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Tasawar Hayatl’ 2, Sabir Ali Shehzadl*, Saleh Al—Mezelz, Ahmed Alsaedi?

! Department of Mathematics, Quaid-i-Azam University 45320, Islamabad 44000, Pakistan.
? Department of Mathematics, Faculty of Science, King Abdulaziz University, P.O. Box 80257, Jeddah 21589, Saudi Arabia.

" Corresponding author. E-mail: ali_qau70@yahoo.com

Abstract: This paper concentrates on the mathematical modelling for three-dimensional flow of an incompressible Ol-
droyd-B fluid over a bidirectional stretching surface. Mathematical formulation incorporates the effect of internal heat
source/sink. Two cases of heat transfer namely the prescribed surface temperature (PST) and prescribed surface heat flux
(PHF) are considered. Computations for the governing nonlinear flow are presented using homotopy analysis method.
Comparison of the present analysis is shown with the previous limiting result. The obtained results are discussed by plots
of interesting parameters for both PST and PHF cases. We examine that an increase in Prandtl number leads to a reduc-
tion in PST and PHF. It is noted that both PST and PHF are increased with an increase in source parameter. Further we
have seen that the temperature is an increasing function of ratio parameter.
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INTRODUCTION

Heat transfer analysis over a stretched surface is a problem
of great interest for the recent researchers. Such motivation is
due to its various applications in the industrial and engineering
processes like glass fiber and paper production, manufacture
and drawing of plastics and rubber sheets, crystal growing,
cooling of metallic sheets in a cooling bath, the continuous
casting, glass blowing, polymer extrusion process, food pro-
cessing, annealing and tinning of copper wires, heat treated
materials travelling on conveyer belts and many others. Besides
this, the concept of heat generation (source) or absorption (sink)
is useful in applications involving heat removal from nuclear
fuel debris, underground disposal of radioactive waste material,
storage of food stuffs and dissociating fluids in packed-bed
reactors. This concept is also important in view of problems,
such as fluids undergoing exothermic/endothermic chemical
reaction (Kandasamy et al., 2011) with the increasing demand
of electronic technology, effective cooling of electronic equip-
ment has become warranted. Such cooling of electronic equip-
ment ranges from individual transistors to main frame comput-
ers and from energy suppliers to telephone switch boards (Kan-
dasamy et al. (2005)).

There are many materials of multi-phase nature and of very
high molecular weight involving in the chemical engineering,
food stuff, bio-medicine and many others (Jamil and Fetecau,
2010). Such materials are called non-Newtonian fluids. The
characteristics of non-Newtonian fluids are shear thinning,
shear thickening, viscoelasticity, viscoplasticity. Such charac-
teristics cannot be predicted by the Classical Navier-Stokes
equations. For these fluids, there is a nonlinear relationship
between the shear stress and shear rate. There is also not a
single constitutive model which predicts all the characteristics
of non-Newtonian fluids. Hence, different models of such fluids
are introduced by the various investigators. An Oldroyd-B fluid
is one subclass of the rate type non-Newtonian fluids which
exhibit both relaxation and retardation times effects. Few stud-
ies in this direction may be represented by the refs. (Fetecau
(2003), Fetecau and Fetecau (2005), Fetecau et al. (2007), Qi
and Jin (2009), Tong et al. (2009), Zhang et al. (2011), Jamil et

al. (2011), Jamil and Fetecau (2012), Zheng et al. (2012) and
Hayat et al. (2012a)). Crane (1970) was the first who investi-
gated the boundary layer two-dimensional flow of viscous fluid
bounded by a stretching surface. Since then, different workers
in the field have revisited similar problem through various
physical aspects of heat and mass transfer, non-Newtonian
fluids, magnetohydrodynamics, chemical reaction, suction, etc.
However, majority of the existing studies relating to the titled
problem has been examined for the two-dimensional flow (see
few recent articles by Rashidi and Keimanesh (2010), Kazem et
al. (2011), Hayat et al. (2011), Mukhopadhyay et al. (2011),
Bhattacharyya (2012) and several refs. therein). Very limited
attention is given to the three-dimensional flow over a stretch-
ing surface. For example, Liu and Andersson (2008) studied the
three-dimensional flow of viscous fluid induced by a bidirec-
tional surface in the presence of variable thermal conditions.
Flow of viscous fluid generated by the bidirectional stretching
sheet was numerically discussed by Wang (1984). Ariel (2007)
presented a study for three-dimensional flow of viscous fluid
over a linear stretching surface. Ahmed et al. (2011) carried out
a study for MHD three-dimensional flow of viscous fluid in a
porous medium. Heat transfer characteristics are taken in the
presence of prescribed surface temperature and prescribed
surface heat flux. Very recently, Shehzad et al. (2012) studied
the three-dimensional flow of Jeffery fluid with convective
surface conditions.

To our knowledge, no analysis is presented to investigate the
three-dimensional flow of non-Newtonian fluid over a bidirec-
tional stretching surface with heat transfer. Even such flow
analysis in absence of heat transfer is not available so far.
Hence, constitutive equations of Oldroyd-B fluid are employed
in the mathematical formulation. The stretching surface exhibits
the heat transfer through two cases namely PST and PHF. Ef-
fects of heat generation/absorption are also present. Computa-
tions for governing problem are made using homotopy analysis
method (HAM) (Liao (2003), Rashidi and Domairry (2009),
Rashidi and Pour (2010), Turkyilmazoglu (2010), Keimanesh et
al. (2011), Rashidi et al. (2011), Vosughi et al. (2011), and
Hayat et al. (2012b, 2012c, 2012d). The obtained series solu-
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tions are examined in detail for convergence and physical inter-
pretation.

FLOW MODELS

Consider three-dimensional boundary layer flow of an in-
compressible Oldroyd-B fluid. The flow is induced by bidirec-
tional stretching surface (at z = 0 with prescribed surface tem-
perature (PST) and prescribed surface heat flux (PHF) (see Fig.
1). Steady flow of an incompressible fluid is considered for z >
0. Flow analysis is carried out in the presence of heat
source/sink. The conservation equations of mass, momentum
and energy for steady flow can be expressed as

divV =0, (1)
p%;:dWT. @)

Fig. 1. Physical model.

The Cauchy stress tensor T and extra stress tensor S in the
above equation are defined as:

T=—pI+S A3)
DA,

s+ D8 _ﬂ[ tj @)

(VV)T= 6V2T+q(T—TN), (5)

where D/ Dt is the Covariant differentiation, and ﬂl and ﬂz
are the relaxation time and retardation time, respectively. The
first Rivlin Ericksen tensor A is defined as

A, =gradV +(gradV ), (6)

where * indicates the matrix transpose and the velocity field
V is taken as following

=[u(x,y,2),v(x,y,z),w(x,y,2)]. @)
The definition of D/ Dt is (Harris, 1977):

Da; da, ®)

Dt = i + ura[,r _u[,rar'

Following the procedure of Harris (1977) at pages 221-223,
Eqgs. (1)—~(5) now give:
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2 92 2 92 2
u’ ity a—“+w a”+2uv
ox? axay

+2vwa TR, F A

dydz 0xdz
ﬂ+ﬂ+ 32“4_
Bu ’u
+ _du_
Maaz oxdz>
3
ap +v-2 a” +uﬂ+v U9
- _ +v dydz ox“oz (10)
x| Al +w S +Wa_u_a_ua_u_a_uazu :
2 0z oz* oax g2 ox gy’
_a_“ﬁ_a_ui_a_“i_a_“azv
ox 972 Py o’ oy o’ P 92
_oud’w _ dud’ w_ﬂaz
0z 9x? dz )2 0z 972
8v+ av+ 8v+
U—+vVv—+w—
ox dy oz
28\1 23\/ 28v 9%
2 +v +w +2”Vaxay
+2vw ayaz +2uw axaz
ot ory
ox?
a_ v
aay +u8vaz
Bv 9y v v
| |t Rty e
= av av_ﬂa_u_ﬂazu > (11)
ay % + Way + Waz3 0x g2 ox 9’
_wdu_ wv__ v _ vy
ox ;2 9 ox? W 9y’ 9 oz2
_wdw_ v dw_ v dw
0z 9x? dz gy 0z ;2
ow ow  dw
Uu—+v—+w—+
ox  dy 0z
2 9w 2 9%w 2 9°w 97w
A U A L az+2u"axay
+2vwaw+2uwa
X0z
Py Py Dy
ox
Bw 3w 3w
8 +uaay +uaxaz2
814 3w 9w
__a_p+v +V +V '|‘Vaaz FwrY (12)
aZ /1 +Waw +W83 _ﬂﬁ_a_wﬁ ’
2 o0z oz} ox 9x? ox 92
_wdu _owdlv_ owdlv _ owdy
oax 92 9 ox? & 92 P 9z2
_a_Waz_W_a_Wi_a_Waz
0z gx? 0z gy? dz 92

After neglecting the pressure gradient and using the standard
boundary layer assumptions (Schichting, 1964), the resulting
equations for three-dimensional flow of an Oldroyd-B fluid
with heat transfer are
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W
8_u+@+8_ =0, (13)
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Note that in the above equations, the boundary layer approx-
imations are used. Further, «, v and w are the velocity compo-
nents in the x—, )— and z— directions, 7 the fluid tempera-
ture, k; the thermal diffusivity of the fluid, v = (u/ p) the

kinematic viscosity, 0 the density of fluid, {/ the dynamic
viscosity of fluid, € » the specific heat at constant pressure of

the fluid and ¢ is the heat source/sink parameter with ¢ > 0
(heat source) and ¢ < 0 (heat sink).

The associated boundary conditions are defined as follows
[20]:

u=u, (x)=ax,v=v, (y)=by, w=0 atz=0, an
u—0,v—>0asz— oo

For temperature, the corresponding boundary conditions are
given by:

Type I. Prescribed surface temperature (PST):

T=T/(x,y)=T_ +Ax"y" atz=0,
T—>T_ asz—> oo,

(18)

Type II. Prescribed surface heat flux (PHF):

—la—T = Bx"y" atz=0,
0z (19)

T —>T, asz — oo,

Here, A is the thermal conductivity of the fluid, 7_ the con-

stant temperature outside the thermal boundary layer, 4 and B
the positive constants. The power indices ¥ and § determine

how the temperature or the heat flux varies in xy — plane.
Considering Ahmad et al. (2011):

u=axf’(n), v=ayg'(n), n= Z\/E’

w=—Jav(f(m)+gm),
T(x,y,z)—Tw
Tw(x’y)_Teo ’

(20)
PST:0(17) =

B |v ;
PHF:T(x,y,2)-T. = \fxyy'scﬁ(ﬂ)

A\Na
Eq. (13) is automatically satisfied and Egs. (14)—(17) take the
following forms:

2(f+g)ff”—J
(f+e)f”

[+ (f+)f - f? +,31(

B+ e - (f+e)f)=0, 1)
” . 2(f+g)g’s”
g +(f+8)g ¢ +ﬁ1(_(f+g)zgmj
+B((+ e ~(f+2)g”)=0, 22)
O"+Pr(f+g)0 +Pr(B-y —sg))0=0, (23)
¢"+Pr(f+2)" +Pr(B-Y " —sg)p =0, (24)
f=0,g=0, /=1 ¢=aq,
6=1,¢=-1atn=0, (25)

=0, —-0,6-0,¢—0 asy— oo,

where 3 =J1a and S, =1,a are the Deborah numbers »
o Z% the ratio of stretching rates, Pr = L the Prandtl num-
ber, k; the thermal diffusivity and = WLC the internal heat
parameter.
HOMOTOPY ANALYSIS SOLUTIONS

In this section, we solve the problem consisting of Egs.

(21)—~(25) by HAM. For that the initial guesses and auxiliary
linear operators are taken as follows:

fom=(-e"), g ()= pll-e)
6,(n) = exp(-1), ¢,(17) = exp(-17),

(26)
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LN=f"-f, Lg)=¢g"-¢,
LO)=6"-06, L(p)=¢"—¢.

Subject to the properties

@7

L()C, + Cye" +Ce™) =0,
L(g)(C,+Ce" +Cie™) =0,
L(6)(C,e" + Cee™) =0,
L(@)(Cye" +Ciie™) =0,

(28)

where C; (i=1-10) are the arbitrary constants.
At zeroth order, the problems satisfy:

—)L (9 - £,m)
=qh N, (f(n; 9),8(1; q)),
(1=q)L, (807:9) - go(D)
=gh,N, (f(mq),é(ﬂ;q)),
(1)L, (607 - 6,1))
= gh N, (7 01:0). 81:).607:9)).

(1= )L, (607:9) - 9,))
= gh N, (707 p). 201200, 01 )

F:)=0, f'(0:q)=1, f'(39)=0,
2(0;9) =0, & (0;9) =, & (e3¢9) =0,
6(0;9) = 1, 6(=>,9) =0,
9 (0,q) = 0(,9) =0,

(29)

(30)

€2))

(32)

(33)

’ima) (Vo)
on’ on

f(77 9)

N, [f(1.9).£(1.9)]=

+(f(1,9)+ £, q) —2

[zmn,q) +g(77,q)) i 27 ‘”J

—(f(.q) +g(77,q))2 - ”” 2

(a f.9) 4 azg(,,,q>\a f.9)
+ﬁ \ an? an? / an?
2 /<n )

~(f(,9)+&(1,q)

(34

N, [£(1,9), fm.9)1=

g(n 9 (%09
on
g(n q)

+(f(.9)+ £(1,9))

an

—(f(n,q)+g<n,q))z%
(2700 | 2200 )00
+ﬂ2 \ an? an’ ] an?

~(f(1.9)+&(n.q) 2% |

+ [2(f (1,9)+ &, q)) ) W]

(35)

9’0(1,9)

N,[007.).] (1.9).&01.0)= = 3

+Pe(f () + 8, q)) 22D ‘9(’7 9)

IB },31(?7 X)) A

877

(36)

N,[001.9). / (7.9).8(1.9)] = "’(’7 9)

+Pr(ﬁ(n,q)+g(n,q»@

(,3 7afw .4)

209 02(1.9) (37)
an
In above expressions, g shows the embedding parameter,

h,, h

N ro N - N, and N ¢ the nonlinear operators. When g = 0

}D(ﬁ, q)-

g h o and n P the non-zero auxiliary parameters and

and ¢ = 1 then we obtain

F@:0)= £,(1), §1.0)=g, (),
6(n.0) = 6,(17), $(1,0) = ¢,(1)
Fay=f@), gm0 =g,
0(n.1) = 6(7). $(1.1) = (7).
It should be pointed out that when ¢ increases from 0 to 1,
the f(n,q), gn.q) and 6(n,q) vary from f (),
2o, 6,(m), @, (1) to f(m), g(), @) and g(r). Using

Taylors' expansion we write:

(3%

F@.) = £,00+ 2 £, (0", (39)
g01.9)= g, + X g, (Nq". (40)
607.)=6,(m)+ X0, (q", @n
001.9)=9,(D)+ X6, (3", 42)
fum= LELED]
m!  on 10
g,,,(f7)=i7a g(Z;Q) ,
m! 877 =0 43)
0,0 =LA
"o
¢m(n)=%—a oq)|
m!  dn 40

where the parameters hf, h P h o and h 4 have a key role

in the convergence of series solutions. The values of parameters
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are chosen in such a manner that Eqs. (39)-(42) converge at ¢ =
1. Hence Egs. (39)—(42) give:

fm=fom+ 3 S (), (45)

m=1

g(m=g,(m+ mZ:l g, (), (46)
61 =0,(m)+ 3.6, () )
o) = 9,1+ X 6, (). @)
The general solutions are arranged as follows:
S =1,(M+C +Che" +Cie™, (49)
g, =g,N+C,+Cse" +Ce™, (50)
6,m=6,)+C,e" +Cie™, (51)
8,(m =9, (D +Ce” +Cye™, (52)

in which the special solutions are denoted by f V: , & ;, 9,:
and ¢:l

CONVERGENCE OF THE HOMOTOPY SOLUTIONS

We know that the homotopy analysis method provides a

great freedom to select the auxiliary parameters hf, h o h P

and 71 ) regarding adjustment and control of the convergence

of series solutions. To determine the appropriate convergence

interval of the constructed series solutions, the /i — curves at
17th-order of approximations are sketched. Figs. 2—5 supports

that the range of admissible values of 7 fo h g h o and h ¢

are —0.95<h, <-02,-085<h, <-0.15, -125<h,<-0.6
and —1.1<h, <-045.
=02 Fe=03 a=03
085
ooe £(0)
_ —Da7
=
T
nye
099
1.4 1.2 | aE o8 04 az 4
fiy

Fig. 2. 7 -curve for the function f(m).

GRAPHICAL RESULTS AND DISCUSSION

The graphical illustrations of temperature field correspond-
ing to various interesting quantities for prescribed surface tem-

perature (PST) and prescribed surface heat flux (PHF) are visu-
alized in this section. Figs. 6—12 present the variations of 5, f,,
Y, B, Pr, & and s on the prescribed surface temperature

6(n) and prescribed surface heat flux ¢(7).

_0d Bi=02 B=03 =05

-0.405

-0.41

S -0415 \/’J
=]

-0.42

—g"(0)

-0.425

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0
fig

Fig. 3. 71 -curve for the function g@).

=02 Fr=03a=05 Pr=10y=04,5=05 =04

0

-0.2
— 80

—04

_06

~-0.8

60y

-1.5 -1.25 -1 -0.75 -0.5
g

-0.25 0

Fig. 4. #i -curve for the function om).

Pi=02 =03 a=05FPr=10y=04 s=05 5=04

0.8
—¢"(0)

0.6
S
=

=04

0.2

0

15 1.25 1 0.75 0.5 0.25 0
ﬁd}

Fig. 5. #i -curve for the function é(n).

We observe from Fig. 6 (a, b) that the temperature profiles
6(1), ¢(n) and their associated thermal boundary layer thick-

nesses are increased when Deborah f; increases. As expected
that an increase in the Deborah number f; leads to an increase
in relaxation time. When relaxation time increases then it give
rise to the temperature fields €(77) and ¢(77) The variations

of f, on @(77) and ¢@(7) are seen in Fig. 7 (a, b). Here it is
found that the temperature profiles &(77) and ¢(7) are decreas-
ing functions of f,. An increase in Deborah number £, is due to
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Table 1. Convergence analysis of series solutions by numerical
data for different order of deformations when ﬂ] =02, 5,=03,

Table 2. Numerical values of £7(0), g”(0), f(co) and g(eo).
for different values of & when f§ =4 =0.

a=s=05 Pr=10, y=p=04, h,=n,=06 and
h =h =—0.9. " "
o =Ny a f'0)  g"0) f(w) g(=)
Wang (1984) -1 0 1 0
0.0
Order of "o i Present -1 0 1 0
deformations ~ — f"(0) g0 d'(0) ¢'(0) Wang (1984) —1.048813 —0.194564 0.907075 0.257986
0.25
Present -1.04881 —0.19457 0.907047 0.25790
L 0.967500 042625  0.79000  0.53500 Wang (1924) _1.093097 —0.465205 0.842360 0.451671
0.50
10 0979098 041324  0.69988  0.35889 Present C1.09309 0.46522  0.84293  0.45169
15 0.979101  0.41328  0.69744  0.35888 Wang (1984) —1.134485 —0.794622 0.792308 0.612049
0.75
20 0.979108 0.41328 0.69669  0.35897 Present —1.13450 —0.79462  0.79231 0.61214
25 0979107 041328 069642 0.35901 Wang (1984) —1.173720 -1.173720 0.751527 0.751527
1.0
30 0.979107  0.41328  0.69637 0.35901 Wang (1984) -1.17372 -1.17372  0.75149  0.75149
35 0979107 041328  0.69637 0.35901
40 0.979107  0.41328  0.69637 0.35901
Table 3. Temperature gradient H’(O) for different values of ¥, ¥ and § with B =p,==0.0 and Pr=1.0.
y=s=0 y=-2,5s=0 y=2,5=0 y=0,5=-2 y=0,5=2
Liu and — 025
Andersson e —0.665933 0.554512 —1.364890 —-0.413111 —0.883125
(2008)
Present —0.66593 0.55457 —1.36489 —0.41310 —0.88312
Liu and — 0.50
Andersson & ~0.735334 0.308578 ~1.395356 ~0.263381 ~1.106491
(2008)
Present ~0.73533 0.30858 ~1.39536 ~0.26338 ~1.10649
Liu and @ =050
Andersson ~0.796472 0.135471 ~1.425038 ~0.126679  -1.292003
(2008)
Present ~0.79472 0.13547 ~1.42504 —0.12667 ~1.29200

4
Fig. 6 (a, b). Temperature profiles (77) and ¢(77) for various values of Deborah number 3, when g3, =0.3,

y=F4=04.

b)

A n

6

7
5 U

Pr=1.0, ¢ =5 =0.5 and
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a) b)
6(m)
; &(n)
08 12
1
0.6 vs
f2=0005 1.0 1.5
04 06
£2-00,05 1.0 1.5
04
02
0.2
2= n n
2 4 6 8 2 4 6 )

Fig. 7 (a, b). Temperature profiles §(77) and @(77) for various values of Deborah number 8, when B =0.3, Pr=1.0, & = s = 0.5and
y=0F=04.

a) b)

0.8

06
\
0.75

y=00,04 08 1.2
04
0.5 y=00040812
0.2 0.25
, n
2 4 6 8 ! 2 4 ¢ °

Fig. 8 (a, b). Temperature profiles (77) and @(77) for various values of  when g =, =0.3, Pr=1.0, « =s=0.5 and =04

a) b)
8(n)
1

0.8
0.6
§=0.0,05 10,15

04

0.2

n

4 6 & 10

Fig. 9 (a, b). Temperature profiles 6(77) and ¢(7) for various values of # when 3, =3, =0.3, Pr=1.0, a =s=0.5and y=04.

a) b)
0 o)

0.8

06

Pr=0510 15 20 075
04

a5

02 0.25

Fig. 10 (a, b). Temperature profiles 8(77) and ¢(n) for various values of Prwhen 3, = g, =03, & =85= 0.5 and f=y=04.

123



Tasawar Hayat, Sabir Ali Shehzad, Saleh Al-Mezel, Ahmed Alsaedi

n

6 8

f
P 4

Fig. 11 (a, b). Temperature profiles 6(77) and ¢(77) for various values of & when g, =, =0.3, Pr=1.0, s = 0.5 and B=y=04.

a)

()

08

06

5=00,06 1217
0.4

02

b)

1
2 4 6 8

n
2 4 & 8

Fig. 12 (a, b). Temperature profiles (77) and ¢(77) for various values of § when 3, =, =0.3, Pr=1.0, =05 and =y =0.4.

increase in retardation time. There is a decrease in §(77) and
@(n) when retardation time increases. A comparison of Figs. 6

(a, b) and 7 (a, b) shows that Deborah number S, and f, have
quite opposite effects on the temperature profiles £(77) and

@(n) . An increase in ¥ creates a reduction in temperature
profiles @(77) and ¢(7). From Fig. 8 (a, b) it can be exam-
ined that 7 have similar effects on () and ¢(77) but the
variations in ¢(77) are large in comparison to €(77) . Also we
analyzed that the temperature ¢(77) at the wall is decreased
when Y increases. The effects of heat source/sink parameter S
on (1) and ¢(n) are illustrated in Fig. 9 (a, b). It is found that
there is an increase in 6(77) , ¢(77) and their associated thermal

boundary thicknesses with an increase in f . Fig. 10 (a, b)
presents the variations of Prandtl number Pr on §(77) and ¢(77).

The temperature profiles 6(77) , ¢(77) and thermal boundary
layer thickness are reduced when Prandtl number is increased.
In fact an increase in Prandtl number reduces the thermal diffu-
sivity and such reduction in thermal diffusivity decreases the
temperatures  @(77) and ¢(77). Fig. 11 (a, b) displays the influ-
ence of & on temperature fields @(77) and ¢(77). An increase
in (¢ yields a decreases in @(77) and ¢(77). Fig. 12 (a, b) de-
scribes that (77) and ¢(77) are decreasing functions of s.

Table 1 is prepared to analyze the convergence of £,
g7(0), 8’(0) and ¢”(0) numerically. This Table depicts that
our series solutions converge from 20th order approximations
for velocities and 30th order approximations for PST and PHF.

It is also observed that we have to compute less order defor-
mations for velocities in comparison to temperatures §(77) and

@(n) . Table 2 shows the comparison with the previous results

for various values of & for r7(0), g”(0), f(eo)and g(eo). It
is anticipated that our present results are in an excellent agree-
ment with the previous results. Also we analyzed that the nu-
merical values of r7(0), g”(0),and g(co). are increased. Table
3 shows a comparison of &’(0) for different values of o, ¥
and s. One can see that the provided values in the present anal-

ysis have an excellent agreement with the values of existing
solutions (Liu and Andersson, 2008).

CONCLUSIONS

In this study, the three-dimensional flow generated by bidi-
rectional stretching surface is investigated in the presence of
prescribed surface temperature (PST) and prescribed heat flux
(PHF). Interesting observations are mentioned below:

i.  Effects of Deborah numbers £, and S, are quite opposite
on the prescribed temperature 6(7) ;

ii. The temperatures §(77) and ¢(7) are decreasing func-

tions of Deborah number 5, ;
iii. A rise in Prandtl number decrease temperature profiles
6(n7) , ¢(r7) and thermal boundary layer thickness;

iv.  Increasing ¢ reduces 6(77) and ¢(77);
v. Increasing ¢ increases the temperature gradient §°(0).
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