 997.1 10500 3970

k (W/m.K) 0.613 429 36

o x10 (m¥s)  1.47 1738.6 118.536

Hydrodynamic boundary layer

Permeable stretching sheet

Fig. 1. Scheme of stretching sheet.
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The sheet surface has the constant temperature
of Ty, and the temperature of ambient fluid is
T.. The fluid outside the boundary layer is
quiescent and the stretching sheet velocity is
linear. Therefore, the velocity of the sheet is
U(X)=c.x, wherec is a constant. By applying

boundary layer assumptions, the steady two-
dimensional boundary layer equations of the
momentum, flow and heat for the nanofluid in
the Cartesian coordinate system are written as:

u,ov_g (1)
ox 0y

2
U Ou_fa [ OU )
ox 0y py \0y

2
ua_T+Va_T: nfa_-l; (3)
ox 0y oy

subject to the following boundary conditions at
the sheet surface:

V=YV,

w

(x), u=Uy(x), T=T,, aty=0 (4)
and the boundary conditions in the far field (i.e.
y—0):

v=u=0, T=T,, asy-m 5)
where the subscript off denotes nanofluid. The
thermophysical properties of nanofluid can be
evaluated as follows:

Oy =knf/(10CP)nf ' (6)

P =(1-9) p; + 9P, (7)
The effective dynamic viscosity of nanofluids
can be obtained using Brinkman model [20 and
21] as:

_ M

5 1

(1-9)2

:unf (8)
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and pC,) [16] as:
(pC,), =(1-9)(0C,), +#(eC,).  ©

The nanofluid thermal conductivity can be
evaluated using Maxwell model as [22]:

T(l:(ks+2kf)—2¢(kf -k, 10
f

(k. +2K, )+ o[k, —k,)

where subscriptd and s represent the base
fluid and nanoparticle, respectively. Here,
denotes the nanoparticles' volume fraction. In
order to attain a similarity solution for Egs. (1
-3) subject to Egs. (4 and 5), the
dimensionless variables can be introduced in
the following form [16—18]:

1/2
c T-T
= — , 0(n) = 2
7 [uJ Y. 61) T, -T. (11)
u=cxt'(n), v=—\cu, f (n),
where the wall mass transfer velocity
becomes:
v, (X) = Jeu; f(0).
By applying the introduced similarity
transforms, Eq. (11), on the governing

equations, Eqgs. {B), the similarity equations
are obtained as follows:

(1-9)>

(v 00, 0] f"+ff"-f2=0 (12)
(k. + 2K, ) - 2p(k, -k,
(ks+2kf)+¢(kf_k5) g+f6=0, (13)

oo

subject to the following boundary conditions:
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Atn=0 : f=s, =1, (14)

Atn - o @ f'=0, =0, (15)

where SZ_VW(X)/VCUf . The positive value

of sindicates wall mass suction and its negative
value indicates wall mass injection.

For practical purposes, the skin friction
coefficient can be introduced as:
Cf —-_ :unfz(%j ,

P:U, 0y )

1 (16a)
C, = - JRe, f"(0,

(1-9)
where,
C f"(0
- f(9) (16b)

\/@ (]_— (p)g ’

and the reduced Nusselt number as [16—18]:

Nu, = -k —k (TX—T )(Z—Tj ,
fkw =L Jymo (17a)
Nu, =-JRe, -8(9),
f
where:
Nu nf ’
Nur = —= =-—-6'(0) (17b)

3. Solution
3.1 The Flow Analysis

Here, in order to obtain an exact close form
solution for the momentum equation, Eq. (12) is
rewritten in the following form for convenience:

Af"+f f"-12=0 (18a)
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where:

1
A= (18-b)

(1-g)2 (1- 9+ w0,/ p,)

Assuming that the solution of (48) has the
following form:
f(n)=¢+ye? (19)

By substituting (14) in (19), the following
relations are obtained:

r=-y (2o
J=s+t (20-b)

Equation (15) also only holds true for positive
values off. Substituting Eqg. (19) in Eq. (28)
results in:

e (AB*~sB-1)=0 (20c¢)
Solving forp leads to:

2
ﬂzs:r\/s +4A (20.d)

2

As only the positive values @gfare acceptable,
the exact close form solution of Eq. (12) can
be summarized as follows:

_st/s?+44 .
2 _2)e

+ (21)
s+ +41  s+/s?+4)

f(n)=s

3.2 The Heat Transfer Analysis

Equation (13) subject to Egs. (14 and 15) can
be solved using a symbolic power series
enhanced by Padé approximation. The basic
idea of symbolic power series method and
Padé approximation was explained in [23-29].
Now, the second-order differential equation of

Vol. 2, No. 1, Sept. 2012

Eq. (13) can be written as two first-order
differential equations:

8(n)-6,(n)=0,
fo

G (m)+——= )

subject to the following boundary conditions:

(22)
= O,

6(0) =1, g(0=K, (23)
under the following constraint:
6,(») =0, (24)
where:
_ i(ks+2kf)_2¢(kf _ks)
Pr (ks + 2kf ) +¢(kf _ks)
(25)

(1-o+alec,),/(eC,),]

X

Here, K is a constant which will be later
computed from the boundary condition Eq. (24).
In the previous section, an exact close form
solution was obtained for the flow, i.e. Eq. (21),
which could be substituted in Eqg. (22).
Therefore, Eq. (22) is only a function @&andy.
Now, the set of first-order differential equations
must be solved. Based on the method of
symbolic power series introduced by Celik and
Bayram [29], the solution procedure is started as
follows:

6,(n)=1+en,

(26)
82(’7): K+es,

Substituting Eq. (26) in Eq. (22) and neglecting
higher order terms vyields:

g -K-e7=0,

__. = 0’
% (4
Solving Eq. (27) foe, ande,:

(27)
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g =K,
_Kss (28)
% T
[

Now, substitutinge; and e, in Eq. (26) and
considering a higher order term yields:

6.(n)=1+Kn+en?,
K. (29)
‘92(’7) =K +TS/7+92/72 :

Again, substituting Eq. (29) in Eq. (22) and
neglecting higher order terms yields:

K.s
2e ——— =0,
& T
2 30
k+K'S (30)
2e,-——L—=0,
& T
Solving fore; ande;:
_Ks
2r ' a1
_Ks*+rK D)
2r*
By substituting e, and e, in Eq. (29),

considering higher terms and repeating this
procedure, the following power series tris
obtained after six iterations:
Ks Ks® +Kr
6,(n)=1+Kn+—n*+———n°
:(7) o 6r’
1
Kr2(52+4)l)5—2K/1$3+Krzs—6K/1rs .
- 1
4878

(32)

2KA%* + K132+ 2KAT3+ KA 7 2
—4KA1?s* +12KA°rs?

1 1
+Kras(s2 +4)I)2 —4K A rzs(sz+ 4/])2

¥ (240/12r4) g

+0(n°)
Continuing this procedure led to a symbolic

power series with higher terms, in which the
variable of K was unknown. In order to
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evaluate the value df, the remaining unused
boundary condition, i.e. Eq. (24), was used. The
symbolic calculations were carried out using
Maple mathematical software for convenience.
For instance, by solving Eqg. (22) with the
boundary conditions of Eg. (23) and then
applying the remaining boundary condition, Eq.
(24), the following power series solution was
obtained for silicon dioxide anskl, Pr=6.2, ¢
=0.2:

6(r7) =1-4.027439009
+6.928558725° -5.636791747
-0.00009090303927* +4.9821984#
-5.003620742° +1.1290185f7
+2.328223329° -2.768260327
+1.039149690*° +0.6319634838
-1.05909045@" +0.554681820%
+0.0475972342™ -0.2850366547
+0.2033289427"° -0.0405461557"7
-0.04962873624" +0.053475572p7
-0.02199874684 +0(n*!)

(33)

The obtained power series (i.e. Eq. (33)) has a
sufficient accuracy, but series solutions usually
have a finite range of convergence. Hence, they
are not always practical for large values,day
n—oo. The combination of any series solutions
with the Padé approximation provides a
powerful tool for handling initial or boundary
value problems on infinite or semi-infinite
domains [28]. In order to increase the accuracy
of solution, the power series in the symbolic
form and before computation of the unknown
value of K, can be converted to Padé
approximation.

Padé series is defined in the following form:

3, +a/7 +a/)” + I
_ Py * P+ ppy” + O py 7"
1+qu+q/° +0B-q.7°
Both sides of Eq. (34) are multiplied by the
denominator of right-hand side of Eq. (34):

(34)




JCARME

8+ (& +a )y +(a, +ag,rag)n’
+(a3 +Zi:1ai_qu)/73+...
+(aM +Z£A:131—qu)’7M +...
+ay + Xrana)r
=p,+ P+ PRSI+ pn" +0

(35)

By comparing the coefficients of both sides of
(35), one can find that:

8+ .80 =P, |=0,0IM (36)

a+Yr a,0,=0, |=M+LMM+L (37)

M and L are the degrees of numerator and
denominator in Padé series, respectively. By
solving the linear equation, Eq. (37), the
(k=1, ..., L) is determined. After that, by
substitutinggx in Eq. (36),p (1=0, ..., M) will

be determined. For instance, by following this
procedure, the Padé series of Eq. (32) with the
size of {1, 1} for #; can be obtained as
follows:

From Eq. (37) with.=1 andM=1,

a,+a,0,=0 (38)

Solving forq:

Q=" (39)

&

From Eq. (36) withiv=1:
{m=% (40)
=8 taq;

By substituting Eq. (39) in Eq. (40):

Po =3
33, (41)

=8 -
a

Comparison between thermal . . .

Vol. 2, No. 1, Sept. 2012

By substituting Egs. (39 and 41) in Eq. (34),

268,
g ta— 2t
2,

1+ —3/7
a

n
(42)

Substituting the symbolic values af, a; anda,
from Eq. (32) in Eq. (42) results in the Padé
series ofj; with the size of {1, 1}

_2r+(2Kr-s)n
-y

6,(n)

(43)

Similarly, for Padé series @ with the size of
{2, 2}:
From Eq. (37) with.=2 andM=2:

8, ta,q+aq,=0
a,+a,q+a,q,=0
Solving forg; anday:

(44)

2
_a4,~a;

q2 - 2
aga;—a;

88, ~aa,

7 (45)
a3, ~q,

q1 =
From Eq. (36) withiV=2:
Po =&

P =a +a0q,
p,=a,+a0,+aqfq,

(46)

After substituting the obtained coefficients and
simplification, the Padé series @éfwith the size
of {2, 2} becomes as follows:
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6.(n)= summarized as:

: : 6.(1)=

1-1.389177547 +0.3621114887
+0.3784170075° -0.1654205827
-0.1657939678° +0.1753260993

(48)
-0.06547256744" +0.009623072

(230417° - 11527%5?)

2304KA7% - 115K A1%S° 1+2.638261458 +4.058989881
+| -576Ar’s+ 57617’ n +4.08319326%° +3.027863003

+O.177789864137 +0.029811013#34
576K Ar°s— 38472+ 9@ T1s?

. +288K 3\Js? + M - 961s? .
+288Kr’s— 144%s(s* + 4
-144r°s?

2

N

——————— Power series size 10

of '(M)

75 1 Power series size 20

———— Power series size 30

o
”
T

Power series size 40

(48/1 r*-2M rzsz) 0ask
12418’ - 127°%s of =

+ n (47) g IR
+67°\s? + 40 + 6r’s 7 L
2A1s*-8A1° - 25" ) | oof

+ n | !

Numerical

Pade size of {8,8 }

48

025F

-3r2sys?+ 4] - F%s? °rr

_1:.”‘|.:H‘|‘.‘|‘.‘
0 1 2 3 4

n

If the order of Padé approximation increases Fig. 2. Comparison of numerical, power series and

L ' Padé methods.
the accuracy of the solution increases [26 and

27]. A comparison between power series
solution, Padé approximation and numerical
solution is shown in Fig. 2 for silicon dioxide
and .5:1'. Pr:6._2, p =0.2. The n_umencal The flow and heat equations were solved for
solution is obtained from the solution of Eq. C : :

) o variation of volume fraction of SiQand Ag
(13) subject to the boundary conditions Egs. : . :
(14 and 15) using the Runge-Kutta method nanopatrticles. In the following calculations, the
with shooting techr?ique [30] 9 Prandtl number of the base fluid (water) was
In the numerical method thé asymptotic value kept constant at 6.2. It is worth mentioning that,
of is taken as 1’0 to simulate the wheng = 0 ands=0, this study was reduced to
as r’r71 totically far filed boundarv condition that of a regular viscous fluid over an isothermal
Ei yurs 5 )(;emonstrates thaty the Padé impermeable stretching sheet. As a test of the
a 9 roximation fos=1 ande =0.2 with the size accuracy of the solution, the analytical results of
o?Ff:S 8} has sufficient rfc;urlacy Hence. the the present method were compared with the
{8 é} Padé approximation is 'used in’ the results reported by Hamad [17]_and_Wang [31]
folllowing calculations. The corresponding as well as thosg of Gorla an_d Sidawi [32] in the
Padé approximation of Eg. (33) can be case of pure fluid, as shown in Table 2.

4. Results and discussion
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Furthermore, the analytical results of the Table 2.Comparison of the results fo6'¢0) with

present work were compared with the results
reported by Hamad [17] in the casessD and
Ag-water nanofluid, as given in Table 3.
Tables 2 and 3 indicate good agreement
between the present results and the previous
ones. Table 4 shows the variation of %0)
and - #'(0), flow and heat transfer
characteristics, for different values of
nanoparticle volume fractions and wall mass
transfer parameter. The results of this table
reveal that the increase of mass transfer
parameter increases the magnitude &f'(0)
and #'(0). Furthermore, increase of
nanoparticle volume fraction increases the
magnitude of —f " (0) but decreases the
magnitude of -§'(0).

The non-dimensional velocity profiles for
different values of silver and silicon dioxide
nanoparticle volume fractions are plotted in
Figs. 3 and 4, respectively. These figures
interestingly show that the increase of
nanoparticle volume fraction decreases the
dimensionless velocity magnitude in the case
of Ag-water nanofluid; however, it increases
the dimensionless velocity magnitude in the
case Si@ water nanofluid. This difference
between the behavior of Ag-water and SiO
water nanofluids is because of the difference
between density ratios of the proposed
nanoparticles to the density of water, which
affects the momentum equation.

In both cases of silver and silicon dioxide
nanofluids, increase of mass transfer
parameter (from injection to suction)
decreased the magnitude of velocity profiles
and hydrodynamic boundary layer. In both
cases of Ag-water and Si@ater nanofluids,
variation of nanoparticle volume fraction had
no significant effect on the thickness of
hydrodynamic boundary layer over the
stretching sheet. Comparison between Figs. 3
and 4 shows that the magnitude of velocity
profiles in the case of SpOwater base
nanofluid was higher than that of Ag-water
nanofluid.

previous works.

Gorla  Present
Pr Ez;r]nad Eg/i]ng et al. Results
[32] »=0
0.91136 0.9114 0.9114 0.9131
1.89540 1.8954 1.8905 1.9051
20 3.35390 3.3539 3.3539 3.3551
70 6.46220 6.4622 6.4622 6.4640

Table 3. Comparison of the results fof *{(0) and —

#'(0) with previous works

for

the selected

nanoparticle volume fraction of Ag nanoparticles
whenPr = 6.2 ands=0.

—f"(0) —0'(0)
1) Hamad Present Hamad Present

[17] work [17] work
0.05 1.13966 1.139659 1.58136 1.581450
0.1 1.22507 1.225068 1.42058 1.420600
0.15 1.27215 1.272152 1.28193 1.282005
0.2 1.28979 1.289787 1.16100 1.161341

Table 4. Comparison between the evaluated results of

—f "(0) and 8'(0) for SiG, and Ag nanoparticles for
different values of nanoparticle volume fractiordan
wall mass transfer parameter.

—f"(0)

¢ s=—05 s=05 s=3 s= 10
0 0.78078 1.28078 3.30278  10.09902
0.05 086031 150972 4.20532 13.08748
0.1  0.90604 1.65643 481412 15.10726
0.15 093035 1.73953 5.16826 16.28312
0.2  0.93929 1.77107 5.30428 16.73494
9 -0'(0)

s=—05 s=05 s=3 s=10
0 18.8769

0.33415 4.13375 9 62.08581
0.05 16.0032

0.33750 3.56861 9 52.56564
0.1 13.6371

0.34125 3.09902 6 44.73115
0.15 11.6623

0.34415 2.70365 8 38.19476
0.2  0.34582 2.36732 9099572 32.67934

The non-dimensional temperature profiles for
the selected values of nanoparticle volume
fractions are given in Figs. 5 and 6 for Ag- and
SiO,- water base nanofluids, respectivéljese

figures show that increase of nanoparticle
volume fraction increased the non-dimensional
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temperature and thermal boundary layer
thickness. The addition of nanoparticles
volume fraction increased the thermal
conductivity of the pure fluid; hence, it
resulted in the increase of thermal diffusion in
the boundary layer in both types of the
investigated nanoparticles. However, it had
opposing differences on the velocity profiles.
Increase of wall mass parameter decreased
profiles as well as thermal boundary layer
thickness.

fr(m)

o

06
04k

02\

)

n

Fig. 3. Profiles of non-dimensional velocity for the
selected values of volume fraction of Ag
nanoparticles and mass transfer parameter.

0.6

0.4

0.2
- $i0, - water nanofiuid

0 1 2 3 4 5 6
n

Fig. 4. Profiles of non-dimensional velocity for the
selected values of volume fraction of $iO
nanoparticles and mass transfer parameter.

Comparison between Figs. 5 and 6 shows that
the non-dimensional temperature profiles in

46

the case of silver nanopatrticles were higher than
those of silicon dioxide. The variation of local
skin friction and reduced Nusselt number, as
important parameters of hydrodynamic and
thermal boundary layer, against the variation of
nanoparticle volume fraction are shown in Figs.
7 and 8 for the selected values of wall mass
transfer.

— $ =02

¢ =01

Ag-water Nanofluid

Fig. 5. Profiles of dimensionless temperature for the
selected values of volume fraction of Ag
nanoparticles and mass transfer parameter.

$i0,-water Nanofluid

0 = 7.1 2 ‘ 3 ‘ 4
n
Fig. 6. Profiles of dimensionless temperature for the
selected values of volume fraction of $iO
nanoparticles and mass transfer parameter.

Figure 7 shows that the local skin friction of Ag-
water nanofluid is always higher than that of
SiO, for the same magnitude of nanoparticle
volume fraction. Increase of nanoparticle
volume fraction significantly increased the local
skin friction on the surface. The main part of the
observed difference between these two types of
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nanofluids is because of the difference Increase of wall mass transfer parameter
between the densities of these nanoparticles increased the difference between temperature
(See Eq. (12)). The density of the silver profiles of Ag and Si@ nanofluids. Finally,
nanoparticles was significantly higher than the increase of the wall mass transfer increased the
density of silicon dioxide nanoparticles. reduced Nusselt number.

Therefore, the presence of heavy nanoparticles

resulted in the increase of local skin friction, 5. Conclusions

as observed in Fig. 7. In addition, increase of

wall mass transfer increased the local skin The effect of the presence of silver and silicon
friction for two types of nanoparticles. Figure dioxide nanoparticles on the hydrodynamic and
8 demonstrates that the reduced Nusselt thermal boundary layer over a permeable
number for SiQ was higher than that for Ag  isothermal stretching sheet was analytically
for the same value of nanoparticle volume investigated. A close form exact solution was

fraction. obtained for the momentum equation. The heat
equation was also solved using the combination

L of a symbolic power series and Padé

: - o, approximation method. In the nanofluid model,
f“? sos the effect of presence of nanoparticles on the

thermal conductivity and dynamic viscosity was

considered. The obtained results can be

summarized as follows:

The silver nanoparticles and silicon dioxide

nanoparticles decreased and increased the

dimensionless velocity magnitude, respectively.
.0

e However, they had no significant effect on the
o thickness of hydrodynamic boundary layer.
Fig. 7. Comparing the variation of local surface The non-dimensional temperature profiles in the

skin friction with variation of nanoparticle volume  case of silver nanoparticles were higher than
fraction for the selected values of wall mass those of silicon dioxide.

transfer. Increase of nanoparticle volume fraction
significantly increased the local skin friction on
s ° the sheet surface. The local skin friction of Ag-
= =os water nanofluid was always higher than that of
S T i SiO..
' Increase of nanoparticle volume fraction
K] s, increased the reduced Nusselt number.

However, the reduced Nusselt number for
silicon dioxide nanoparticles was higher than
that of silver nanoparticles.

r o Finally, increase of the wall mass transfer (from
injection to suction) increased the reduced
T A K Bk T a—P Nusselt number.

Fig. 8. Comparing the variation of reduced Nusselt = Acknowledgements
number with variation of nanoparticle volume
fraction for the selected values of wall mass The authors appreciate  Shahid Chamran

transfer. . . . .
) , . University of Ahvaz for its support from this
The increase of nanoparticle volume fraction paper y PP

increased the reduced Nusselt number.
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