:' frontiers ‘ Frontiers in Energy Research

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Adnan,
Mohi-ud-Din Islamic University, Pakistan

REVIEWED BY
Syed Zulfigar Ali Zaidi,

COMSATS IT Center, COMSATS University
Islamabad, Abbottabad Campus
Abbottabad, Pakistan

Zubair Ahmad,

University of Campania “Luigi Vanvitelli”,
Italy

*CORRESPONDENCE
Mustafa Inc,
mustafainc1071@gmail.com

SPECIALTY SECTION
This article was submitted to Process and
Energy Systems Engineering,

a section of the journal Frontiers in Energy
Research

RECEIVED 07 June 2022
ACCEPTED 08 July 2022
PUBLISHED 25 August 2022

CITATION

Yao SW, Ahmad M, Inc M, Ahmad |, Asjad Ml
and Nazar M (2022), Suction effect on MHD
flow of Brinkman-type fluid with heat
absorption and first-order chemical
reaction.

Front. Energy Res. 10:963583.

doi: 10.3389/fenrg.2022.963583

COPYRIGHT

© 2022 Yao, Ahmad, Inc, Ahmad, Asjad and
Nazar. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research

TypE Original Research
PUBLISHED 25 August 2022
pol 10.3389/fenrg.2022.963583

Suction effect on MHD flow of
Brinkman-type fluid with heat
absorption and first-order
chemical reaction

Shao-Wen Yao!, Mushtaq Ahmad?, Mustafa Inc®**,
Ikhlag Ahmad?, Muhammad Imran Asjad> and
Mudassar Nazar?®

!School of Mathematics and Information Science, Henan Polytechnic University, Jiaozuo, China,
2Centre for Advanced Studies in Pure and Applied Mathematics, Bahauddin Zakariya University,
Multan, Pakistan, *Department of Computer Engineering, Biruni University, Istanbul, Turkey,
“Department of Medical Research, China Medical University Taichung, Taichung, Taiwan,
*Department of Mathematics, University of Management and Technology Lahore, Lahore, Pakistan,
®School of Mathematical Sciences, University of Science and Technology of China, Hefei, China

Suction/injection is a mechanical effect and used to control the energy losses
in the boundary layer region by reducing the drag on the surface. In this
study, unsteady MHD flow of Brinkman-type fluid with suction/injection, heat
absorption, and chemical reaction is investigated and an analytical solution
is established. The corresponding results for temperature, concentration, and
velocity fields are obtained with the help of the Laplace transformation method
analytically. The physical effects of thermal and mass Grashoff number, Prandtl
number, Schmidt number, heat absorption parameter, first-order chemical
reaction parameter, suction/injection, Brinkman parameter, and magnetic
parameter have been discussed graphically. Finally, it is observed that in the
presence of suction effect, fluid's velocity decreases gradually by increasing
the value of suction parameter while show an increasing trend for the
increasing value of the injection parameter.

KEYWORDS
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Introduction

In nature, the convectional flow of fluids is not only induced by the temperature
gradient but it is also generated due to the non-homogeneous concentration field. In
several industrial and biological processes, the heat and mass transfer take place in
chorus as a result of pooled buoyancy forces. In the presence of magnetic fields, such
natural flows induced unevenness of thermal and species balances which are of great
importance and have several applications in polymer industries and biological sciences.
Matin et al. (2012) discussed the mixed convectional flow of nanofluid past an extended
surface under the influence of the fluctuating magnetic field. Khan et al. (2018) analyzed
the MHD flow of viscous fluid enclosed in an open channel. Unsteady free convective
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viscous fluid under a uniform magnetic field through porous
media has been examined by Patel etal. (2015). Paul (2017)
discussed the MHD free convection flow and presented the
physical significance of magnetic force on fluid motion.
Umavathi et al. (2018) also took into account the subjectivity
of Lorentz forces on the electrically conducting fluid flow
through a couple of parallel porous plates. Alietal. (2013)
investigated analytically the double convectional flow with
heat and mass transport in the presence of Lorentz forces.
Ahmedetal. (2017) extended his work for an L-shaped
porous medium and discussed the flow of fluid induced by
temperature and concentration gradients. Babu etal. (2017)
considered natural convected viscous fluid flow over an extended
permeable flat surface in the presence of magnetic field of
constant magnitude. Some studies regarding heat and mass
transfer are found in Ahmad et al. (2019); Ahmed et al. (2019);
Adnan et al. (2020); Ahmad et al. (2020); Khan et al. (2020);
Yu-Ming Chu et al. (2020).

The suction/injection effect is significant in the boundary
flow and is applied to minimize the energy losses due to
the surface drag. This effect is also applied to construct the
biological and mechanical suction devices. Bose et al. (2016)
analyzed the suction/injection for MHD convective flow
of fluid over a swinging role of the permeable plate.
Modather et al. (2009) discussed MHD flow over an oscillatory
surface of micropolar fluid. Jha et al. (2017) compared
the numerical and analytical solutions by considering the
effect of suction/injection. Ravindran (2013) examined slot
suction/injection for convectional flow and established
numerical results for the conic domain. Aman (2017) established
the results for the flow past an extended porous flat plate
by imposing suction/injection on the boundary. Jha et al
(2015), Jha et al. (2018) presented the analytical solutions of
natural convected flow with and without thermal radiation
effects in vertical microchannel accompanied with a magnetic
force by applying the suction/injection effect in the boundary
layer region. Zeeshan etal. (2018) discussed the fluid motion
generated by unbalanced temperature and mass distribution and
blustered the effective role of uniform suction on fluid flow in the
region of the boundary layer. Also, several other results regarding
suction/injection boundary flows for transport phenomenon are
found in Das (2010); Rajesh etal. (2010); Baoku et al. (2013);
Ghosh et al. (2014); Akinshilo et al. (2017); Faladea et al. (2017).

The research work cited earlier regarding suction/injection is
performed by numerical techniques. There is no exact result for
velocity subjected to suction/injection and our main aim of the
present research was to fill this gap. In this study, an unsteady
free convectional flow of chemically reacting Brinkman-type
fluid by imposing suction/injection on the boundary is shown.
The Laplace transformation technique is applied to obtain
the analytical expressions for temperature, concentration, and
velocity. The role of suction/injection in the flow domain is also
explained with other physical parameters graphically.
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Formulation of problem

Suppose Brinkman fluid is lying at rest over an infinite plate
placed in the xz— plane in such a way that the y-axis is taken
along the outward normal to the plane of plate. In the beginning,
time fluid with plate is in static equilibrium and physical state
is described by temperature T, and concentration C,, as shown
in Figure 1. After the time ¢> 0, plate is supposed to move
with velocity Uyf(t). Where f(t) satisfied f{0)=0. A constant
temperature T, is maintained with the concentration level near
the plate. The flow is directed in the z-direction and the velocity
gradient exists in the direction of the y-axis so velocity is as
V= \7(0,0, w) = w(y, t)k, where the unit vector k is pointed in the
direction of velocity. A suctional velocity orthogonal to the plane
of plate may be written as v = —v,. The momentum, energy, and
mass balance equations which govern the flow may be taken in
the following form (Modather et al., 2009; Bose et al., 2016):

P w(yt

w1 S w0 +pw(y,t) = VT) +8hr(T(nt) - T..)
Y

ot O oy

ang(y, t)

+gB-(Cnt)-C..) - (1)

M), A0k FTOGO_Q oy 1)
PSy o

ot oy pCp 3y
aC(y,t)  aC(y,H) FC(yt)
i =D > -K(CHn-Co), ()
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Velocity profile

Injection =——
Suction
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1T

FIGURE 1
Flow geometry.
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where p is the density, v, is the constant suction velocity, f3 is
the Brinkman parameter, w is the velocity of fluid, ¢ is time,
T is the fluid temperature, T,

\» is thermal state at wall, T, is

temperature at infinity, k denotes thermal conduction, 8 and 3

denote the constant of volumetric expansion, Cp is specific heat at

perseverance, force (pressure), Q > 0 is heat absorption, K, is the

chemical reaction parameter, B, is the constant magnetic field,

and D is mass diffusion.

The adequate conditions at boundary for field variables are:

w(,0)=0, T(y0)="T.,C(),0)=C,,
w(0,8) = Ugf (D), T(0,8) = T, C(0,6) = C,.
w(eo,) =0, T(eo,) = T, Con,t) = C.,. @

By inserting the following relations in Eqs 1-4:

L W)y . Ut | T-T.,
= s — =T = )
v Uy T,-T,
o CCo g1, -T)v
= ,Gr = >
C,-C. U
C,—-C_)v C
Gm = ‘M)pr: Q,Sc: Y,
u; k D
oByv Qv Ky Vo
= — = A= ,§= —
v e T,
vB
=—, (5)
/30 UO

0
we obtained the following equations:

ow(y, 1) _Saw(y, t) . vBw (y,1) _ azw(y, t)

T >
ot dy wy 9y* +GrTo.0

+GmC(y,t) - Mw(y,1), (6)

oT(y)  dT(y1) 1 &*T
- = - T b))

a0 oy T brgy 2T @
dC(y:1)  dC(n1) 1 9*C

T R ®

w(y,0) =0, T(y,0)=0, C(y,0)=0,
w(0,t) =h(t), T(0,t)=1, C(0,t)=1,

w(oo,£) =0, T(o0,t) =0, C(o0,£) = 0. 9)

Solution of problem

Calculation of temperature

Eq.7 with Laplace transform and condition (9),, is
transformed to ordinary differential equations in T
PT(g) o oT

—S+ Prsa—y —Pr(q+Qy) T(y,q) =0.

10
% (10)
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Eq. 10 satisfies

T(0,q) = é and T(c0,g) = 0. (11)

The solution of Eq. 10 subjected to condition (11) is as
follows:

_ 2
T(y»q>=$exp<—y<%+ (%) Pr(q+Qo)>>- (12)

In a suitable form:

T(y.q) =€ lexp (—y\/ﬁ\lq + dl) .
q

(13)

_ ( Prs _ Prs?
where ¢, = (7) and d; = =+ Q.
Eq. 13 is re-transformed in the t-domain by inversion of
Laplace transform with composite formula as:

—ya P
T(y,t) :eT [exp(—yPr\/d_l) X erfc(y—\/rE - \/d—1t> +

2

P
exp(—yPr\/d_l) erfc(i—\/r_t + d1t>] .

(14)

Calculation of concentration

In a similar manner as adopted in the case of the temperature
field, Eq. 8 with respective boundary conditions from Eq. 9 can
be solved for the concentration field as follows:

_ 1 Scs Scs )2
C( ,q):aexp<—y<7+ (7) +Sc(q+)t))>. (15)

In a suitable form:

C(y,q):e’y‘zlexp(—y@\/q+d2>, (16)
q
where ¢, = (%), d, = SCTSZ +A.
Eq. 16 is re-transformed as:
e ¥Sc
C(y,t) = [ex (— Sc d)erfc(—— dt)
Jy 5 p{—r \/_2 i \ %2
S
+exp(—ySC\/d—2) erfc<% + \/d2t>] . (17)
2Vt

frontiersin.org


https://doi.org/10.3389/fenrg.2022.963583
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Yao et al.

10.3389/fenrg.2022.963583

A=15.M=15.6,=055=15.

FIGURE 2
Velocity due to Gr for small time (A) and for large time (B).

Gm =10.Pr=0.5.S¢=0.3.0, =1.2.

Gm=10.Pr=05.5¢=0.3.0, =1.2.
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0.3r

FIGURE 3
Velocity due to Gm for Small time (A) and for large time (B).

o

Gr=10,Pr=0.5.Sc=0.3,0, =1.2.
A=15.M=15=055=15.

uy,t)

Velocity

Imposing Laplace transform to Eq.6, we obtain the
following transformed ordinary differential equation:

2 - -
a:_)(z,q) sawg—)y”q) = (q+M+B,)w(y.q) = -GrT(y,q) - GmC(y,q).
(18)
Eq. 18 is in hold for following specification:
w(0,q)=f(q)  w(q)=0. (19)

Eq. 18 with condition (19) can be solved and after
performing lengthy calculation, its solution takes the following
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form:

w(.q) =]‘(q)eXP(—y(a+ \/qu)>
oon(o{er 7)o )|
[(cl+\/_r\/q+_d) —s<c1+\/_\/q+_d) (q+M+B,) ]
Snlonofe ) - )|
[(czﬂ/_cm) -s<cz+ﬁ\/ﬁ) (q+M+[30]

. (20)

wherea= > and b=a’ + M+ .
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FIGURE 4
Velocity due to Pr for small time (A) and for large time (B).
A s : : : . B ; ; ; ; ;
Gr=10,Gm =10,Pr=0.5,0, =0.8, Gr=10.Gm=10.Pr = 0.5,0, =08,
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i
3k
H H
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0
¥ y
FIGURE 5
Velocity due to Sc for small time (A) and for large time (B).
In a suitable form: Consider the following equations:
#(9) = (@ exp -y \a+b) Fi ) =exp(-fa+b). (22)
Gr
<c1+V q+d> —s<c1+\/Pr q+d1)—(q+M+ﬁ0)] F,(»,q) = —exp( -y q+b), (23)
q

x[e y“—exp -y q+b)—e 7”1aexp(—y\/_\/m)]
F;(7,9) = %exp(-y*/ﬁ\/m), (24)
[(c2+\/_C\/E) —5(C2+\/_C\/E) q+M+/30)]
X[e -yal exp q+b) e V2 exp< y\/_\/mﬂ (21) F4(y,q):éexp<—y\/§\/ﬁ), (25)
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and
A (g =
[(cl + \/_\/q+d1) —s(cl + \/_\ q+d, ) (q+M+py) ]
(26)
Ay(q) =
[(c2+ \/_\qurdz) 7s<cz+ \/_\qurdz) (g+M+py) ]
(27)
Eqs 26, 27 can be written in a suitable form as follows:
1 (ry +my) (r1+m2) 1y (dy +my)
M@= @D | Gom)  Gom)

T o T g dy (q-my)
_nld+my) (d, +m,) (28)
q+d,(q-m,)

A, () = (r3+m3) (r3+my) T (dy +m3)
2 —

(s =my) (Sc—l (g=rms)  (q=m) Vq+d2(q—m3)
_n(dy+my) (dy +my) (29)
q+d,(q—my)

where
_ G+Prd+s¢,-M—, _ VPr(2¢;+s) _ G+Scdy+sc,-M—p,
1— Pr-1 > 27 pr1 37 Sc—1 >
_ VSc@eyts)
47 T
~(2r-R) £ (2 - BV -4 (R - 2d)
(mpmz) = > >
and
—(2n-R) £ (2n - AV - 4(3-rdy)
(m3,my) = 5 .
Inverting the Laplace transform in Eqs 22-25 and Eqs 28,
29.
1 y- 2Vbt
F,(y,t) == | exp( - Vb)erfc
0= 4o 2
y+ 2Vbt
+exp (yVb ) erfc , (30)
()55
1 y
F,(y,t) = = [exp Vb erfc(—— \/b_t>
2 2 ( 4 ) W
y
+exp(— Vo erfc(——\/af)], (31)
( g ) 2Vt
T
F,(y,t) = = | ex ( Prd )erfc< —d t)
3\ |: P 1 i \/—1
VPr

+exp (—y Prdl) erfc <y \/_r + \/d—lt)] , o (32)

2Vt
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VSc
Fy(y,t) = % [exp(—y Scdz)erfc<y2\/; —\dyt

Vsc
+exp(—y Scdz)erfc<y Ch
2Vt

and
Al (t) = m |:(71 + ml)emlt_ (Tl + mz)emzt
)
mt
ry (dy+ my)r (dy +my) e—erf<\/(d1 N ml)t) ,
\d, +m,
(34)
_ 1 mst myt
A, () = —(Sc— D) [(r3+m3)e (ry+my)e

—ry(dy + my) 1y (dy + my) \/Lerf( \(d, +mj) t)

d, +mjy
(35)

After inverting Laplace transform in Eq.21 and using
Eqs 30-35, finally we obtained the velocity in the t-domain.

w(y,t) =exp( ya)J f(t—=1)F, (1) dr
+ GrJOA1 (t— 1) [exp(—ya) F, (1) — exp (=yc,) F; (1)] dt

t
+ ijoA2 (t—1)[exp (—ya) F, (1) — exp (—yc,) F, ()] dr.
(36)

Some specifications on arbitrary function
f(t)

The velocity w(y,t), given by Eq. 36, mainly contains two
terms: the first term is the mechanical contribution due to the
motion of plate with an arbitrary velocity while the other part of
the solution is the result of heat and mass transfer. Therefore, the
mechanical part is given as follows:

t
w,, (3, 1) = exp (—ya) ,[of(t_T)Fl (1) dr. (37)
Case-I [f(1) = t"].
By introducing the f(t) = t* in Eq. 37 when plate is moving
with a variable velocity.

w,, 1) = exp (—ya) J;(t -17)F, (1)dr (38)
Case-II [f(t) = sin(w?)].
i 0s) = exp () [ sin(wie-m)F (Ddr. (39)
06 frontiersin.org
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FIGURE 7
Velocity due to A for small time (A) and for large time (B).
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FIGURE 6
Velocity due to Qg for small time (A) and for large time (B).
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1

2
x 2
o]
E

05

Numerical discussion and results

In this section, the impact of suction/injection and the other
physical parameters in the flow domain are explained graphically.
The effect of Gr for small and large times is elaborated in
Figures 2A,B. Increasing values of Gr refer to stronger buoyancy
forces which generate more convectional effects, therefore;
velocity profiles exhibit an increasing trend due to an increasing
Gr in both figures drawn for small and large times and fluid
velocity is higher for large time than that for the small time.

Frontiers in Energy Research
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Figures 3A,B depicts the influence of mass Grashoff number Gm
on velocity profiles. Figures outlined revealed that fluid velocity
speeds up under the successive increment in the values of Gm.
The greater values of Gm mean that there are large bouncy forces
due to the concentration gradient which generate more fluid
motion.

The effect of Pris discussed in Figures 4A,B. From the
figures it is shown that there is a decreasing trend in velocity
profiles for Pr. For larger values of Pr, the viscous forces dominate
the inertial forces and create more internal friction in the fluid

frontiersin.org
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FIGURE 8
Velocity due to M for small time (A) and for large time (B).
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FIGURE 9
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Velocity profile due to fy variation for small time (A) and for large time (B).

43 6

“ o owl

flow and consequently fluid slows down. Figures 5A,B present
the effect of Sc on fluid velocity. As shown in both figures, velocity
slows down for enhancing values of Sc but fluid velocity is higher
for large time than that for the small time. In Figures 6A,B,
the effect of heat absorption parameter Q, on fluid velocity is
depicted. The figure graphic shows that the increase in Q, slows
down the fluid motion. Whenever large numeric values are given
to Qy, the fluid temperature is lowered down and consequently
the fluid velocity decreases. However, for the large time; the fluid
velocity remains higher than that for the small time. The effects

Frontiers in Energy Research
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of chemical reaction parameter A are shown in Figures 7A,B. The
fluid velocity behaves against A in similar a manner as due to Q.

The subjectivity of fluid velocity under magnetic force is
outlined in Figures 8A,B and fluid is retarded with the magnetic
parameter. The physical significance of this effect is that the
stronger magnetic field opposes the force to fluid velocity,
therefore; the fluid motion slows down. The influence of the
Brinkman parameter is shown in Figures 9A,B. It is clear that
velocity profiles lower down with an enhancing f3, for small and
large times. f3, is the material constant and its higher value refers
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FIGURE 10
Velocity profile due to suction (s > 0) (A) and injection (s < 0) (B).
A 1 T T T B 1 T T T
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» 05 1 & o3t 4+ Q=20 B
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y ¥
FIGURE 11
Temperature profiles for Pr (A) and Q (B) variations.

to more thick fluid. Therefore, the higher value of 3, means that
there is more dragging force to fluid flow, so consequently fluid
velocity slows down.

The suction/injection effects on fluid velocity are presented in
Figures 10A,B. The s > 0 refers to suction while s < 0 indicates
the injection and s = 0 means no suction/injection in the flow
domain. Figure 10A shows the effect of parameter s and it is
observed that the fluid velocity decreases with the increasing
values of suction parameter (s>0). Figure 10B shows the
variation in velocity of fluid with respect to injection and from
this figure, it is clear that the fluid speeds up with injection
(s <0). In Figures 11A,B, the temperature profile is plotted for
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the variation of Prand Q, respectively. From the figures it is
observed that temperature profiles lower down for the increasing
value of Pr and Q.

Conclusion

The mathematical model of unsteady natural flow of MHD
Brinkman-type fluid with suction/injection, heat absorption, and
chemical reaction of first-order is considered. The corresponding
solutions of temperature, concentration, and velocity fields
are established. The physical effects of parameters are seen
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graphically. Moreover, it is clear that in the presence of suction
at the boundary the flow slows down while for the injection
effect flow speeds up. The key outcomes of the study are listed
as follows:

e The s > 0 refers to the suction and hence an increasing value
of s slowdowns the fluid flow.

e The s< 0 refers to the injection and by increasing the
numeric value of (-s), it speedups the fluid flow.

o The fluid velocity increases for Gr, Gm, time, t, and injection
parameter (-s).

o The fluid velocity decreases for M, f, t, Q, A, and suction
parameter (s).
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