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Abstract: This study analyzes radiation, viscous dissipation and heat source effects on magneto-hydrodynamic free
convection flow, of a viscous incompressible fluid over an inclined porous plate. Applying the perturbation technique, the
solution of a set of ordinary differential equations are gotten as a result of reducing the non-linear partial differential equations
of motion, energy and diffusion, which is solved analytically for velocity, temperature and the concentration distribution. The
effect of Radiation, viscous dissipation and heat source on the velocity, temperature, concentration, skin friction, heat transfer
and rate of mass flux distribution is plotted graphically using Mathematica 12 software and discussed. It is observed that
increased Magnetic field reduces the velocity profile, increases the temperature, skin friction and heat transfer profile. Increase
in radiation reduces heat transfer causing a mixed effect on the velocity, temperature and skin friction while an increase in the
heat source causes a turbulent effect on the velocity, temperature and skin friction profile. Increase in porosity reduces the
velocity, temperature, skin friction and heat transfer profile and finally parameters such as Chemical reaction, Grashof
concentration number and Schmidt number had no effect on the velocity, temperature, skin friction and heat transfer profile.

Keywords: Free Convection, Radiation, Viscous Dissipation, Heat Source, Inclined Plate, Porous Plate,
Magneto Hydrodynamic (MHD)

convective flow over an inclined porous surface with variable
suction and radiation effect while Isreal-Cookey et al. [2]

Magneto-hydrodynamic  Free convection flow with studied the influence of Viscgus dissipation aqd rasiiation on
radiation, viscous dissipation and heat source effect on the ~ unsteady MHD free-convection flow past an infinite heated
boundary layer control and fluid flow affects the Vertl'cal plate' n a porous medium  with - time-dependent
performances of engineering, science and medical devices ~suction. Mebine [3] studied the thermal solutal MHD flow
and systems. There are rich application in MHD power with .radlatlve. heat tran§fer over oscillating pla}te in a fluid
generators, nuclear reactors, Human Blood flow and Water that is chemlcglly active and got the SOluthIlS. for the
flows etc. MHD free convective heat and mass transfer flow ~ unsteady velocity, temperature and concentration with
for vertical, horizontal and inclined surfaces have attracted Lapl'ace transff)rm on the a.ssumption. of an optically thin
many researchers because of its rich application in Medicine, me('ilu.m, and linear differential approximation model for the
engineering and technology, agriculture, space technology radiative flux. Venkateswarlu [4] analyzed the MHD
and many more. Amos and Ekakitie [1] studied MHD free unsteady flow of viscous, incompressible -electrical

1. Introduction
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conduction fluid over a vertical porous plate under the
influence of thermal radiation and chemical reaction while
Sankar et al. [5] studied radiation and chemical reaction
effects on an unsteady MHD convection flow past a vertical
moving porous plate embedded in a porous medium with
viscous dissipation. Prasad et al. [6] did a study on the heat
and mass transfer for MHD flow of nano fluid with radiation
absorption while Rao et al. [7] did a study on Unsteady MHD
free convective double diffusive and dissipative visco-elastic
fluid flow in a porous medium with suction. Venkateswarlu et
al. [8] studied Soret, hall current, rotation, chemical reaction
and thermal radiation effects on unsteady MHD heat and
mass transfer of a natural convection flow past an accelerated
vertical plate, Reddy et al. [9] did a study on Soret and
Defour effects on radiation absorption fluid in the presence of
exponentially varying temperature and concentration in a
conducting field and Rojaa et al. [10] studied radiation and
chemical reaction effect on MHD free convective flow of a
micro polar fluid bounded by a vertical infinite surface with a
viscous dissipation and uniform or constant suction.
Venkateswarlu et al. [11] did a study on unsteady MHD flow
of a viscous fluid past a vertical porous plate under
oscillatory suction velocity while Ojemeri et al. [12] studied
the effect of Soret and radial magnetic field of a free
convective slip flow in a viscous reactive fluid towards a
vertical porous cylinder. Reddy et al. [13] studied radiation
and mass transfer effects on unsteady MHD free convection
flow of an incompressible viscous fluid past a moving
vertical cylinder and Rammana Reddy et al. [14] studied the
influence of chemical reaction, radiation and rotation on

stretching sheet with fluid particles suspension and chemical
reaction. Salawu and Dada [16] studied radiative heat
transfer of variable viscosity and thermal conductivity effects
on inclined magnetic field with dissipation in a non-Darcy
medium and Das [17] studied the effect of thermal radiation
on heat and mass transfer flow of MHD micro-polar fluid in
a rotary frame of reference. Ekakitie and Amos [18] studied
the impact of chemical reaction and heat source on MHD free
convection flow over an inclined porous surface. Hence in
this research we will be looking at the effect of radiation,
viscous dissipation and heat source on MHD free convective
flow over an inclined porous plate. Pertinent parameters such
as suction and radiation had an effect on velocity profile,
temperature profile, concentration profile and heat transfer.

2. Mathematical Formulation

We consider a free convective unsteady flow of a viscous
incompressible, chemically reactive, radiative and viscous
hydro magnetic fluid over an inclined plate at an angle a in
the vertical direction. A magnetic field of constant intensity
By is applied in the y — direction. The plate moves uniformly
with velocity V in the x — direction, the temperature T,, >
T, and concentration C,, > Care conditions at the wall and
ambient regions respectively. We assume a homogeneous
chemical reaction of first and second order and that of
Boussinesq approximation is valid. We apply a constant
magnetic field of intensity By in the y — direction.

Thus the flow equations are as follows.

. . 6 !
MHD Nano fluid flow past a permeable flat surface in a a—;:, =0 1)
medium that is porous. Krupa et al. [15] studied the
numerical analysis on the effect of diffusion-thermo and
thermo-diffusion on two-phase boundary layer flow past a
ow | 0w _ 0% 8BS z] , ' '
s TV 0 =V oy [ 5 +o|u + gBr(T' — Tp)cos ¢ +gB-(C' — Cy)cos « 2)
o, T _ K 2T L[a_u’z_La_q# @ pr_ 5cB3 12
at' v ay' - pCp ay,Z pCp ay’ pCp ay' + pCp (T TOO) + pCp u (3)
ac’ ac’ azc’
ﬁ‘l‘V,a—y,:D y,z_K;(C,_Coo) (4)

The velocity (u), temperature (T) and concentration (C) fields in the above equations have the boundary conditions:

uw=U; v = -V(1+ee@t); T'=Ty; C'=C); aty =0 ()

u=V@E)=V(1+e ), T'=T,; C'=C),asy— o (©)

Considering (3) by using the Rosseland diffusion approximation where the radiative heat flux q is given by

, . as’ar’ 48’

qr 3k’ 8y’ - 3K/

VT’ 7

Where §' is the Stefan — Boltzmann constant and k' is the rosseland mean absorption coefficient. Assuming that the
temperature differences within the flow are sufficiently small that T' may be expressed as a linear function of temperature

T' = 4T3T — 3T}, This implies that
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In order to write the governing equations and boundary conditions in dimensionless form, the following non-dimensional

quantities are introduced

Vi3

!
u
O R TE

s v=—;0

v _T—Tw;CZC—Cw 9)

C\:/_Coa

v T T

M2 = v8cB N2 = vZ G = gvBTO(Tw' ~Too) . G = gvBcC(Cw'—Coo) y=H.
= Z8¢0 = r= i Go = =

I3
168'T§

uv2 ) p )

U2 v Qov

_ K, p2 _ . — o Y.
b= == k= Cp(T‘,’V—Too)'SC =p pCpV2 (10)
The momentum, energy and diffusion equation in dimensionless form is written as
gu _ ity 0u _ 0%u 2 2
o (1+ee )6y =57 [(M? + N*)u] + GyBcos « +G;Ccos « (11)
26 ity 90 820 w2
R -P(1+ee )T = (1+R) T2+ RE (5) + HPr6 + M2PrEcu (12)

ac a%c

Se2s—5.(1+ sei“’t)Z—; = 05— Sk C (13)
The corresponding boundary conditions in non-
dimensional form are:
u=U=00=1C=1aty=0
u—1+ee“0-0,C-0,aty— o (14)

In the above equations u and v are the velocity components,

x and y are the Cartesian coordinates, o is the angle of
inclination in the vertical direction of the semi-infinite
moving plate. t is the time, T, is the temperature at the wall,
T, is the reference temperature and g is the acceleration due
to gravity. v is the suction velocity, B, is the constant
magnetic field, k is the porosity parameter, C,, is the specific
heat capacity and M is the magnetic parameter. Gy is Grashof
temperature number, P, is the Prandtl number, Sc is Schmidt
number, R is the radiation parameter, g, is the radiation heat
flux, Ec is the Eckert number, ¢ is the small positive constant,
p is the density, Sy is the coefficient of volume expansion
due to temperature and . is the coefficient of volume
expansion due to concentration. N is the porosity number, w
is the free stream frequency oscillation,, d. is the electrical

Uy +ug — (N? + M)uy = —Gr0ycos x — GoCycos

(1+R?)6, +P.6, +HPro, = —P.E.u,” — M*PrEcu,

U +u; — (N> + M? +io)u, =

(1+R?)6, +P.0; +[HPr — P.iw]6, = —P.6, — 2P.E.uqu; — M*PrEcu,

Boundary conditions

conductivity, G, is the Grashof diffusion number, Kr is the
chemical reaction parameter, 6 is the temperature and C,,, is
the concentration at the wall.

3. Method of Solution

Equations (2) — (4) are coupled nonlinear partial
differential equations that is solved analytically and then
reduced to a set of ordinary differential equations with the
expressions for velocity (u), temperature ( 6 ) and
concentration (C) of the fluid in dimensionless form as
follows:

u(y, t) = u,(y) + ee’tu, + 0(e?) (15)
0(y,t) = 6,(y) + e, + 0(e?) (16)
C(y,t) = Cy(y) + eetC; + 0(?) (17)

Substituting equation (15) to (17) in the set of equations
(11), (12) and (13) and equating non — harmonic and
harmonic terms and neglecting the higher order terms of
0(£2), the following set of ordinary differential equations are
obtained with their boundary conditions.

(18)

(19)

Cy +S5.C, —S.K.C,=0 (20)

—Uy — GrOic05 X — G-Cicos X (21)

(22)

C, +S.C, —(S.K, +S.iw)C; = —=S.C, (23)

U =uu =0;60,=1,,00=0C =1, =0aty=0 (24)
U= 0;u; > 0; 8> 0;,0, >0, C,b—>0; C;, >0asy - o (25)

For 0(¢) equations

To solve the nonlinear coupled equations (18) — (23) we assume that the dissipation parameter (Eckert number E, < 1) is



American Journal of Applied Mathematics 2020; 8(4): 190-206 193

small, and therefore, advance an asymptotic expansion for the flow temperature and velocity as follows using the boundary
condition ins equation (24 — 25):

Up(Y) = Upr (V) + Ecup2(¥)
0o (¥) = 001(¥) + Ec0,2(y) (26)
U (¥) = un () + Ecu, (v)
6:(y) = 01, () + Ec61,(y)

Substituting Eq. (26) into Eq. (18) — (23) we obtain the following sequence of approximation

Ugy + Ups — (N? + MP)uyy — GrByqcos < — GCycos 27
(1+R?*)6y; + POy, + HPTOy; = 0 (28)
Upy + Ugy — (M? + NHu,y, = —GrOy,c0s (29)
(14 R®)8,, + P60y, + HPTOy, = —Poug,- — M2Prug, (30)
Boundary conditions
Uyr = U 0g1 = Lug, =0=60p,aty =0 31
Ugy = 0; 891 = 0;up, 2 0; B, 2 0; asy > 32)
Uyp + Uy — (N? + M? +iw)uy; = —ug, — GrB11c0s X — GcCycos « (33)
(1+ R*)6;; + Pr6,, + [HPr — Priw]0,; = —Pr0,, (34)
Uy, +upp, — (N2 + M? +iw)uy, = —uy, — GrOi,c08 & (3%)
(1+ R?)8;, + Pr0,, + [HPr — Priw]6,, = —Prfy,; — 2Pru s uy; — M?Pruy, (36)
Boundary condition
U1 =001 =0u,=0=0;aty=0 37
Uy > 0;, 844 2 0up, 2 0; 8,5 >0, asy > (3%)

For O (Ec) equations solving equations (27) — (30) with the boundary conditions (30) — (31) and equation (32) — (35)
satisfying the boundary condition (37) — (38) then equation (25) becomes

uo(y) = Ale_m3y—A2€_m2y - A3€_m1y - 1 + EC[A14e_m5y - Alse_m4y + A16€_2m3y + A17€_2m2y + A186—2m1y -
Alge—(mz+m3)y — Azoe—(‘m1+m3)y +A21e—(m1+mz)y + Ay, ™Y — Ayne ™2V + A24e—m1Y] (39)

0o(y) = e ™2 + EC[A4€_m4y — Age™?M3Y — f oMY — A eV Ase—(mz+m3)y + Age—(m1+m3)y — Ame—(m1+mz)y —
Ay eT™Y + Ajpe ™Y + Ajze ™| (40)

Uy (y) = Azoe™ ™ — Azoe™7Y — Ay — Azse™™Y — (Asy + Azs)e” " — (Asz + Aze)e” ™Y + E; [Asoe_mmy -
Ag1e™™Y — Ag,e Y + Agge ™Y — Ag,e ™Y — Agse ™Y + Agge MY + Ag e MY + Ag,e MY — A e (Matms)y
Agpe~Mitma)y — A e=(Mitma)y 4 4 o=may — A e M7V — Acae ™Y — Agoe ™Y + Aj0e 2V + Ay e TPV 4 A e MY —
A73e—(mz+m3)y — A74e—(m1+m3)y + A75€_(m1+m2)y + A76e—(m3+ms)y — _A77e—(m3+m7)y— — A78€_(m3+m5)y + A79€_(m2+m8)y +

Agge~m2tmny 4 A e=(Matme)y _ A, e=(Mitme)y 4 A e=(mitmz)y 4 A84e—(m1+ms)y] (41)

Hl(y) = A27€_m7y + Azge_mzy + EC[A37e_m9y + A386_m4y - A39€_2m3y - A40€_2m2y - A41€_2m1y + A42€_(m2+m3)y +
Agze~mtms)y g, o=(muitma)y _ g, oMV LA, e ™™2Y A, e7™Y — A e~ Matma)y 4 4, e~ (matms)y 4
Asoe—(m3+m6)y — ASle—(mz‘*‘ms)y — Asze—(m2+m7)y — A53€_(m2+m5)y + A54e_(m1+m8)y — Asse—(m1+m7)y —

Agge™Mtme)Y — Ao e MY 4 Acge ™Y + Agge™eY | (42)

Substituting equation (39) — (42) into equation (15) — (16) we obtain the velocity, temperature and concentration profiles
respectively as

u(y, t) = Ale_m3y_AZe_m2y_A3e_m1y + EC[A14e_m5y - Alse_m4y + A168_2m3y + A17€_2m2y + Alge_zmly -
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Alge—(mz+m3)y — Azoe—(‘m1+m3)y +A21e—(m1+mz)y + Ay, ™Y — Ayne ™2V + A24e—m1J/] + gelwf{Azge—msy -

-m -m -m —m; -m -m —-m -m
Azoe 7Y — Azye7Y — Az,eTY — (Agy + Azs)e” " — (Azz + Aze)e” Y + Ec[Aeoe 10V — Agre7 MY — AgreT Y +
Agze™ ™Y — Age”M2Y — AoV + A6Oe—2m3y + A613_2m2y + A6Ze—2m1y — A63€_(m2+m3)y — A64e—(m1+m3)y —
A656_(m1+m2)y+A666_m8y - A67e_m7y - AGSe_méy - A696_m5y + A7Oe_2m3y + A7le_2m2y + A726_2m1y -

A736—(m2+m3)y — A74e—(m1+m3)y + A7Se—(m1+mz)y + A76€_(m3+m8)y — _A77e—(m3+m7)y— — A78€_(m3+m5)y +
Ajge~m2tme)y 4 g o=(matmay 4 g e=(Matme)y _ Ao e=(maitme)y 4 g p=(mitma)y 4 A84e‘(’"1+m6)y]} (43)
0y, t) =

e M2y 4 EC[A4€_m4y — A5€_2m3y — Aﬁe—zmzy — A7€_2m1y + Ase—(mz+m3)y + Age—(m1+m3)y — Ame—(m1+mz)y —
Alle_m3y + Alze_mzy + A136_m1y] + Seiwt{A27e_m7y + Azse_mzy + EC[A37e_m9y + A386_m4y - A396_2m3y -
A4oe—2mzy — A41€_2m1y + A426_(m2+m3)y + A43e—(m1+m3)y — A44e—(m1+m2)y — Agse ™Y+ A e+ A, e T ™Y —
Agge~Mstme)y 4 A, jo=(matma)y 4 g e=(mstme)y _ A e=(matme)y _ g o=(Matmay _ A e=(matme)y |
A54e_(m1+m8)y — Asse—(m1+m7)y — A56e—(m1+m6)y — Ag,e™™8Y 4 Agge ™Y + Asge_mGY]} (44)

C(y,t) = e ™Y 4 gel@t{A,.e ™Y + A, e ™1V} (45)

The physical quantities of interest are the wall shear stress 7, is given by

I

u
Ty = lla—y, = pvgu’(0)

The local skin friction factor

Tw

p_'lig = uI (0) = _m3A1 + mzAZ + m1A3 + EC [_m5A14 + m4A15 - 2m3A16 - 2m2A17 - 2m1A18 + (mz + m3)A19 +

Cfx =
(my + m3)Ayo — (M + my)Ay — Madyy + Mydys + myAy,] + e[-mgAye + mydzg + my(Asy + Ass) + medsy +

myAzz — M3Azy + MyAgs + MyAze + Ec(—Myodeo + Modey + Mydgy — M3lez + Mgy + MyAgs — Mghee + M7Ag7 +
MeAeg + MsAge — 2M3A70 — 2myA71 — 2myA7; + (My + M3)A73 + (Mg + M3)A7, — (Mg + My)A75 — (M3 + Mg)Aze +
(m3 + m;)A7; + (M3 + mg)A75 — (M3 + Mg)Az9 — (M3 + My7)Agy — (My + Mg)Agy + (My + Mg)Ag, — (My + My)Ags —

(my + mg)Ag4l (46)
—a8'ar! . . ..
The Local Surface heat Flux q, = 3kayT where k is the effective thermal conductivity
_ _ar _ _1651T03V01(Tw_Too) %
Local Nusselt Number N, = —— where g, = BT —
_ —168'13v{ 060 _ —168'3v{
Then N, = BEV TR where R, = iy
a6
I}Z_Zj: = 5 = 61(0) = _m2 + EC[_m4A4 + 2m3A5 + 2m2A6 + 2m1A7 - (mz + m3)A8 = —(m1 + m3)A9 + (m1 +

my)As + M3y — MpAy, —miAs] + e[-myAy; — myAyg + Ec(—moAsy — myAsg + 2msAzg + 2myAyg + 2my Ay —
(mg + m3)As, — (Mg + M3)Agz + (Mg + My)Ayy + MyAys — MpAse — My Ayy + (M3 + Mg)Asg — (M3 +m7)A40 —

(m3 + mg)Aso + (M + mg)Asy + (Mg + my)As; + (Mg + Me)Asz — (My + M)Ay + (Mg +Mmy)Ass + (My + Mg)Ase +
mgAs; — MyAsg — MeAso)] 47)

The local surface mass flux is given by

% = —Z—JC/ = C'(0) = —my — e(MgAzs + mydze)  (48)

An increase in radiation causes a decrease in the velocity
and temperature profile in Figure 2 and Figure 9. This in turn
reduces both the skin friction in Figure 19 and the heat
transfer profile in Figure 24.

An increase in heat source had a mixed effect on the
velocity profile in Figure 3, temperature profile decreases
near the plate in Figure 10 and skin friction profile reduces in
Figure 18 which decreases the heat transfer profile in Figure
23.

In Figure 4, Figure 12, Figure 21 and Figure 26, an
increase in porosity reduces the velocity, temperature, skin
friction and heat transfer profile. There was an opposite

4. Results and Discussions

The effect of various parameters on the velocity,
temperature, concentration, skin friction, heat transfer and
mass flux rate is discussed in this session. An increase in
magnetic field reduced the velocity profile in Figure 1 and
then increased the temperature profile in Figure 11. This
increases the skin friction and increases the heat transfer in
Figure 20 and Figure 25. The reduction of the velocity flow
was due to Lorentz force which thickens the boundary layer
and causes increase in skin friction and decrease in the heat
transfer.
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effect in Figure 6, Figure 15, Figure 22 and Figure 27 where
an increase in viscous dissipation increases the velocity,
temperature, skin friction and heat transfer profile.

In Figure 5 and Figure 13, an increase in Grashof number
increases the velocity and temperature profile while an
increase in Prandtl number in Figure 8 increases the velocity
profile. In Figure 7 and Figure 14, an increase in the angle of
inclination causes a reduction in velocity and temperature
profile near the plate but an increase in velocity and

Uiyl

temperature profile at the boundary layer.

In Figure 16 an increase in chemical reaction reduces the
concentration profile while an increase in Schmidt number
reduces the concentration profile in Figure 17, but increases
the mass transfer in figure 28. Figures 29, 30 and 31 shows
that there was no effect of Chemical reaction (Kr), Schmidt
number (Sc) and Grashof diffusion number (Gc) on the
velocity profile.

M=225335

Figure 1. Velocity Profile with Variation of Magnetic Field Parameter M for H = 0.5,P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =

0.LN=01lLa=10,w=1t=1e=1

V0D L o0

R=01,0203,05

Figure 2. Velocity Profile with Variation of Radiation Parameter R for M = 2,H = 0.5, P. = 0.71,G, = 15,G. = 10,5, = 0.22,Kr = 2,Ec = 0.01,N =

01, a=10,w=1t=1,e=1.

Uiy

H=0.103,05,07

Figure 3. Velocity Profile with Variation of Heat Source Parameter for H for M = 2,P. = 0.71,G, = 15,G. = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =

0LN=01lLa=10,w=1t=1e=1

Uy

N=10.1,02,03,04

Figure 4. Velocity Profile with Variation of Porosity Parameter N for M = 2,H = 0.5,P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =

01, a=10,w=1t=1,e=1.
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G, = 510,15, 20

Figure 5. Velocity Profile with Variation of Grashof Temperature Parameter G, for M = 2,H = 0.5,P. = 0.71,G. = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.LN=01l,a=10,w=1t=1e=1

2 1075 E Ec = 0.01,0.03,0.05,0.07 —
Ulyl) =zo-10'sE

Figure 6. Velocity Profile with Variation of Viscous Dissipation Parameter Ec for M = 2,H = 0.5,P, = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,R =
0.LN=01l,a=10,w=1t=1e=1

7 = 1014

o=10% E

» a = 15,30,45, 60
Uyt < =107 E

Figure 7. Velocity Profile with Variation of angle of inclination Parameter a for M = 2,H = 0.5,P. = 0.71,G, = 15,6, = 10,S, = 0.22,Kr = 2, Ec =
00L,R=01,N=01l,w=1t=1¢e=1.

Pr=10.1,02,03,04

Uyt) =-1er

y

Figure 8. Velocity Profile with Variation of Prandtl Number Parameter Pr for M = 2,H = 0.5,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R = 0.1,N =
0.L,a=10,w=1t=1e=1

T(Y.n 320=10

R =0.1,0.2,0.3,0.5 —

Figure 9. Temperature Profile with Variation of Radiation Parameter R for M = 2,H = 0.5,P. = 0.71,G, = 15,G,. = 10,5, = 0.22,Kr = 2,Ec = 0.01,N =
0.L,a=10,w=1,t=1,e=1.
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LIVAY
H=0.1,03,05,0.7

y
Figure 10. Temperature Profile with Variation of Heat Source Parameter H for M = 2,P. = 0.71,G, = 15,G. = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
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Figure 11. Temperature Profile with Variation of Magnetic Field Parameter M for H = 0.5, P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.L,N=01la=10,w=1t=1e=1
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Figure 12. Temperature Profile with Variation of Porosity Parameter N for M = 2,H = 0.5,P. = 0.71,G, = 15,6, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.lL,a=10,w=1t=1¢e=1
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Figure 13. Temperature Profile with Variation of Grashof Temperature Parameter Gr forM = 2,H = 0.5,P. = 0.71,G. = 10,5, = 0.22,Kr = 2,Ec =
001,R=01,N=01,a=10,w=1t=1¢e=1
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Figure 14. Temperature Profile with Variation of angle of inclination Parameter « for M = 2,H = 0.5, P. = 0.71,G, = 15,G. = 10,5, = 0.22,Kr = 2,Ec =
00L,R=01,N=01l,w=1t=1¢e=1
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Figure 15. Temperature Profile with Variation of Viscous Dissipation Parameter Ec for M = 2,§ = 0.5,P, = 0.71,G, = 15,G, = 10,S. = 0.22,Kr = 2,R =
0.1L,N=01,a=10w=1t=1¢e=1
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Figure 17. Concentration Profile with Variation of Schmidt number Parameter Sc for Kr =2,w =1,t =1,e = 1.
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Figure 18. Skin Friction Profile with Variation of Heat Source Parameter H for M = 2,P. =0.71,G, = 15,G. = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.1L,N=01,a=10w=1t=1¢e=1
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Figure 19. Skin Friction Profile with Variation of Radiation Parameter R for M = 2,H = 0.5,P. = 0.71,G, = 15,6, = 10,5, = 0.22,Kr = 2,Ec =
001, N=01a=10,w=1t=1e=1
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Figure 20. Skin Friction Profile with Variation of Magnetic Field Parameter M for H = 0.5, P, = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.LN=01la=10,w=1t=1e=1
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Figure 21. Skin Friction Profile with Variation of Porosity Parameter N for M = 2,H = 0.5,P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =

Ec = 0.01, 0.03,0.05,0.07
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Figure 22. Skin Friction Profile with Variation of Viscous Dissipation Parameter Ec for M = 2,H = 0.5, P, = 0.71,G, = 15,G, = 10,5, = 0.22,Kr =
2,R=01,N=01l,a=10,w=1t=1¢e=1.
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Figure 23. Heat Transfer Profile with Variation of Heat Source Parameter for M = 2,P. = 0.71,G, = 15, G,
0.LN=01l,a=10,w=1t=1e=1
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Figure 24. Heat Transfer Profile with Variation of Radiation Parameter for M = 2,H = 0.5,P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,N =

0.L,a=10,w=1,t=1¢e=1.
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Figure 25. Heat Transfer Profile with Variation of Magnetic Field Parameter for H = 0.5,P. = 0.71,G, = 15,G, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.L,LN=01l,a=10,w=1t=1e=1

NU  con.aaref N =0.1,0.2,0.3,0.4

Figure 26. Heat Transfer Profile with Variation of Porosity Parameter for M = 2,H = 0.5, B. = 0.71,G, = 15,6, = 10,5, = 0.22,Kr = 2,Ec = 0.01,R =
0.L,a=10,w=1,t=1,e=1.
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Figure 27. Heat Transfer Profile with Variation of Viscous Dissipation Parameter Ec for M = 2,H = 0.5,P, = 0.71,G, = 15,G, = 10,5, = 0.22,Kr =
2,R=01,N=01l,a=10,w=1t=1¢e=1.
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Figure 29. Velocity Profile with Variation of Chemical Reaction Parameter Kr for M = 2,H = 0.5,P. = 0.71,G, = 15,G. = 10,5, = 0.22,Ec = 0.01,R =
0.L,N=01la=10,w=1t=1e=1
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Figure 30. Velocity Profile with Variation of Schmidt Number Parameter Sc for M = 2,H = 0.5,P, = 0.71,G, = 15,6, = 10,,Ec = 0.01,R = 0.1,N =
01, a=10,w=1t=1,e=1.
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Figure 31. Velocity Profile with Variation of Grashof diffusion Parameter Gc for M = 2,H = 0.5,P, = 0.71,G, = 15,6, = 10,,Ec = 0.01,R = 0.1,N =
0l,a=10,w=1,t=1,e=1.

d) Increase in porosity reduces the velocity, temperature,

5. Conclusion Skin friction and heat transfer profile.
e) Increase in the angle of inclination of the porous plate
Radiation, Viscous dissipation and heat source effects on initially reduces the velocity and temperature profile but
MHD free convection flow over an inclined porous surface later increases the velocity and temperature profile,
are summarized as follows, hence having a mixed effect on both velocity and
a) Increased Magnetic field reduces the velocity profile, temperature.
increases the temperature, decreases skin friction and f) Increase in viscous dissipation increases velocity,
increases heat transfer profile. temperature, Skin friction and heat transfer profile.
b) Increase in radiation reduces the velocity, temperature, g) From the research so far parameters such Grashof
Skin friction and heat transfer profile. concentration number (Gc), Schmidt number (Sc) and
¢) An increase in the heat source caused a mixed effect on Chemical reaction (Kr) had no effect on the velocity
the velocity, decreases the temperature near the plate, profile and temperature profile.

decreases skin friction profile and heat transfer profile.

Appendix
,  VESHY VP _gvBrO(T,' —-T.) . gvBcC(C,' —C.) _ uC, , 16v8'T3
M ——,Z;N =z br= 2 ;Gc— 2 ;Pr—T. _T;
P, Kv, Vov} Vov,
B vE e v L SeAV(ScRHaScky). B —Pr—\/(Pr2+4HPr(1+R2)) o
Ec = Cp(Tly=Too)’ Se = p’ M= 2 My = 2(1+R2) =My
v(s.? -
14+ V(12 + 4(N? + M2)) Se + V(87 + 4(S K, + Sciw))
ms = =Ms;Me =
2 2
_ PeV(PPa(H-Priw)(14R?)) (12 44(NPAMP +iw))
mz; = 2(1+R2) =My, Mg = 2 =My
Al = A2 + A3;
GrCos[a]
A2 = ;
m22 + m2 — (M? + N?)
GcCos[a]
A3

=m22+m2—(M2+N2);
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A4 =A5+A6+ A7 —AB—A9 + A10 + A11 — A12 — A13;

AS = Prm32A12
"~ 4(1 + R?)m32 — 2Prm3 + HPr’
A6 = Prm22A22
"~ 4(1 + R?)m22 — 2Prm2 + HPr’
A7 = Prm12A32
"~ 4(1 + R?)m12 — 2Prm1 + HPr’
A8 = 2Prm2m3A1A2 )
" (14 R?)(m2 + m3)? — Pr(m2 + m3) + HPr’
49 = 2Prm1m2A1A3 )
" (14 R?»)(m1 + m3)? — Pr(m1 4+ m3) + HPr’
AL0 = 2Prm1m2A2A3
" (1 +R?»)(m1 + m2)2 — Pr(m1 + m2) + HPr’
Prm32A12
All = H
(1 + R?)m3? — Prm3 + HPr
Prm22A22
Al12 = ;
(1 4+ R?)m2? — Prm2 + HPr
AL3 = Prm12A32 _
" (1+R?»)mM12 — Prm1 + HPr’
GrA4Cos[a]
Al15 = ;
m4? —m4 + (M? + N?)
GrA5Cos[a]
Al6 = ;
4m32 + 2m3 — (M2 + N2)
GrA6Cos[a]
Al7 = ;
4m22? + 2m2 — (M? + N?)
GrA7Cos[a]
Al18 = ;
4m12 + 2m1 — (M2 + N2)
ALG = GrA8Cos|[a]
© (m2 +m3)2 + (m2 + m3) — (M2 + N2)’
A20 — GrA9Cos[a] _
" (m1+4 m3)2 4+ (ml1 +m3) — (M2 + N2)’
A2l = GrA10Cos[a]
~ (m1+ m2)2 4+ (m1 + m2) — (M2 + N2)
GrA11Cos[a]
A22 =
m32 + m3 — (M? + N?)
GrA12Cos[a]
A23 =
m22 +2m2 — (M? + N2)
GrA13Cos[a]
A24

T 4m12 + 2m1 — (M2 + N?)
A25 = —A26
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A26 = m1Sc
" m12 — Sem1 — (ScKr + iwSc)
A27 = —A28
Prm2
A28

~ (1 + RHm22 — Prm2 + (HPr — Priw)
A29 = A30 + A31 + A32 + A33 — A34 + A35 + A36

GrA27Cos[a]
m72 —m7 — (M? + N? + iw)
GrA28Cos[a]
m22 —m2 — (M? + N? + iw)
GcA25Cos[a]
m62 —mé6 — (M2 + N? + iw)
GcA26Cos[a]
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m3A1
m32 —m3 — (M? + N? + iw)
m2A2
m22 —m2 — (M? + N? + iw)
m1A3
ml12 —ml— (M? + N? + iw)

A30 =

A31 =

A32 =

A33 =

A34 =

A35 =

A36 =

A37 =1

_ Prm4A4
" (14 R?)m42 — Prm4 + (HPr — Priw)

(2Prm3)(m3A1A34 + A5)

A38

A39 =
4(1 + R?)m3? — Prm3 + (HPr — Priw)

A40 = (2Prm2)(m2A31A2 + m2A2A35 + A6)
"~ 4(1 + R?)M22 — Prm2 + (HPr — Priw)

Adl = (2Prm1)(m1A3A33 + m1A3A36 + A7)

" 4(1+ R?)m12 — Prm1 + (HPr — Priw)

Pr(m2 + m3)A8 + (2m2m3)(A1A31 + A1A35 + A2A34)

A42 =
4(1 + R?)(m2 + m3)? — Pr(m2 + m3) + (HPr — Priw)
A43 = Pr(m1 + m3)A9 + (2m1m3)(A1A33 + A1A36 + A3A34)
" 4(1 +R?)(m1 +m3)2 — Pr(m1 + m3) + (HPr — Priw)
naq = PrOnt+ m2)A10 + (2m1m2)(A2A33 + A2A36 + A3A31 + A3A35)

4(1 + R?)(m1 + m2)? — Pr(m1 + m2) + (HPr — Priw)

Pr(m3A11 + M2A34)

A45 =
(1 + R?)m3? — Prm3 + (HPr — Priw)
Ad6 = Pr(m2A12 + M?(A31 + A35))
" (14 R?)m32 — Prm3 + (HPr — Priw)
2
gy - PrOm1AL3 + M2(A33 + A36))

(1 +R?»)m1? — Prm1 + (HPr — Priw)
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A48 = 2Prm3m8A1A29
" (14 R?)(m3 + m8)2 — Pr(m3 + m8) + (HPr — Priw)
440 = 2Prm3m7A1A30
" (1+R?)(m3 +m7)2 — Pr(m3 + m7) + (HPr — Priw)
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AS3 = 2Prm2m6A2A32
" (14 R?)(m2 + m6)2 — Pr(m2 + m6) + (HPr — Priw)
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AS6 = 2Prm1m6A3A32
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A5 = M?PrA29
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~ (1 + RD)m6? — Prm6 + (HPr — Priw)

A60 = A61 + A62 — A63 + A64 + A65 — A66 + A67 + A68 + A69 — A70 — A71 — A72 + A73 + A74 — A75— A76 + A77 + A78
— A79 — A80 — A81 + A82 — A83 — A84

A61 = GrA37Cos[a]
" m92 —m9 + (M2 4+ N2+ iw)
A62 — GrA38Cos[a] + (m4A15)
" m42 —m4 + (M2 + N2 + iw)
A63 = GrA45Cos[a] + (m3A22)
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GrA39Cos[a] + (2m3A16)

A70 =

m3? —m3 + (M2 + N? + iw)
GrA40Cos[a] + (2m2A17)

A71 =
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GrA41Cos[a] + (2m1A18)
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A73 =
(m2 4+ m3)2 — (m2 + m3) + (M2 + N2 +iw)
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