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ABSTRACT: Heat and mass transfer in unsteady non-coaxial rotating flow of viscous fluid
over an infinite vertical disk is derived and obtain the exact solution by Laplace transform
technique. The motion in the fluid is induced due to two sources. Firstly, due to the
buoyancy force which is caused because of non-coaxial rotation of a disk such that the disk
executes cosine or since oscillation in its plane and the fluid is at infinity.The problem is
modeled in terms of coupled partial differential equations with some physical boundary and
initial conditions. The dimensionless form of the problem is solved via Laplace transform
method for exact solutions Expressions for velocity field, temperature and concentration
distributions are obtained, satisfying all the initial and boundary conditions. Skin friction,
Nusselt number and Sherwood number are also evaluated. The physical significance of the
mathematical results is shown in various plots and is discussed for several embedded
parameters. It is found that magnitude of primary velocity is less than secondary velocity. In
limiting sense, the present solutions are found identical with published results.

KEYWORDS:Viscous fluid, Non- coaxial rotation, Primary Velocity, Secondary Velocity,
Heat and Mass transfer, exact solution

1. Introduction

The principal interest of this work is to study the convective transport of momentum, heat
and mass.Convective transport is of three types namely forced, free and mixed. Forced
convection occurs when the flow is caused either by external force or by imposing non-
homogeneous boundary condition on velocity. Opposite to the forced convection, in natural
or free convection, the transport phenomenon occurs due to buoyancy force that arises from
density differences caused by temperature and concentration variations in the fluid.
However, a situation where the free and forced convection mechanisms simultaneously and
significantly contribute to the above transport phenomena is called mixed or combined
convection.The combined convection phenomenon occurs in many technical and industrial
problems such as electronic devices cooled by fans,nuclear reactors cooled during an
emergency shutdown, a heat exchanger placed in a low-velocity environment, and solar
collector[1,2].Over the time various publications on mixed convection with different
boundary conditions and situations appeared For example, some of the most recent and
interesting studies we discuss here.Hussanan et al.[3] investigated thermal diffusion,
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chemical reaction, heat absorption and Newtonian heating effects on mixed convection flow
of viscous fluid with combined heat and mass transfer.Srinivasacharya and Reddy [4]
studied chemical reaction and radiation effects on mixed convection heat and mass transfer
over a vertical plate in power-law fluid saturated porous medium.Bhukta et al.[5] analyzed
dissipation effect on MHD mixed convection flow over a stretching sheet through porous
medium with non-uniform heat source/sink. Raju et al.[6] examined heat and mass transfer
in MHD mixed convection flow on a moving inclined porous plate. Hayat et L. [7] studied
three dimensional mixed convection flow of viscoelastic fluid with thermal radiation and
convective heat transfer flow of the fluid with thermal radiation and convection heat transfer
flow of the fluid with thermal radiation and convective conditions. Ellahi et al. [8] focused
on mixed convection heat transfer flow of the fluid over wedge with a porous medium.
Besides that, an analysis on the mixed convection flow under a constant heat flux through a
square cavity with a wavy wall has been performed by Mamourian et al. [9].Babulal and
Talukdar [10] investigated combined effects of Joule heating and chemical reaction on
unsteady magneto hydrodynamic mixed convection of a viscous dissipating fluid over a
vertical plate in porous media with thermal radiation. Similarly, Khan et al. [11] discussed
the effects of heat and mass transfer on magneto hydrodynamics (MHD) flow in a porous
channel. Samiluhaq et al [12] also investigated the phenomenon of heat and mass transfer
with MHD flow past a vertical plate with ramped wall temperature. Then, Ali et al.[13]
analyzed the combined processes of heat and mass transfer by considering the chemical
reaction in the fluid flow. In addition, Nadeem et al.[14] examined the heat and mass
transfer analysis of the fluid flow through eccentric cylinders and followed by Nadeem et
al.[15],where a problem on heat and mass transfer over a vertical rectangular duct is
investigated. The influence of tapered stenosed artery of permeable wall on combined heat
and mass transfer in blood flow has been investigated by Ellahi et al. [16].The flow between
two Non- parallel plane wllas with the effect of heat and mass transfer has been presented by
Adan et al.[17].Other than that, Khan et al.[18] discussed heat transfer in the fluid flows
between two parallel plates. This is the opposite physical study with [17]. Next, two related
problems of heat and mass transfer have been solved by Khan et al.[19,20] but cent rated on
permeable stretching surface saturated by porous medium with a convective boundary
condition[19] and flow over a moving wedge with the effect of MHD[20].Besides that,
Khan et al [21] studied the effect of heat transfer in rotating channel with lower stretching
permeable wall.On the other hand, Ismail et al.[22,23] considered the rotating fluid in heat
and mass transfer with the inclined plate.It was found that, as inclination angle increased, the
fluid flow in primary and secondary flow was decreased. Islam et al [24],
Muthucumaraswamy et al [25, 26] and Mohyud -Din et al.[27] also investigated the reaction
of heat and mass transfer in a rotating fluid.

However, In the context of above background, the transport phenomenon of momentum,
heat and mass is studied either in rotating or in non-rotating frame.In this work, we assume
that this transport is in frame with non- coaxial rotation. This idea of non- coaxial rotation
with heat and mass transfer over an oscillating disk is not investigated yet. However, similar
studies of non- coaxial rotation, for only momentum transfer, are available in the literature.
Among them, Erdogan [28] obtained an exact solution for non- coaxial rotation of viscous
fluid through a porous disk Asghar et al [30] extended Hayat et al. [29] problem for
accelerated porous disk. In addition Curia et al. [31] introduced a new knowledge of non-
coaxial rotation by taking the hall current effect into hydro magnetic flow over an infinite
porous disk. After that, an electrically conducting viscous fluid between two parallel
eccentric rotating disks has been studied by Maji et al. [32].Curia et al. [33] and Ahmad et al
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[34] introduced velocity slip in non-coaxial rotation. Recently, Das et al. [35,36] studied the
effects of hall currents and slip condition on non-coaxial rotation viscous fluid through an
infinite porous disk. Furthermore, Das et al. [37] concentrated on the problem of eccentric
concentric rotation of a disk due to non- coaxial rotating also has been investigated by
Lakshmi et al [38] and Ersoy et al.[39-41]. An interesting problem of non- coaxial rotation
with heat transfer has been solved by Mohammad et al. [42] where they studied the effect of
free convection on fluid motion.

Based on the above discussion, the present work aims to study the combined effects of heat
and mass transfer on mixed convection flow of an incompressible viscous fluid over an
oscillating an infinite vertical disk with non- coaxial rotation and fluid at infinity.The
problem is first modeled and then solved for the exact solution using Laplace transform
technique. Results are plotted and discussed for differ parameters of interest.

X

Momentum Boundary Layer

Thermal Boundary Layer

Concentration Boundary Layer

Figure 1
2. Mathematical formulation of the problem

Let us consider a Cartesian coordinate system with z-axis normal to a rigid disk. The x-axis
is taken in upward direction along the disk and z-axis is taken normal to the plane of the
disk. The axes of rotation for both the disk and fluid are assumed to be in plane x =0.
Initially, at t= 0, the disk and fluid at infinity are rotating about z axis with the same angular
velocity Q0 with temperature T,, and concentrationC,,. After time t>0, the disk suddenly
starts to oscillate and rotates about z-axis with uniform angular velocity(l while the fluid at
infinity continues to rotate about z -axis with the same angular velocity as that of the disk.
The temperature of the disk and concentration raise to To,and C,, respectively. The distance
between the two axes of rotation is equal to [. The physical sketch of the problem is shown
in Fig.1. Under the above assumptions, we seek solutions for velocity field, temperature and
concentration distributions of the forms

V= (u(zt),v(z1t),0), T =T(z,t)andC = C(z,t), (1.1)
u(z,t) =—-Qy + f(z,t),v(z,t) = —Qx + g(z, t) (1.2)
Under the above assumptions and by using the usual Boussinesq approximations the

equations governing the flow [11, 12, 23, 25, 42]
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o Q=I5 — S+ Qg+ gxPr(T — To) + g2Be(C = C.) (1.3)
10p _ 2, — 9 99 _
;5—9 y=vo5—- Qf (1.4)
oT T
PCp E =k ﬁ (15)
ac 2%¢c
=D~ (1.6)
With boundary conditions corresponding to [11, 12,23, 25,42]
u(0,t) = —Qy + UH(t) cos(wt) or
u(0,t) = —Qy + Usin(wt); Vt > 0
v(0,t) = Qx; Vt > 0,
T(0,t) =T,; Vt >0,
c(0,t) =C,; Vt >0, (1.7)
u(o,t) = —Qy — D, v(wo,t) = Qx,T(wo,t) =T,
C(oo,t) = C,; VE >0, (1.8)
And initial conditions :
u(z,0) = -Qy — l)’v(z, 0) = Qx,T(Z’ 0) =T,
C(z,0)=C,; Vt >0, (1.9)

where p is density of fluid, p is the pressure, v is the kinematic viscosity Sy andf.are the
coefficient of thermal expansion for temperature and concentration, g,is the gravitational
acceleration in x-direction, T = T(z,t) is the temperature, Cp 1s the specific heat, k is the
thermal conductivity, C = C(z,t) is the concentration, D is mass diffusivity, H(t) is
Heaviside function, w is a frequency of oscillation, U is the characteristic velocity in x and
y-directions.

By taking x2 +y?=r%p=p— ngrz as the modified pressure that equation

(1.1)-(1.2) take the following forms:

92 of 10p

VE = 50 T Q9+ 9xBr(T —To) + gxPe(C— Co) =5+ (1.10)
%9 _ 29 _ 128

i T AT (1.11)

Where g and Z—i are the modified pressure gradients. Differentiating eqs (1.10) and (1.11)

. . 0
with respect to z and usmga—: = 0, we get:
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0 azf of Q T—-T. Cc—-C =0
&vﬁ E‘l' g + gxbr( o) T B )| =

Integration with respect to z

9*f of
Ve =5+ Qg + GuBr(T = T.) + guBe(C = C) = ¢4 ()

d0z2
Differential equations (1.10) with respectto z
o[ a%g ag 0 [1 op
0z 922~ ot ~ozlpay

5}
Apply £ =0

o[ 0%g ag
—|lv=—=L_Z_of| =
d0z| 0z* Ot /

Integration (1.11) with respect to z

9’9 _9g

vﬁ_E_Qf=C2(t)

(1.12)

(1.13)

Where ¢, (z,t) and c,(z, t) are constant values. Since the fluid at infinity has no shear stress,
all the derivatives of f and g are zero. After using Equation (1.8), Equation (1.12) and (1.13)

reduce to the following forms:

u(o, t) = —Q(y — 1), v(oo, t) = Qx, T(o, t) =T,
C(o,t) =C,; y > 0andx - 0

ou 0%u ov 9%f
u(eo, t) = Ql; E:O ﬁ=0,v(oo,t)=0; EZO E:O
T(OOt)ZT'a—TZO a—gZOC(oot):C -a_C:() a_g:()
' ot oz ’ 5t 9z
When applying condition
c,(t)=0

u(0) — 0 —Q(Q) = c,(t)
¢, (t) = —Q%1 Sub in (1.13) equation (1.12) and (1.13) becomes

92 d
vl Qg = —guBr(T —T.) — guPe(C — C.)

2
vl-Y_0f + Q% =0

0z2

Using Equation(1.2) the corresponding initial and boundary conditions become:

f(z,0) =Ql,g(z,0)=0; Vz> 0,
f(o,t) = UH(t) cos(wt)orf(0,t) = Usin(wt), g(o,t) =0; Vt > 0,
f(o,t) =Ql, g(o,0) =0; Vt >0,

(1.14)

(1.15)

(1.16)

(1.17)

Now, we combine Equations (1.14) and (1.15), using F = f +ig [29, 42] with the
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corresponding initial and boundary conditions (1.16) and (1.17) as follows:

0%°F OF

v = — = iQf +iQl = =g, Br(T = T.,) — gxBc(C — C..) (1.18)
F(z,0) =Ql;vz >0, (1.19)
F(o,t) = UH(t) cos(wt)orF(0,t) = Usin(wt), g(o,t) = 0; Vt > 0,
F(oo,t) = Ql;Vz > 0. (1.20)
Introducing the following non-dimensional variables [11, 12, 23, 25, 31, 38, 42]:
Fr=——1z" =\/§Z,t* =t =21 = (1.21)

ot = C—-C,

Cp, —Cyp

The system of equations reduces to (dropping out the *notations)

9%F OF .
ﬁ—a—ll‘? = —GrT — GmC
(1.22)F(z,0) = 0,vz > 0,F(o,t) = —1 + UyH(t) cos(wt) ; or

F(o,t) = —1 + Usin(wt), F (o, t) = 0; Vt > 0, (1.23)
oT 1 9%T
5 s (1.24)
T(z,0) =0;vz>0,T(0,t) =1,T(oo,t) = 0;Vz > 0, (1.25)
ac 1 9%c
5 50957 (1.26)
C(z,0) =0;vz>0,C(0,t) =1,C(o0,t) =0;Vt > 0, (1.27)

x x uc Y
Where Gr = 28L(T,, - T,.), 6m = 25 (C,, — C,)), Pr =22, 5c =2 Uy = =

Here, Gr is the Grash of number, Gm. is modified Grash of number, Pr is Prandtl number,
Sc 1s Schmidt number and U, is dimensionless parameter of amplitude of the plate
oscillations.

Solution of the problem

In order to solve the system of Equations(1.22)- (1.27), we use Laplace transform method
and obtain:

d?F N = =
7 (q +)F=—GrT — GmC (1.28)

L{F(0,t)} = L[—1] + L[UyH (t)coswt]

— 1 UOq
F(0,9)=—=+—2—
0,9) P
L[F(0,t)] = L[-1] + L(Uysinwt)Or
FO,)=—_+ Uz Foq) =0 (1.29)
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a7 =

2 —aPrT =0, (1.30)
L[T(0,t)] = T(0,q)= L[1]

T7(0,q)==-,T(»0,q) = (1.31)
azc =

—> —qScC =0, (1.32)
C0,q) =3,C(,q) = (1.33)

Now, Equations (1.28),(1.30) and (1.32) are solved using boundary condition (1.29), (1.31)
and (1.33), and then, the inverse Laplace transforms of the resultant solutions are obtained as
follows:

F.(z,t) = F,(z,t) — F,(z,t) + F5(z,t) + F,(z,t) + Fs(z,t) — Fs(z,t) + F,(z,t) —

Fg(z,t) + Fo(z,t) (1.34)
F,(z,t) = Fi(z,t) — F,(z,t) + F3(z,t) + Fio(z,t) — F11(z,t) — Fg(z,t) + F,(z,t) —
Fy(z,t) + Fo(z, 1) (1.35)
T(zt) = erfc (2 J’g) (1.36)
C(z,t) =erfc (ZZ\/S;) (1.37)
b
Fi(z,t = ?Zexp(blt) [exp(—zw/b1 + i) erfc (2%/% —/ (b, + i)t)

+ exp(zw/bl + i) erfc (2%/? +./(by + i)t)]
F,(z,t) = e; % [exp(—zx/f) erfc (2%/? — \/E) + exp(zvi) erfc (2%/? + \/E)]
F5(z,t) = ez—zexp(elt) exp(—z,/el + i) erfc( V(eg + i)t)

+ exp(zy/e; +i)erfc (2%/? ++/(ey + i)t)]

VA
2Vt

Fy(z,t) = %H(t)exp(iwt) [exp(—Z\/iw +i)erfc (Zi\/f —Viwt + it)
+ exp zViw + ierfc (ZL\/? +./(e; + i)t)]
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Fs(z,t) = %H(t)exp(—ia)t) [exp(—Z\/i —iw)erfc (i — Vit — iwt)

2Vt
+expzVi—iwerfc (2%/% + Vit — iwt)]

F(z,t) ——exp(blt) exp(—z,/Prb,) erfc E\/; Jbit

z |Pr
+ exp z,/Prb; erfc > ’T+ byt

Fo(zt) = byerfe| Z |2
7(2,8) = baerfe| o 1=

z |Sc
Fg(z,t) = —exp(elt) exp( Zw/elSc)erfc =

+ et

Fo(z,t) = ¢ z |Sc
9(z,t) = eyerfc o

Fio(z,t) = %exp(iwt) [exp(—zViw + i) erfc (i —Viwt + it)

2Vt
z
+expzViw +ierfc (ﬁf + Viwt + it)]

Fi1(z,t) = %exp(—iwt) [exp(—zx/i — iw) erfc (Zi\/f — it — iwt)

+ exp(zVi — i(oerfc(+\/it — iwt)]

i i Gr U

Wherea; = Pr—1,by =—, a, =Sc—1,e, =—,b, =——,b; = =,

aq a aibq 2
tm U,
e,=——,e3=b, +e,+1and b, = —.
aeéy 2

NN

\/a + exp z\/m erfc

S

It is important to note that solutions (1.34) and (1.35) are not valid for Pr=1 or Sc=1 as well
as for Pr=1 and Sc=1. Therefore, we calculate separately solution of velocity for these cases

in the following:

WhenPr = 1 and Sc # 1:
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E.(z,t) = F3(z,t) — Fi2(z,t) + F4(z,t) + Fs(z,t) + Fi3(z,t) — Fg(z,t) + Fo(z,t) (1.38)
F,(z,t) = F3(z,t) — Fi,(z,t) + Fio(z,t) — F11(z,t) + Fi3(z,t) — Fg(z,t) + Fo(z,t) (1.39)
Where

Fi5(z,t) = % [exp(—z«/f) erfc (2%/? - \/E) + exp(zVi) erfc (% + \/E)]
Fi3(z,t) = bgerfc (Zi\/f)

Where bg =GTr and e, = bs + e, + 1

When Sc=1 and Pr # 1

F.(z,t) = Fi(z,t) — Fi4(z,t) + F,(z,t) + Fs(z,t) — Fs(z,t) + F,(z,t) + Fis(z,t) (1.40)
Fi(z,t) = Fi(z,t) — F14(2,t) + Fio(z,t) — F11(2,t) — Fe(z,t) + F;(z,t) + Fi5(2, t)

(1.41)
Fi4(z,t) = % [exp(—zx/f) erfc (i - \/E) + exp(zx/f) erfc (i + \/E)],
2 2t 2+t
z
Fic(z,t) = ecerfc (—)
15( ) 5 2\/E
Gm
Where eg == and eg = b, +es + 1
When Pr=1 and Sc=1:
F'C(Z,t) = F4_(Z, t) +F5(Z, t) _F16(Z,t) (1.42)
Fi(z,t) = Fio(z,t) — F11(z,t) — Fi6(2,t) (1.43)
Fi.(z,t) = % [exp(—zx/f) erfc (ZL\/E — \/E) + exp(zx/f) erfc (zi\/f + \/E)], (1.44)
Where, bg = bs + e5 + 1.
Skin friction, Nusselt number and Sherwood number
The expressions of the dimensional skin friction are given by [11, 13, 42]:
oF
T=— [ug . (1.45)
Which in non-dimensional form reduces to:
P L
T = [u az*]z*zo (1.46)
Where 7* = ‘/537 finally, Equation.(1.46), in view of equations (1.34) and (1.35), gives
ulQz

(dropping out the * notation):
T.(z,t) = 11(z,t) —15(z,t) + 15(2,t) + 14(2,t) + 15(2,t) — T4(2, ) + T,(2,t) —
Tg(z,t) + 19(z, t) (1.47)

T,(z,t) = 1.(z,t) — 1,(z,t) + 13(2,t) + T19(2,t) — T11(2,t) — T6(2,t) + T,(2,t) —
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75(2,t) + 19(2, 1) (1.48)
b, exp(blt)
T1(z,t) = 0 [,/bl +ierfc(—+/bit +it) — /by + ierfc \/—_exp( (bt +it))]

7,(z,t) = —e;3 > [\/ferfc(—\/ﬁ) —ierfc (Vit) + ﬁexp(—it)]
73(z,t) = —ey exp;elt) [‘/e1 +ierfc(yest + it)
2
—Jey +ierfc (et +it) + ﬁexp(—(elt + it)]

74(z,t) = —b3H(t) eXp(ziwt) [Vi+ wierfc(—Vit + iwt)

—Vi+wierfc (Vit + L'a)t) + \/%exp(—(it + iwt)]

t5(2,t) = — by H(t )exp(z”"”

[\/l - wlerfc( Vit —iw )
—Vi—wierfc(Vit —iwt) + ﬁexp(—(it — iwt)]
Tg(z,t) = — exp(blt) 1/Prblerfc( \/K)

— /Prbjerfc (\/H) + 2\/Eexp( (it — la)t))] T7(z,t) = b, ( ZZ)

0(2,0) = —e, expgelt) [,/elScerfc(—\/a) —.JeiScerfc (\/a) - 2\/% eXp(—elt)]

Sc

To(z,t) = e, —

exp(iot)

[Vi+iw erfc(—Vit + iwt)

T10(z,t) = —b

+ Vi + wierfc(y/it + iwt) + %exp(—(it + iwt))]

711 ()
exp(iot)

[Vi—iw erfc(—Vit — iwt)Vi — wierfc(yit — iwt) + %exp(—(it
— iwt))]
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The rate of heat transfer (Nusselt number) and rate of mass transfer (Sherwood number) are
given as [11, 13, and 42]:

_[er

Nu =2 . (1.49)
_VFr

Nu = N (1.50)
_[ac

Sh = [Z]Fo (1.51)
Vs

Sh == (1.52)

MATLAB Coding

%Velocity profile

clc;

ncx = complex(0,1);

t=2.50;

Pr=0.710;

Sc =0.60;

omga = 0.0;

U0 =3.0;

Gm=5.0;

Gr=15.0;

Za=0.0:0.01:5.0;

z=7a';

al=Pr-1.0;

bl =ncx/al;

a2 =Sc- 1.0;

el =ncx/a2;

b2 = Gr/(al*bl);

b3 =U0/2.0;

e2 = Gm/(a2*el);

e3=b2+e2+1.0;

b7 = U0/(2.0*ncx);

F1 = ((b2*exp(b1*1))/2.0)*( exp(-z.*sqrt(b1l + ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) -sqrt((b1 +
ncx)*t) ) J+exp(z.*sqrt(bl + ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) +sqrt((b1 + ncx)*t))));
F2 = (e3/2.0)*( exp(-z.*sqrt(ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) -sqrt( ncx*t) ))+exp(z.*sqrt(
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ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) +sqrt( ncx*t) )) );

F3 = ((e2*exp(el*t))/2.0)*( exp(-z.*sqrt(el + ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) -sqrt((el +
ncx)*t) ))+exp(z.*sqrt(el + ncx)).*( 1.0 - erfz((z./(2.0*sqrt(t))) +sqrt((el + ncx)*t) )) );

F4 =((b3*Heaviside(t)*exp(ncx*omga*t))/2.0)*( exp(-z.*sqrt(omga*ncx +ncx)).*( 1.0 -
erfz((z./(2.0*sqrt(t))) -sqrt((omga*ncx + ncx)*t) ))+exp(z.*sqrt(omga*ncx + ncx)).*( 1.0 -
erfz((z./(2.0*sqrt(t))) +sqrt((omga*ncx + ncx)*t) )) );

F5 =((b3*Heaviside(t)*exp(-ncx*omga*t))/2.0)*( exp(-z.*sqrt(-omga*ncx +ncx)).*( 1.0 -
erfz((z./(2.0*sqrt(t))) -sqrt((-omga*ncx + ncx)*t) ))+exp(z.*sqrt(-omga*ncx + ncx)).*(1.0 -
erfz((z./(2.0*sqrt(t))) +sqrt((-omga*ncx + ncx)*t) )) );
Fo=((b2*exp(b1*t))/2.0)*(exp(-z.*sqrt(Pr*bl)).*(1.0 - erfz((z./2.0).*sqrt(Pr/t) -sqrt(bl*t)
N+exp(z.*sqrt(Pr¥b1)).*(1.0 - erfz((z./2.0).*sqrt(Pr/t) +sqrt(b1*t) )) );

F7 =b2* erfc((z./2.0).*sqrt(Pr/t));

F8=((e2*exp(el*1))/2.0)*( exp(-z.*sqrt(Sc*el)).*(1.0 - erfz((z./2.0).*sqrt(Sc/t) -sqrt(el*t)
)+exp(z.*sqrt(Sc*el)).*(1.0 - erfz((z./2.0).*sqrt(Sc/t) +sqrt(el*t) )) );

F9 = e2* erfc((z./2.0).*(sqrt(Sc/t)) );

Fc=F1-F2+F3+F4+F5-F6+F7-F8+F9;

disp(' zFc")

disp([zFc ])

holdon

plot(z, real(Fc), z, abs(image(Fc)))

holdoff

1
= Real part

—— Magnitude of imaginary part

Gr = 2.5,4.5,6.5,8.5

I L L
0
0 1 2 3 4 5
V4

Fig 1 Velocity profiles for different values of G, with ¢ = 1.0, B. = 0.71,

T
W= §,U0 =3.0,G,, =5.0and S, = 0.6
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Fig 2:Velocity profiles values of P, with t = 1.0,G,, = 5.0

T
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Fig 3 Velocity profiles values of G,, witht = 1.0,G,, = 5.0, . = 0.71,
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— Real part

Magnitude of
imaginary .
part

3363



=1
E:{Lr INTERNATIONAL

Fig 4:Velocity profiles values of S. with t = 1.0,G, = 5.0
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Fig 5 :Velocity profiles values of wt with t = 1.0, G, = 5.0,S. = 0.6,
Uy =3.0,G,, =50and P, = 0.71
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Fig 6:Velocity profiles for different values of wtwith
t =1.0,Gr = 5.0, Sc=0.6,Uy =3.0,6m =5.0and Pr = 0.71
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Fig 7:Velocity profiles for different values of twith
Uy =3.0,Gr = 5.0, Sc=0.6,w =0,6m = 5.0and Pr = 0.71
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Fig 8 Temperature profiles for the different values oft with B. = 0.71
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Fig9:Concentrationprofilesfor the different values of Sc with t = 1.0

1.0.1.5,2.0.2.5
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Fig 10 Concentrationprofilesfor the different values of twith Sc = 0.60

—— Guria et al. [33]
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Fig 11:Comparison of primary velocity in present solution with

Guria et al[33]

1

L
— Guria et al. [33]
O O Present Solution for Eqn 34

- ot
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< o

Fig 12:Comparison of secondaryvelocity in present solution withGuria et al[33]

3. Results and Discussion

Exact solution of heat and mass transfer for incompressible viscous fluid with non-
coaxial rotation through an oscillating disk is obtained. In order to get the physics of the
regime, the effects of various parameter such a Grashof number, Prandtl number, modified
Grashof number, Schmidt number.

4. Summary and Conclusion

An exact solution for unsteady mixed convection flow of viscous fluid due to non-
coaxial rotation over an oscillating vertical disk with isothermal temperature and constant
mass diffusion is obtained using the Laplace transform method. Effects of various embedded
parameters on velocity, temperature and concentration are studied graphically in various
plots. Results of Skin friction, Nusselt number and Sherwood number are computed in
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different tables. The disk and fluid are rotating with uniform angular velocity which is equal
to 1 in the present computations. The following main results are concluded from this study:

1. Both primary and secondary velocities increase with increasing Gr, Gm. and t.

2. Both primary and secondary velocities decrease with increasing Pr, Sc and ot.

3. Temperature increases with increasing t and decreases when Pr is increased.

4. Concentration increases with increasing t and decreases when Sc is increased.

5. Skin friction increases with increasing values of Pr, Sc and wt whereas it decreases with
increasing values of Gr, Gm. and t

6. Nusselt number increases for increasing Pr and decreases for increasing t.

7. Sherwood number increases for increasing Sc and decreases for increasing t.

References

[1] Takhar HS, Roy S, Nath G(2003) Unsteady free convection flow over an infinite
vertical porous plate due to the combined effects of thermal and mass diffusion,
magnetic field and hall currents. Heat Mass Transfer 39(10):825-834.

[2] Ellahi R, Hassan M, Zee Shan A (2016) Aggregation effects on water base Nano fluid
over permeable wedge in mixed convection. Asia Pav J ChemEng. 11(2):179-186

[3] Hussanan A, Salleh MZ, Tahar RM, Khan I (2015) Thermal - diffusion effects on
mixed convection flow in a heat absorbing fluid with Newtonian heating and chemical
reaction. AIP Conf Proc 1643:587-593.

[4] Srinivasachary D, Reddy GS (2016) Chemical reaction and radiation effects on mixed
convection heat and mass transfer over a vertical plate in power- law fluid saturated
porous medium Egypt Math Soc 24(1):107-115.

[S] BhukaD, Dasha GC, Mishra SR, Baag S (2015) Dissipation effect on MHD mixed
convection flow over a stretching sheet through porous medium with non- uniform
heat source/sink. Aim Shams Eng. J 1-[9] doi1:10.1016/j.asej.2015.08.017.

[6] Raju MC, VeereshC, VarmaSVK, Rushi KB, VijayaKAG(2015)Heat and mass
transfer in MHD mixed convection flow on a moving inclined porous plate. J Appl
Computes Math 4(5):1-7.

[7] Hayat T, Ashraf MB, Alsulami HH, Alhuthali MS (2014) three dimensional mixed
convection flow of viscoelastic fluid with thermal radiation and convective conditions.
PLos ONE 9(3):1-11.

[8] Ellahi R, Hassan M, zee Shan A, Khan AA (2016) The shape effects of nanoparticles
suspended in HFE-7100 over wedge with entropy generation and mixed convection.
ApplNanosci 6(5):641-651.

[9] Mamourian M, Shirvan KM, Ellahi R, Rahim AB (2016) optimization of mixed
convection heat transfer with entropy generation in wavy surface lid-driven cavity by
means of Taguchi approaching J Heat mass Transfer 120:544-554.

[10] Pal D, Talukdar B (2011) Combined effects of Joule heating and chemical reaction on
unsteady magneto hydrodynamic mixed convection of a viscous dissipating fluid over
a vertical plate in porous media with thermal radiation. Math compute Model 54(11-
12):3016-3036.

[11] Khan I,AliF,Shafie S (2011) Effects of hall current and mass transfer on the unsteady
magneto hydrodynamic flow in a porous channelPhysSocJpn 80:1-6.

[12] Samiulhaq Khan I, AliF,Shafie S (2012) MHD free convection flow in a porous
medium with thermal diffusion and ramped wall temperature.JPhysSocJpn 81:1-9.

3367



EZ { £ INTERNATIONAL

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Ali F, Khan I, Shafie S, Mustapha N (2013) Heat and mass transfer with free
convection MHD flow past a vertical plate embedded in a porous medium. Math
Problem Eng. 2013:1-13.

Nadeem S, Riaz A, Ellahi R, Akbar NS (2014) Effects of heat and mass transfer on
peristaltic flow of a Nano fluid between eccentric cylinders. ApplNanosci 4(4):393—
404.

Nadeem S, Riaz A, Ellahi R, Akbar NS, Zee Shan A (2014) Heat and mass transfer
analysis of peristaltic flow of nanofuid in a vertical rectangular duct by using the
optimized series solution and genetic algorithm. J Compute Theory Nano sci
11(4):1133-1149.

Ellahi R, Rahman SU, Nadeem S, Akbar NS (2014) Influence of heat and mass
transfer on micro polar fluid of blood flow through a tapered Ste nosed arteries with
permeable walls. J Computer Theory Nano sci. 11(4):1156-1163.

Adnan AM, Khan U, Ahmed N, Mohyud-Din ST (2016) Analytical and numerical
investigation of thermal radiation effects on flow of viscous incompressible fluid with
stretchable convergent/divergent channels. J Mol. Liq. 224:768-775.

Khan U, Ahmed N, Mohyud-Din ST (2016) Analysis of magneto hydrodynamic flow
and heat transfer of Cu-Water Nano fluid between parallel plates for different shapes
of nanoparticles. Neural Computer Appl. DOI: 10.1007/s00521-016-2596-x.

Khan U, Mohyud-Din ST, Bin-Mohsin B (2016) Convective heat transfer and thermo-
diffusion effects on flow of Nano fluid towards a permeable stretching sheet saturated
by a porous medium. Aero sp. Sci. Techno 50:196-203.

Khan U, Ahmed N, Mohyud-Din ST, Bin-Mohsin B (2016) nonlinear radiation effects
on MHD flow of Nano fluid over a nonlinearly stretching/shrinking wedge. Neural
Computer Appl. doi: 10.1007/s00521-016-2187-x.

Khan U, Ahmed N, Mohyud-Din ST (2017) Numerical investigation for three
dimensional squeezing flow of Nano fluid in a rotating channel with lower stretching
wall suspended by carbon nanotube. Appl. Thermo Eng. 113:1107-1117.

Ismail Z, Khan I, Shafie S (2014) Rotation and heat absorption effects on unsteady
MHD free convection flow in a porous medium past an infinite inclined plate with
ramped wall temperature. Recent Adv. Math 7:161-167.

Ismail Z, Khan I, Nasir NM, Jusoh R, Salleh MZ, Shafie S (2014) Rotation effects on
coupled heat and mass transfer by unsteady MHD free convection flow in a porous
medium past an infinite inclined plate. AIP ConfProc 1605:410—415.

Islam N, Alam MM (2007) Dufour and soret effects on steady MHD free convection
mass transfer fluid flow through a porous medium in a rotating system. J NavArchit
Mar Eng. 4:43-55.

Muthucumaraswamy R, Lal T, Ranganayakulu D (2010) Effects of rotation on MHD
flow past accelerated isothermal vertical plate with heat and mass diffusion. Theory
Appl. Mech. 37(3):189-202.

Muthucumaraswamy R, Lal T, Ranganayakulu D (2011) Rotation effects on flow past
an accelerated vertical plate with variable temperature and uniform mass diffusion. Int
J Eng. 9:229-234.

Mohyud-Din ST, Zaidi ZA, Khan U, Ahmed N (2015) On heat and mass transfer
analysis for the flow of a Nano fluid between rotating parallel plates. Aerosp. Sci.
Techno 46:514-522.

Erdogan ME (1997) Unsteady flow of a viscous fluid due to non-coaxial rotations of a
disk and a fluid at infinity. Int J Nonlinear Mech 32(2):285-290.

3368



EZ { £ INTERNATIONAL

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]
[39]
[40]
[41]

[42]

Hayat T, Asghar S, Siddiqui AM, Haroon T (2001) Unsteady MHD flow due to non-
coaxial rotations of a porous disk and a fluid at infinity. Acta Mech 151:127-134.
Asghar S, Hanif K, Hayat T, Khalique CM (2007) MHD Non-Newtonian flow due to
non-coaxial rotations of an accelerated disk and a fluid at infinity. Commun Nonlinear
Sci. Numerical Simul12:465-485.

Guria M, Das S, Jana RN (2007) Hall effects on unsteady flow of a viscous fluid due
to non-coaxial rotation of a porous disk and a fluid at infinity. Int J Nonlinear Mech.
42:1204-1209.

Maji SL, Ghara N, Jana RN, Das S (2009) Unsteady MHD flow between two eccentric
rotating disks. J Physics Sci 13:87-96.

Guria M, Kanch AK, Das S, Jana RN (2010) Effects of hall current and slip condition
on unsteady flow of a viscous fluid due to non-coaxial rotation of a porous disk and a
fluid at infinity. Meccanica 45:23-32.

Ahmad I (2012) Flow induced by non-coaxial rotations of porous disk and a fluid in a
porous medium. Afr J Math Comp. Sci. Res 5(2):23-27.

Das S, Maji SL, Ghara N, Jana RN (2012) Combined effects of hall currents and slip
condition on steady flow of a viscous fluid due to non-coaxial rotation of a porous disk
and a fluid at infinity. J Mech. Eng. Res 4(5):175—-184.

Das S, Jana RN (2014) Hall effects on unsteady hydro magnetic flow induced by an
eccentric concentric rotation of a disk and a fluid at infinity. Aim Shams Eng. J
5:1325-1335.

Das S, Jana M, Jana RN (2013) Unsteady hydro magnetic flow due to concentric
rotation of eccentric disks. J] Mech 29(1):169-176.

Lakshmi R, Muthulakshmi M (2014) Investigation of viscous fluid in a rotating disk.
IOSR J Math 10(5):42-47.

Ersoy HV (2003) Unsteady viscous flow induced by eccentric —concentric rotation of a
disk and the fluid at infinity. Turk J Eng. Envsci 27:115-123.

Ersoy HV(2010 )MHD flow of a second grade /grade fluid due to non-coaxial rotation
of a porous disk and the fluid at infinity. Math Comp. Appl. 15 (3):354-363.

Ersoy HV (2014) Flow of a Maxwell fluid between two porous disks rotating about no
coincident axes. Adv Mech. Eng. 2014:1-7.

Mohammed AQ, Khanl, IsmailZ, Shafie S (2016) Exact solutions for unsteady free
convection flow over an oscillating plate due to non-coaxial. Springer plus 5 (2090): 1-
22.

3369



