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Abstract: - MHD thermally radiating flow through two parallel vertical plate channels in the presence of
chemical reaction, Hall, Joule, and cross-diffusion effects are examined. The fluid is assumed chemically
reactive, electrically conducting, magnetically susceptible, viscous, incompressible, and Newtonian; the plates
are porous, electrically conductive, and heated to a high-temperature regime to generate thermal rays. The flow
system is highly interactive such that cross/double diffusion effects are present. The governing partial
differential equations are solved by the method of Modified Homotopy Perturbation. Expressions for the
concentration, temperature, velocity, Nusselt number, Sherwood number, and Wall shear stress are obtained,
computed, and presented graphically and tabularly. The analysis of results shows, amongst others, that an
increase in the Hall Effects increases the main velocity and wall shear stress on both plates and causes
fluctuations in the cross-velocity profiles.
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1 Introduction predominant in integrated circuits, has applications
Hall and Joule's effects have applications in science in many devices like laboratory water bathe for
and engineering settings. They are relevant in reactions at warm temperature, laboratory hot plates
heating and sensor devices. Specifically, the Hall for reactions at high temperature, domestic
Effect, which has great immunity to dust, dirt, mud, immersion water heater, infra-red .thermal image
and water has applications in magnetometers used light bulbs, bulb filaments, magnified scanning,
for measuring magnetic field strength and inspecting electron. microscopes, electric radioactive space
tubing/pipeline leakages; optical and heater, incandescent light bulb filament, soldering
electromagnetic sensing devices like rotating speed iron, clothing iron, and the likes. ) .

sensors (found in bicycle wheels, gear teeth The interaction of electric and magnetic fields in
automotive  speedometers, electronic  ignition a flow system results in many factors that influence

systems); fluid flow sensors; current sensors; the ﬂow. By app!icatior}, when a wire car.ryilng
pressure sensors; smartphones; global positioning alternating current is applied t(? a Non-Zero resistive
systems; automotive ignition and fuel injection; plate/conductor a voltage dlfferenge is createfd
hydraulic valves; low power thruster devices for between the ends- of the conductor in the electric
propelling space crafts in orbits/farther space. field. The electric field accelerates the charge

Similarly, Joule/Ohmic/resistive heating, which carriers (electrons, ions, and holes) on the plate in
results from the conversion of electricity into the direction of the electric field to give kinetic

desirable and  non-desirable  heat  effects, energy. At collision with each other on the plate, the
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charged particles are scattered/randomized. The
randomized/scattering motions result in a thermal
effect called Joule/Ohmic heating, which is limited
by viscosity, electric conductivity, and fouling
deposits on the conductor, causing the temperature
of the conductor to rise. By this, electric energy is
converted into thermal energy. Joule heating is
characterized by the product of the magnetic field
parameter and Brinkman number. Also, the varying
alternating currents lead to the heating of the plate
non-uniformly. The thermal motion arising from the
Joule heating produces a dissipating force that
works mechanically to heat the fluid as it passes the
plate. The flow of heat from the plate through the
fluid in the presence of gravity produces convective
currents, which positively influence the motion and
chemical reaction. Similarly, the heating of the plate
to a high-temperature regime leads to the emission
of thermal radiant rays. More so, when alternating
electric currents are applied to a non-zero resistive
conductor/plate, the conductivity of the material
allows the currents to pass through. If the electric
currents are transverse to the conductor, and the
magnetic field is perpendicular to the currents, a
voltage difference across an electrical conductor is
generated. The voltage difference is termed the Hall
Effect. In an ionized gas, it is very relevant when the
gas density is low and the applied magnetic field
force is high. Therefore, Hall Effects can be
described as a measure of the mobility of the charge
carriers (free electrons and holes), current density,
or the Lorentz force effect on the charges in the
electric current and is a function of the magnetic
field.

Considering the roles of the Hall Effect and
Joule heating in the fluid flow through two porous
parallel plates vertical channel, [1] studied the Hall
Effect in conducting fluids; [2] investigated the
effects of Hall, thermal radiation, and chemical
reaction on the flow; [3] studied the Hall effects on
the transient flow of coupled-stressed fluids; [4]
considered the Hall Effects on the oscillatory flow
of a viscous fluid; [5] focused on the Hall effects on
a transient convective flow with rotation; [6]
investigated the Hall and inclined magnetic field
effects on the flow when the system is rotating using
finite difference approach. [7] examined the Hall,
Joule, and thermal diffusion on the flow of couple-
stressed fluid; [8] studied the Hall Effect, Joule
heating, and Soret effects on the mixed convective
flow using the Adomian Decomposition Method,
and observed among others, that an increase in Hall
Effect enhances the fluid concentration, velocity and
the wall shear stress near the terminal plate, and the
heat transfer rate at the initial plate but decreases the
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temperature, induced/cross velocity, the wall shear
stress and mass transfer rate at the initial plate;
increase in Joule heating increases the fluid
temperature, concentration, main and cross
velocities, heat and mass transfer at the terminal
plate but decreases the heat and mass transfer at the
initial plates. [9] studied the Hall effects on the
transient impulsive flow with oscillatory pressure
gradient and rotating channel; [10] studied the effect
of thermal diffusion and inclined magnetic field on
the mixed convective flow through a vertical
parallel plates channel using the spectral quasi-
linearization method and found that the inclined
magnetic field amplifies the velocity but diminishes
the temperature; the Hall Effect diminishes the
velocity but increases the temperature; [11]
researched on the Hall and ion-slip effects on
couple-stressed fluid flow.

Neglecting the effects of Hall and Joule heating
on the flow through parallel vertical plates channel,
[12] studied numerically the MHD natural
convective flow of a micro-polar fluid; [13] focused
on the radiation effect in a hydro-magnetic Couette
flow; [14] considered the effects of thermal
radiation on the flow using the method of Homotopy
Analysis; [15] examined the MHD oscillatory flow
with periodic plate temperature; [16] focused on the
heat source and Soret effects on the flow; [17]
studied the chemical reaction effects on the MHD
flow; [18] considered the effects of magnetic field
and Brinkmann number on the mixed convective
flow; [19] examined the Soret, Dufour and chemical
reaction effects on the couple-stressed flow; [20]
studied the transient flow of Maxwell fluid when the
system is rotatory. [21] focused on the thermal
effects on the MHD oscillatory flow with periodic
plate temperature and viscous dissipation; [22]
investigated the cross-diffusion effects on the non-
Darcy free convective Power-law flow in the
presence of stratification; [23] investigated the
magnet-hydrodynamic mixed convective flow of
nano-fluids; [24] investigated the Brinkmann and
Hartmann parameters effects on the flow; [25]
considered the hydro-dynamic natural convective
flow of micro-polar fluid wusing differential
transform.

Similarly, in the absence of a magnetic field,
Hall and Joule heating effects, the flow through
parallel vertical plates channel has been researched.
For example, [26] investigated the flow when one of
the plate is uniformly heated, and the other
thermally insulated; [27] considered the effects of
viscous dissipation and buoyancy; [28] examined
the unsteady flow with heat flux at one boundary;
[29] investigated the transient flow with
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symmetrical heating; [30] studied the Couette—
Poiseulli flow under forced convection; [31]
considered the unsteady flow with asymmetrical
heating/cooling walls; [32] studied the forced
convective flow with viscous dissipation; [33]
examined numerically the flow under low Prandtl
number; [34] considered the fully developed free
convective flow when the plates are asymmetrically
heated with large temperature difference; [35]
investigated the flow with constant temperature and
mass diffusion; [36] studied the viscous dissipation
and buoyancy effects in a laminar convective flow;
[37] investigated the fully developed flow of micro-
polar fluid; [38] investigated the mixed convective
flow subject to Robin boundary conditions; [39]
examined the radiation effects in a transient free
convective flow using the Laplacian transform; [40]
considered the effects of viscous dissipation and
buoyancy in the presence of transpiration; [41]
focused on the cross-diffusion effects on the flow of
micro-polar flui using the Homotopy Analysis; [42]
studied the heat analysis of micro-polar fluid flow,
and [43] considered the heat transfer in a nano-
particle flow, [44] investigated the unsteady natural
convective flow with Newtonian heating,.

[8] investigated the effects of Hall, Joule
heating, and Soret on the mixed convective flow
through two parallel porous vertical plate channels
using the Adomian Decomposition approach. Their
work has some deficiencies, hence this study. This
work extends [8] to include the effects of thermal
radiation, Dufour, and chemical reaction on the flow

using the Modified Homotopy Perturbation
approach.

In the sections below, the problem is
formulated, solved, analyzed, discussed, and
conclusions are drawn.

2 Problem Formulation
2.1 Physics of the Problem and

Mathematical Formulation

]L
y
y=0

Fig. 1: A Physical Model of a Two Parallel Plates
Vertical Channel

y=+h
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We consider the MHD thermally radiating flow
through two parallel vertical plate channels in the
presence of chemical reaction, Hall, Joule, and
cross-diffusion effects. The schematic is shown in
Figure 1. The plates are placed vertically upward in
the x-direction and extend infinitely in the x- and z-
axis, and perpendicular to the y-axis. Also, the

plates are placed at y=th and Y= as the centre of
the channel. The model is developed based on the
assumptions that the fluid is incompressible,
viscous,  Newtonian, chemically  reacting,
electrically conducting, magnetically susceptible,
and optically thick. The plates are rectangular and
porous and coated with some chemical substances to
initiate a chemical reaction, heated electrically to
produce the Joule heating effect, and to a degree of
hotness to generate the thermal radiation effect.
There are temperature and concentration
differences, respectively between the equilibrium
temperature and concentration of the fluid and those
at the walls such that convection currents are
generated. A transverse magnetic field is applied in
the Y -direction but with negligible induction effect
assumed (for smallness when compared with the
applied magnetic field) such that the magnetic

Reynolds number becomes insignificant. The
suctions/injections at the walls are constant. The
pressure is along the * -axis, andap/ax is

constant. The system is highly interactive such that
the simultaneous effects of Dufour and Soret
numbers are seen. An additional force is generated
on the z-axis due to the Hall current, and this gives
rise to a cross-flow, making the problem 3-
dimensional. Buoyancy forces and uniform pressure
gradient in the x-direction lead to mixed convection
flow. Also, assuming fluid is injected into the
channel through the lower wall and sucked through

: .V e
the upper wall with the same velocity © ; at infinity,

the flow is fully developed. Therefore, if (UiV:W)
are the velocity (metre/sec) components in the

(x,y.,2) co-ordinates; Yis the velocity in the X -
axis and is along the plates; vV is the constant

suction at the walls and at the same time the velocity

w z

along the Y -axis; is the velocity along the -

T

and are fluid temperature (Kelvin) and

COO

concentration  (mol/cm?), and are
equilibrium temperature and concentration of the
fluid, respectively. By the one-dimensional flow
theory, the only independent variable is y (metre).
Using Boussineq’s approximation, the governing

axis,

0
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equations of the mass balance, momenta, energy,
and diffusion become.

SV-O:V V= constant
y (1)
ou_ 6 u,
Qay 2 gx [(T_T°°)
0.B (u+mw) v ap
+9,B,(C-C.)- — =u-—+
¢ p (1+m?) k= 9X )
oW _ 82w+0 B2 (mu- w) &
ey Yayt pu, (1+mf) K o)
a__k T v (a_u)2+(a_wjz
Yo 2
ay pC oy cp oy oy
0By +w’) Dkr C_ 1 99,
pC,(L+nf) C,Ciay* pC,0y
, 9C_pé°C, Dkrg?T o
DI >4 - k¥(C-C.)
0 2 2 r
. . . B
where “* is the acceleration due to gravity; and

¢ are the volumetric expansion of the fluid due to

temperature and concentration, respectively; P is

the specific heat capacity (‘]/kgK ) of the fluid at
constant pressure; 0 is the mass diffusivity

coefficient; k is the thermal diffusivity coefficient;

kr . e T
is the diffusivity ratio of the fluid; ™M is the

Gy

fluid; is
2

concentration susceptibility of the fluid, ' is the

chemical reaction rate term; € is the porosity of the
plate.

mean temperature of the the

From the physical model, Figure 1, one plate is
on the negative axis of the y-axis, and the other is on
the positive axis. Taking y=0 as the centre/origin of
the channel and from which the fluid flows towards
T1

C
and along with each plate, and are the

temperature and concentration at the induced plate

2 are the temperature and

( y=- h ), and T2 and
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concentration at the terminal plate ( y:+h ).Then,

the boundary conditions of the fluid become
u=0,w=0,T=T,,C=C =-

1 1o Y h ©)

u=0,w=0,T=T,,C=C, T=T,,C=C,
) y:+h )

where h is the distance between the centre of the
channel and the parallel plates.

Assuming the fluid is optically thick, adopting the
Roseland approximation, we have:

o= 40T
" 340
y ®)
where ¢ is Stefan-Boltzmann constant,  is the

optical depth. Taking the temperature difference
between the adjacent fluid layers to be small, and

4
given that " can be expressed in Taylor series
expansion as a linear function about the ambient

temperature , we get:

T=4T3T-3T

([45], [46]) 9
By equation (9), we have:
99, 160T° T
- 2
dy 3a gy (10)

(The higher-order term neglected), and equation (4)
becomes:

oT K 2T v (auf [awjz
ay pCpay Cp oy oy

, OB DkT §°C, 160T% 3T

p Cou(1+m?)  C.Coay? "3pC 209y
(11)
Introducing the following dimensionless quantities:
_y U Gr _u,Gr
= >u h2 =~z 9
L S L ]
T-T, Gy Cy k ' D
3 3
o GB(TATIR g B(T, Ty
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Ta(C,mCy) Co(TmTy) ,
2 uk K
Br= Ho ,Da=—> 6= —,
K(T,~-T)) h D
h
J= MBr,Re:pu—o, p=C A=9P
0] Re X

(12)
(where 1 is a similarity independent variable; s

the characteristic (entrance) velocity; f is the main

velocity in the X~ axis, 9 is the induced velocity in
the the

concentration and temperature, respectively;
Da

dimensionless
M

Z-axis; © and ® are
is

o)

the Hartmann number; is the Darcy number,

Pr is the Prandtl

is the Schmidt number; B' is the
Rs S

is the rate of chemical reaction;
number; S8

Brinkmann number;

the Soret number;
number; Gr the Grashof number
Gc .

temperature difference; is the Grashof number

is the Raleigh number;
is Dr is the Dufour

is due to

due to concentration difference; N is the buoyancy

ratio; and Jis the dissipative force called Joule

heating; Re s the Reynolds number; A is the mixed

convection parameter; A'is the constant pressure
gradient) into equations (1) - (7) and (11), we have

2.0
an (13)
M £
f'-Ref'- [——+— [+A(O+N
e (1+m2) Da) (©+No)
- Mm2 g-A=0
(1+m") (14)
M £ Mm
"- Reg'- £ Y f=0
9T (1+mz) Dal)g (1+nm?)
(15)
o"- (RePr+% Ra)9'+BrGr2(f 2+9'9)
2
+—_ (124 g?)Dr Prop=0
(1+m") (16)
®"- Re @'~ 5D+ 0"=0 (7
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with the boundary conditions:

f=0,0=0,0=0,0=0 , N=-1

(18)
f=0,0=0,0=1,¢=1 at n=+1 (19)
Re-writing equations (14) - (17), we have:
"= Ref'+y,f- A(O+N@}y, g+ A
(20)
g"=Reg'+y,0- V,f 1)
0'=y,0'- v, 2+9' %) v {7+ o) v @
(22)
n_ 1 2 — n
"=y, @' +6°P-y,0 23)
where
_ M & /= Mm
Yl 1+m2) Da 2 (1+n‘F)a
_ 4
¥a” (RePr+§ ) y=BG?,
. JGr°
> (1+nf) Ve=Drpx
V=ReX, Y=

Furthermore, amongst other factors influencing
the flow are the Nusselt number ( Nu ), Sherwood

C

number (Sr ) and Skin friction ( f ). These are
prescribed in non-dimensionalized forms as:

Nu = -©'

n=%l1 (24)
Sh= _CD" n=t1 (25)
ReCy = f"nzﬂ (8]) 26)

3 Problem Solution

3.1 Method of Solution

An examination of equations (20) - (22) depicts that
they are coupled. To make them tractable, we seek
the Modified Homotopy Perturbation Method of
solution:
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L(u)+N(u)-f(u)=0

Addressing these equations in the HPM form, we
have:

(1-p)f'= p(

—f"+Re f'+y, f ~(©+No)
+770+A

(1= p)9"= P( 9"+Reg'+y, 9~ ¥, f)

—@"4—}/3@'—7/4(1: q2+g.2)

2 2 N
‘75(f +g )‘76q)

(1-pje=p

(1_ p)¢n: p(_ ¢"+V7¢|+62(D_ VSO"
such that
f'= pRef ' +y,f- A(O+ NP)+y,g+A)

27)

9"= pReg'+v,9- V,f) %)
_ 7/6@”

@=p(y; @' +0° P~ 0" 0

Expanding the dependent variables in terms of p:
2

f="f+ pf1+ p f2+...
2

g=0o+ PY+ Py +...

5 E3))
O =0qg + p®1+ p ®2+...

® =D + pb, + P2, + ..

where p<l. Substituting equation (31) into
equations (27) - (30), (18) and (19), we have
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(fo"+pfy"'+ p2 f"+)=1p

(o'"+Pg;"+P*G, " +..)= P

(©p"+pO,"'+ p2®2”+...) =p

Re(fo'+pf)'

+ p2 fy'+)
+7(fo + pfy
+ p2 fy+)
—L(©g + pO,
+ p2®2..)
+N(Dg + pd,
+ p2CD2 +.)]
+75(90 + PY

+ p292+...)
+A

Re(go'+Pg;'
+ p292'+...)
+71(9o + PY;
+ p292 +...)
—7,(fo +pf;

+ p2 f2+...)

73(®0'+p®1'
+ p2®2'+...)
_74[(f0'+pf1'
+ p2f2'+.)2
+(90'+p91'

+ p2g2'+...)2]
_7’5[(f0 + pfl
+ p2 fy +.)2
+(go + PY;

+ p292 +...)2]
_7/6(q)0”+pq)1”

+ p2cD2”+...)

Volume 19, 2024




WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

DOI: 10.37394/232012.2024.19.14

77[(®Pg'+pDy'
+ p2CD2'+.)]

" " 2 " +52[((D0 + p(Dl
(©g"+pD;"+p Dy +...)= p )
+ PP, +.)]
_7/8(®On+p®1n

+ p2®2”+...)

Collecting the coefficients of the powers of p in
each case, we have:

For the Zeroth Order

fo'=0 (32)
%"=0 (33)
=0 (34)
®o"=0 (35)

For the First Order
f,"= Ref "+y, f,— A(©,+ N®,)+y,0,+A

(36)
9, = Reg, +v10,- szo 37)
@l": V3OO|_ V4(f0|2+90|2)
—v.(f - "
Vs( 2 902) Ve P, a8)
(pl =Yz cDo +6CD0_ V8@o (39)
For the Second Order
f,"=Ref, +y,f1= A(O+ND)+y, 0, 40)
g,"=Reg;'+119,~ Yoty @)
0,"= 130, vy (2f 5 f1'+20," 9, ) v @, )
®,"= 7 Py + 0P~ y5 0" 43)
with boundary conditions:
f,=0,f,=0,f,=0,
9,-0,9,=0,9,=0,
0,=0,0,=0,0,=0,
070620020, e (44)
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f=0,f,20,1,20,
gO: 0,91: 0,92: O,
021,020,070,
®=1,0,=0,0,0,

o =1 s

Equations (32) - (45) are solved using

Mathematica 11.2. See the Appendices for the

solutions.

3.2 Results and Discussion

The solutions are computed and presented
graphically and tabularly. For constant values of
Dr=0.5,9=0.5,Da=0.3,N=0.5,Gr=Gc=1.0,
J=3.0,Br=3.0,A=2.0,&=1.0,p=0.1 and
varied values of MPAOMPLSCA L Re e
Figure 2, Figure 3, Figure 4, Figure 5, Figure 6,
Figure 7, Figure 8, Figure 9, Figure 10, Figure 11,
Figure 12, Figure 13, Figure 14, Figure 15, Figure
16, Figure 17, Figure 18, Figure 19, Figure 20,
Figure 21 and Figure 22, and Table 1 and Table 2 in
Appendix were obtained.

f(n) against n for m=0.5,1.0,2.5,4.0,55,7.0
f(n)

006 -
m=05102540557.0

0 -

o -

L L
-10 -05 05 10

Fig. 2: Main Velocity-Hall Effect Profiles

g(n) against n for m=0.5,1.0,2.5,4.0,5.5,7.0
9(n)

Fig. 3: Cross -Velocity-Hall Effect Profiles

The effects of the Hall currents on the flow are
seen in Figure 2, Figure 3 and Table 1 (Appendix).
Figure 2 shows that an increase in Hall currents
increases the main velocity. Figure 3 depicts that an
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increase in the Hall currents leads to fluctuations in
the cross velocity. The cross velocity is highest

at m=1.0) drops for m=0.5, and decreases for

M2 2.5 More so, Table 1 (Appendix) shows that
the shear stress on the induced and terminal plates
increases as the Hall current increases; the rate of
heat and mass transfer at the induced and terminal
plates is not affected by any increase in the
magnitude of the Hall currents. When alternating
electric currents are applied to a non-zero resistive
conductor/plate, the conductivity of the material
allows the currents to pass through. If the electric
currents are transverse to the conductor, and the
magnetic field is perpendicular to the currents, a
voltage difference across the electrical conductor is
generated. This voltage difference is the measure of
the mobility of the charged carriers (free electrons
and holes), current density, or the Lorentz force
effect on the charges in the electric currents. More
so, the mobility of the charged particles depends on
the strength of the magnetic field, therein, the higher
the magnetic field the higher the mobility of the
charged particles, current density and Lorentz force.
Therefore, an increase in the Hall Effects increases
the interaction of the charged particles of the fluid,
leading to an enhanced motion; as seen in Figure 2.
This result aligns with [7] and [8]. Similarly, the
fluctuation in cross velocity/velocity along the z-
axis may be due to some other factors.

The effects of the Raleigh number on the flow
are seen in Figure 4, Figure 5 and Figure 6. They
show that an increase in the Raleigh number
increases the main velocity, and mass
volume/concentration, but decreases the
temperature. Raleigh number is the product of
thermal convection (Grashof number) and Prandtl
number. It is associated with buoyancy driven-flow.
When the walls of the plates are heated to a high-
temperature regime, heat radiation or rays are
released into the fluid. The depth of the penetration
of the rays into the fluid depends on the fluid optical
depth. The penetrated thermal rays in the fluid
interact/energize its particles into wider space; thus
accounting for what is seen in Figure 4. More so,
energy is never lost but converted from one form to
the other; the radiant rays/energy may be converted
into light and refracted from the fluid. This may
account for the drop in the fluid temperature
structure seen in Figure 5. Additionally, when the
thermal rays interact with the fluid particles, the
particles are energized and spread into a wider
space. In open systems, the fluid mass content
escapes, thus leading to a loss or decrease in
concentration; as seen in Figure 6.
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f(n) against n for R,=0.5,1.0,2.5,4.0,5.5,7.0
f(n)

0
Ra=051025405570

o® -

L L n
-10 -05 05 10

Fig. 4: Main Velocity-Raleigh Number Profiles

O(n) against n for R,=0.5,1.0,2.5,4.0,5.5,7.0
O(n)

10

08 -
Ra=05,10, 25, 40,55, 70
06 -

-10 -05 05 10

Fig. 5: Temperature-Raleigh Number Profiles

®(n) against n for R,=0.5,1.0,2.5,4.0,5.5,7.0
()

10

08
Ra =05, 10, 25, 40, 55, 70
06 -

L L _
-10 05 05 10

Fig. 6: Concentration-Raleigh Number Profiles

f(n) against n for 6=0.5,1.0,2.5,4.0,5.5,7.0
()

6=05102540557.0

n

Fig. 7: Main Velocity-Chemical Reaction Rate
Profiles

©(n) against n for 6=0.5,1.0,25,4.0,5.5,7.0
o(n)

10

08 -

6=051025405570
06 -

L g
-10 -05 05 10

Fig. 8: Temperature-Chemical Reaction Rate

Profiles
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®(n) against n for 6=0.5,1.0,2.5,4.0,55,7.0
®(n)

10

08
6=051025405570
06

Fig. 9: Concentration-Chemical Reaction Rate
Profiles

The effects of the rate of chemical reaction on
the flow are seen in Figure 7, Figure 8, Figure 9 and
Table 2 (Appendix). Figure 7, Figure 8, Figure 9
show that an increase in the rate of chemical
reaction parameter increases the main velocity and
temperature but decreases the mass volume. Also,
Table 2 (Appendix) depicts that an increase in the
chemical reaction rate parameter increases the shear
stress near the induced and terminal plate wall; has
no effect on the heat transfer rate at the induced
plate but increases that at the terminal plate;
increases the mass transfer rate at the induced plate
but decreases that at the terminal plate. In a
chemical reaction, the particles of the reacting
materials interact. Their level of interaction amidst
others depends on the nature and concentration of
the reactants. The rate of interaction of the particles
determines the velocity of the particles. This may
account for the trends in Figure 7. Furthermore,
energy is needed to form the new products in a
chemical reaction. During a chemical reaction, heat
is either absorbed (endothermic) or given out
(exothermic). In the endothermic case, heat is
absorbed. The effect of heat absorption tends to
reduce the heat content of the reacting fluid
particles. Similarly, in an exothermic reaction, heat
is generated and released, possibly into the
atmosphere. The released heat provides the energy
for the bonding or formation of new products, and
the heat energy released dampens the heat levels of
the reacting particles. This accounts for what is seen
in Figure 8. Additionally, in a chemical reaction, the
content of any substance is used up to form new
products. The rate at which new products are formed
is a function of the rate of a chemical reaction. As
the rate of the chemical reaction increases, new
products are formed and the concentration of the
reacting  fluids/substances decreases, thus
accounting for what is seen in the fluid
concentration profiles, Figure 9.

The effects of the Hartmann number on the flow
are seen in Figure 10 and Figure 11. They depict
that an increase in the Hartmann number decreases
the main velocity but increases the cross-velocity. In
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chemically reacting fluid, the fluid is either acidic or
alkaline at different levels of strength. Upon this,
their particles exist as charges or ions such that they
conduct electricity. In the presence of a transverse
magnetic field, they generate electric currents. The
currents interact with a transverse magnetic field to
generate a mechanical force (Lorentz force, a
resisting force leading to friction on the fluid
layers), which has the potency to freeze up fluid
velocity. This accounts for profiles in Figure 10.
Based on the known effect of Lorentz force on fluid
velocity, the increase in the cross velocity may be
due to some other factors.

The effects of the Prandtl number on the flow
are seen in Figure 12, Figure 13 and Figure 14. They
show that an increase in the Prandtl number
increases the main velocity; decreases the
temperature, and increases the mass volume.

f(n) against n for M=0.5,1.0,2.5,4.0,5.5,7.0
f(n)

M=05102540557.0

04

n

Fig. 10: Terminal Velocity-Hartmann Number
Profiles

g(n) against n for M=0.5,1.0,2.5,4.0,5.5,7.0
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Fig. 11: Cross velocity-Hartmann Number Profiles

f(n) against n for P,=0.5,1.0,2.5,4.0,5.5,7.0
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Fig. 12: Main Velocity-Prandtl Number Profiles

Volume 19, 2024



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2024.19.14
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Fig. 13: Temperature-Prandtl Number Profiles

®(n) against n for P,=0.5,1.0,2.5,4.0,5.5,7.0
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Fig. 14: Concentration-Prandtl Number Profiles

The Prandtl number of a fluid portrays the
interaction relationship between material kinematic
viscosity/momentum diffusivity and its thermal
diffusivity. Its magnitude depends reciprocally on
the interacting factors. Heat diffuses faster in a
medium when its Prandtl number is small

(Pr<<1'0 ). Prandtl number value rises when the
thermal conductivity of the material/medium is
smaller than its kinematic viscosity, and vice versa.
By implication, an increase in the Prandtl number
value shows that the material
conductivity/diffusivity =~ coefficient is  small
compared to the kinematic viscosity. As the grip on
fluid particles is viscosity-based, higher kinematic
viscosity/momentum diffusivity would mean higher
interaction and, hence higher velocity. This accounts
for what is seen in Figure 12. Similarly, the
temperature of a system increases when there is a
heat transfer from a source to the system through
diffusion, and heat diffusion is a function of the
thermal diffusivity coefficient. For the smallness of
the thermal diffusivity coefficient the temperature is
bound to decrease; thus accounting for the structure
in Figure 13. Additionally, increasing Prandtl

number values implies that the momentum
diffusivity is higher, with higher momentum
diffusivity the velocity increases. Upon this,

concentration, being a function of velocity is bound
to increase. This accounts for what is seen in Figure
14.
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f(n) against n for s,=0.5,1.0,2.5,4.0,5.5,7.0
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Fig. 15: Main Velocity-Schmidt Number Profiles.
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Fig. 16: Temperature-Schmidt Number Profiiles
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Fig. 17: Concentration-Schmidt Number Profiles

The effects of the Schmidt number are given in
Figure 15, Figure 16 and Figure 17. They show that
an increase in the Schmidt number increases the
main velocity and temperature but decreases the
concentration. Schmidt number arises from the
interaction relationship between material kinematic
viscosity/momentum diffusivity and its solutal
diffusivity. Its magnitude is reciprocally dependent
on the interacting factors. Mass diffuses faster in a
medium when its Schmidt number is small

( $<<1.0 ). Schmidt number value rises when the
mass diffusivity of the material/medium is smaller
than its kinematic viscosity, and vice versa. By
implication, an increase in the Schmidt number
value depicts that the material diffusivity coefficient
is small compared to the kinematic viscosity. As the
grip on fluid particles is viscosity-based, higher
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kinematic viscosity/momentum diffusivity would
mean higher interaction and, hence higher velocity.
This accounts for what is seen in Figure 15.
Additionally, increasing Schmidt number values
implies that the momentum diffusivity is higher;
hence the velocity is bound to increase. Upon this,
temperature, as a function of velocity is bound to
increase. This accounts for what is seen in Figure
16. Furthermore, the concentration of a system
increases when there is a mass transfer from a
source to the system by diffusion, which is a
function of the solutal diffusivity coefficient of the
fluid. For the smallness of the solutal diffusivity
coefficient the concentration is bound to decrease;
thus accounting for the structure in Figure 17.

f(n) against n for Re=1,5.0,10,15,20,25
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Re=1510152025

L L P
-10 -05 05 10 !

Fig. 18: Main Velocity-Reynolds Number Profiles
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Fig. 19: Temperature-Reynolds Number Profiles
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Fig. 20: Concentration-Reynolds Number Profiles

The effects of the Reynolds number on the flow
are seen in Figure 18, Figure 19 and Figure 20. They
show that an increase in Reynolds number increases
the main velocity near the induced plate and a little
bit towards the terminal plate, it develops a twist,
then decreases; decreases the temperature and
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concentration. Reynolds number is known to
enhance motion. Hence, the main velocity structure
near the induced plate in Figure 18 aligns with this.
Similarly, the decrease in velocity near the terminal
plate, as in Figure 18 may be caused by some other
factors. Furthermore, velocity, which is enhanced by
the Reynolds number, is a function of
energy/temperature and concentration. And as a
function of velocity, the temperature and
concentration are bound to increase. Therefore, the
drop in the fluid temperature and concentration may
be due to other factors.

g(n) against n for A=0.1,0.3,0.5,0.7,0.9,1.1
9(n)

0oL -
A=010305070911

n
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21: Main Velocity-Mixed Convection

Parameter Profiles

Fig.

f(n) against n for A=0.1,0.3,0.5,0.7,0.9,1.1
f(n)
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Fig. 22: Cross Velocity-Mixed Convection
Parameter Profiles

The effects of the Mixed Convection parameter
on the flow are seen in Figure 21 and Figure 22.
They show that an increase in the Mixed Convection
parameter decreases both the main and cross
velocities. The mixed convection parameter arising
from the interaction of the convective current
resulting from the temperature differential between
the external or temperature at the wall and the fluid
ambient temperature compared with the momentum
diffusivity (Reynolds number) has the potency for
enhancing flow velocity due to its component
factors. Therefore, the decrease in the velocities may
be due to some other factors.
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4 Conclusion

MHD thermally radiating flow through two parallel
vertical channel plate channels in the presence of
chemical reaction, Hall, Joule, and cross-diffusion
effects is investigated. The analysis of the results
shows that an increase in

Hall Effects increase the main velocity, and
wall shear stress on both plates; cause some
fluctuations in the cross velocity, and have no
effects on the rate of heat and mass transfer
Rayleigh number increases the main velocity
and temperature but decreases the
concentration.

Chemical Reaction Rate increases the main
velocity, temperature, rate of heat transfer
from the terminal plate, the rate of mass
transfer from the induced plate, and wall shear
stress on both the induced and terminal plates;
decreases the concentration, and the mass
transfer rate from the terminal plate.

Hartmann number increases the cross velocity
but decreases the main velocity

Prandtl number increases the main

velocity and concentration but
decreases the temperature

Schmidt number increases the main velocity
and temperature but decreases the
concentration

Reynolds number increases the main velocity
near the induced plate and a little bit towards
the terminal plate, it develops a twist, then
decreases; decreases the temperature and
concentration.

The mixed convection parameter decreases
both main and cross velocities

Some of these results are benchmarked with those in
the existing literature and are in good agreement.
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APPENDIX
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Eqn. (A.3)

On)=H(1+)+ (17 0)- 500)
1 1
+7 (v O) T+ 15 0T

1
+p2[—(12v3v8+5(6v7+55))

1

2
+oo (- 602~ 60y, 5+78%)n

Eqn. (A.4)

Volume 19, 2024



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2024.19.14 Okuyade Ighoroje W. A., Irhiakuma Chris T.

Table 1. Hall Effects-Nusselt Number, Sherwood Number and Skin Friction Relation

M f'(=1) —@'(-1) —®'(-1) fr(+1) —@'(+]) —D'(+1)

0.5 0.050691 -0.864643 -0.409089 0.050691 -0.864643 -0.622153
1.0 0.050871 -0.864643 -0.409089 0.050871 -0.864643 -0.622153
2.5 0.050417 -0.864643 -0.409089 0.051417 -0.864643 -0.622153
4.0 0.050665 -0.864643 -0.409089 0.051683 -0.864643 -0.622153
5.5 0.051801 -0.864643 -0.409089 0.051801 -0.864643 -0.622153
7.0 0.051861 -0.864643 -0.409089 0.051861 -0.864643 -0.622153

Table 2. Chemical Reaction Rate-Nusselt Number, Sherwood Number, and Skin Friction Relation

5 f'(-1) —0'(-1) —@'(~1) f'(+1) —@'(+1) —@'(+1)

0.5 0.051531 -0.864643 -0.409089 0.051531 -0.864643 -0.622153
1.0 0.051575 -0.864643 -0.396689 0.051576 -0.863460 -0.654153
2.5 0.051708 -0.864643 -0.364156 0.051709 -0.859910 -0.744820
4.0 0.051842 -0.864643 -0.338623 0.051842 -0.856360 -0.827487
5.5 0.051975 -0.864643 -0.320089 0.051976 -0.852810 -0.902153
7.0 0.052108 -0.864643 -0.308556 0.052109 -0.849260 -0.968820
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