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In the present paper, the effects of an inclined magnetic field and a non-
uniform heat source sink on a double diffusive convective stagnation
point flow in a slender stretching sheet are studied. The suitable
similarity transformation is utilized for the conversion of nonlinear
differential equations. These converted equations are solved by means of
Differential Transformation method (DTM) with the support of symbolic
software Mathematica. Further, the effects of appropriate parameters on
velocity profile, solute, nanoparticle concentration and temperature

profiles are shown graphically with some suitable discussions. It is found
that velocity decreases with a rise of magnetic parameter. Because
applying the uniform magnetic field normal to the flow direction gives
Corresponding Author rise to Lorentz force. This force has the tendency to slow down the

velocity of the fluid in the boundary layer. Also non-uniform heat source
E-mail: ashask@kud.ac.in sink parameters enhance the thermal profile of the system. But, opposite
Mobile: behavior can be seen in solute and nanoparticle concentration profiles.
Such results can be useful in design and structure of materials, where
implementation of variable thickness decreases the weight of stretched
element and boosts the usage of materials.

Sink, Eyring-Powell
Nanofluid.

1. INTRODUCTION:

In various industrial and engineering processes, prominent importance of boundary layer
flow over stretching sheet can be seen. For instance, in polymer sheets extrusion, production of
glass-fiber and paper, wire drawing, metal-spinning. The theory of boundary layer flow on a
stretching sheet with linear stretching velocity was coined by Crane [1]. After his work, several
researchers gave their attention towards the flow over stretching surface with linear stretching
velocity [2-4], nonlinear stretching velocity [5-7] and exponential stretching velocity [8-10]. In
the above cited literature, the stretching sheet with uniform thickness is taken. But slender
stretching sheet (Stretching sheet with variable thickness) looks more practical compared to flat
stretching sheet. Especially, in civil engineering, mechanical, aeronautical design, the
applications of variable thickness sheet can be seen. It assists to decrease the weight of structural
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elements and boosts the usage of material. Thought of slender stretching sheet was originated by
Lee [11]. Boundary layer flow of a continuously stretched sheet with changing thickness was
studied by Fang et al. [12]. Later, Reddy et al. [13] explored idea of the effect of variable thickness
and variable temperature profile over flat stretching sheet. Whereas, Khader et al. [14] extended
the work of variable thickness over non-linear stretching sheet for slip velocity.

The stream of a non-Newtonian fluid at lower pressure due to stretching sheet finds its
applications in engineering process. The continuous flow of a fluid near a solid surface is usually
referred as stagnation point flow. When fluid tends towards the surface, it divides into two
streams. At the point of stagnation, the fluid pressure, the heat transfer and the rate of mass
accumulation is very high. Due to this fact, many researchers diverted their interest towards this.
Mahapatra et al. [16] analyzed the thermal conduction phenomenon in a stagnation point flow
when stretching velocity is lesser than a free stream velocity. The analysis of heat transfer on
stagnation point flow over a inclined cylinder and exponentially stretching sheet for Eyring-
Powell fluid model and micropoloar fluid is studied by Rehmana et al. [17, 18]. Further, Vinod et
al. [19] explored the stagnation point flow in a slender stretching sheet by considering nanofluid
model. Researcher found that boundary layer formation is similar even though the stretching
velocity is more than a free steam velocity. Stagnation point flow for different geometry of
stretching sheet is given in ref. [20-22].

Impact of heat source sink on heat transfer cannot be ignored for double diffusive convective
flow and also for the stability of fluid motion. Variation of heat distribution in the fluid can be
seen by heat generation or absorption and also impacts the particle accumulation. Bhuvanavijaya
et al. [23],Venkateswarlu et al. [24] andSugunamma et al. [25] demonstrated the effect of non-
uniform heat source sink in different geometry by considering Newtonian fluids. The viscous
fluid of non-Newtonian fluid has gain lot of attention due to its extensive industrial and technical
applications. This particular fluid model is obtained from the kinetic theory of liquids and also it
shows Newtonian behavior at high and low shear rates. Further some other studies on Eyring-
Powell fluid are given in [26-29].

No attempt has been made in any of the previously stated investigations to consider the
combined effects of all of the aforementioned parameters. Our key interest and novelty of this
present investigation is to examine how the double diffusion convective stagnation-point flow
and Eyring-Pwell nanofluid effects on slender stretching sheet under the impact of non-uniform
heat source sink and angled magnetic field. The present analysis has wide applications in design
and structure of materials.Some researchers began studying double diffusive convection in
nanofluids a few years ago, and it has remained interesting due to its wide variety of applications
in water saturated soils.In fluid mechanics, equations are involved are non-linear differential
equations. It's difficult to come up with accurate answers to such equations. There has been an
increase in attention to developing and utilizing analytical and numerical methodologies. In
current article we applied Differential Transform Method (DTM) to solve non-linear differential
equations. The differential transformation method (DTM) is used to solve directly to nonlinear
ODE without the need of initial guess or discretization and it is unaffected by discretization
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mistakes [30-32]. The effects of appropriate parameters on velocity profile, solute concentration,
nanoparticle concentration and temperature profiles are shown graphically with some suitable
discussion.

. MATHEMATICAL FORMULATION

The velocity of a stretching sheet as well as the velocity of the free stream areu,, (x)=U, (x+b)"
1-m

and U, (x)=U,(x+b)".The non-flat sheet equation is given asy=E(x+b)2 (m=1),Eis a constant

therefore the sheet is enough thin to ignore Z—p =0.
X

U. (%)

Fig.1 Schematic Geometry of the flow model
2.1 Fluid Model

The stress tensor in Eyring-Powel model

Pi :ﬂ%+isinh’1 i% , (1)
ox; B C. OX;

3
Sinh’l i% ~£%_1 %
c.ox; | coox, 6lox |’

where f and C. are Erying-Powell rheological fluid parameters.

1 oy,
C. OX;

<1, (2)

From the above mentioned assumptions the governing equations are [12, 22, 23, 24, 25, 28]
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Where, u andv are velocity components along x and y directions, respectively. . is the coefficient of
fluid viscosity, p, is density of the fluid, g is the gravitational acceleration, p,is density of the

particles, . is fluid's volumetric thermal expansion coefficient, B, is magnetic field strength, s is

the electrical conductivity, . is volumetric solutal expansion coefficient,T is the temperature of

the fluid,c is nanoparticle concentration,c, is solutal concentration,az:L is thermal

(Pc),
diffusivity, v is kinematic viscosity, D, is Brownian diffusion coefficient, ris ratio of effective heat
capacity of the nanoparticle material to heat capacity of the fluid, D, is Doufertype diffusivity, D,

is solutal diffusivity, D, is Soret type diffusivity.

The boundary conditions [12, 13, 17]

—m

1
u=U,(x)=U,(x+b)", v=0, T=T,, C=C,, C,=C,, at y=E(x+b) 2 (8)

u->Uu, T->T, C>C, C,>C,  aty—om (9)

The non-uniform heat source sink represented as [22, 23]

q = u(k;rb)(A* (T,-T,)F +B"(T —Tw)). (10)

Similarity transformations are:
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U=U,(x+b)"F (1), v=— m—+11)U J(x+ b)ml[F(n)+nF'(n)(rr:—:ﬂ,
T-T c-C c,-C 1U, (x+b)™" ()
_ _ 1~ Mo m+ o X+
= ® '® = ® ,X :—, =
©(7) T T () c.-C. () c.—c. " y\/ 5 .
Where w(x,vy) is:
_oy ,__%v
Ty T T (12)

Equation (3) is automatically satisfied by using (11) and equations (3) - (7) are reduced into
ordinary differential equations:

2 . 1 e 2
(1+N)F +FF’ —m—Tl(F) —Né(m; jF (F) +L a2

m+1 (13)

LM zsin®*(y)(F — A)+LZ(®+ NcX — Nrd) =0,
m+1 m+1

e + Pr(F@' +Nb@®® +Nt(©')" + Nd X"')+L(A*|:' +B'®)=0, (14)

m+1
X +SCFX +Ld@® =0, (15)
Nt
@ +Sc, F D +W® =0. (16)

Boundary conditions (8) and (9) are transformed as follows,

 F(Q)=1 0(Q)=1 ®(Q)=1, X(Q)=1, (17)

F'(o)=A 0(x0)=0,®(x)=0, X(x)=0.

Primes signify the differentiation with regard to » from the above mentioned statements.

Where, Q=E /m;w" represents wall thickness parameter and n=Q=E fm;w" shows the plate
1% 1%

surface.

Equations (13) - (16) along with equation (17) are with a domain[Q,«).To make the calculation

easier to understand, convert [0,«) into[0,.0) and we represent f, 8, y and ¢as,
F(n)=1(n-Q)=1(5), 0(n)=0(n-Q)=0(¢), X(n)=x(1-Q) = 2(£), ®(n)=¢(n-Q) =4($)

So equations (13) - (17) become,

(A+N) £ i = 2M () —N5(m+1jf (£) +-2M a2

iMzsinzy(f'—A)+i/1(9+ Ncy —Nrg) =0,
m+1 m+1
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03+P%+f9¥+Nbe¢¥FNq9)3+ng)+—3—(AW'+BYQ=o,
m+1
7 +Scf ¥y +Lde" =0,
" . Nt
+Sc fg+—6 =0.
#+So, T4
1-m .
f(0)=07—, 1'(0)=1 0(0)=1 ¢(0)=1 #(0)=1,

f'(oo)zA, 9(00):0, ¢(oo)=0, ;((oo):O.

The parameters are defined as:

1 c T _T b)? U b C,,—C
X ! "’ )
B c —c 3 3m-1 2
Nr = (pp pf)( w oc) , §:UD (X+b2) , Azﬁ, Mzzﬂv Ue(x):Ul(X+b)m,
o B (1-C,)(T,-T.) 2vc, U, P U
Nb:TDB(CW_Cw), Nt:TDT (TW_TSO), Nd :M’ Scn :L, SC=L,
v oT, v (Tw -T. ) De Ds,
D, T,—-T
Ld = er (T, —T.) cpr=2 p=H N= L
D, (C.. —Cu.) @ P npe
Wherec, is given as,
T
C. = —,
! prw2
Where, is given as,
e[y LJu_ L (ou ]
w pe. oy 6pcE | oy n
y=E(x+b) 2

Dimensionless expression for the skin friction coefficient we have,

C, Re,? :\/@[(u N) f"(O)—(mTﬂjg(f" (o))ﬂ

y=0

. METHOD OF SOLUTION:

(22)

(23)

(24)

(25)

(26)

(19)
(20)
(21)

The reduced governing equations (18) - (21) with (22) are resolved by utilizing DTM method. It
is a semi-analytical technique, which can be used to calculate the nonlinear problems. Now by
using DTM, we can find the solution of above equations (18) - (21) with boundary conditions

(22) as follows:
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(e+2)(1+N)(e+1)(e+3)H (e+3)+ Z;(e+1)H (e—z)(e+2)H (z+2)-
rj—Tlg(eﬂ)(e—zH)H (z+1)H(e—-z+1)—

miHMZSinzy((e+1)H(e+1)—A)+ (27)

om ., 2
m_TlA = A(G(e)+ NeQ(e)~NrP (¢)) -

N (m”ja >3 (g+1)(g+2)H (9+2)(z-g +1)(z-g+2) iy

2 z=0g=0

H(z-g+2)(e-g+1)(e-g+2)(e-g+3)H(e-g+3)

ZZ;;(Z+1)G(Z F1H (e—2)+

Nb ZZ;(Z +1)(e—z+1)P(z+1)G(e—z+1)+

(e+1)(e+2)G(e+2)+Pr +

Nt > (z+1)(e—2+1)G(z+1)G(e—z+1)+ (28)

Nd (e+1)(e+2)Q(e+2)
mLH(A*(eﬂ)H(e+1)+B*G(e)):o,
(e+1)(e+2)Q(e+2)+Sci(z +1)Q(z+1)H (e—z)+Ld(e+1)(e+2)G(e+2)=0, (29)
(e+1)(e+2)P(e+2)+5c,> (z+1)P(z+1)H (e—z)+s—;(e+1)(e+2)G(e+2):0. (30)
The boundary conditions that have been transformed are:
H(o)=§zl(i_m”;), H (1) =1, H(2)=%, G(0)=1, G(1)=n,, (31a)
Q(0)=1 Q(1)=n,, P(0)=1 P(1)=n,. (31b)

Differential transform of f(¢), 6(¢), x(¢) and ¢(¢) are H(e), G(e). Q(e) and P(e) also with the help of
boundary conditions, that is, equation (22), we can find constants n, n,, n,andn, By utilizing

transformed boundary conditions (31a), (31b) and equations (27) - (30), we obtain the closed
form of solution.

4. RESULT AND DISCUSSION:

To illustrate the characteristics of the problem, findings are detailed in figures 2-24. Coefficient
of skin friction ( f'(0) ) on m is matched with the previous studies and present studies are shown

in Table 1.

Tablel. Comparison of f'(0) with [15] and [12] when N=6=M?=A=2=Nc=Nr=p4=0and Q=05
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m —17(0) [15],[12] Present study
-1/3 1.0000 1.03923
-0.5 1.1667 1.1985
-0.51 1.1859 1.1918992
-0.55 1.2807 1.2920254

4.1 Velocity profile:

Velocity degrades as values of fluid parametersrises is shown in Fig.2. Physically upon
increasing s, viscous force of the fluid enhances. As viscous force of the fluid enhances the
velocity of the fluid diminishes. Where, in Fig. 3 the velocity rises as values of N rises. Physically
upon increasing N, viscous force of the fluid diminishes. As viscous force of the fluid, decline the
velocity of the fluid increases. Fig.4 captures the effects of mixed convection parameter 1 on the
velocity. Higher values of 1give the stronger buoyancy effects to increase the velocity. In Fig.5
velocity decreases as values of power index mrises.. It is seen that the large values of t m thins
the momentum boundary layer thickness. In Fig. 6, velocity decreases as wall thickness
parameter Qincreases. We can observe that as o increases the velocity distribution and
momentum boundary layer thickness reduces form<1. As values of o rise, the stretching velocity
decreases and as a result velocity distribution decreases.Fig.7 shows that f reduces with the
rise of values of magnetic parameter M. The Lorentz force is created by applying the uniform
magnetic field normal to the flow direction. The fluid in the boundary layer has a propensity to
move more slowly under the influence of this force. Consequently, f reduces when M is
increased. In Fig.8, as values of an aligned angle » rises f reduces. Since, M is directly
proportional to sin?y and there is no effect of magnetic field on velocity curves when y =0°while the
magnetic field effect the flow wheny=90". Fig.9 shows that velocity reduces as buoyancy ratio
parameter Nr rises. As Nr rises the velocity boundary layer thickness rises. Hence velocity
reduces. Fig. 10 shows that velocity enhances as Nc enhances. As Nc enhances the velocity
boundary layer thickness decreases. Hence velocity enhances. Fig.11 explains the impact of
velocity ratio parameter Aon f'. Aisdefined as the ratio of free stream velocity to the velocity of
the stretching sheet. When u,(x) exceedsu,(x), the flow velocity rises and also the boundary

layer thickness reduces asArises. Moreover, whenu,(x)<u,(x), the flow field velocity and

boundary layer thickness also increases. The boundary layer flow is inverted for A<1,

4.2 Temperature profile:

In Figs. 12and 13 temperature profile increases, as values of heat source sink parameters A"and
B"increases. The reason behind is that the positive values of A"and B" generates the heat and
generated heat increases width of the thermal boundary layer. Opposite behaviour can be seen
for negative values of A'andB’. In Fig.14, it is visible that the impact of m is to enhance the
temperature with its rise and the effects of mare more notable for shear thinning fluid.Fig.15

show that temperature profile decreases as Prandtl number princreases. Physically, an increase
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in the value of pr, the thermal boundary layer grows thinner. Since, Prrepresents is the ratio of
momentum diffusivity to thermal diffusivity. Praids in the acceleration of cooling in conducting
flows.

4.3 Solutal concentration profile:

Fig.16 indicates the change in Schmidt number Sc on solute concentration. As values of sc rises,
the solute concentration profile reduces. sc and diffusivity of mass are inversely proportional to
each other. So, higher values of sc gives poor diffusivity of mass due to which z(») decreases. In
Fig. 17, as values of o increases, the solute concentration distribution decreases. Same effect can
be observed in Figs. 18 and 19, as A"and B'rises, () reduces. Fig.20 show that as values of m

enhances the solute concentration profile decreases.
4.4 Nanoparticle concentration profile:

Fig. 21 shows that as values of sc, rises the nanoparticle concentration profile reduces. So, for
higher values of Sc,, the thickness of thermal boundary layer is larger than that of nanoparticle

boundary layer. Fig.22 indicates that as Prandtl number Pr increases, nanoparticle concentration
profile decreases. Actually, Pr is inversely related to thermal diffusivity and hence, it decreases
nanoparticle concentration profile. Figs. 23 and 24 are plotted to the effect of A"and B"on
nanoparticle concentration it is observed that concentration of fluid reduces for increase values
of the parameters.
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Fig. 2 Variation of f'(¢) on s when
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5. CONCLUSIONS:

The present work analyzes the double diffusive mixed convection stagnation point flow over a
slender stretching sheet including an inclined magnetic field and non-uniform heat source sink.
The main observations are given below:

The velocity profile shows opposite behaviour withsand N .

It is noticed that 1gives the stronger buoyancy effects to enhance the velocity profile and ; the
deduces the velocity profile. Also y impacts the magnetic field on velocity curves when »=90".
A'and B'improves the heat generation, whereas it degrades the solutal, nanoparticle
concentration profiles.

Rise in the momentum boundary layer thickness and a decrease in thermal boundary layer
thickness were noted for the rising values of the power index parameter mincluding shear
thinning to shear thickening fluids.
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APPENDIX

Let us take a function f (¢) that is analytical in a domain D and let ¢=¢ any pointed noted inD.
The function f(¢) is then expressed by a power series with center isplaced at¢, . The differential

transform of the function f (¢)for e derivative of is,

-2t o2

Here, (&) gives the original function and F(e) is transformed function. The inverse differential

transform is,
ZF (€-&), (33)

In real applications, the function f(¢) is expressed by a finite series and eq. (33) can be written

as

£)=F(e)(E-&), (34)

e=0

Eq. (34) implies that f (&)= ) F(e)(¢£-&) . is negligibly small. In fact, b is series size in this

e=b+1

problem. Some of the basic properties of DTM are shown in Table 2.

Table 2: The basic properties of DTM

Original function Transformed function
f(&)=a(d)xb() F(e)=A(e)£B(e)
f(£)=c.a(é) F(e)=c.A(e), ¢ is a constant
d a(g) F(e)=(e+1(e+2)(e+3)......(e+n)A(e+n)
f(&) =
dg"
(9=a0 % FE)=3 (2 +DAC-2B(+)
f(§)=MM F(e)=Ze:(z+1)(e—z+l)A(z+1)B(e—z+l)
dé  d¢ =0
f(&)=¢£" B _Jlife=n
Fle)=d-2) _{0 if e %n

Differential transform of f(¢), 6(¢), #(¢) and ¢(¢) are H(e), G(e), Q(e) and P(e) also with the help of
boundary conditions, that is, equation (22), we can find constants n,, n,, n,and n,. By using Eq. (31a)

and (31b) we get the following iterations.
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H(0)=

H@) =

Q@L-m)

(1+m) H(1)=2

1

H(2)="1

2m

“1(1—m)Q+ 2M?sin’(7)(1-A) 2mA* 24(Nc—Nr+1)

6{1+ N —N&n,? (“Z’"D L+ m

G(0)=1 G(1)=n,

G(2) =

Q2=

1-m)QPrn PrNdSen, (1-m)Q  2(A +B’
L _(t=m) 2 _PrNbn,n, —PrNtn,? + r Ndsen, (1-m) + ( )
(2—-2Ld PrNd) 1+m 1+m 1+m
Q(0)=1, Q(1)=n,,
[ _ - 2(A" +B
(1-m)QPrn, —Pranan—PrNtn22+PrNdscn4(1 mQ ( )
(1-m)QScn, @+m) 1+m 1+m
2(1+m) (2-2Ld PrNd)
P(0)=1 P(1)=n,,
I _ - 2(A" +B
(1-m)QPrn, —Pranzns—PrNtn22+PrNdscn“(l mQ ( )
_(I-m)Qscn, (1+m) 1+m 1+m

P(2) =

1+m 1+m 1+m

1+m

2(1+m)

Nb(2—-2Ld PrNd)

Putting these iterations in Eq. (34), we obtain the following closed form of solutions.

fn) =

0(m) =1+n,n+

x(m)=1+nn+| -

¢(n)=l+n3n+ -

Q1-m)

(1+m) 2

2m

n(1-m)Q 2M?sin’(y)(1-A) 2mA> 2A(Nc—Nr+1)|

}, ---SO ON.

},---SO on.

,---S0 on.

,---SO on.

+1.77+&772 +
6[1+

1

1+m 1+m

1 [
N —N&n,2 (—Hzmjj Lrm

—PrNbn,n, —PrNtn,” +

1+m

1+m

Pridsen, (1-m)@ 2(A+B')|

n ==

(2-2LdPrNd)

(1-m)Qsen,

_(1—m)QPrn2
1+m

1+m

1+m

PrNdscn, (1-m)Q  2(A"+B’)

n+——=

1-m)QP
Ld L(z)m)rnzj—Pr Nbn,n, —PrNtn,? +
+

1+m

1+m

2(1+m)

(1-m)Qsc,n,

(2—-2LdPrNd)

PrNdsen, (1-m)Q 2(A"+B’)

n'+——=

1-m)QPrn
Nt[( (1) m) 2J—Pran2n3—PrNtn22+
+

1+m

1+m

n+——-

2(1+m)

(2—2Ld PrNd)
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