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Present report intends to analyse heat and mass transfer characteristics of naturally convective hydro-
magnetic flow of fourth-grade radiative fluid resulting from vertical porous plate. The impression of
non-linear order chemical reaction and heat generation with thermal diffusion are also considered.
The coupled fundamental equations are transformed into a dimensionless arrangement by implementing
finite difference scheme explicitly. After initiating the stability test, the governing equations are con-
verged for Prandtl number, P; > 0.43 and Schmidt number, S, > 0.168. The impact of dimensionless sec-
ond, third and fourth-grade parameters with diversified physical parameters are being exhibited
Heat and mass transport . . . . . . .
Chemical reaction graphically on different flow fields. An interesting fact is observed that as the grade of fluid develops it
EFDM starts to diminish the velocity fields, but a complete opposite scenario is examined for temperature fields.
In addition, for advanced visualisation, the impression of thermal radiation is being observed through
streamlines and isothermal lines. In which, the respective parameter upsurges the momentum as well
as the thermal boundary layers respectively.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A vast scientific analysis of non-Newtonian fluid flow problems
on heat and mass transfer has done by many researchers. It has an
extensive range of impact on different sectors like power engineer-
ing, metallurgy, astrophysics and geophysics. The fourth-grade
fluid flow model is exceptional model which has opened a new
subway of fluid mechanics. This sort of model is being used to
explain the flow attitude of non-Newtonian fluids. Second-grade
fluid model exhibits variations of normal stress; these sorts of flu-
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ids do not consider shear-thickening and thinning phenomena
because they exert constant shear viscosity. With the analysis of
third and fourth-grade fluids, the results can be described well
for shear thinning and shear thickening phenomena. Generally,
non-Newtonian fluids are categorised into three types which are
namely differential, rate and integral. Fourth-grade fluid is an
important subclass of differential type that’s capable of describing
shear thinning and shear thickening effects. However, despite
involving a large number of complex parameter in a Fourth-
grade fluid, Hayat et al. (2002) have experimented this by the effect
of uniform magnetic field combined with steady and unsteady
flows over a porous plate. They used differential equation of order
six for a numerical solution with a total three boundary conditions
related with momentum and finite difference. Lie point symme-
tries were applied by Hayat et al. (2002) to reduce the number
and order of distinct variable of partial differential equations. Here,
they have worked only unsteady of similar fluid past on porous
plate. The properties of non-Newtonian fluids have attracted
numerous scientists (Asghar et al., 2007; Eldabe et al., 2016;
Eldahab and Salem, 2005; Ezzat, 2010) in recent times. Applesauce,
tomato ketchup, shampoos contain the properties of
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Nomenclature

Bo magnetic component, (Wb m~2)

Cs local skin-friction, (-)

Cp specific heat at constant pressure, (J kg K™1)
Ny local Nusselt number, (-)

P; Prandtl number, (-)

qr unidirectional radiative heat flux, (kg m~2)

Se Schmidt number, (-)

Sh local Sherwood number, (-)

T fluid temperature, (K)

Tw temperature at the plate surface, (K)

T ambient temperature as y tends to infinity, (K)
Uo uniform velocity u, v velocity components

X,y cartesian co-ordinates

Greek symbols

o dimensionless second-grade fluid parameter
B, Ba dimensionless third-grade fluid parameter
Br thermal expansion co-efficient

Bc concentration expansion co-efficient

Y, Ya dimensionless fourth-grade fluid parameter
K thermal conductivity, (W m~! K1)

n dynamic viscosities

p density of the fluid, (kg m>)

o, Stefan-Boltzmann constant, 5.6697 x 1078 (W m—2 K™%)
v kinematic viscosity, (m? s~1)

non-Newtonian fluid. The non-Newtonian fluid flow model of non-
linear coupled differential equations was solved (Sahoo and
Poncet, 2013) with shooting and Broyden’s method. By assembling
the impressions of thermal radiation and thermo-diffusion (Bhatti
and Rashidi, 2016) examined the attitude of Williamson nanofluid
which was flowing from the stretched surface. Bhatti et al. (2018)
observed the bioheat and mass transfer phenomena for dual phase
flow of peristaltic propulsion via Darcy-Brinkman-Forchheimer
porous media. In recent times, (Ellahi et al., 2018a; Ellahi et al.,
2018b) investigated the impression of nano liquid namely
kerosene-alumina on hydromagnetic Poiseuille flow. In addition,
the impact of entropy generation was also examined with slip
influence on moving plate. The pioneer work of representing the
combine impressions of magnetic and porous term for diversified
motions was exhibited by Fetecau et al. (2018).

Moreover, (Hassan et al., 2017; Reza-E-Rabbi et al., 2018; Hassan
et al., 2018a; Hassan et al., 2018b) investigated diversified base flu-
ids with different nanoparticles to develop the area of heat transfer.
Considering the impact of electro-magnetohydrodynamics the flow
character of multiphase fluids were analysed by Hussain et al.
(2018) in a base fluid with the appearance of hafnium particles.
However, some reputed researchers (Khan et al., 2018; Majeed
et al., 2018; Mishra et al., 2017; Shahid et al., 2017) developed the
heat transfer as well as mass transfer phenomena for various fluids
flow on different surfaces in the very recent period. For examining
the character of blood flow, (Shahid et al., 2018) conducted their
experiment via a capillary with the appearance of gyrotactic
microorganisms. The model of Couette-Poiseuille flow was estab-
lished by Shehzad et al. (2018) to analyse aluminium oxide-PVC
nanofluid in a channel. Envisaging the impact of hydromagnetic
bio-bi-phase flow, (Zeeshan et al., 2018) exhibited the peristaltic
transportation of Jeffery fluid in a quadrate duct.

Diversified fluid models have been mentioned to analyse non-
Newtonian fluids attitude. A characteristic comparison between
non-Newtonian fluid of 4th grade and Newtonian fluid had been
analysed by Wang and Wu (2007) and studied numerically of this
fluid in case of unsteady MHD flow to an oscillating plate by using
finite difference method to solve higher order non-linear partial dif-
ferential equation after considering four asymptotic boundary con-
ditions. The recent work on comparing with analytical and
numerical by Aziz and Mahomed (2013), they have been investi-
gated reduction and solution of unsteady fourth-grade fluid on por-
ous pate by using translational symmetries. Arifuzzaman et al.
(2017a) analysed chemically reactive viscoelastic with nanoparticle
over porous stretching sheet by imposing explicit scheme. Similar
method was applied to micropolar fluid, Jeffrey nanofluid, optically
grey-nanofluid by considering different conditions with conver-
gence test (Arifuzzaman et al., 2018a; Arifuzzaman et al., 2017b;
Arifuzzaman et al., 2018b; Arifuzzaman et al., 2017c; Biswas et al.,

2017; Biswas et al., 2018; Khan et al., 2012a). In recent eras, the
study of radiation absorption (Arifuzzaman et al, 2017b;
Arifuzzaman et al., 2018b; Biswas et al., 2017; Umamaheswar
et al., 2016) and heat generation (Khan et al., 2012b; Khan et al.,
2017; Li et al., 2016; Srinivasa and Eswara, 2016) due to mass and
heat transfer in fluid flow is industrially significant because of engi-
neering and manufacturing needs for example heat insulation,
geothermal systems, combustion, metal waste, catalytic reactors,
reactor safety, oil reservoirs, etc.

To author’s best knowledge, the investigation of naturally con-
vective fourth grade radiative fluid flow resulting from infinite per-
pendicular porous plate has not done yet. Therefore, this
phenomenon is analysed in this work. The specific objectives of
this numerical investigation are listed below:

e To analyse unsteady naturally convective mass and heat trans-
fer flow of fourth grade radiative fluid resulting from infinite
perpendicular porous plate by considering non-linear order
chemical reaction and heat generation with thermal diffusion.

e To establish a mathematical solution of the flow governing
model which includes transient momentum, diffusion balance
and energy equations and solve it by employing finite difference
scheme explicitly.

o To present a details stability and convergence study for optimis-
ing appropriate parameters.

e To exhibit velocity, temperature and concentric fields graphi-
cally along with Nusselt number, skin friction and Sherwood
number profiles.

e To represent the tabular analysis of C, Ny, and S;, fields for a
steady-state solution.

e To present the advanced visualisation of fluid flow through
streamlines and Isothermal lines.

2. The mathematical fluid flow model

A naturally convective and thermally radiative incompressible
simple fourth-grade fluid is defined for unsteady case model, and
the fluid is passing through a vertical infinite porous plate with
destructive chemical reaction and heat generation effect (Fig. 1).
With the history of the deformation gradient, the current stress
of an element is constituted for an incompressible fluid flow
model, and it can be exhibited as,

M(x, t) = Pl + S (Si(K)) (M

Where, pl=indeterminate portion of stress-tensor and
S = deformation gradient. Coleman and Noll (1960), prescribed dif-
ferent sort of incompressible fluid of category n as viscous fluid
agreeing on the following equation (Hayat et al., 2002; Sahoo
and Poncet, 2013),
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Fig. 1. The physical configuration of the flow.

M(x,t) = —pl + il(,— )
=1

The asymptotic expansion is being employed for functional in
Eq. (1) via an obstacle parameter and the tensors K; are achieved
for n =4 as (Hayat et al., 2011, 2002; Sahoo and Poncet, 2013),

Ky = uly 3)
Ky = oyLly + 0(2].‘% (4)
Ks = B1Ls + Bo(LiLa + LoLy) + B5(trL2)L, (5)

Ko = 7;La + 95 (LsLa + Lils) + 7513 + 7,4(L,L} + LiLy)

+ 7s(trly)L, + Vs(trLz)L% + [ystrls + pgtr(L, L)L, (6)
Here, = shear-viscosity coefficient, o;(i=1,2)= g;(i=1,2,3) =
7;(i=1,2,...8) = material constants and I=identity tensor. Here,
for 4th-grade fluid, Cauchy stress tensor M can be exhibited as,

M = —pl + plioyly + 0L% + BiLs + o(L L + LoLy)
+ By(trLdLy + piLs + 95 (LsLa + LiLs) + 7513
+74(LLT + L) + ys(trl,Ly + y6(trly)LT
+ [potrls + pgtr(ly L)L, (7)

The Rivlin-Ericksen tensors (L,) are prescribed by following
recursion connection:

= dla‘t" + Lo_1(grad V) + (gradV)'L,_;, n > 1;
L, = (gradV) + (gradv)" (8)

A third-grade model is achieved when n=3 in Eq. (2) and
7;= 0.Forn=2inEq. (2), 5 = 0and y; = 0 a second-grade fluid
is adopted, and the above-discussed model becomes a usual
Navier-Stokes fluid for o= 0, ;= 0 and y; = 0 (i.e. n=1 in
(2)). The thermally radiative and chemically reactive flow is head-
ing in x-direction along infinite porous plate with heat generation.

Here, Uy is the uniform velocity where T, and C,, are fluid temper-
ature and concentration away from the layer. A uniform magnetic
field (B, = 0,B, = By) is imposed in the normal direction of the
flow. Under the above consideration, the equations that described
the physical circumstances are given below (Arifuzzaman et al.,
2018b,c; Gul et al., 2016; Hayat et al., 2011; Wang and Wu, 2007):

Continuity Equation,

ov
ay 0 9)
Momentum Equation,
du  du_ Pu oqw Pu pv? d'u 6By + ) (Ou)’du
a Yoy oy T p ooy p (a*y)w
ny?_Pu
p ay2ot
+ZU(3V2+V3 +Va+Vs+377+7s) 0_“‘92_'-'(92_“ (@)2 ?’u
p ay dy? ayot = \dy) oy*ot
2
~ o BT T+ Bl Cu— C)
(10)
Energy Equation,
or o _ K &*T +£<@>2 o Pu du | pv? du
ot = oy pcdy? ¢y \Oy pcp, Oyot oy pc, dyor>
L w208+ B3) (@)4 LY du du
ay P oy pCp dy20t? dy
n 203y, + V3 + Y4+ 75 + 375 +75) Ou ou ’
pCp oyot \ oy
Qo 1 9q
+—(Ty —Ty) ——— == 11
po =T = (11)
Concentration Equation,
aC  oC &#C\  Dpkr &°T
—+V—=Dn| > — — K (C-C,)P 12
a Vo (8y2> + CsCp OY2 (C-C) (12)
with boundary condition,
u=0,T=T,, C=Cyat y=0
I A w y (13)

u=0T—-T,,C—Ciat y— o0

Here, q, = —(405/3ke) (c‘)T“/Oy) is the Rosseland approximation
for radiative heat flux. The temperature differences are chosen
small inside the flow. Then expanding T* by approximating Taylor
series at T.., it is adopted that T* = 4T3 T — 3T (higher terms are

deducted).
Then the Eq. (11) becomes,

o, o _ kot +3(0_u>2 o u du  pr? Su
ot oy  pcoy? ¢ \9y pCp Oyot dy - pc, dyot?
X@+2(ﬁz+ﬂ3>(@>“+w o'u_ou
ay P ay pCy dy20t2 Oy

+21)(3y2 + Y3+ Y4+ s+ 3V + Vs) 32_“ ou ’
0Cp oyot \ gy

Q, 160,T>. 0°T

=0 (T = To) + oo =

+pcp( )+3kepcp ay?

To find the solutions of the governing Eqs. (9)-(14) the non-
dimensional quantities are adopted as:

(14)

_yU, _u 7tU§ _T-T, _C-C, v
Y= ) ’Uon’Tf ) ’OfTW—TOO’(p*CW—COC’V*UO
(15)
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Continuity Equation,

ov

8—y:0¢v:—v0

(16)

where, vo > 0 and vy < 0 are suction and injection velocity. Here,
Vo > 0 is considered.
Momentum Equation,

ou _au d*U 1 o*U
%_Say E)Y2+GO+GC¢ MU——U+ocaYZOT
IPRICE o*u L <au> aZUH U
ay?ar2 "M\aY) ay? T P ayPors
oU 0*U &*U  [0U\*? &°U
T2 oyt vor (a—v) o a7
Energy Equation,
00 .00 1 16R\ &%0 ou
E_Sa_Y P_r<]+ 3>8 Q9+E°<8Y>
B[ 22U L U oU L (Y
1" oYar aY ' " aYarz oY | TA\oY
o'U U U [(0U\>
T sytars % *+ Vovps (oF) | (18)
Concentration Equation,
op ¢ 1 8%¢ _ 80 ,
E’SW 5 8Y2 +S; Wfl(rd) (19)
with boundary condition,
U=0,T=1,C=1 aty=0
’ ! aty (20)

U=0,T=0,C=0 aty— o0

where the dimensionless parameters are: Suction parameter,
S = vO/Uo, Grashof number, Gy = gBr(Tw — Too)v/U3, mass Grashof
number, =gPBc(Cyw — )1)/U3, magnetic parameter, M =
o'B2 v/pUz, second -grade ﬂu1d parameter, o = o;U3/pv?, third-
grade fluid parameters, f=p,Us/pv, P =6(B,+ f5)Us/pv3,
fourth-grade fluid parameter, 7, = 7,US/pv?%, y = 23y, + 75 + Y4+
75 + 37, + 75)US/pv*, Darcy number, D, = kU? /v?, radiation param-
eter, R = 6T>_/k;k, heat source parameter, Q = Q,v/Uap c,, Prandtl
number, P, = p ¢,0/k, Eckert number, E. = =U? 0/Sp(Tw — Ts), Schmidt
number, S, = D, /v, order of chemical reaction = P, Soret number,
St = DmKk1(Tw — Too)/Tm0(Cw —C) and  chemical reaction,
K, = bK.(Cy, — C)P~' /U2

1391
X
I1=m
i+2
" (+L D) GHL D 4L i+1)
: GA-0) WG+
T AX
i—1 N
T T L e T
i—2
AY
i=0 > Y
j=0 j-2 j-1 j j+1l j+2 j=n

Fig. 2. Numerical grid setup.

In addition, the physical momentum, heat and mass properties
such as skin-friction, the Nusselt and Sherwood number, which are

elucidated as (Arifuzzaman et al., 2018b),
Cr =556 " (Mo
No =56 (%)yo- (21)

_ 1 -3/4 000
Sh =556 (F)y_o-
3. Numerical solution

Explicit finite difference technique is being performed for
resolving Eqgs. (16)-(20) within conferred boundary conditions. A
rectangular flow field is adapted for distributing the grid lines
which are collateral to X and Y axes (Fig. 2). For the current inquiry,
the following things are chosen as,

Grid space: m =200, n = 200, Plates height: Xiax = 15, Ymax = 60

asyY - oo,

Mesh sizes: AY =0.30(0<Y <50) and AX=0.075(0 <X <
15), At =0.005
Now, Egs. (16)-(20) are changed into the following finite differ-
ence form,
Uy —Ui_1y  Vig— Vi1
AX + AY =0 (22)

Momentum Equation,

Uj-Uj Ui, -U 1 Uij 1 —2Uij+Uij 1 U =205+ U = Ui +2Ui - Ui
— — .. R M . L. J+ 1) 1) 1)+ lj B
AT S AY GFGIJ +GC¢1‘J ( + Da) UIJ + (AY)2 +o AT(AY)2
' Uijp1 = 33Uy + 22U + 207 - 4U + 205 + U, - Uy B <Ui.j+1 - Ui.j> >Uijar —2Uij+ Uij_y
AY?AT2 AU Ay (AY)?
(Ul = 3Uij1 +3U1 1y + Unger — 2075 = 6Uf) 46U + 20Uy + Uy = 3U7)_y 43Uy + Uy 1
+
Ta AY?AT3
+y 2Ui‘j+1 —Uij Uijir —2Uij+Uij g Uy =205+ U = Uiy a0+ 2055 = Uy 23)
AY (AY)? AT(AY)?
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Energy Equation,
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The energy equation becomes,

0= 0ij 01— 051 1 16 N 0ij 11— 20;j+ 0ij1 . Uiji — Ui 2
AT =S AY 7E<1+?R>T+QH”+E“<T>
Uijer — Uiy = Uy + U0y Uijq = Uy UG =20 + Uy = U = 207 4 205 = Uy Uy — Uy Uiji — Ui 4
HEc|o AYAT Ay P AYAT? AY Hg*‘( AY )
N U1 =3Ujy0 +2U0 + 205 =40 + 22Uy + Uy = Uy Ui - Uy Uy = Uy = Uiy +Uy (Ui — U ’ (24)
& AY’AT? AY AYAT AY
Concentration Equation, 0 = A40(7) (31)
. 1 diiq—2¢ + i Oii 1 — 200 +0;: where,
¢i,j:¢ij+Afs_¢J+] Aﬁé ¢J1+Sr Jg+1 AY‘J2+ -1
¢ (AY) (AY) AT(€™Y _1) At /. 16.\ 2(cospAY — 1)
ij+1— bij Ay = 1757Y+1T T+2R a2
—Ki(¢i5)° + S%} (25) A r 3 (AY)
iBAY _ 132
The initial and boundary condition with a finite difference +QAT - vEcy(T)AT(e ) + ﬁAT‘g(T) (eiﬁAY _ 1)2 (32)
scheme as, ATAY AY“At
Ul =0, 0=1, ¢y =1 26) And the concentration equation becomes,
UEL = 0, = (‘)?L = 0, (/)?]_ =0 where L — o qD/ _ A5¢ + Ag0 (33)
where, the subscripts i and j designate the grid points with X
. . - where,
and Y coordinates respectively and value of time,r = nAt, where,
n=1,2,3,4.... _ ipAY _
As=1+ 1 ZA‘c(cosﬂAzY 1) +SA’E(e 1) K.Az|.
. . Sc (AY) AY
4. Stability and convergence analysis 5 AY _ 1
Ag — sr2(CosPAY = 1) (34)

The ongoing analysis requires the study of the stability and con-
vergence test because an explicit procedure is being performed.
Here, Egs. (16) is disregarded because At is not available there.
The Fourier expansions are attained as in Eqs. (27) and (28) for
allU, 0 and ¢.

U-: l//(,E)eiotxei/;\{

0:0(t)e"XeY 5 (attime 1) (27)
Q: (P(T)eizxxei/fY
and
U' -y (T)e*XeifY
U// . l////(f)eizxei/iY
U" - /" (t)e*elY 3 (after a time step) (28)

0 : 0'(7)elXelY
(p/ . qz)/(,L-)eiotxei/fY
Now, imposing Eqs. (27)-(28) into Egs. (17)-(20) and choosing

U, V as constant we obtain the following equations as;
The momentum equation becomes,

l///:A1lﬁ+A20+A3(P (29)
where,

B AT | isay 1 AT
A =1 SAY(e 1)— (M + AT+(AY)2 (cospAY — 1)

D,

_2(cospAY —1)  2(e¥™ 4+1)

(AY)? AT(AY)?

2At(cospAY — 1) 2(cospAY — 1)
+ Ba 3 A 2
AY AT2(AY)

2At(e"™ — 1) 2At(cospAY — 1) 2(cospAY — 1)

AY AY? AY?

2(cospAY — 1

_ 2(cospAY —1) ﬁYz ) , Ay = GAT, A; = GpAT. (30)

(AY)?

Egs. (29), (31) and (33) can be presented in the matrix form as,
n=Tn,

s A A As| [y
0]1=10 A; O 0
(p/ 0 Ae A5 (/)
where,
' A A As
n=1\0|T=]|0 Ay O
(p/ 0 AG A5
and
Y
n=|o (35)
¢

Diversified data of T makes the analysis quite hard thus consid-

ering AT - 0, hence, A; —0,A3 - 0and As — 0.-T =
Ai 0 O
0 A; O]|. As a result, the achieved Eigenvalues are
0 0 As

A = 41,A4 =/, and As = /3 which satisfy the following stability
condition as,

and
IA1] < 1,]A4] < 1 and |As| < 1 (36)
Let,
AT AT AT AT
a; = A1, d; :2W, dzZE, d3:|—s\m and d4:F

where, a;, dq, dy, d3 and d4 are real non-negative numbers and
aAX = mm, BAY = nm.
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Now, using Eq. (36) and considering the assumed criterions, A4 T
and As are attained as, ]
B d 1 16\ . Q. oE ., !
A471—2{?+d1p—r<1+?R)+ja1—7dz+§d47 1
1 d3 dq ]
As_l—z[d1§+7—7[(r] 1
The allowable maximum negative numbers are A; = -1, R
A; = —1 and As = —1. Thus, the stability criterion is established as, ]
o |
2AT <]+ER>+QA‘L'+SA_‘L'7(X_ECE+ PAT —_— m:g_;g 1
Pr(AY)? 3 2 AY 2 AY 2aY - - - M=060
- === M=0.90 ]
1, 28T ST i<t TNt ]
Sc(AY)?  AY M=150 |
For, U=V =T = C = 0 together with the data of 7
At =0.005 and AY = 0.30 the existing work is converged for 1
P, > 0.43 and Sc > 0.168. i

8 10

5. Results and discussion

Theoretical work on the laminar flow of fourth-grade fluid has
been investigated numerically. The study has been analysed on
thermally radiative, and chemically reactive convective fourth-
grade fluid flow over a vertical infinite porous plate with the effect
of heat source, magnetic field and viscous dissipation has been
studied numerically. To validate the present numerical analysis, a
numerical comparison is provided in Table 1. It can be seen that
the present simulation can predict the previous results with an
insignificant deviation. Moreover, the impression of system param-
eters on Cg, Ny, and Sy, are also investigated in Table 2.

Table 1

Fig. 3. Dominance of M on U.

The impact of diversified physical parameters along with
dimensionless second-grade, third-grade and fourth-grade param-
eters are depicted graphically on different flow fields. The default
values for the pertinent parameters are taken as Ec=0.0001,
Sc=0.50, Pr=0.71, o= 0.20, B = 0.05, Ba = 0.05, y = 0.05, ya = 0.05,
R =0.05, Sr=0.003, Kr =0.50, Da=1.0, Gr=10.0, Gc=5.0, S=0.10,
M = 0.30. In addition, for advanced visualization of fluid, streamli-
nes and isotherms are also exhibited. The interaction of electrically

Validation of present study against Sahoo and Poncet (2013), where G, =G.=1.0, D, =10, R=0.05, Q =K, =0.06, S. = 0.6, S, = 0.003.

o B Y P M E. Non-dimensional temperature (Sahoo and Poncet, 2013) Non-dimensional temperature (Present work)
0.01 0.043378 0.04304
0.02 1.0 2.0 2.0 1.0 1.0 0.043233 0.04351
0.03 0.043090 0.04308
1.0 0.026147 0.02530
2.0 1.0 1.5 1.0 1.0 0.3 0.026142 0.02249
2.0 0.026137 0.02107
1.0 0.020760 0.02089
3.0 1.0 2.0 2.0 1.0 0.5 0.020759 0.02074
3.0 0.020757 0.02023
Table 2
Computational values of Cg, Ny, and Sy, for variation of flow parameters for a steady-state solution.
S R M P; o B Y Kr Sc Ce Ny Sh
0.20 0.05 0.30 0.71 0.05 0.05 0.05 0. 50 0.50 0.16788 0.49308 0.61085
0.30 0.18042 0.46521 0.59553
0.40 0.10 0.19254 0.58207 0.44022
0.50 0.15 0.20423 0.41780 0.57015
0.20 0.60 0.24553 0.39764 0.55949
0.80 0.22167 0.37984 0.53648
1.00 1.00 0.21822 0.31149 0.51186
1.50 0.32467 0.29147 0.67940
2.00 0.10 0.10 0.30946 0.29013 0.62314
0.80 0.20 0.20 0.45349 0.47985 0.82461
030 0.30 0.10 0.43687 0.56348 0.83454
0.20 0.41886 0.65942 0.85431
0.30 1.0 0.39424 0.64875 0.84754
1.50 0.70 0.64263 0.53185 0.77892
2.0 0.80 0.71631 0.49821 0.74651
1.20 0.89300 0.41235 0.67135
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conducting fluids with magnetic fields, through electromagnetic
forces called Lorentz forces. Strong magnetic parameter (M) cre-
ates retarding force namely Lorentz force which diminishes fluid
velocity.

Fig. 3 depicts the drag force effect on fluid flow and decreases
the velocity profiles with the increase (0.10 <M > 1.50) of the
magnetic parameter (M). The Curve to curve fluctuation for veloc-
ity profiles declines 23.025%, 22.53%, 22.17%, 21.80% and 21.46% as
M changes from 0.10 to 1.50 respectively at T = 4.0. Physically, as
the intensity of the magnetic field develops a resistive force
namely, Lorentz force occurs and impedes the fluid motion. Skin
friction behaviour occurred because of the friction loss is the
reduction of pressure that happens inside the pipe for the impres-
sion of fluid’s viscosity close to the surface of the pipe.

Fig. 4 illustrates the skin friction profiles for the increment of
magnetic parameter (M). The fields of C; plunge with rising data

of M because the imposed magnetic field tends to decelerate the
fluid flows and hence the surface friction force declines.

For the increase of higher order material parameters, elastic
characteristics deformation leads to the changes of shape or size
of fluid due to an applied force or transformation of heat. For the
increase of viscoelastic property, the momentum boundary layer
thickness becomes more conservator with the plate, for this rea-
son, velocity profiles decrease. With the rise of higher order mate-
rial parameters, the viscoelasticity property enhances the
molecular particles gathering and temperature absorption rate
increase. As a result, the fluid region temperature increases for
higher order material parameters.

Figs. 5 and 6 demonstrate the velocity and temperature fields
due to the increment (0.50 > o > 3.50) of the dimensionless
second-grade fluid parameter (o). Velocity profiles diminish, and
temperature fields increase for the upsurging second-grade fluid
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parameter (o). Curve to curve fluctuation of velocity profile with
the variation fora at 7 =3.0and 9.24%, 8.97%, 17.48%, 8.51%,
16.59 and 16.03% changes for increment of 0.5 (0.50-3.50).

Figs. 7 and 8 depict the impact of third-grade fluid parameters
(0.05 < (B=p4) = 035) on velocity and temperature fields.
Velocity fields diminish, and temperature fields develop with the
increase of third-grade fluid parameter (fand j8,).

Figs. 9 and 10 demonstrate the velocity as well as temperature
fields for the increment (0.05 < (y =7,) > 0.35) of dimension-
less fourth-grade fluid parameters () and y,). Velocity profiles
decrease, and temperature profiles develop for the increment in
fourth-grade fluid parameter (y and y,). Variations of concentric
fields are exhibited for different values of K; with considering the
order p = 4.

Due to the rise in a destructive chemical reaction (K;) parameter
from 0.50 < Kr > 10.0, the concentration fields get decrease
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(Fig. 11). Physically, a destructive chemical reaction occurs with
more disturbances which develops the molecular motion and
upsurges the heat transport phenomena, as a result the concentric
profiles diminish. Fig. 12 is plotted to visualise the impression of
Prandtl number (P;) on 6. The parameter (P;) is the proportion of
kinematic viscosity and thermal diffusivity which changes physi-
cally with temperature. For instance, water P, = 7.0 (At 20 °C) and
Ammonia gases P, = 1.38 decline more rapidly than air P, =0.71.
However, P, <1 and P, > 1 depict the domination of thermal
and momentum diffusivity respectively. Prandtl number is used
roughly to determine whether heat transport occurs with either
conduction or convection process. Since, Prandtl number is inver-
sely proportional to thermal diffusivity so that increasing P, led
the temperature profiles to decrease.

Thermal radiation is known as electromagnetic radiation or the
conversion of thermal energy, which generates the thermal motion
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of particles in matter. Thermal radiation (electromagnetic
radiation) could be attributed due to thermal excitation. The tem-
perature could be affected in the presence of thermal radiation at
moderate temperatures which are significant. Thermal radiation
for a medium which contains it inevitably has pressure and density
gradients, and the treatment requires the use of hydrodynamics.
Fig. 13 display the variations of Nusselt number profiles for differ-
ent data of thermal radiation (R) parameter. It is seen that, with the
increase (0.05 < R > 0.70) of R, the Nusselt number profiles are
also increasing. Because for larger values of R the mean absorption
coefficient get declines and accelerates the divergence of heat flux.
Here, the curve to curve fluctuations are 20.64%, 13.92%, 10.35%,
8.57%, 7.28% and 6.28% when the value of R are changes from
0.05 to 0.70 with the following data 1.1993, 1.21994, 1.24082,
1.25117,1.25974, 1.26702 and 1.27330 respectively. Fig. 14 repre-
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sents the Sherwood number profiles for the increment of Schmidt
number. For the data of S.=(2.0-6.0), S, profiles increase but
decrease for S.=8.0 and again increase for the values of Sc
(8.0 < Sc > 14.0). Physically, Schmidt number helps to develop
the fluid concentration as well as the concentration buoyancy
force. Furthermore, streamlines and isotherms profiles can be used
to improve the visualisation of fluid fields. Here, the line view is
presented to explain the influence of thermal radiation on stream-
lines and isotherms. In Figs. 15 and 16 represent the thermal and
velocity boundary layer from O to + X the region for X-axis
through the vertical plate. It can be seen that thermal and momen-
tum boundary layers increase within the flow region for strong
thermal radiation (R) with 7 = 0 to 30 non-dimensional time
steps.

Fig. 14. Dominance of S on Sy,

— R=0.05
— R =0.20

|
10

Fig. 15. Isotherms for different data of R with T = 10 to 30 time steps.
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Fig. 16. Streamlines for different data of R with 7 = 10 to 30 time steps.

6. Conclusions

The numerical solution for fourth-grade fluid towards an infi-
nite vertical porous plate with chemical reaction, thermal radia-
tion, heat source, uniform suction, MHD, streamlines and
isotherm lines representation has been analysed. The key findings
are given below:

e Velocity and skin friction fields decline due to the increment in
magnetic parameter.

e Velocity profiles decrease, and temperature fields go up when
dimensionless second, third and fourth-grade parameters get
to raise.

e For upsurging data of destructive chemical reaction concentric
fields diminish.

e Increasing Prandtl numbers tend to diminish the temperature
profiles.

e Nusselt number distribution rises due to the enhancement in
thermal radiation.

e Strong values of Schmidt number increase the boundary layers
in Sherwood number fields.

o Higher values of thermal radiation expand the thickness of ther-
mal and momentum boundary layers in streamline and isother-
mal lines.
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