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Abstract

This study investigates the chemical reaction, thermal radiation, heat source and
Soret effect on the pulsatile flow of a non-Newtonian, unsteady and incompressible
MHD viscous fluid flowing past an inclined porous surface with the magnetic field
acting on the porous surface of the plate. The dimensional governing equation was
transformed to dimensionless form and then solved analytically using perturbation
method. Conclusively, parameters such as chemical reaction, thermal radiation, heat
source, inclined magnetic field and Soret number had an effect on the velocity
profile, temperature profile, diffusion profile, heat transfer profile, skin friction
profile and mass transfer profile with results discussed and graphically illustrated.
Results showed that an increase in chemical reaction, Soret, angle of inclined plate to
the vertical and suction causes an increase in the velocity flow while an increase in
magnetic field, heat source and radiation reduces the velocity flow.

s: Chemical Reaction, Thermal Radiation, Heat Source, Soret Effect, Incline

Permeability of Porous Plate, Magneto Hydrodynamic (MHD).

d Plate,

Cartesian coordinates (m) k Coefficient of thermal conductivity (Wm™1K~1)
Angle of inclined moving plate in the vertical Ky Thermal diffusion ratio (m2?s~1)
direction H Heat source parameter
Angle of inclined moving plate in the horizontal So Soret number
direction M Magnetic parameter
Time (s) Gr Grashof temperature number
Temperature at the wall (K) G, Grashof diffusion number
Ambient temperature (K) P. Prandtl number,
Concentration at the wall (mol/m?) Sc Schmidt number
Ambient concentration (mol/m3) R Radiation parameter
Acceleration due to gravity. (m/s?) q, Radiative heat flux
Suction velocity (m/s) Ec Eckert number
Velocity in the x direction (m/s) A Suction parameter
Velocity in the y direction (m/s) € Small positive constant
Magpnetic field (4/m) Br Coefficient of volume expansion due to temperature
Porosity parameter Be Coefficient of volume expansion due to concentration
Specific heat capacity (m?s—2K™1) w Free stream frequency oscillation
Density (kg/m?) Kr Chemical reaction parameter
Electrical conductivity (4/m) 6 Dimensionless temperature.
C Dimensionless Concentration

Kinematic viscosity (m?s~1)
Stefan-Boltzmann constant (Wm™2K %)
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1.0 Introduction

Engineering institutions and industries such as petrochemical, civil works, food production companies are mostly involved
with fluids flow, heat and mass transfers during its operations. Examples of such include crude oil refining, building
cooling systems, brewing production, paper production, food production, plastic production and others. Most often, the
flow of heat and mass transfer considerably determines the quality of product produced. In [1], the influence of Dufour and
Soret MHD flow in three dimension with chemical reaction and thermal radiation was studied. The nonlinear differential
equations is transformed to ordinary differential equation and solved using homotopy analysis with the results showing that
an increases in the magnetic field increases the velocity near the upper plate but reduced it near the lower plate, increase in
radiation increase the temperature but increases in Prandtl number reduces the temperature, increase in the chemical
reaction and Schmidt number increased the concentration profile, increase in Soret reduces the temperature but increases
the concentration and increase in Dufour increases the temperature but reduces the concentration. Also, in [2] the effect of
Soret, Dufour and Radiation on MHD unsteady flow past a porous plate that is inclined and enclosed in a medium that is
porous with viscous dissipation was investigated. Numerical solution was used to solve the dimensionless governing
equation using Crank-Nicolson finite difference method. Results showed that the increased Schmidt number and inclined
angle caused a rapid decrease in the velocity, velocity increased mildly due to radiation and permeability increase, increase
in magnetic field reduces the velocity, increase in Soret number increases the velocity and temperature but decreases the
concentration while increase in Defour number decreases the velocity and increases the concentration initially before
decreasing it. In [3], free convective MHD flow past a Porous Inclined Surface with effects of radiation and variable suction
was investigated and studied. A study done in [4] showed the influence of radiation and viscous dissipation on free-
convective MHD unsteady flow over an infinite vertical heated plate in a medium that is porous with time-dependent
suction. In [5], the study on MHD thermos-solutal flow with Radiative Heat Transfer present over a Plate that Oscillates
was investigated. In [6] MHD unsteady flow effect over a porous inclined plate that is embedded in a porous medium with
the presence of viscous dissipation was studied. In [7], the Dufour and viscous dissipation effects on free convection MHD
flow past a porous plate that is inclined and oscillating with ion-slip current and hall current was studied. In [8] the
radiation, chemical reaction, and radiation influence on Nano MHD fluid flow over a flat permeable plate on porous
medium was studied. In [9] the numerical study on the diffusion-thermo and diffusion effects on the two-phase boundary
layer flow over a sheet stretching with suspended fluid particles and chemical reaction was investigated. In [10] the transfer
of heat of thermal conductivity and variable viscosity effects on magnetic field that is inclined with dissipation in a non-
Darcy medium was studied. The transfer of heat and mass on free convective MHD flow of fluid that is second grade
through a porous medium over a vertical infinite plate was studied in [11]. In [12] he effect of porosity on MHD unsteady
flow over a moving semi-infinite plate placed vertically with time dependent suction was studied. In [13], the effect of
viscous dissipation and chemical reaction on free convection MHD flow over a moving semi —infinite vertical plate that is
porous with radiation absorption was studied. In [14], a review on the effects of characteristics of heat transfer of Nano-
fluids that is flowing under a turbulent and laminar flow regime was investigated. In [15] the unsteady free convective
MHD heat and mass transfer on a boundary layer flow over a plate that is permeable and vertical with chemical reaction
and thermal radiation was studied. The study of the effect of chemical reaction and inclined magnetic field on free
convective flow over a porous plate that is semi finite and vertical through medium that is porous was done in [16]. In [17]
the effect of chemical reaction and radiation on MHD transient free correction flow past a plate that is vertical through
porous medium was studied. In [18], the effects of Defour and Soret on radiation Absorption fluid with exponential
temperature and concentration present in a conducting field was also studied. The impact of heat source and chemical
reaction on Free Convection MHD Flow past a porous surface that is inclined was studied in. In [20], the effect of radial
magnetic field Soret of a free convective flow with slip in a viscous fluid that is reactive towards a porous cylinder that is
vertical was studied. Also [21], the study of radiation and heat source effects on MHD free convection flow over an
inclined porous plate in the presence of viscous dissipation was extensively studied with results discussed..

This research focuses on the chemical reaction, heat source and Soret effects on MHD pulsatile flow over an inclined
porous plate with thermal radiation. Pertinent parameters such as Soret number, Magnetic field, Chemical reaction, Prandtl
number, angle of the inclined plate in the vertical and horizontal direction, suction and radiation had an effect on velocity
profile, temperature profile, concentration profile and heat transfer.

2. MATHEMATICAL FORMULATION

Unsteady free convective flow of an incompressible viscous Newtonian fluid that is chemically reactive, radiative and
possess hydro magnetic fluid property over a semi-infinite plate inclined at an angle o in the vertical direction is considered.
A magnetic field By is applied in the vertical direction while the movement of the plate with uniform velocity V is in the
horizontal direction. The temperature at the wall of the plate is greater than the temperature at the center i.e. T,, > T,, and

Journal of the Nigerian Association of Mathematical Physics Volume 61, (July — September 2021 Issue), 77 — 90
78



Impact of Heat Source... Ekakitie, Amos and Funakpo J. of NAMP.

concentration at the wall of the plate is greater than the concentration at the center i.e. C, > C,. The Boussinesq
approximation and the homogeneous chemical reaction of first and second order is assumed to be valid.

Figure‘2.1 Geometry of the flow

Thus the flow equations are as follows.
av'

5 =0 oy
‘;—1:,, V’ZI—Z:= —%;—Z: Zzy [5 B3cos?a + ]u + gBr(T' — Ty) sin B + gB:(C' — Cy) sinf (2)
(52) ‘;—: +v' % =97 (T - ‘% 3)
il vg D% —K’(C’—Coo)+Ho @)

The velocity, temperature and concentration proflle in the above equations have the boundary conditions with the suction
velocity term expressed as v’ in [12]:
u =U;Vv ==V +ehe!t); T, =T.,; C' =C,; aty=0 (6)
u=V(t) =V (1+ehet);, T'=T,; C' =C,, asy — oo (7
Consideration for approximation for the Rosseland diffusion term with the expression for the radiative heat flux q is looked
atand given as in [13]

, 48" o’ ,
I =" S0ay = WVT
Where k' is the Roseland mean absorption coefficient and §' is the Stefan — Boltzmann constant with the differences in the
temperature of the flow is assumed to be small, such that the temperature linear function T’ is expressed as
T' = 4T3T — 3T} Meaning that

r _ 16815 9T

T 3k oy (8)
The non-dimensional quantities are introduced.

’ 127 ’ ’
VL % VvVt g _TTo  »_CCw, dp _ piwt

y= u—U,t— 9 'Q_TJVTOO'C_CWCOO dx_P ©)

2 _ 196CBO K = KVZ Re="%.¢ _ g9B70(Tw'-Teo) G, _ g9BcC(Cw'—Coo) | vt pr= UCp R2 — 168'T E. =

— pv2 92z ' T= uvz - uv2 V=G ~ kr’ T
_ W e Y. Qv Kr'9% . Ho(Tyw'-Tw) .
cp(Té,—Too)’SC D’ H = pCpV2 K = DV?2 ;S0 = D(Cy'~Co0) ’ (10)
The momentum, energy and diffusion equation in dimensionless form is written as
a ity O ap | 9%u 1 . .
0—1:— (1 +£Ae”"t)£= (—) ax+ 7 (M2C052a+;)u+GT9 sinf + G-Csinp (11)
0_9_ iwt 6_9 — A
= (L +ehelon) T = (1 + Pr) 5+ HO (12)
ac _ iwty9C _ 9%C _ a6

Sc or Sc(1 + ede )6y =37 K,C + So 272 (13)
The corresponding boundary conditions in non-dimensional form are:
u=U=1,0=1,C =1, aty =0
u—0,0-0,C-0, aty — o (14)
3. METHOD OF SOLUTION

Equations (2) — (4) are nonlinear partial differential equations that is coupled and solved analytically which is later reduced
to a set of ordinary differential equations with non-dimensional form gotten for the expressions of velocity (u), temperature
(8) and concentration (C) of the fluid:

u(y, t) = u,(y) + ee’tu, + 0(e?) (15)

0(y,t) = 6,(y) + €eith, + 0(e?) (16)
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Cy,t) = Co(y) + €™ Cy + 0(e?) (17)

Substitute equation (15) to (17) into the set of equations (11), (12) and (13) and equate the non — harmonic and harmonic
terms neglecting the terms of 0(?), the set of ordinary differential equations are obtained with the required boundary
condition.

Uy + Uy — (Mzcosza + %) Uy = —GrOysin B — G;Cysin B (18)
(1—%)93+96+H90=0 (19)
Co + ScCy — ScKrC, = —S06, (20)
Uy +up — (Mzcosza + % + iw) u; = —é — Augy — G0, sin  — G.C, sin B (21)
(1-2)6) + POy + [H - iw]6, = —A6, 22)
C, + ScCy — (Kr + Sciw)C; = —ScACy — So6; (23)
Boundary conditions

u0=u;u1=0; 9021; ,9120; Cozl; C]_:O aty=0 (24)
uy - 0;uy »0; 8,-0; ,0,-50; C,>0; C;, >0 asy — o (25)
Solving equations (18) — (23) with the boundary conditions (24) — (25) to obtain

up(y) = Age™ ™V —Ayge™™Y — Ay e + Ajpem ™Y (26)
Oo(y) = e ™ (27)
Co(y) = e7™Y — Aze™™Y (28)
U (y) = Agz + eV — A e + Ajgem ™Y — Ajgem 2 + AjgeT™Y — Ajgem ™Y (29)
0, (y) = Ax(e™™2Y +e7™Y) (30)
Ci(y) =Ae ™Y + Ace™™3Y — Age ™Y + A,e7 ™2V — Age™ ™Y (31)

Substitute equation (26) — (31) into equation (15) — (17), velocity, temperature and concentration profile will be expressed
as,

u(y, t) = Age™ ™Y —A;9e ™Y — A6 + Ajpe ™Y + g9t (A + e 7™ — Ape ™Y + Ajge ™Y — Ajge ™2V +
A7e7M3Y — Ajge™meY) (32)

O(y,t) = e™™Y + gel®tA,(e™™M2Y 4 ¢T™Y) (33)

C(y,t) = e ™Y — Aze™™Y + ge'®t(Ae™™Y + Age ™37 — Age ™Y + A6V — Age™™Y) (34)

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

aul
w = “a_yl = pvéu’(O)

The local skin friction factor

Crx = ;_:3 =u!(0) = —msAg+m Ay + MzAiy — MyAs, + €6 (=g + MsAry — MyAss + MyArg — M3As; + Mydsg) (35)
_aslarl
The Local Surface heat Flux q, = g:aZf where k is the effective thermal conductivity
_ _ ar _ _1651T3V()1(TW_T00) 6_6
Local Nusselt Number N, = — where q, = BT Fa—
_ —168'T5v 86 _ —168'1$vd
Then N, = v 3y where R, = iy
= 2= 0'(0) = —m, + ee™* Ay (my — m;) (36)
ex
The local surface mass flux is given by
Zﬂ = _Z_; = CI(O) = _m3 - m1A3 + Seiwt(_m4A4 - m3A5 - m2A7 + ml(Aé + AB) (37)
ex
4, RESULTS AND DISCUSSIONS

Different parameters had resulting effects on the velocity, temperature, concentration, skin friction, heat transfer and mass
flux rate which is discussed. In Figure 4.1, it is observed that an increase in the chemical reaction results to an increase in
the velocity of the fluid flow while the increase in the Soret number causes the velocity of the fluid flow to increase in
Figure 4.2. In Figure 4.3, an increase in the Schmidt number causes the velocity of the fluid flow to increase. Heat source
increase in Figure 4.4 reduces the velocity of the fluid flow while increase in the magnetic field reduces the velocity of the
fluid flow in Figure 4.5 as a result of Lorentz force which introduces resistance to the fluid flow. In Figure 4.6, the increase
in the thermal radiation reduces the velocity of the fluid flow while increase in the Grashof temperature number increases
the velocity of the fluid flow in Figure 4.7. Increase in the Grashof diffusion number reduces the velocity of the fluid flow
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in Figure 4.8 while increase in the angle of the inclined plate in the vertical direction increases the velocity of the fluid flow
in Figure 4.9. Increase in the angle of the inclined plate in the horizontal direction causes an increase in the velocity of the
fluid flow in Figure 4.10 while an increase in suction increases the velocity of the fluid flow in Figure 4.11. In Figure 4.12,
an increase in the Prandtl number reduces the velocity of the fluid flow while in Figure 4.13, an increase in heat source
increases the temperature of the fluid. In Figure 4.14, an increase in radiation reduces the temperature of the fluid and in
Figure 4.15 the increase in suction increases the temperature of the fluid. In Figure 4.16, an increase in Prandtl number
increases the temperature of the fluid while in Figure 4.17 an increase in chemical reaction reduces the concentration of the
fluid. In Figure 4.18, the increase in the Soret number causes an increase in the concentration profile but the observation in
Figure 4.19 shows that, an increase in Schmidt number increases the concentration near the plate but reduces far from the
plate. It is observed that in Figure 4.20, an increase in heat source increases the concentration of the fluid, an increase in the
radiation increases the concentration of the fluid in Figure 4.21, an increase in suction decreases the concentration of the
fluid in Figure 4.22, while an increase in the Prandtl number increases the concentration in Figure 4.23. The increase in
chemical reaction and Soret number increases the skin friction in Figure 4.24 and Figure 4.25, increase in heat source
decreases the skin friction profile in Figure 4.26, an increase in the magnetic field increases the skin friction in Figure 4.27
while an increase in the radiation parameter resulted to a decrease in the skin friction profile in Figure 4.28. It is also
observed that an increase in the Grashof diffusion number and Grashof temperature number increases the skin friction in
Figure 4.29, Figure 4.30, while an increase in the angle of the inclined plate in the vertical direction reduces the skin
friction profile in Figure 4.31. In Figure 4.32, an increase in the suction results to an increase in the skin friction profile but
an increase in heat source and the thermal radiation initially increases the heat transfer but then it reduces afterward in
Figure 4.33 and Figure 4.34. In Figure 4.35 and 4.36, an increase in the both suction and Prandtl number increases the heat
transfer profile. Finally, an increase in the chemical reaction and suction in Figure 4.37 and Figure 4.41 reduces the mass
transfer profile, but an increase in Soret number, heat source, thermal radiation and Prandtl number increases the mass
transfer profile in

Figure 4.38, 4.39, 4.40 and 4.42.
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Figure 4.26 Skin Friction Profile with Variation of
Heat Source H
M=2,50=2PF=071S.=022,G.=5,G, =
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Figure 4.27 Skin Friction Profile with Variation of
Magnetic Field Parameter M

So=2,B.=0.71,5. =0.22,G, =5,G. = 10,Kr =
1,K=2,R=01,H=01,A=1,P=2,Re=05a=
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Figure 4.28 Skin Friction Profile with Variation of
Radiation Parameter R
M=2S0=2,P.=0.71,5,=022,G.=5,G, =
10,Kr=1,K=2,H=01,A=1,P=2,Re=05,a =
30,=30,w=1t=1¢e=1

Journal of the Nigerian Association of Mathematical Physics Volume 61, (July — September 2021 Issue), 77 — 90

Distance



Impact of Heat Source...

Gr=5101520

SkinFriction

25

L L L L L Distance

1 2 3 4 5

Figure 4.29 Skin Friction with' Variation of Grashof
temperature Number Gr
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Figure 4.30 Skin Friction Profile with Variation of
Grashof Diffusion Number Gc
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Figure 4.31 Skin Friction Profile with Variation of
angle of inclined plate to the vertical

M =2,S0=2,B=0.71S, =022,G, =5,G. =
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Figure 4.32 Skin Friction with Variation of Suction
Parameter A
M=2S0=2P=0715=022,G.=5,G. =
10,Kr=1,K=2,R=0.1,H=0.1,P =2,Re =
05a=30,=30,w=1t=1e=1
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Figure 4.33 Heat Transfer Profile with Variation of

Heat Source H

P.=07L,R=01,A=1lw=1t=1e=1
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Figure 4.34 Heat Transfer Profile with Variation of

Radiation R
B.=071,H=01A=1l,w=1t=1¢e=1
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Figure 4.35 Heat Transfer Profile with Variation of
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Figure 4.36 Heat Transfer Profile with Variation of
Radiation R
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Figure 4.37 Mass Transfer Profile with Variation of
Chemical Reaction Kr
So=2,B.=0.71,5.=022,Kr=1,K=2,R =
0.1L,H=01,A=1Lw=1t=1e=1
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Figure 4.38 Mass Transfer Profile with Variation of
Soret Number So
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Figure 4.39 Mass Transfer Profile with Variation of

Heat Source H

So=2,P.=0.71,5.=022,Kr=1,K=2,R =
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Figure 4.40 Mass Transfer Profile with Variation of
Radiation R
So=2,B.=071,S.=022,Kr=1,K=2,R =
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Figure 4.41 Mass Transfer Profile with Variation of Figure 4.42 Mass Transfer Profile with Variation of
Suction A Prandtl Number Pr
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5. CONCLUSION

Radiation, Heat source, Viscous dissipation and Soret effects on MHD free convection flow over an inclined plate that is
porous are summarized as follows,
. An increase in chemical reaction causes an increase in velocity, skin friction and a decrease in chemical reaction
. An increase in magnetic field reduces the velocity flow and increases the skin friction.
I1. An increase in heat source reduces the velocity flow and skin friction but causes an increase in the temperature,
concentration and mass transfer.
V. An increases in radiation reduces the velocity flow, temperature and skin friction but causes an increase in the
concentration.
V.  Anincrease in Soret increases the velocity flow, concentration, skin friction and mass transfer.

VI.  Anincrease in the angle of inclined plate to the vertical increases the velocity flow and reduces the skin friction
while in increase in the angle of the inclined plate to the horizontal increases the velocity

VII. Increase in suction increases the velocity, temperature and skin friction but reduces the concentration and mass
transfer.

Areas of applicability of the results discussed in this study include crude oil refining, building cooling systems, brewing
production, paper production, food production, plastic production and others.

APPENDIX

m1=%(1+ /1—4—H(%)>;m2 =(1+{1T= 4 —iw));
m3 = 2(Sc + /(S)? + 4Kr); m4 = > (Sc + /(Sc)2 + 4(Kr + Sciw));
m5 = 2 (1 +J1 + 4(MCos[a]? +)); m6 =~ (1 + Jl + 4(iw + MCos[a]? +-));

2
A Som1?

= 7 ;A3 =—————; A4 =—-A5+ A6 — A7 + AS;
(1-ppm12+m1-(H-iw) m1°-Scm1+Kr
_ AScm3 A6 = A3Scm1 . _ SoA3m2? .
m32-m3-(Kr+Sciw)’ m12-m1-(Kr+Sciw)’ m22-m2-(Kr+Sciw)’
SoA2m1? GrsSin[B]

; A9 = A10 + A11 — A12; A10 =

~ m1Z-m1-(Kr+Sciw)’ m12-m1-(MCos[a]2+3)’

A1l = GceSin[p] . A12 = A3GcSin[B] .
m32—m3—(MCos[a]2+E) m12+m1—(MCos[a]2+E)
Al4 = Am5A9 CA13 =

m52—m5—(iw+MC05[a]2+%) ! Re(iw+MC05[a]2+%) !

— A(m5A12—m5A10)+A2GrSin[B]+GcSiil[ﬁ‘](A6+A8) . A16 =
m1%-m1-(iw+MCos[a]?+3) ’

Am3A11-A5GcSin[f] i _ A4GcSin[f] .

m32—m3—(iw+MCos[a]2+%) ’ - m42—m4—(iw+MCos[a]2+%) ’

A2GrSin[B]+A7GcSin[B]
m22—m2—(iw+MCos[a]2+%) ’

A15

Al17 =
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