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WITH VISCOUS DISSIPATION AND THERMAL RADIATION
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Abstract:

The present paper deals with the study of a mixed convective flow of Newtonian, incompressible, viscous fluid

past a porous vertical plate embedded in heat absorbing Darcian porous media in presence of viscous dissipation
and thermal radiation. A system of non-linear, coupled partial differential equations has been developed based on
the basic conservation principles of physics such as conservation of mass, conservation of momentum and
conservation of energy. Multi — parameter regular perturbation technique has been used to solve the governed
system of equations subject to a set of favourable boundary conditions. The exact closed form of solutions for the
velocity, temperature as well as skin — friction and Nusselt number have been obtained in terms of some governed
physical parameters. Numerical simulations in terms of graphs and table have been made to investigate the effects
of pertinent parameters. It is observed that, an increase in Reynolds number decreases the temperature as well as
the velocity while the presence of Reynolds number increases the Nusselt number as well as skin- friction. Again
the fluid velocity and temperature are found to increase due to increase in Eckert number but a reversed effect has
observed in case of Nusselt number and skin — friction.
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Introduction

The phenomena of mixed or combined convection arise when
both free and forced convection occur simultaneously in a
flow domain. Several researchers investigated the theory of
mixed convection due to its applications in many industrial
and mechanical devices. The pioneering work in mixed
convection flow was made by Ostrich (1954), where he
investigated the combined natural and forced convection
laminar flow and heat transfer of fluid with and without heat
source in channels with linearly varying wall temperature. The
case of mixed convection cooling of a heated, continuously
stretching surfaces was considered by Chen (1998). Hadhrami
et al. (2001) justified the study of combined free and forced
convection in vertical channels of porous media. Mahmud and
Fraser (2003) studied the mixed convection — radiation
interaction in a vertical porous channel with entropy
generation. Gireesha et al. (2013) enunciated the study of
mixed convective flow of a dusty fluid over a vertical
stretching sheet with non-uniform heat source/sink and
radiation. Recently, Dawood et al. (2015) reviewed the
process of forced, natural and mixed-convection heat transfer
and fluid flow in annulus.

On the other hand, radiation heat transfer plays an important
role in manufacturing industries for the design of reliable
equipment. If the temperature of the surrounding fluid is
rather high, radiation effects play an important role. The
theory of thermal radiation has been considered by many
researchers in various flow situations. Babu et al. (2011),
analyzed radiation and chemical reaction effects on unsteady
MHD convection flow past a vertical moving porous plate
embedded in a porous medium with viscous dissipation. Shit
and Halder (2011), Ahmed et al. (2011), investigated the
effects of thermal radiation on MHD viscous fluid flow over a
shrinking sheet. The effect of thermal radiation on boundary
layer flow and heat transfer of dusty fluid over an unsteady
stretching sheet was put forward by Manjunatha and Gireesha
(2012),  Christophand Johannes ~ (2014), investigated
numerically the heat transfer with thermal radiation in an
enclosure in case of buoyancy driven flow. Sengupta (2015)
investigated the thermal radiation effect with chemical
reaction and radiation absorption along with the conditions of
variable wall temperature and concentrations. Very recently,
Sahooet al. (2016) analyzed thermal radiation heat transfer
model and its application for automobile exhaust components.
The problem of thermal radiation in unsteady mixed

convection flow is attracted attention of many researchers due
to some practical applications in engineering, technology and
in cooling of nuclear reactors. Researchers like, Elsayed et al.
(2012), Reddy et al. (2013) and Khan et al. (2014) developed
the theory of thermal radiation on various flow situations. Off
late, Devi et al. (2016) investigated the effect of radiation on
an unsteady MHD mixed convective flow past an accelerated
vertical porous plate with suction and chemical reaction.

It is interesting to observe that, if a fluid is highly viscous or
fluid shear rate is of high in magnitude, the viscous
dissipation is predominant. Viscous dissipation is a
mechanical process defined as the heat that produces due to
work done by fluid particles on adjacent layers to counter the
shearing forces. In case of mixed convection flow, the effect
of viscous dissipation is significant and cannot be ignored.
The significant contribution in viscous dissipation was made
by Gebhart (1962), who had investigated the effect of viscous
dissipation in natural convection. Considering the importance
of viscous dissipation, Fand and Brucker (1983), Mahajan and
Gebhart (1989) investigated viscous dissipation in natural
convection and buoyancy induced flows respectively. Barletta
(1998), studied laminar mixed convection with viscous
dissipation in a vertical channel, Nield et al. (2003),
considered the viscous dissipation effect in forced convection
thermally developing flow through parallel porous channel
with walls at uniform temperature. Pentokratoras (2005)
investigated the effect of viscous dissipation in natural
convection along a heated vertical plate.

Again, the study of viscous dissipation with mixed convection
is significant in industrial and technological point of view.
Hung and Tao (2009), considered the effects of viscous
dissipation on fully developed forced convection flow in
porous media. Das (2014) investigated the influence of
chemical reaction as well as viscous dissipation on MHD
mixed convection flow. Abdollahzadeh and Hyun (2014)
undertook the problem of viscous dissipation with thermal
radiation and Joule heating for the study on MHD forced
convection flow. Pal and Samad (2015) used similarity
transformations and obtained numerical solutions for
analyzing the combined effects of viscous dissipation and
thermal radiation on non-Newtonian fluid along a surface with
heat generation and uniform surface heat flux.

Following the importance of the aforesaid phenomena, the
purpose of the present paper is to study the flow behavior of a
mixed convection flow of a Newtonian, incompressible,
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Mixed Convection Heat Absorbing Flow with Viscous Dissipation and Thermal Radiation

viscous fluid through a vertical porous plate immersed in heat
absorbing Darcian porous media in presence of thermal

radiation and viscous dissipation effects.

Basic equations and assumptions undertaken
Basic equations
The vector forms of equations that describe the flow situation are formulated as:

V.g=0 (Continuity Equation)
p(%q v (dﬁ)q]

~Vp-pg+ Va4 g

K

( Modified Navier-stokes equation)

pC, (% +(G.V)T) =kV?T —V(, +Q'5T (Energy equation)

pPo—p=pB(T-T,)

Where,q: (U, V, 0): the fluid velocity, p : the hydrostatic pressure, P : the fluid density, { :the acceleration due to
9 925
ox ' oy

operator, GR : the radiative heat flux, O, . the densities of fluid particles in free stream, ﬂT . coefficient of volumetric

(Boussinesq approximation)

gravity, [ .the dynamic viscosity, k: the thermal conductivity of the medium, @( )=
X,y

j : 2-D vector gradient

thermal expansion, f,'rm - Fluid temperature near the plate and in free stream, Q - First order heat source parameter, Cp :

specific heat at constant pressure.

Basic assumptions
The fundamental assumptions considered for the study are as
follows:

a) All the fluid properties except possibly the pressure are

independent of variations of x*-scale.

b) All the fluid properties are considered constant except
the physical influence of the density term with
temperature in the thermal buoyancy force.

The empirical relation between the pressure gradient
and the flow velocity is assume as linear as such, the
Brinkman— Darcy porous term is considered; while
Forchheimer’s non-linear porous effect is neglected
therein.

The flow domain is considered as homogenous and
isotropic.

Due to moderate viscous fluid, the viscous dissipation of
energy is considered in the energy equation.

The temperature of fluid particles near the plate surface
is supposed to be more than their respective components
at the free stream region.

The radiation heat fluxes are considered prominent
along normal to the plate i.e. towards the fluid domain
and are thus taken negligible along the radial direction.

c)

d)

€)

9)

Mathematical formulation of the problem

The mixed convective flow of an unsteady, laminar, semi-two
dimensional incompressible viscous fluid over an infinite
vertical porous flat plate embedded in Darcian porous medium
is considered for the study. The positive X -coordinate is
measured along the plate in the vertically upward direction
and the positive Y - coordinate is taken normal to the plate in

the outward direction towards the fluid region.

X

=

of T T-U,
g=m, [o ° o[0T i

F=-F,(1+sexpi@r)|® .| ' d

.
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Fig. 1: A schemetic representation of the flows coordinate
system

- v

T

Under the Boussinesq and boundary layer approximations, the basic boundary-layer equations thus governed as:

Continuity equation
ov
y

X momentum equation
aou  _oa 1 Jp o*a v
—+V—=———+0v — =
ot oy o X oy~? K
Energy equation

— — P N2

1)
2

T—w)_i&j_rv
pC, oy 3)
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With use of the_relevent boundary condition as:

u=0,v=0T=T, forally<Oandt <041

0=0,V=-,(1+cexp(iat )),T =T, +¢(T,~T, )exp(iat ) at ¥y — O when T>0 (42

0—>U, =U,(1+zexp(iat)),T >T, fory > whent>0 (*3)

Where, (U,V), t_, v, K, Up , &, a_),Vo,leO,Uo are respectively the (7, )7) component velocities, time variable, kinematic

co-efficient of viscosity, permeability parameter, slip velocity of the plate, fluctuation parameter (& << 1), frequency of
oscillation, mean plate suction velocity, free stream velocity, mean free stream velocity.
The Bernoullie’s pressure equation gives,

_1op_ iJo + g[g + ia_)jtjo exp(iat)
Py K k (5)
Now using (5) in (2) we get,
20—
A, gH_,00 +g(Uo—U)+g(i+ia)jﬁoexp(ia_)t_)+g,BT (T-T.)
8t oy 8)7 k k ©)
We now use a set of non-dimensional quantities as: L B B
_X y—l =£v iup=u—",tzfv",a):w—l‘,ezI E,Uwzu—m,uozﬁ, Resz"L,
L V, V, V, L V, T,-T, V, V, v
T -T.)L c T°
K_Kv _ 95 ( : ) B P g VL Q_QL 40T ol 4N
vl V, k V, PC Kk,

Where, L,Rel_ , Gr, |:>r , Qs and N represents some reference length along the normal scale, local Reynolds

number, thermal Grashof number, Prandtl number, heat source/generation parameter, thermal radiation parameter, respectively.
The non - dimensional set of equations on using Rossolandradiative approximation model for optically thick medium is obtained
as:

N _o

oy @)

2
@+V8_u= 1 9 l; +i(uo —U)—Fg[i—'—ia)jexp(ia)t)uo +G,0
ot oy Re, oy’ K K

®)
2 2

00 ,, 20 __N_ 2°0 p (ou) o,
ot oy P Re_ody oy ©)
With non-dimensional boundary condition as:
u=0,v=0,6=0, for y<0 whent<0 (10.1)
U=u,,v=—(1+zexp(iet)),6 =1+ sexp(ict) at y=0 when t>0 w02)
u—>U, =U,(1+cexp(iewt)),0 — 0 for y — oo when t>0 (103)

Method of solution
We use a first set of perturbation solutions as:

f(y.t)=f,(y)+ef (y)exp(iomt)

Where, fstands for &and u etc.
On using the form, we obtain a set of mean and perturbed equations for temperature as well as velocity fields as:

N d29 d@ duo 2

dy’ L dy Lo dy

2 (11)
Ndf P-Re d L—(Q, +iw)P.Re 6, = PRevdH ~2E.P.Re, du, du,
d’u du. Re Re

20 —V0 ReL_O__LUO :—_LUO _Gr ReL 00
dy dy k k -
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d‘i “Re,v, % M, Re,u, = Re, v, ® _Re, UM, -G, Re, 4

dy "y “dy (14)
1 .

where I\/Il:F+Ia) (say)

With the boundary condition as:
U, =u,,Vv, =-16,=1u,=0,v,=-1,6 =1at y=0,t>0 (15.1)

u, >U,,6, ->0,u, —>U_ ,6, ->0fory >, t>0 (152)

We now use a second set of perturbation as:
fo(y): foo(y)+ Ec fOl(y)+o(E02)
f.(y)=f,(y)+E fi(y)+0(E?)

Using the above trial forms, we obtain a set of unperturbed as well as perturbation parts of equations as:

d2o,, do,,

N dy2 — R Re v, —Q,P.Re_6,,=0 (16)
N P Re oo — _Qspr Re 6, =V Pr Re o — P" Re
dy B Voo Ty Lo e " dy dy (7
2
d u§° _Re, v, du,, Re_ u, —— Re U, —Re, GG, (18)
dy dy k k
dZ3u du Re du
dygl - ReL Voo d;l B k - uOl - I?eL VOl 20 _Gr ReL 901 (19)
2
N ddyelo Pr ReL Voo delO - (Qs + |CO) I:)r I?eL 010 = I:)I’ Re'— Vlo deoo (20)
N —P.Re, v, ——(Q, +iw)P, Re_ 4, =P, Re vmde —2P,Re, Wy By 9
dy? dy " dy dy
d?u du du
210 - ReL 00 £ — ReL Mlulo = ReLvlo—oo_ ReL |V|1U0 _Gr ReL 910 (22)
dy dy
du,, du,, du
_Re. v v, Re, 0 M, Re, u, =—Re, (201 4 v, Re, (Loee G, Re 6, (23
dy L 00 dy 01 L dy 1 L 11 ( ) 11 ( ) 11 ( )

With the following sets of zeroth-order and first order boundary condltlons as:
Uy, =U,,Up =0,Vv,, =—1Lu,=0,u,; =0,v,, =—1v;,; =0,
(24.1)

Vo, =0,0,,=1,6,,=0,6,=1,6,, =0 at y =0, when t =0
u, ->Y,,u,;, -»0,u, >U_ ,u, ->0,v,, =-1v,;, =0,
d,—>0,6,—>0,6,—>0,, >0 for y— o, t>O(2}2)

Finally, the mean as well as the perturbed parts of the solutions for temperature and velocity fields are calculated as:
Or =EXP(=M,Y)
Us, =U, +D, exp(-m,y) +b, exp(-m,y)
4901 =a, exp(-m,y) +a exp(-2m,y) +a, exp(-2m,y) +a, exp(-,Y)
=b, exp(—m,y) +h; exp(~2m, y) +b, exp(-2m,y) +b, exp(-7,y) +1; exp(-m,y)

Gor = (1 a5) exp(—a,y) Cos Y +a; exp(—m,y) —a, exp(—a, y)sin By
Uor =U, — (U, +by, +bs +b,) exp(—a,y) cos B,y — (B, + by +by0) eXp(—c, Y) sin B,y
+0,, exp(=m, y) + Db, exp(=m,y) + b, exp(—,y) cos 4y +Dby, exp(-a,y)sin Sy
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011R =d exp(_mly) +a, exp(—2m2 Y) +a exp(_2m1y) +ay exp(‘)ﬁY) +8y exp(_(m1 + 061) y) cos ﬂ1y +ay eXp(_(m1 + 0(1) y)Sin ﬂ1y
XD, 1)) €08 £, + 8 ©XD(-(M, + ) Y)Sin B,y + 5 EXP(-(, +01)y)C08 By + 2, EXp(-(M, + ) y)sin Ay

+ exp(_(mz t 0[2) y) cos ﬂzy g exp(_(mz t az)y) sin ﬁzy +ag eXp(_asy) cos ﬂsy +ay exp(—asy) sin ﬁsy

Uy,r =Dy €Xp(—M,Yy) + b,y exp(—m,y) +b,, exp(-2m,y) +b,, exp(—2m,y) +b,; exp(—,Y)

+b52 exp(_(ml + al) y) cos ﬁly + b53 exp(_(ml + al) y) sin ﬂly + b56 exp(—(m2 + al) y) cos ﬂly
+by, eXp(—(M, +a,) ) Sin B,y + by, eXP(—(M, +cz,)y) COS B,y + by, €xp(—(m, +a,) ) sin A,y
+b64 exp(_(ml + az) y) cos ﬁz y+ b56 exp(—(m2 + al) y) cos /Bly + b57 exp(—(m2 + al) y) sin ﬂly
+bg, eXP(—(M, + ,) y) €0s B,y + b, exp(—(m, + ) y) sin B,y + by, exp(—(m, + «,) y) cos B,y
+bg; exp(—(m, + «,) y) sin S,y + b, exp(—a,y) cos £,y + b, exp(—a, y) sin S,y

+by, exp(—a, y) cos B,y +b,, exp(-a,y)sin B,y

Discussion on some quantities of engineering importance

Non-dimensional skin-friction T =
L

(7, + (Ecz,) + ¢((r5 + (Ecz,)) cos wt — (75 + (Eczy)) Sin wt))

where, 7, =—(m), +mp,), 7, =—(mb, +2m,b, +2mb;, + b, + m)by)

=0, (Uo + b12 + b15 + b19) -5 (bls + blﬁ + bzo) - m2b12 - m1b15 _a1b19 +ﬂ1b20

7, =—{m,by, + mbyy +2m,b,, +2mb,; + yb,e + (M, + )by, — Bby; + (M, + )by — By, + (M, +a, )by,
=0, + (M, + x5, )by, — Bobgs + by — Bibs + 0, — B0 }

75 =—, U, +b, +b +by) —x, (b; +b +byy) +mb, +mbg + Bbg +ab,,

TG :{m2b37 + r’nlb40 + 2m2b43 + 2rn.'|.b46 + y1b49 + ﬁleZ + (rnl + al)b53 + ﬁlbss + (m2 + al)b57 + ﬂ2b60 + (mZ + a2)b51
+/0g, + (M + &, )bgs + SBbgg + by + B0y + b, }

Non-dimensional heat transfer rate (Nusselt number)

Nuy =

where, Nu, =m, + Ec2Zm,a + Ec2ma, + Ecy,a, + Ecma,,

_ Y (9% ) __ 1 [Ny +e((Nu, +EcNu,)cosat — (Nu, + ECNU,)sin wt)]
PRe oy ), , P Re,

NU, =—oy +as —ma, — fa;

Nu, =—Ec(m,a, +2m,a,, +2ma,; + a4 + (M, + )8, — B8, + (M + &,)8,, — B8, + (M, +a)ag,

=By + (M, + )y, — Bodys + adys — Fady;),

Nu, = £, — fa; —aa, + ma,

Nu; = Ec(may, +2m,a,; +2mayg + g + B, + (M +)ay, + Brdys + (M +a,)a,, + By, +(M, +q)ay,

+B8q, +(M, + @) + By + 233y;)

Results & Discussion

To get some physical insight into the problem, numerical
simulation has been made to justify the influence of varies
physical parameters that governed by the system due to
inclusion of various physical situations, on the fluid variables,
such as velocity, temperature and concentration as well as on
some quantity of engineering interest like, skin-friction and
Nusselt number.

In figures (1) to (5) the effect of pertinent parameters such as,

Prandtl number (P.), Permeability parameter (K), heat sink
parameter (Q5), thermal Grashof number (G )and thermal
radiation parameter (N) on the temperature profile (6,,Y)

is depicted graphically. It is observed from these figures that
the fluid temperature increases due to increase in parametric

values of (K),(G,), (N)) while the increase of (P), (Q,)

found to be decreased the temperature within the thermal
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Fig. 1: Temperature against normal distances for arbitrary
change in values of Prandtl number for Pr=7.0, Re.=0.5,
Qs=0.01, N=2.5, G=5.0, Uo=0.5, up=0.5, w=7.85714,
wt=1.57142857, K=0.5, €=0.001, Ec=0.001.
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change in values of heat sink parameter for Pr=7.0, ReL=0.05,
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Fig.5: Temperature against normal distances for arbitrary
change in values of Thermal radiation for Pr=7.0, Re.=0.1,
Qs=0.01, N=1.2, G=1.0, U¢=0.5, up=0.5, w=7.85714,
wt=1.57142857, K=0.5, ¢=0.001, Ec=0.001

In Fig. 6, the influence of Eckert number (EC)on the
temperature profile ((9R, y) is shown graphically. Due to

increase in values of (EC), the fluid experiences frictional

heating in the intermediate layers; this thus, contributed in the
thickening of thermal boundary layer and thus increases the
temperature within the boundary layer significantly.

1
——-Ec=00

09 \\\s\ ——-Ec=02]
08 ——Eigi

o7k W ]

06 0N \ 4
s NN

04 N \\ ]
0.3 \\ N ]

Tarpastue
=
.

.
~ 4
0.2 \\ .

\“'\-\.
01 T T =
o

O L L
0 i 10 15

Nomal distance(y)
Fig. 6: Temperature against normal distances for arbitrary
change in values of Eckert number for Pr=7.0, Re.=0.1,
Qs=0.01, N=2.6, G=10.0, Uo=0.5, up=0.5, w=7.85714,
wt=1.57142857, K=0.5, €=0.001, Ec=0.001

The influence of Reynolds number (REL) on the

temperature profile (GR, y) is demonstrated graphically in

figure (7). The increase in values of (ReL) increases the

strength of the suction velocity on the plate which minimizes
the growth of thermal boundary layer. This thus diminishes

the temperature 49R near to the plate surface.
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Fig. 7: Temperature against normal distances for arbitrary change in
values of Local Reynolds number for Pr=7.0, Re =0.05, Qs=0.1,
N=1.2, G;=5.0, Us=0.5, u,=0.5, 0=7.85714, wt=157142857, K=0.5,
€=0.001, Ec=0.001

The parametric effect of the pertinent parameters such as
Prandtl number (P.) thermal Grashof number (G,), heat
absorption parameter (Q,), permeability parameter (k) and
thermal radiation parameter (N) on the velocity profiles
(ug, y)is demonstrated graphically interns of figures (8) to

(12). The prime velocity is seen to increase due to increase in
parametric values of (Gr) (K) and (N) while a reverse

phenomenon as observed due to presence in values of (p)as
well as (Q,). The presence of (G,) increases the thermal
buoyancy force, which in turn accelerates the flow rate and
thus increases the value of Uy . Due to rise in values of the

permeability parameter, the resistance of the porous media
increases, This results in increasing the velocity fluxes inside
the momentum boundary layer, which accelerates the flow

rate and increases the value of Uy . As the presence of thermal

radiation parameter increases the temperature of the fluid
particles near the plate surface, this results in effecting an

increment in the flow rate by increasing the kinetic energy of
the fluid particles as a results the value of Ugis found

increasing.
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The influence of physical parameters like Eckert number
(EC)and Reynolds number (ReL)on the velocity profile

(Ug,y) s shown graphically in figures (13) and (14)
respectively. It is observed that, the velocity increases due to
increase in values of (EC)while a reverse phenomenon is

seen due to presence of ReL . As due to increase in values of

Ec, frictional heating in the thermal boundary layer increases.
This in turn increases the kinetic energy of the fluid particle in
the intermediate layers as a result accelerates the flow rate and
thus increases the velocity. Again due to raise in values of

ReL, the plate suction velocity increases. This in turn

decreases the flow rate within the boundary layer and thus
diminishes the velocity.
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In figures (15) to (17), the influence of permeability parameter
(K), heat absorption parameter (Qs)and thermal radiation
parameter (N) on the Nusselt number profiles (Nu,,t) are

demonstrated graphically. The Nusselt number is found
decreasing due to increase in values of (K) and (N)
respectively while, a reverse phenomenon is observed due to
presence of (Q,). Due to an increment in values of (K) and

(N), the thickness of the thermal boundary layer increases, this
restricts the heat transfer process to transmit plate region to
free stream region results of which declines the heat transfer
rate. This in turn decreases the value of Nu,. Again due to
thinning of thermal boundary layer affected by presence of
heat absorption parameter, the heat fluxes transmit

spontaneously towards the free stream region. This
transmission of heat transfer effects in increasing the values of
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Figures 18 to 20 show how the skin-friction 7, against time t

is being affected due to influence of parameters like heat
absorption parameter (Q,), permeability parameter (K) and

thermal radiation parameter (N). It is clearly seen from these
figures that, the skin-friction increases due to increase in
parametric values of (K) and (N) but a reversed phenomenon
are being observed due to presence of (Q;). Due to an increase

in value of (K), though the skin-friction shows an increasing
trend, but it is clearly shows from figure 18 that, the skin-
frictional values attain a steady state due to presence of (K).
The increase of skin-friction values in presence of (K)and (N)
is due to the fact that, the flow rate in both the cases
accelerates, as a result the plate surface experiences a drag
force opposite to the motion. This force is responsible for the
enhancement of the skin-frictional values on the plate.

time
Fig. 18: Skin-friction against time for arbitrary change in values of
heat sink parameter for Pr=7.0, Re;=0.05, Qs=0.01, N=2.6, G,=5.0,

Up=0.5, u,=0.5, w=7.85714, wt=1.57142857, K=0.5, €=0.001,
Ec=0.001
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Fig. 19:Nusselt number against time for arbitrary change in values of
Permeability parameter for Pr=7.0, Re;=0.05, Qs=0.1, N=2.3, G;=8.0,
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Fig. 20: Skin-friction against time for arbitrary change in values of
Thermal radiation parameter for Pr=7.0, Re =0.05, Qs=0.01, N=3.2,

Gi=5.0, Uo=1.0, u,=1.0, w=7.85714, wt=1.57142857, K=0.5,
€=0.001, Ec=0.001
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Table 1: A comparison in the values of Nusselt number against
Eckert number at t=1.0 for Pr=7.1, Re =1.0, Qs=0.0, N=1.2,
G=2.0, Up=1.0, u,=0.5, @=0.1, K=0.5, €=0.001, Ec=0.001

Babuet al. (2011)

In Table 1, a comparison of the present work with the work of
Babuet al. (2011) is made to validate the effects of the Eckert
number on the Local Nusselt number. It is observed that in
both of these works, the Nusselt number decreases gradually Ec
with the increase of Eckert number against the fixed time

Present paper

t=1.0. The table shows a good agreement in the present work 0.00 11376 0.8317
with that of Babuet al. (2011).Table 2 shows numerically the 0.01 0.8652 0.8286
variations in values of skin-friction as well as the Nusselt 0.02 0.5429 0.8255

0.03 0.2546 0.8225

number for arbitrary change in values of local Reynolds
number against change in time. It is clearly shows that, the
Skin-friction and the Nusselt number decreases steadily by
increase in values of Reynolds number. It is also seen that,
due to passage of time, both the skin-frictional values and that
of the Nusselt number show a fluctuating trends.

Table 2: Table displaying the variation in values of skin-friction and Nusselt number due to influence of local Reynolds
number against time

Skin— friction(z) Nusselt number(Nuy)

Time
Re, =05 Re, =0.7 Re, =1.0 Re =15 Re, =05 Re, =0.7 Re, =10 Re =15

0.0000 1.3293 1.0055 0.7543 0.5696 0.4574 0.4505 0.4453 0.4413
0.5000 1.3244 1.0012 0.7507 0.5666 0.4597 0.4525 0.4471 0.4429
1.0000 1.3279 1.0043 0.7534 0.5688 0.4580 0.4510 0.4458 0.4419
1.5000 1.3278 1.0042 0.7532 0.5686 0.4582 0.4511 0.4458 0.4417
2.0000 1.3244 1.0013 0.7508 0.5666 0.4596 0.4525 0.4471 0.4430
2.5000 1.3293 1.0055 0.7544 0.5696 0.4574 0.4505 0.4453 0.4413
3.0000 1.3258 1.0025 0.7518 0.5674 0.4591 0.4519 0.4466 0.4424
3.5000 1.3258 1.0026 0.7519 0.5675 0.4589 0.4519 0.4466 0.4426
4.0000 1.3293 1.0055 0.7543 0.5696 0.4574 0.4505 0.4453 0.4413
4.5000 1.3244 1.0012 0.7507 0.5666 0.4597 0.4525 0.4471 0.4429
5.0000 1.3279 1.0043 0.7534 0.5688 0.4580 0.4510 0.4459 0.4419

Table 3: Table displaying the variation in values of skin-friction and Nusselt number due to influence of Eckert number
against time

Skin— friction(z;) Nusselt number(Nu)

Time
Ec=00 Ec=01 Ec=0.2 Ec=03 Ec=00 Ec=01 Ec=02 Ec=0.3

0.0000 12.0870 11.5166 10.9461 10.3757 0.6290 0.6207 0.6124 0.6042
0.5000 12.0595 11.5000 10.9404 10.3809 0.6348 0.6265 0.6183 0.6101
1.0000 12.0788 11.5197 10.9605 10.4013 0.6294 0.6211 0.6128 0.6045
1.5000 12.0790 11.5084 10.9378 10.3672 0.6312 0.6230 0.6147 0.6064
2.0000 12.0594 11.5046 10.9498 10.3949 0.6340 0.6258 0.6175 0.6093
2.5000 12.0869 11.5213 10.9556 10.3899 0.6282 0.6199 0.6116 0.6034
3.000 12.0677 11.5016 10.9354 10.3693 0.6336 0.6254 0.6171 0.6089
3.5000 12.0673 11.5127 10.9581 10.4034 0.6318 0.6235 0.6153 0.6070
4.0000 12.0871 11.5167 10.9463 10.3759 0.6290 0.6207 0.6124 0.6041
4.5000 12.0596 11.4999 10.9403 10.3807 0.6348 0.6265 0.6183 0.6101
5.0000 12.0787 11.5196 10.9605 10.4015 0.6294 0.6211 0.6128 0.6046

In Table 3, the influence of Eckert number on the skin-friction
and on the Nusselt number is depicted for arbitrary change in
values of time. It is observed that, both the skin-friction and
the Nusselt number are also showing a decreasing trend due to
increase in Eckert number. As shown earlier, the skin-friction
and the Nusselt number both exhibit a fluctuating trend due to
increment of time variable in presence of Eckert number.

Conclusions

A mixed convective flow problem of Newtonian,
incompressible, viscous fluid past a porous plate through
Darcian porous media and under the influence of thermal
buoyancy forces is studied in presence of viscous dissipation
and thermal radiation. A multi - parameter perturbation
scheme is developed to solve the governed equations and the
influence of various physical parameters on the flow variables

are numerically simulated and interpreted through graphs and
tables. The significant outcomes of the investigation are as
follows:

» The fluid temperature decreases due to increase in
values of Reynolds number, Prandtl number and heat
absorption parameters, while an increase in values of
Eckert number, Grashof number, permeability
parameter and thermal radiation parameter increases
the fluid temperature.

» The increase in values of thermal Grashof number,
permeability parameter, thermal radiation parameter
and Eckert number increases the fluid velocity but a
reversed phenomenon has observed on the velocity
due to increase in parametric values of Prandtl
number, heat source parameter and Reynolds number.
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» The Nusselt number is found decreasing due to
increase in values of permeability parameter, thermal
radiation parameter, Reynolds number and Eckert
number, while the Nusselt number is found fluctuating
with time.

» The Skin-friction on the plate increases as thermal
radiation and permeability parameters increase, but
the skin-friction is found decreasing due to increase in
heat sink parameter, Reynolds number and Eckert
number. The skin-friction is also found in fluctuating
mode against time.

References

Abdollahzadeh J & Hyun PJ 2014. Thermal radiation Joule
heating and viscous dissipation effects on MHD forced
convection flow with uniform surface temperature. Open
J. of Fluid Dynamics, 4: 125-132.

Ahmed S, Muhammad A & Syed KS 2011. Effects of thermal
radiation on MHD axisymmetric stagnation-point flow
and heat transfer of a Micro polar fluid over a shrinking
sheet. World Applied Sci. J., 15(6): 835-848.

Babu SM, Narayana S PV, Reddy ST & Reddy UD 2011.
Radiation and chemical reaction effects on unsteady MHD
convection flow past a vertical moving porous plate
embedded in a porous medium with viscous dissipation.
Advances in Applied Sci. Res., 2(5): 226-239.

Barletta A 1998. Laminar mixed convection with viscous
dissipation in a vertical channel. Int. J. of heat and Mass
Trans., 41:3501-3513.

Chen CH 1998. Mixed convection cooling of a heated,
continuously stretching surfaces. Heat Mass Trans., 36:
79-86.

Christoph H & Johannes W 2014. Numerical investigation of
heat transfer with thermal radiation in an enclosure in case
of buoyancy driven flow. Smart Sci., 2(3): 116-125.

Das K 2014. Influence of chemical reaction and viscous
dissipation on MHD mixed convection flow. J.
Mechanical Sci. & Technology, 28(5): 1881-1885.

Devi Renuka RLV, Neeraja NA & Reddy B 2016. Effect of
radiation on an unsteady MHD mixed convective flow
past an accelerated vertical porous plate with suction and
chemical reaction. Int. J. of Technical and Applications,
4(2):1-8.

Dawood HK, Mohammed HA, Sidik NA, Monogamy KM &
Wahid MA 2015. Forced, natural and mixed-convection
heat transfer and fluid flow in annulus: A review. Int.
common in Heat and Mass trans., 62:45-57.

Elsayed MA, Elbashbeshy TG & Emam KMA 2012. Effects
of thermal radiation and magnetic field on unsteady mixed
convection flow and heat transfer over an exponentially
stretching surface with suction in the presence of internal
heat generation/absorption..J. Egyp. Maths. Society, 20(3):
215-222.

Fand RM & Brucker J 1983. A correlation for heat transfer by
natural convection from horizontal cylinder that accounts
for viscous dissipation, Int. J. of Heat and Mass Trans.,
26:709-726.

Gebhart B 1962. Effect of viscous dissipation in natural
convection. J. of Fluid Mechan., 14: 225-235.

Gireesha BJ, Chamkha AJ, Manjunatha S & Begewadi CS
2013. Mixed convective flow of a dusty fluid over a
vertical stretching sheet with non-uniform heat
source/sink and radiation. Int. J. Numerical Methods
Heat Fluid Flow, 23(4): 598-612.

Hadhrami AK, Elliott L & Ingharm DB 2001. Combined free
and forced convection in vertical channels of porous
media. Transport Porous Med., 49: 265-289

Hung YM & Tao CP 2009. Effects of viscous dissipation on
fully developed forced convection in porous media. Int.
Communications in Heat Mass Trans., 36(6): 597-603.

Khan S, Wahiduzzaman M & Islam S 2014. Heat generation
effects on unsteady mixed convection flow from a vertical
porous plate with induced magnetic field. 10" Int.
Confe.on Mecha. Eng. ICME 2013, 90: 238-244.

Mahajan RL & Gebhart BB 1989. Viscous dissipation effects
in buoyancy induced flows. Int. J. Heat Mass Trans.,
32(7): 1380-1382.

Mahmud S & Fraser RA 2003. Mixed convection radiation
interaction in a vertical porous channel.Entropy
generation. Energy, 28: 1557-1577.

Manjunatha S & Gireesha BJ 2012. Effects of thermal
radiation on boundary layer flow and heat transfer of
dusty fluid over an unsteady stretching sheet. Int. J. of
Eng. Sci. and Techno., 4(4): 36-48.

Nield DA, Kuznetsov AV & Xiong M 2003. Thermally
developing forced convection in a porous medium:
parallel plate channel with walls at uniform temperature
with axial conduction and viscous dissipation effects. Int.
J. Heat and Mass Trans., 46(4): 643-651.

Ostrich S 1954. Combined natural and forced convection
laminar flow and heat transfer of fluid with and without
heat source in channels with linearly varying wall
temperature NACA, TN, 3441.

Pal DR & Samad MA 2015. Combined effects of viscous
dissipation and thermal radiation on non-Newtonian fluid
along a surface with heat generation and uniform surface
heat flux. Dhaka Univ. J. Sci., 63(2): 97-104.

Pantokratoras A 2005. Effects of viscous dissipation in natural
convection along a heated vertical plate. Applied
Mathematical Modeli., 29: 553-564.

Reddy GVR, Reddy BA & Reddy NB 2013. Thermal
radiation and magnetic field effects on unsteady mixed
convection flow and mass transfer over a porous
stretching surface with heat generation. Int. J. of Appli.
Mecha. & Eng., 18(4): 1151-1164 .

Sahoo S, Kuchhal A, Vineeth S & Chesham V 2016. Thermal
radiation heat transfer model and its application for
automobile exhaust components. SAE Technical Paper,
DOI: 10, 4271/2016-28-0051.

Sengupta S 2015. Free convective chemically absorption fluid
past an impulsively accelerated plate with thermal
radiation  with  variable wall temperature and
concentrations. Applications and Appl. Maths., 10(1): 328
-348.

Shit GC & Halder R 2011. Effects of thermal radiation and
MHD viscous fluid flow and heat transfer over non-linear
shrinking porous sheet. Appl. Maths. Mecha. Eng. Ed.,
32(6): 677-688.

FUW Trends in Science & Technology Journal, www.ftstjournal.com 330
e-ISSN: 24085162; p-ISSN: 20485170; April, 2017: Vol. 2 No. 1B pp. 320-333



http://www.ftstjournal.com/
mailto:kd_kgec@rediffmail.com
http://link.springer.com/journal/12206
http://link.springer.com/journal/12206

Mixed Convection Heat Absorbing Flow with Viscous Dissipation and Thermal Radiation

Re + ,ReL2+4ieL , Re,
.b=m"-mRe - "

Appendix

_ P.Re_+4/(P.Re,)’ +4P, Re, Q,N

M, =
™ 2N 2 2
b - GRe LU P, Re_+(P, Re, )’ +4P, Re, Q;N
2 ! —Yp 0 20 My =
b, 2N
a, —P. Re, m,’b,? —P, Re, m?’h,? _ —P. Re, 2m,m,b,b,

= a, = =
4Nm,? —2m,P.Re, —P.Re, Q. ° 4Nm?-2mP Re —P Re, Q % Ny,>—7P Re —P Re, Q,

Re, +,|Re 2, 4Re,
a,=—(a,+a,+a;), y,=m+m, el moe - K p -G, Re, a,
=

4
’ m? —m, Re, -
_Gr ReL 2
bs = Re
4m,” —2m, Re, — ——L
b G, Re, a, b, =— G, Re, a, b, =—(b, +b, +b,+b,)
= = :
4m12_2mlReL_ REL 712_71Re|__RkeL
alzﬁ[a ReL+j§\/((Pr Re, )’ +4Q,NP. ReL)+\/((F>r Re, ) +4Q,NP ReL)2+16w2N2(R Re )]
2 =Nm?-mP Re —P Re
,31:% %\/\/((P Re, ) +4Q,NP, ReL) +160°N?(P,Re, )" ~(PRe, ) ~4Q,NP.Re,]. 8= Nm_"-mF, Re, -F Re,
_ maP.Re, _ m(PRe)w 1 ! iR ARe
aﬁ - a52+w2(Pr RGL)2 a7 - a52 _I_a)rZ(F)r ReL)Z a, ZE[REL'FE [ReLZ'F keLj-’_\/[ReLz_'_%j +16w° RELZ]

/82 - %[%\/\/(Ref—'_ 4|?(eL)2 +16w° ReLZ - Rel_z_

4Re 1 b, =Re,_mb, -G, Re_a;
K

Re, m,bb, b, Re *b,m,w
b +o*°Re® * b’+w’Re?
)by = bywRe, G Re ahb, )
" b +0’Re? b’ +0’Re’
Re bk, G, Re_a,b;
b, =~ B2 -, Re,— oL by, =20, —Re, f,—wRe, by = (——21 4 P TCL &y
7 1 1 1 L k 8 1 L/~ L 9 bl72+b182 b172+b182
1 1 2 2 2 INYA 2
o _ bby  GReab o= [P ReL+ﬁ\/((Pr Re, )’ +4Q,NP, ReL)+\/((Pr Re, )" +4Q,NP, Re, | +160°N* (P Re, )']
20 !
b,*+bg” by by’
B, =%[\/\/((Pr Re, )’ +4Q,NP, Re, ) +160°N?(P, Re,)? ~(P, Re, )’ ~4Q,NP, Re, ]
b,y = (b, +bis +b) 1B, =—(0; + b +by) D =U o, — b, + o0,
b, =U,L; —a,b,, — 550, b25 = alblg - IBZLbZO *b26 = albzo + 181b19
b,, = rTl_I_m2b3b15 +mm,b,b,,, b, = mm,b;b,g +mm,b,b,,
Vo= +&, po=m v+, .y, =M, +. s =M, +,

Ve =V 1B 07 =y, L yg=ys i, Yo =y +if5
=-—2P Re, m,?

_G.Re -G Re a.b. =m2_m Re -6 p
0 r L r Laﬁ 1 2 2 L k 2

Re b G, Reaw
b14:m12_m1ReL_TL’b15:( 2 gb? 2 2 Lz ! 2
b, "+o"Re” b, +0°Re,

b,, =2m,a P, Re, —2F, Re_ mz2 50, . = i3 by, =2ma,P, Re_— 2P, Re, m*b,b;

_ 2
bo = 2R Re m, belG' b, = 7a,F Re, —2F Re_ b,,, by, =—2F Re_ by, a, = Nm’-mP, Re_~Q;R, Re,

FUW Trends in Science & Technology Journal, www.ftstjournal.com 331
e-ISSN: 24085162; p-ISSN: 20485170; April, 2017: Vol. 2 No. 1B pp. 320 -333



http://www.ftstjournal.com/

Mixed Convection Heat Absorbing Flow with Viscous Dissipation and Thermal Radiation

P. Re,_ma,a, (P Re,)’ma,w 2
= L , = r a,, =(N4m,“ -2m,P. Re, —Q.P. Re
* T A+ (R Re ) 0 a2+’ (P.Re, )’ % =(N4m,*~2m.P Re.—Q,R Re.)
a, = 8,5 _ (R Re, )by ‘8, = R, Re o, + bsoay, )
g a,’+a” (P, ReL)2 a,’+a” (P, ReL)2 a, +o’ (P ReL)2 a, +o° (P ReL)2
a, = N4m?—2mP, Re, —QsP, Re .a,, =( 2Dy > = (RReL)a)b32 5
a142+a)2(PrReL) a142+a)2(PrReL)
P Re, b,
A = 2 : ZL = >+ 2 ng,2314 2)’a17:N7/12_71Pr Re —PF Re Qs
a, to (PrReL) a, to (PrReL)
a, = ( ;05 _ a)(PrReL)b34 _ b33wR, Re, 4 by,
8

- = ]
a172+a)2(PrReL)2 a172+a)2(PrReL)2 i a172+a)2(PrReL)2 a172+w2(PrReL)2
8 = NE(M, + )" — 47}~ P, Re, (m, + ) — P, Re, &, = 2N3,(M, + ) — 4P Re, — P, Re,
__ 2P Re, mb,bya,, 2R Re, mb,b,a, a. — 2P Re, mb,b,.a,, 2R, Re, mb,b,a,,
i a0 +ay” 8y +8y° ”

, a202 + 8.212 8.202 + 3.212
&y = N{(ml+a2)2 _ﬂzz}_ P Re (m +a,)-F Re, Qs, s =2Ng,(Mm +,) - B,F, Re,—B Re_ @
_ 2PRe, mb,b;a,, n 2P, Re, mb,b,,a, __ 2P, Re, mb,0,a, n 2P, Re, mb,b,a,,

26

2 2 2 2 27 2 2 2 2
Qy t+ay Qy, t+ay ’ Ay, tay Qy, tay
2 2
Ay = N{(mz +0‘1) _ﬂl }_ Pr ReL(mZ +a1)_ Pr ReL Qs 329 = 2N/81(m2 +0£1) _ﬂlpr ReL_ R’ ReL 2
_ 2R Re mjbb,a, 2R Re _m,bb,a, 2P, Re, m)bba,, 2P Re m,bb,a,
0 T 2 2 - 2 2 1= 2 2 - 2 2
A,5" + Ay Q,5" + Ay Q,5" + Ay 8,5 +ay

2, = N{(m, "’az)z _ﬂzz}_(mz +a,)P Re —F Re, st 8 = N{(m, _sz)z _ﬂ22}_ P.Re (m, +a,)-F Re Q
2PI’ ReL m2b3b23a'32 2Pr ReL m2b3b24a33 2Pr ReL m2b3b23a33 2Pr ReL m2b3b24a32
= 2 2 + 2 2 Qs = — 2 2 + 2 2
a5, +a5 a3, +a5 , a5, +a5 a3, +a5
A :_(ag ta, ta; +a,+a, +ay;+a, "'334), a7 :_(310 tagtagtayta,+ay +a31+a35)

2
o tme s [(rez v 2Re ) [(Re 2R aa0 re

1.1 . 4Re Y 2 o 2 »_4Re
ﬂ4:5[$\/\/(ReL =+ K ) +16 ReL _ReL - k ] aSSZReL 2m2b5—Gr ReL a12

Ay = —Gr ReL A , A = ReL 2mlb6 -Gr ReL S , a, = —Gr ReL A , a = ReL 7/1b7 —Gr ReL Qg

4

a,; =—GrRe R

43 L319, b, =m,? —m, Re, — EL’
b _Reumhbby Re > mb,w

* b+w’Re® ¥ b +w’Re?

Re
b38:m12_m1ReL_ kL’
2

b — Re, mb,b., b — Re “mb,w

* bl2+w*Re? ° bg+w’Re?
b,, =4m,> —2m, Re, — REL

_ 30,1 __a,0Re, b, —_ %s® Re, + 350,
42 43
b, +®’Re* b,'+w’Re? ’ b, +o°Re? b’ +w*Re?

b,, =4m?—2m Re — R;L :

FUW Trends in Science & Technology Journal, www.ftstjournal.com 332
e-ISSN: 24085162; p-ISSN: 20485170; April, 2017: Vol. 2 No. 1B pp. 320 -333



http://www.ftstjournal.com/

Mixed Convection Heat Absorbing Flow with Viscous Dissipation and Thermal Radiation

b45 — a40b44 _ ay@ ReL — a0 Re, + a41b44
2 2 2 2 2 2 M4 T 2 2 2 2 2 2
b,”+o"Re * b,”+o°Re , b,,”+w"Rel® b,”+®»°Rel
Re,

b,, = 712 — 7 Re —

__agh,  a,oRe __ 3,0Re 8,

T h 2 2 2 2 2 2 Y49 T 2 2 2 2 2 2
b, +®°Re* b, +o°Re | b, +®°Re* b, +o"Re

48

2 2 Re,
by, ={(M, + )" - B }_ReL(ml"'al)_Te b51=2ﬂ1(ml+0£1)—ﬂ1 ReL—Cl)ReL

a22 b50 a23b51 a'22 b51 a23b50

= =— . 2 2 Re,
"R b By by P B ehy by Pl - A7) Remora) -
b — by, A,y 0s5 __ Q055 A0y,
56 2 2 2 7 Y57 2 2 2 2
b =24,(M +,) -, Re, —wRe_ by,” +by"  by," +by , bs,” +by"  by,” Dby

2 2 Re_
b ={(M, +)" = B }—Re (M, + ) — K b59 = Zﬂl(mz +a1)—ﬂ1 ReL—a)ReL

_ a30b58 a31b59 _ a30b59 | a31b58 Re
b = bssz + b592 + bssz n b592 Dg, = b582 N bsgz + bssz + b592 b, ={(m, + 052)2 —ﬂzz}— Re, (m, +a,)——*

k

be; =28,(m, +a,) -, Re, —wRe, ‘
b — ay,b5 4 505 b —_ 83405 + 83505,

* by by by by ‘ N bg,” +bg”  b,” +Dbg,”

Re b. — 836056 ag;bs;
_ 2 _ 2 _ ML = =+

Do =0y’ =~ Re, k by =208, — s Re —oRe_ > bee” +Dg;”  bgs” +Dg,”
b, —_ 8360, " 83756

o

bgs® +bs,*  bgg® +bg,” , Bro = —(055 + 3o + by, +0,5 +byg + by, +Dgg +0g, + by, +Dgg)
by, =—(0y; +10,0 +10,5 +Dye + Dy + by +by; + by +Dg + o) )
FUW Trends in Science & Technology Journal, www.ftstjournal.com 333

e-ISSN: 24085162; p-ISSN: 20485170; April, 2017: Vol. 2 No. 1B pp. 320-333


http://www.ftstjournal.com/

