[MbP1|

. mathematics

Article

check for

updates
Citation: Jan, W.U.; Farooq, M.; Shah,
R.A.; Khan, A.; Zobaer, M.S.; Jan, R.
Flow Dynamics of the Homogeneous
and Heterogeneous Reactions with an
Internal Heat Generation and
[Thermal Radiation between Two
Squeezing Plates. Mathematics 2021, 9,
2309. https://doi.org/10.3390/
Imath9182309

JAcademic Editors: Marko Jesenik and
Mladen Trlep

Received: 9 June 2021
|Accepted: 13 September 2021
Published: 18 September 2021

[Publisher’s Note: MDPI stays neutral
ith regard to jurisdictional claims in
lpublished maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
[This article is an open access article
distributed under the terms and
conditions of the Creative Commons
JAttribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Flow Dynamics of the Homogeneous and Heterogeneous
Reactions with an Internal Heat Generation and Thermal
Radiation between Two Squeezing Plates

Wajid Ullah Jan !, Muhammad Farooq (7, Rehan Ali Shah 2, Aamir Khan 3, M S Zobaer #* and Rashid Jan 5*

1 Department of Mathematics, Abdul Wali Khan University Mardan, Mardan 23200, Pakistan;
wajidullah@awkum.edu.pk (W.U.J.); muhammadfarooq@awkum.edu.pk (M.F.)

Department of Basic Sciences and Islamiat, University of Engineering and Technology Peshawar,
Peshawar 25120, Pakistan; rehanshah@uetpeshawar.edu.pk

Department of Pure and Applied Mathematics, The University of Haripur, Haripur 22620, Pakistan;
aamir.khan@uoh.edu.pk

4 McGovern Medical School, The University of Texas Health Science Center, Houston, TX 77030, USA
Department of Mathematics, University of Swabi, Swabi 23561, Pakistan

*  Correspondence: m.s.zobaer@uth.tmc.edu (M.S.Z.); rashid_ash2000@yahoo.com (R.].)

Abstract: This paper explores the time dependent squeezing flow of a viscous fluid between paralle]
plates with internal heat generation and homogeneous/heterogeneous reactions. The motive of the|
present effort is to upgrade the heat transformation rate for engineering and industrial purpose with|
the rate of chemical reaction. For this purpose the equations for the conservation of mass, momentum
energy and homogeneous/heterogeneous reactions are transformed to a system of coupled equations
using the similarity transformation. According to HAM, with the proper starting assumptions and
other factors, a similarity solution may be found. On the way to verifying the validity and correctness
of HAM findings, we compare the HAM solution with numerical solver programme BVP4c to see
whether it matches up. The results of a parametric inquiry are summarized and presented with the|
use of graphs.

Keywords: computational study; fluid model; homogeneous and heterogeneous reactions; viscous
fluid; thermal reduction; mathematical analysis

1. Introduction

It is easy to modify and regulate the convergence area of an infinite series solution|
using homotopy analysis by introducing an additional parameter. Tests are conducted on a
few test cases to verify the method’s validity, efficiency and applicability. As a consequence
of the results, the to be highly efficient, clear, and simple. HAM has several advantages
over many traditional analytical methods. It is a series expansion method that does not
straightforwardly rely upon small or large physical parameters. Accordingly, it is pertinent
for weakly as well as powerfully nonlinear issues. It gives fantastic adaptability to the
declaration of the solution and how the solution is specifically gotten, and gives incredible
opportunity in picking the base elements of the ideal solution the corresponding auxil;
iary auxiliary linear operator of homotopy. HAM provides a simple way to ensure the
convergence of the solution series and is able to combine with other techniques employed
in nonlinear differential equations such as spectral methods, PadA© approximates, and|
so on. Squeezing flow of the viscous fluid between parallel plates is one of the mos]
important type of the flow. The importance of the squeezing flow could be observed inf
many industries such as injection, moulding liquid-metal, lubricated bearings, compres;
sion, squeezed films in power transmission, cooling and heat water. Heterogeneous and|
homogeneous reactions in chemically reactive systems are known. In food processing
ceramics production, and crop loss owing to freezing and wetness over agricultural fields
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and orchards, the interplay between these two reactions have uses. The researchers are
taking great interest because of its vast choices of useful application for the investigation of
the velocity field and heat transfer between squeezing plates. Stefan [1] did the initial work
on the squeezing flow and investigated lubrication system in their research. Stefan opened
a new field of research for the scientists on squeezing flow. In recent years the study of the
squeezing flow has been pushed forward by different researchers. Ran [2] investigated|
the quasi-steady axisymmetric Newtonian fluid squeezed between two parallel plates and|
found an analytical solution by homotopy analysis method (HAM). Mustafa [3] studied
an unsteady viscous and squeezing flow between squeezing plates with heat and mass
transfer. Sheikholislami [4] studied a nanofluid of a squeezed duct by neural network. He
investigated this problem for the effect of growth ratio, nanopartical absorption, power
law indexed and Reynolds number.

Hayat [5] explored the effects of the chemical reaction and convective conditions on|
squeezing flow and mostly awareness has been focused on the coverlet flow. Ahmad [6]
has recently examined the impact on the transportation features of the squeezed fluid on|
velocity, thermal and solvent effects on the transport properties. The fluid velocity near]
both plates decays with larger Darcy number, the flow have obtained more resistance
Hayat [7] showed in a theoretical analysis in a Darcy—Forchheimer-permeable medium|
with thermal radiation in the gripping flow of water-based carbon nanotubes. In another]
paper, Ahmad [8] has proposed to investigate in theoretical terms the combination of]
thermal-radiation effect and chemical reaction in squeezing fluency of the Sutterby fluid in|
the squeezed tube. It was recently studied by Cortell [9] Nonlinear thermal radiation with
the effect of heat transfer on the flow of an extended sheet and increased Prandtl number,
P, lead to thermal boundary layer thickness decrease. Recently Shehzad [10] have been|
addressed the nonlinear thermal effects of Jeffrey nanofluid on the 3D flow and obtained the
increased functions of the radiation parametric quantity of temperature and nanoparticle
absorption. Mustafa [11] study the effect of heat generation/absorption and radiation on|f
the movement of the second-grade nanofluid on a three-dimensional boundary layer and its
transformation into a fluid operating in nanoparticles and the combination of solar incident
radiation. More natural convection of nano-fluids is important for next-generation nuclear
reactor equipment, heat exchangers, solar film collectors, etc. Hayat [12] has investigated a
chemical reaction between homogeneous and heterogeneous reactions with nano-fluid and|
obtained that the strength of the heterogeneous parameter increases the profiles of attention
Ravikiran and Radhakrishnamacharya [13] investigated the effect of homogeneous and
heterogeneous effects on peristaltic flow of the wall through the porous medium has shown|
the effective dispersion coefficient to be increased with Darcy and the slippy parameter
in both homogenates, mixed and homogeneous chemical reactions. Hayat [14] discussed|
Homogeneous and heterogeneous chemical reactions with effects of heat transfer on Carreau
and hall stream flows and showed the similar deeds are experimental on temperature profile
and heat transfer coefficient in submissive wall parameters.

Sheikholeslami [15] discussed a nano-fluid flow between two magnetic field impact
parallel panels of time-dependent and achieved at the surface decreases with increasing
values of the strong points of homogeneous and heterogeneous chemical reaction param
eters. Sheikholeslami [16] studied the effect of radiation on the movement of nanofluids
using a two-stage model and MHD. The recession by the radiation parameter would be the
boundary layer thickness of the temperature. Hayat [17] studied the effects of MHD on the|
bidirectional flow of a homogenous and heterogeneous nanofluid, considering slip velocity
and velocity profiles in the second-order, decreases the functions of the slip velocity and
volume fraction of nanoparticles. It was suggested by Merkin [18], a mathematical pattern|
for homogenous and heterogeneous isothermal reactions with boundary layer flow and
has been shown that the primary production of the surface reaction is dominated only byj
the results of the homogeneous reaction as the flow from the leading surface progresses
Raju [19] discussed the chemical reactions and impacts of radiation on thermophoretiq
MHD fluidity over the associated isothermal surface and numerical observations show
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that the magnetic field surface parameter velocity profiles are more effectively affecting
Toghraie [20] studied the numerical thermal analysis of water’s boiling heat transfer based|
on a turbulent jet impingement on heated surface. The researchers in [21] investigated
the Impact of variable fluid properties on forced convection of Fe304/CNT /water hybrid
nanofluid in a double-pipe mini-channel heat ex-changer.

According to the current survey of the literature review, the earlier researchers have not
tried to examine the study of Homogeneous and Heterogeneous reactions with an internal
heat generation/absorption and thermal radiation between squeezing plates. An analysis is
made on the impact of the homogeneous and heterogeneous chemical reaction on the flow]
between the parallel squeezing plates. In this paper, the effects of various parameters are
discussed on velocity field, heat distribution, homogeneous and heterogeneous reactions
coefficient of skin friction, heat and mass fluxes.

2. Mathematical Formulation

Consider a laminar, axisymmetric, incompressible and viscous fluid between hor;
izontally parallel and squeezing plates. The two plates are separated by a distance
h(t) = Iv/1— at, where [ is the representative length equivalent to the plates separaj
tion at t = 0 as shown in Figure 1. For « > 0, the two plates are squeezed until they touch

att = % and for &« < 0, the two plates are separated. The velocity field is also under the|
By
V1—-at

and lower plates are kept at constant temperature T, and Tj, respectively. An analysis of
heat transfer is made in the presence of internal heat generation/absorption and thermall
radiation. The upper and lower plates are maintained at a constant temperature T, and T;
respectively. The Chaudhary [22] model is adopted for the investigation of homogeneous
and heterogeneous reactions. The homogeneous reaction in cubic autocatalysis looks
like this:

influence of a uniform magnetic field B(t) =

applied in the y — direction. The upper

Al +2A2 — 3A2, 1)

and the rate is K.ab?, whereas on the catalyst surface, heterogeneous reaction is

Al — A2, )
Upper Plate i
(P R N P e |
y-Qxis 4 h(t) = W1 —at
Lower Plate ——» x-axis y=0

Figure 1. Geometry of the Problem.

The concentration of the chemical species A; and Aj; are presented by a and b, re;
spectively, and the rate constants are denoted by k.. The reaction rate vanishes beyond
the boundary layer edge in external flow, as shown by the equations above. The key
time-dependent conservation of mass, momentum, thermal energy, homogeneous and
heterogeneous reactions in the Cartesian coordinates (x,y,z) taken at the center of the
lower plate are [23-25].
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Conservation of Mass Equation:
ou*  dv*
ox * dy 0 ®)
Conservation of Momentum Equation:
ou* Lou* Jout  1op | op(d*ut  du* .
o T TV oy T p8x+p<8x2+8y2 e @)
av* L 00" L,00*  1dp o [o** vt
o T Ty T pay+p<axz+ayz ©)
Conservation of Energy Equation:
al+u*al _;’_v*al— k aziT_i_aziT 1 160—*'1—8827’1—‘ Q* (T_T> (6)
ot dx ay  (pcp) \9x2 ~ 9y? (pcp) 3k* ay?  (pcyp) 0
Homogeneous and Heterogeneous Equations:
9a  ,0a  ,oa 0%a 5
g"'u a‘i‘v @—DAaiyz_Kcﬂb (7)
ob Lob L ob 9% 2
g‘i‘u g“‘@@—DBaiyz‘FKcab (8)

In the following equations, u*, v* represent the horizontal and vertical velocity com
ponents, respectively, where T is the temperature distribution, p is the fluid pressure and a
b are the homogeneous and heterogeneous reaction variables, p is the fluid density, (ocp)
is the heat capacity and ¢ is electrical conductivity of the fluid, D 4, Dy display chemicall
species of the diffusion coefficients A and B, respectively, K* is the permeability, k is the
thermal conductivity and Q* is the heat generation.

3. Boundary Conditions

The boundary conditions are defined as:

W0, 0" =0, T=T, Ds2% —tsa, Dy = ksa at y=0
ay ay )
—aD
u* =0, vt = 22 T=Ty, a=ay b=0 at y=h(t)

2v1 —at’

The differential equations system was converted into the system of ordinary differen
tial equations using the following similarity transformations [26].

DL U )l U5 U ) P TORY  |
1=

T2(1—at) T (1—at)’ IV1—at

and
By 0 T-T,
V1—at’ T =T,
Here f, f/, 0, G and H are the velocity components, fluid temperature, homogeneous
and heterogeneous reactions, respectively.

The continuity Equation (3) is identically satisfied and the momentum, energy, homo
geneous and heterogeneous equations takes the following form,

a=aygH(y), b=aoG(n), B(t)=

f//// _g (f//f/ + 2f” _ ff/// + WfW> o Hasz” -0 (10)
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(9”<1+§R> +PrS(f0’—2776+Q6> =0 (11)
— S.K1HG? — .S (17H’ fH> (12)
G"6 — ScK1HG? — (nc’ fG ) (13),
The boundary conditions are transformed as:
f(0)=0, f(0)=0, 6(0)=1, H'(0)=KyH(0), 8G'(0)=—KH(0) 14)

f(1)=05, f(1)=0, 6(1)=0, H(1)=1 G(1) =

Here S = % is the squeezed Reynolds number, Ha = [B, /2L Hf’ is the Hartman|

Hep

1x¢7n 40* TO . c .
number, L = = g is the radiation parameter, P, = &>

is the Prandtl number Q= w is the heat generation parameter, S, = I;—/;‘ is the

8kcu0(1 at) .

Schmidt number, K; = is the homogeneous reaction strength, K, = k—s is the)

heterogeneous reaction strength 6= A is the ratio of the diffusion coefficients.
Here, it is consider that A and B diffusion coefficients of chemical species to bej
comparable size. The other hypothesis is, D4 and Dp are equivalent, so § = % =1, also

G(n) + H(ny) =11[18],

Coefficients of Interest

The local Nusselt number (Nu), Sherwood number (Sh) and skin-friction coefficient]
(Cf), are some of the coefficient of interest in engineering. C; = 2Cf = f”(0) , —6'(0) =
Nu, —G'(0) = —H'(0) = Sh,

4. Approximate Analytical Solution

To solve system of Equations (10)—(13) is used the analytic method HAM. Due to
HAM, the functions f(e), 6(¢), H(¢) and G(0) can be stated, by a set of base functions
0°, ¢ > 0 as “Rashidi (2015)"[27]:

=) agdf, (15)
=0
=) bedf, (16)
=0
Hy(0) = Y czcf, (17)
=0
=Y dsof, (18)
Z=0

where ag, bg, ¢z and d¢ are the constant coefficients to be determined. Initial approximations
are chosen follows:

fole) = %Q2 -0, (19)
o(0) = (Sr —1)o +1, (20)
Hp(o) =1-0, (21)
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Go(g) =1-o. (22)

The auxiliary operators are chosen as

o 0? 02 02
Ef:a—gy 69:@, EH:a—QZ, EG:a—Qz, (23)
with the following properties
(5(210° +820* + 830 +84) =0, (24)
lo(850+C6) =0, (25)
lu(g70+3Gs) =0, (26)
G(Go0 +&10) =0, (27)
where ¢1, G2, 3, C4, C5, Go, C7, Cs, Gg and §qg are arbitrary constants.
The zeroth order deformation problems can be obtained as:
(L@)tr[fle;@) — fole)] = ahyNf(f(0;@),0(0; @), 17(0; @), 71(0; @)], (28)
(1;@)e[0(0; @) — B0(0)] = gheNp[f (0; @), 0(¢; @), 11 (0; @), 7i(g; @)], (29)
(L @)en[H(0; @) — Ho(0)] = ghuNu[f(0; @), H(g; @), G(e; @)], (30)
(L@)lc[G(e; @) — Gole)] = qhcNgf(e; @), H(0:9), G(g; @)]. (31)
The nonlinear operators of Equations (20)—(23) are defined as
7 3 P f(o; *f(e;
Nflf(gi@) dg o)) = THEE) o[ 2IED) P e)
~ ~ N ~ 32
L PHe@) dfea)  Pf@@)] e flea) .
90> 90 90> 90>
25 A( -
Nl (@), B @)] = 347 1-+4/38) + prs | FPUED) — 208 @) + QBleie)| @)
. o) C 9*H(g; @)
Nulf(e;@), H(¢; @), G(; @)] = 302
- MSCKlH(Q;w)% — MS.S |:QaHE,)Q;(D) - fI:I(Q;cD)}, (34)
Q Q
- . - 9°G(o;
Nolf (@), Flgr), Gloo)] = 4
_ 0°G(0; @) 9G(0; @) aG(g; @)
— sCKlH(Q,w)T —S.S [g % —f % } (35)

where @ is an embedding parameter, 7i¢, fig, iy and i are the nonzero auxiliary parameter
and N¢, Ny, Ny and Ng are the nonlinear parameters.
For @ = 0 and 1, we have

(36)
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fe(o) =

so we can say that as @ varies from 0 to 1, f(0,0), 8(¢,0), H(
initial guesses fo(0), 60(0), Ho(e) and Gy(e) to exact solution f
respectively.

Taylor’s series expansion of these functions yields:

0,0), G(o,0) varies from|
(¢), 6(0), H(¢) and G(o)

flei@) = folo) + é o o), )

0(0;0) = Bolo) + é %0y (0), (38)

H(o;@) = Hole) + qi " Hy (o), (39)

Glo;@) = Golo) + ﬁl %Gy (0), (40)

LR o S I NOE L N
Gy (o) = ;,W .

it should be noticed that the convergence of above series strongly depends upon fif, fig, iy
and #g.

Assuming that these nonzero auxiliary parameters are chosen so that
Equations (38)—-(41) converges at @ = 1. Therefore one can obtain

1) = fole) + éme), )
(o) = folo) + Wi v (o), 3)
Hi(0) = Holo) + Yil Hy (o), (a4)
Glo) = Gole) + 1. G (o), )

Differentiating the deformation Equations (28)-(31) ¥ — times with respect to @ and
putting @ = 0, we have

Celfe(e) — xvfe-1(e)] = 1fRrw(0), (46)
Co[0y (0) — x¥by-1(0)] = MeRg (o), (47)
HIHy(0) — x¥Hy-1(0)] = igRpu¥(0), (48)
(6[Gy(0) — x¥Gy—1(0)] = hpRc ¥ (0), (49)

subject to the boundary conditions

fe(0) =0, fy(0)=0, 6¢(0)=1,
fe(1) =05, fy(1)=0, 6¢(1)=

(
(

) =kyH(0), 8G¢(0) = —koH(0),

( =
0, Hy(1)=1, Gy(1)=0, 0




[Mathematics 2021, 9, 2309 8 of 22
where
Ryse(0) = f#1(0) = 5 of 2 (0) + 24 1(0) +2 Z F@f4-1(0)
- Z file) feia( )} — Ha’Lf§ (o) (51)
¥_1
Row(0) = 0¢_1(0)(1+4/3R) + PrS [ Y. fi(@)0%_j_1(0) —200% 1(e) + Q¥ 1(0) | (52)
j=0
1 =l "
Ry (0) = Hy_4(0) + MS.Ky Z Hj(Q)G‘P—j—l(Q)
i=0
— MS.S {QH‘/Y 1 Z f] H‘I’ —j— 1 ):| (53)
¥-1 s -
1 ! !
Rev(0) = G2 (006~ Siki 1. Hy(@)G¥y-+(2) — S5 oGk 1(0) — 1. (00Gh(0)] 5
j=0 j=0
and)(q/:{l, if¥>1, and0, ¥ =1
Finally, the general solution of Equations (46)—(49) can be written as
Q re re re 3 5
fee) = [ [* 7 [ nRpw (2)dzdzdzdzdz + o fy1 + 510+ 620° + B0 +Ea, (55)
o re
by (0) = /0 /0 heRoy (z)dzdz + x90y -1+ {50 + Ge, (56)
Q re
Hy (o) = /0 /0 hpRpy(z)dzdz + xyHy 1+ ¢110 + G2, (57)
Q re
Gy(o) = /0 /o hGRe,y(z)dzdz + xyGy—1+ G130 + G1a, (58)
and so the exact solution f(0), 6(¢), H(e) and H(o) becomes
¥ ¥ ¥ ¥
~ ) ful 0(0) ~ )_ 6n(0), H(o) ~ ) Hu(0), ~ ) Gu (59)
n=0 n=0 n=0 n=0

Optimal Convergence Control Parameters

It is important to note that the series solutions (56)-(59) include fif, fig, iy and fi non
zero auxiliary parameters that define the convergence area as well as rate of the homotopy
series solutions. The so-called average residual error identified by the “Liao (2010)” to get
optimal values of 7, fip, iy and fig was used as.

1 ¢ Yo 4 _ 2
b ﬁ]go [Nf(gf(e),l_zof?(e)} do, (60)
o 1 4 Y o Yo 2
d=ive(pieosio) e o)
g ¥ y ¥ 2
& = iljg) Na( LA 3 A, 1 G(e))mm} 0, )
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G 1 £ Yo Y Yo 2
g ML O WO - 05 =) I
j=0 =0 i=0 =0 n=jDyn
Due to “Liao (2010)”
ey = el +ef el +eg, (64)

where ¢l is the total squared residual error. Total average squared residual error is mini;
mized by employing Mathematica package (BVPh 2.0, 2014.)

5. Error Analysis

An error analysis is carried out to ensure that the analysis is credible for minimum|
residual errors. The problem is solved both analytically and numerically by HAM and
BVP4c, respectively. Analyses are carried out using 40th order of approximation. This
analysis is also performed to ahead the reliability of HAM techniques using mathematical
package BVPh 2.0 for minimum residual error 100, For authenticity and accuracy of the
HAM solution, the results are compared with numerical solution of BVP4c using Matlab
HAM is an analytical method that offers solutions in series form. Although the BVP4c
package is a numerical solver that uses non-uniform meshes for establishing error in each
step size. Therefore, the BVP4c package is called collocation codes; they solve BVPs by
computing a cube-spline on each subinterval of an interval mesh, so the method may be
seen as a collocation or finite difference method with continuous extension. Error analyses
shown in Figure 2 and Tables 1-12 are provided to investigated the accuracy of both the
methods for different involved physical parameters.

Figure 2 depicts the residual error at various orders of approximation for f (1), (1)
H(n) and G(1). It is obvious from the sub-figures that the error is persistently decreased|
up to 15th order of approximation. The cumulative residual error for the various ap;
proximation orders of fixed Pr = 05, S = —05,L =2, Q =4, R = 05,0 = 2
Sc = K1 = K2 = Ha = 0.5 values is shown in Table 1. Table 2 has been shown at
various orders of approximation with distinct average squared residual error. The com
parison of the analytical and numerical values by HAM and BVP4c shown in Table 3 for]
various values of # and fixed values of other parameters Pr = —0.5, S = —0.5, L = 0.01
Q=5R=076=1,5c=25K1=01,K2=1and Ha =0.1.

Table 1. Total residual error of f(17), 0(17), G(7) and H(#) with fixed values of Pr = 0.5, S = —0.5
L=2,0=4R=05,0=2,5c=K1l=K2=Ha=0.5.

efm

0

H

G

m €E'm €E"m €E"m

1 0.0112969 2.02804 x 107 3.20315 x 107 9.51647 x 107
5 595295 x 10715 341791 x 1072} 121043 x 10~2!  7.69318 x 1022
10 1.98406 x 1072 495817 x 1073%  1.03519 x 1073%  4.0926 x 10736
15 1.88587 x 10732 599659 x 1073*  1.05926 x 10~3*  2.37732 x 1036
20 1.78726 x 10732 599659 x 10~3*  1.05926 x 1073*  2.40741 x 1036
25 1.73796 x 10732 599659 x 1073*  1.05926 x 10~3*  2.40741 x 1036
30 1.73796 x 10732 599659 x 10734  1.05926 x 1073*  1.92593 x 1030
33 1.73796 x 10732 599659 x 1073*  1.05926 x 1073*  2.40741 x 1036
37 1.73796 x 10732 5.99659 x 1073*  1.05926 x 10~3*  2.40741 x 10730
40 1.73796 x 10732 599659 x 10~3*  1.05926 x 1073*  2.40741 x 1036
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Figure 2. [llustration of the error profiles of (1), 0(1), G(1) and H () with fixed values of Pr = —0.5
§=-05L=001,Q=5R=076=1,5=25K1=0.1,K2=1and Ha =0.1.
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Table 2. Convergence of the homotopy solution for differing orders of calculation for f” (), —6' (1)
—H'(y) and —G'() when S = —05,Pr=R=M=Sc=Kl=K2=Ha=05L=6=2,Q=4.

1 1" (n) —0'(n) —G'(n) —H' (1)

0 3.0185 ~1.1595 0.7556 —0.3778
0.1001 2.4245 ~1.1043 0.7556 —0.3778
0.2002 1.8116 ~1.0582 0.7548 —0.3775
0.3003 1.2021 ~1.0216 0.7533 —0.3769
0.4004 0.5795 ~0.9927 0.7513 —0.3761
0.5005 ~0.0320 09717 0.7490 —0.3752
0.6006 —0.6448 ~0.9572 0.7465 —0.3741
0.7007 —1.2437 —0.9488 0.7440 —0.3728
0.8008 ~1.8148 —0.9460 0.7414 —03713
0.9009 23714 ~0.9478 0.7388 ~0.3696

1 —2.8938 ~0.9533 0.7360 —0.3675

Table 3. Computations for f(1), (1), H(y) and G(57) when S = —2, Pr = R = S¢ = K1 = K2 =
Ha = 05, L =6 = 2, Q = 4 and various values of . Furthermore, A = 6.57027 x 10~17 and
B = —4.0827 x 10719,

HAM Result Numerical Result
f(n) 0(n) G(1n) H(1) f(n) 0(1) G(n) H(1)
0 0 1 0.6668  0.1650 0 1 0.6656  0.1648

0.1001 0.0140 0.8882 0.7001 0.1483 0.0141 0.8841 0.6989 0.1481
0.2002 0.0523 0.7808 0.7335 0.1317 0.0526 0.7743 0.7322 0.1315
0.3003 0.1086 0.6772 0.7670 0.1151 0.1092 0.6695 0.7655 0.1149
0.4004 0.1770 0.5764 0.8004 0.0985 0.1779 0.5686 0.7988 0.0983
0.5005 0.2513 0.4780 0.8339 0.0819 0.2524 0.4707 0.8321 0.0817
0.6006 0.3254 0.3811 0.8673 0.0654 0.3265 0.3750 0.8654 0.0652
0.7007 0.3933 0.2853 0.9007 0.0489 0.3942 0.2806 0.8989 0.0488
0.8008 0.4489 0.1899 0.9340 0.0325 0.4495 0.1868 0.9325 0.0324
0.9009 0.4864 0.0946 0.9672 0.0161 0.4866 0.0932 0.9663 0.0161
1 0.5 A 1 B 0.5000  —0.0000  1.0000 0

6. Results and Discussions

Here, Equations (10)—(13) subject to the boundary conditions given in Equation (14
are used to model the flow between squeezing plates using the governing model for
unsteady Newtonian fluid. These equations are solved and compared for numerical invesf
tigations through HAM and BVP4c. To investigate and analyze the problem graphically,

Figures 3-10 are drawn. The squeeze Reynolds number, S = %, is the ratio between the|

normal velocity of the upper plate and the kinematic viscosity of the fluid. It is important to
remember that the slow or fast vertical velocity of an upper plate to the lower plate is mean|
the small and large values of S. Furthermore, positive values of S implies that the upper
plate moves out from the lower plate or increases the gap between the parallel plates, while
negative values of S means that the top plate moves in the direction of the lower plate
or decreases the distance between the plates. Figure 3 shows the influence of S on f’(7)
f(n),0(n) and H(#). The increase in the distance between the plates, i.e,, S = —0.5, —=2.5
—4.5, —6.5 with fixed values of P, = 0.1, Ha =1, R =0.05,L = 0.01, K1 = K2 =S¢ =0.5
Q = 10, 6 = 5 will allow the fluid to move in the x-axis direction, which reduces the|
radial velocity f'(17). As the fluid moves through the central region, it begins to increase ag|
seen in Figure 3a. This occurrence also reduces the velocity when the velocity leads in the
squeezing effect. It is also obvious from Figure 3b, that the fluid friction makes squeezing]
of plates, which generate heat and this heat raises the fluid temperature.

Impacts of relevant parameters on velocity, temperature distributions are noticed
graphically in this part. The squeezing velocity distribution f(#), is noticed for the pa;
rameter H, in Figure 4a. The magnetic field makes the resistive force act between the
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particles causing about the smaller velocity. Thus, diminishing Ha expands the velocity. Ha
oppositely affects the temperature 6(7) (see Figure 4b). This resistive force produces heat
that outcomes in the reducing in temperature. Figure 6 shows the impact of Prandtl number
on f(n) and 6(r). It is noticed that an expansion in P, causes a decline in temperature
Most extreme reduction is found in the fluid field. Furthermore, a opposite conduct is
noted for 6(1). Figure 7 portrays the impact of heat generation Q on non-dimensional tem;
perature and velocity models on f(17) and 6(#), individually. We saw that the temperature
increment with an increase in Q. The result is based on the choices that any heat generated
would increase in the liquid’s nuclear power. We also saw that the fluid temperature is
higher to a smaller than the fluid temperature. Figure 8 depicts the impact of Radiation|
parameter R on the velocity and temperature profiles of the flow. It is obvious to say thaf]
the radiation parameter have inclination to diminish the velocity and temperature profiles
of the flow. This may occur because of the way that lessens in the radiation produces heat
energy to the flow, which leads to decline in the velocity and temperature of the liquid
The influence on concentration profiles f(77), H(1) and G(#) of the equations to describe of
a homogenous parameter k1 and the equations to describe of a heterogeneous parameter]
k2 can be observed in Figure 9, respectively. The increase in the concentration profiles
f(n), H(n) and G(1), is observed due to increase in k1. According to this, an increase in|
the homogeneous chemical reaction parameter which decreases viscosity. However, the
heterogeneous k2 parameter indicates the reverse of the k1 above can seen in Figure 9
Because of the diffusion decreases with an increase in k2 and a smaller amount of diff
fused particles will reduce in the concentration of f(7) and H(#) but it will increase in|
the concentration of G(#7). The Schmidt number Sc’s effects can be seen in Figure 10, in|
which the value of Sc increases. As the fluid concentration profiles f(#) and 6(#) increases
because of the ratio viscus diffusion Sc to the molecular diffusion rate. Tables 4-12 are]
made to numerically examine the impact of various definite parameters. It can be seen|
from given tables that all consequences have excellent agreement with the results found
through BVP4c and HAM. It is seen that the impacts of skin friction coefficient, velocity,
temperature, both homogeneous and heterogeneous parameters have the tendency to
increase the mass transfer rate. However, it does not depict a huge change in friction factor
and heat transfer rate. An enhancement of the internal heat generation depreciates the
coefficient of skin friction and the rate of heat. We have found similar results with an|
increase in the Squeeze parameter S. The friction factor decreases because of an increase in|
the squeeze parameter S and increasing in the local Nusselt and Sherwood numbers. A
decrease in the skin friction coefficient was found, indicating that the surface drags on the
fluid. Tables 4-12 are made to show the effects of ”/(0), f(0), 6(0), G(0), H'(0) , —6'(0)
—G/(0) and —H'(0), respectively.

Table 4. Computational for f”/(0), —6'(0), —H’(0) and —G’(0) with P, = R = Sc = K1 = K2 =
Ha =0.5,L =46 =2, Q = 4 and differing values of S.

HAM Result BVP4c Result
f(0) —o’(0) —H'(0) —-G'(0) f"(0) —6'(0) —H'(0) —G'(0)

-0.5 3.0186 —1.1595 0.3328 —0.1664 3.0186 —1.1595 0.3328 —0.1664
-1 3.0143 —-1.3111 03324 —-0.1662 3.0143 —1.3111 0.3324 —0.1662
—-1.5 3.0122  —-1.4555 03320 —0.1660 3.0122  —1.4555 0.3320 —0.1660
-2 3.0157  —1.7257  0.3311 —-0.1656  3.0157  —1.7257  0.3311 —0.1656
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Table 5. Computational for f”(0), —6’(0), —H’(0) and —G’(0) with S = —0.5, , = R = Sc = K1 =

K2 =0.5,L =6 =2, Q = 4 and differing values of Ha.

HAM Result Numerical Result
Ha
f() —e’(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
0.5 3.0186 —1.1595 0.3328 —0.1664  3.0186 —1.1595 0.3328 —0.1664
1 3.0916 —1.3111 0.3324 —0.1662  3.0916 —1.3111 0.3324 —0.1662
15 3.2102 —1.4555 0.3320 —0.1660 3.2102 —1.4555 0.3320 —0.1660
2 3.3702 —1.7257  0.3311 —0.1656  3.3702 —1.7257  0.3311 —0.1656

Table 6. Computational for f”/(0), —6'(0), —H’(0) and —G’(0) with S = —0.5, P, = Ha = R = Sc =
K1 =K2 =0.5,L =2, Q = 4 and differing values of 4.

HAM Result Numerical Result
D
f() —e’(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
1 3.0186 —1.1595  0.3322 —0.3322  3.0186 —1.1595  0.3322 —0.3322
2 3.0186 —1.1595  0.3328 —0.1664  3.0186 —1.1595  0.3328 —0.1664
3 3.0186 —1.1595  0.3329 —0.1110  3.0186 —1.1595  0.3329 —0.1110
4 3.0186 —1.1595  0.3329 —0.0832  3.0186 —1.1595  0.3329 —0.0832

Table 7. Computational for f”/(0), —6'(0), —H’(0) and —G’(0) with S = —0.5, Ha = R = Sc = K1 =
K2 =0.5,6 = L =2, Q = 4 and differing values of P,.

HAM Result Numerical Result
Pr
f() —e'(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
1 3.0186 —1.1595  0.3322 —0.3322  3.0186 —1.1595  0.3322 —0.3322
2 3.0186 —1.1595  0.3328 —0.1664  3.0186 —1.1595  0.3328 —0.1664
3 3.0186 —1.1595  0.3329 —0.1110  3.0186 —1.1595  0.3329 —0.1110
4 3.0186 —1.1595  0.3329 —0.0832  3.0186 —1.1595  0.3329 —0.0832

Table 8. Computational for f”/(0), —6’(0), —H’(0) and —G’(0) with S = —0.5, P, = Ha = R = S¢ =
K1 = K2 =05, L =6 =2 and differing values of Q.

HAM Result Numerical Result
© f() —e’(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
1 3.0186 —1.0137  0.3328 —0.1664 3.0186 —1.0137 0.3328 —0.1664
2 3.0186 —1.0632  0.3328 —0.1664  3.0186 —1.0632  0.3328 —0.1664
3 3.0186 —1.1118 0.3328 —0.1664 3.0186 —1.1118 0.3328 —0.1664
4 3.0186 —1.1595 0.3328 —0.1664 3.0186 —1.1595 0.3328 —0.1664

Table 9. Computational for f”/(0), —6’(0), —H’(0) and —G'(0

K1 =K2=05,L =6 =2,Q = 4 and differing values of R.

) with S = —0.5, P, = Ha = Sc =

HAM Result Numerical Result
R
() —e'(0) —H'(0) —G'(0) f"’(0) —06'(0) —H'(0) —G'(0)
0.1 3.0186 —1.2318 0.3328 —0.1664 3.0186 —1.2318 0.3328 —0.1664
0.2 3.0186 —1.2082  0.3328 —0.1664  3.0186 —1.2082  0.3328 —0.1664
0.3 3.0186 —1.1890 0.3328 —0.1664 3.0186 —1.1890 0.3328 —0.1664
0.4 3.0186 —1.1730 0.3328 —0.1664 3.0186 —1.1730 0.3328 —0.1664
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Table 10. Computational for f”(0), —6'(0), —H'(0) and —G’(0) with S = —0.5, P, = Ha = R =
K1 =K2=05,L=4¢=2,Q = 4and differing values of Sc.

S HAM Result Numerical Result
c

f() —e’(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
0.1 3.0185 —1.1595  0.3332 —0.1666  3.0185 —1.1595  0.3332 —0.1666
0.2 3.0185 —1.1595  0.3331 —0.1666  3.0185 —1.1595  0.3331 —0.1666
0.3 3.0185 —1.1595  0.3330 —0.1665  3.0185 —1.1595  0.3330 —0.1665

0.4 3.0185  —1.1595 0.3329 —-0.1664 3.0185 —1.1595 0.3329 —0.1664

Table 11. Computational for f”(0), —6'(0), —H'(0) and —G’(0) with S = —0.5, P, = Ha = Sc =
R=K2=05L=¢=2,Q = 4and differing values of K1.

K HAM Result Numerical Result
1
f() —e’(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
0.5 3.0186 —1.1595  0.3328 —0.1664  3.0186 —1.1595  0.3328 —0.1664
1 3.0186 —1.1595  0.3326 —0.1663  3.0186 —1.1595  0.3326 —0.1663
2 3.0186 —1.1595  0.3323 —0.1661 3.0186 —1.1595  0.3323 —0.1661
3 3.0185 —1.1595  0.3317 —0.1659  3.0185 —1.1595  0.3317 —0.1659

Table 12. Computational for f”/(0), —6’(0), —H'(0) and —G’(0) with S = —0.5, P, = Ha = Sc =
R=K1=05,L=4¢=2,Q =4 and differing values of K2.

HAM Result Numerical Result
K2
f() —e'(0) —H'(0) —G'(0) f’(0) —06'(0) —H'(0) —G'(0)
0.5 3.0186 —1.1595  0.3328 —0.1664  3.0186 —1.1595  0.3328 —0.1664
1 3.0186 0.5010 0.5010 —0.2505  3.0186 0.5010 0.5010 —0.2505
2 3.0185 —1.1595  0.6704 —0.3352  3.0185 —1.1595  0.6704 —0.3352

3 3.0185 —-1.1595 07556 03778 3.0185 —1.1595 0.7556  —0.3778
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Figure 3. Impact of S on (a) velocity component along y-axis f'(7), (b) velocity component along]
x-axis f(n), (c) heat distribution variable 6(%) and (d) homogeneous reaction H(#) for the specific
values P, =01, Ha=1,R=0.05L =001, K1=K2=5c=050=10,0 =5.
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B

(b)

Figure 4. Impact of Ha on (a) velocity componentf (1) and (b) heat distribution variable 6(1) foy
specificvalues S = -2, P, =1, K1 =K2=M=R=S5c=050Q0=10, =L =2.
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Figure 5. Impact of ¢ on (a) homogeneous reaction H(#) and (b) heterogeneous reaction G(7) foy
specific values S = —2.5,K1 = K2=Ha =R =0.1,Q =10, P, = Sc = L = 0.05.




[Mathematics 2021, 9, 2309

17 of 22

50000

—100000

am

—150000

=200000

(b)

Figure 6. Impact of P, on (a) velocity component along x-axis f (1) and (b) heat distribution variable
6(n) for specific values S = —10, Hi = 1,5 = Sc = K1 = K2 =0.5,L = 0.01, Q = 10.
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Figure 7. Impact of Q on (a) velocity component along x-axis f (1) and (b) heat distribution variable
6(n) for specific values S = —4, Ho=1,P, =Sc =K1 =K2=05L=6=2,R= —0.5.
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Ty

(b)
Figure 8. Impact of R on (a) velocity component along x-axis f(#) and (b) heat distribution variable
0(n) for specific values S = —10, P, = Ha =1,5¢ = K1 =K2 =0.5,L = 0.01,6 = 0.5, Q = 10.
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Figure 9. Cont.
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Figure 9. llustration of the impact of (a) K1 on f(7), (b) K2 on f(7), (c) K1 on G(7), (d) K2 on G(#)
(e) K1 on H(n) and (f) K2 on H(#) for specific values S = =2, P, = Sc =1, R = 0.5, = Ha = 0.1

L=26=5Q=10.
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7. Conclusions

between two squeezing plates with the homogeneous and heterogeneous reaction in the
presence of internal heat generation/absorption and thermal radiation. The effect of non/
dimensional leading parameters on velocity, temperature and concentration profiles with|
the friction factor, local Nusselt, and Sherwood numbers are explained and displayed using]
graphs and tables. The conclusions of the present analysis are as follows:

(a)

Him

(b)

Figure 10. Impact of Sc on (a) velocity component f (1) and (b) homogeneous reaction H() foy
specific values S = —0.5,R =0.1, , =K1 =K2=05,=Ha=0.1,L=2,6 =5,Q =10.
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This paper offers the numerical solution for analyzing the consequence of the flow|

It is found that increasing the distance between discs, decrease the radial velocity and
increase tangential velocity, while decreasing the distance between discs have shown|
opposite behavior.

Homogeneous and heterogeneous parameters assist in the monitoring of the stream’s
utility profiles.

It is also found that increase in prandtl number increasing skin friction, mass flux
while it decrease heat flux.

Table 2 depicts a drop in the skin friction and a decreases in the local Nusselt and
Sherwood numbers.

Table 4 depict that as the friction factor, local Nusselt and Sherwood numbers all are
reduces as the squeezing parameter.

As heat generation Ha increases the friction factor decreases, it can be seen from|
Table 5 that the local Nusselt and Sherwood numbers decrease in the fluid viscosity.
It is also observed from Tables 8 and 9 that Heat generation Q and radiation R
parameter tend to reduce the friction factor.
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Nomenclatures
H Dynamic viscosity
P pressure
0 effective density
(pcp) effective heat capacity
log Electrical conductivity
u,v velocity
T Temperature
T, and T; upper and lower plates are at a constant temperature.
D4 and Dp Diffusion coefficients of the chemical species
o= g—: ratio of the diffusion coefficients
K* Permeability
2(1_
Ky = Skf”“pg at) homogeneous reaction strength
K, = g"A heterogeneous reaction strength
k Thermal conductivity
Q* heat generation
S = % squeeze number
P = % Prandtl number
Ha = 1B, WA Hartman number
Hf
* T3
R= 4&{0 radiation
Q= %‘;M) Heat generation parameter
=% length
Cr skin-friction coefficient
Nu local Nusselt number
Sh Sherwood number
Al and A2 chemical species
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