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Abstract

This article is concerned with the study of heat and mass transfer of a MHD reactive flow of an upper-
convected Maxwell fluid model over a stretching surface subjected to a prescribed heat flux with velocity
slip effect in a Darcian porous medium in the presence of thermal radiation and internal heat
generation/absorption. The basic boundary layer governing partial differential equations are transformed
into a set of coupled ordinary differential equations, which are solved numerically using Runge-Kutta-
Fehlberg integration scheme with shooting technique. The far field boundary conditions are
asymptotically satisfied to support the accuracy of the numerical computations and the results obtained.
The velocity, temperature and species concentration profiles are enhanced by increasing values of
velocity slip parameter with Hartmann number, heat generation/absorption parameter and order of
chemical reaction parameter respectively. Increments in the values of velocity slip parameter, Hartmann
number, rate of chemical reaction parameter and Prandtl number boost the wall shear stress,
dimensionless surface temperature is increased by increasing values of Deborah number, heat
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generation/absorption and order of chemical reaction parameters while local rate of mass transfer is
enhanced by increments in the values of Hartmann number, suction velocity, Darcian porous medium,
rate of chemical reaction and velocity slip parameters. The presence of velocity slip on the flow
distribution is found to be of great significance to the study.

Keywords:  Magnetohydrodynamics, stretching surface; thermal radiation; porous medium, Maxwell fluid;
velocity slip; prescribed heat flux.

1 Introduction

It is evident that several industrial fluids are non-Newtonian in their flow features. In a Newtonian fluid, the
shear stress is directly proportional to the rate of shear strain, whereas the relationship between shear stress
and the rate of shear strain is nonlinear in the case of a non-Newtonian fluid. Most of the particulate slurries
such as china clay and coal in water; multiphase mixtures such as paints, synthetic lubricants, oil-water
emulsions; biological fluids including blood at a low shear rate, synovial fluid, and saliva; and foodstuffs
such as jams, jellies, soups, and marmalades are examples of non-Newtonian fluids. Due to the large variety
of the non-Newtonian fluids, many models of these fluids exist. Maxwell model is one subclass of rate type
of non-Newtonian fluids. This fluid model predicts the relaxation time effects which cannot be predicted by
the differential-type non-Newtonian fluids. Maxwell fluid model is useful for polymers of low molecular
weight. A review of non-Newtonian Maxwell fluid flow problems with heat and/or mass transfer may be
found in many researchers [1-13].

The flow, heat and mass transfer due to stretching surfaces in non-Newtonian fluids are of significant
practical interests because they occur in a number of manufacturing and engineering processes; for example,
in the polymer industry when a polymer sheet is extruded continuously from a die, with tacit assumption that
the sheet is inextensible. During its manufacturing process, a stretched sheet interacts thermally and
mechanically with the ambient fluid. The thermal interaction is governed by the surface heat flux. This
quantity can either be prescribed or it is the output of a process in which the surface temperature distribution
has been prescribed. The cooling of a large metallic plate in a bath (electrolyte) is another problem
belonging to this category. Other interesting applications of the flows due to stretching surface are in the
continuous casting, glass blowing, wire drawing, spinning of fibres, paper production and hot rolling.
However, in other real situations, one encounters the boundary layer flow over stretching sheets/surfaces.
For instance, in a melt-spinning process, the extrudate is stretched into a filament or sheet while it is drawn
from the die. Finally, this sheet solidifies while it passes through an effectively controlled cooling system in
order to acquire the top grade property of the final product. One can refer to the following studies in
references [14-21] on the flows of Maxwell fluid over stretching surfaces with heat and/or mass transfer
phenomena.

Due to its important applications in industrial technology, the MHD study has considerable interest in the
technical fields. These applications comprise MHD power generators, cooling of nuclear reactions, liquid
metal flow control, biological transportation, high-temperature plasmas, micro MHD pumps, drying
processes, solidification of binary alloy, etc. Shah et al. [22-23] has recently examined the electrical MHD
and Hall current impact on micropolar nanofluid flow between rotating parallel plates; and a three
dimensional non-Newtonian nanofluid flow with mass and heat transmission in a rotating frame in the
existence of a magnetic field in which Hall current was taken into account respectively. Khater et al. [24]
presented a weakly nonlinear theory of wave propagation in superposed fluids in the presence of a magnetic
field. They examined the nonlinear evolution of Rayleigh-Taylor instability in three dimensions in the
context of magnetohydrodynamics and performed a stability analysis of their solutions. The mass transfer of
the steady two-dimensional magnetohydrodynamic boundary layer flow of an upper-convected Maxwell
fluid past a porous shrinking sheet in the presence of chemical reaction was investigated by Hayat et al. [25].
They used homotopy analysis method (HAM) to obtain series solutions for the problem. Baoku et al. [26]
studied the influence of magnetic field, third grade, partial slip and other thermophysical parameters on the
steady flow, heat and mass transfer of viscoelastic third grade fluid past an infinite vertical insulated plate
subject to suction across the boundary layer. It was concluded that the magnetic field strength was found to
decrease with an increasing temperature distribution when the porous plate was insulated.
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Olajuwon et al. [27] considered the hydromagnetic partial slip flow, heat and mass transfer of a third-grade
non-Newtonian fluid over a vertical surface in the presence thermal radiation in an optically thick media
through a porous medium. They employed the midpoint integration scheme alongside Richardson’s
extrapolation technique to obtain numerical solutions to the problem. The entropy generation in a
magnetohydrodynamic flow and heat transfer of a Maxwell fluid was reported by Shateyi et al. [28]. They
obtained the solutions to the problem using the spectral relaxation method. Liu and Guo [29] examined the
magnetohydrodynamic flow of a generalized Maxwell fluid, induced by a moving plate where there is a
second-order slip between the wall and the fluid. They pointed out that the velocity corresponding to flows
with slip condition subjected to a magnetic field is lower than that with first-order slip condition. Gaffar et
al. [30] analyzed the nonlinear, isothermal, steady-state, free convection boundary layer flow of an
incompressible third-grade viscoelastic fluid past an isothermal inverted cone in the presence of
magnetohydrodynamic, thermal radiation and heat generation/absorption. They employed the second-order
accurate implicit finite-difference Keller-Box Method to obtain solutions for the transformed conservation
equations of linear momentum, heat and mass subject to the realistic boundary conditions.

Many recent engineering processes occur at high temperatures. Therefore, the knowledge of radiation heat
transfer besides the convective heat transfer plays very crucial roles and cannot be neglected. Gas turbines,
nuclear power plants and several propulsion devices for missiles, satellites aircraft and space vehicles are
few examples of such engineering areas involving thermal radiation. (see Eckert and Drake [31]). Many
researches on influences of thermal radiation on viscous fluids over different surfaces have been conducted
by Gorla [32], Raptis and Massalas [33], Pop et al. [34], Abdul Hakeem and Sathiyanathan [35], Hossain et
al. [36], Hayat et al. [37] and Baoku et al. [38]. In the same vein, one can refer to the works of Gorla and Pop
[39], Siddheshwar and Mahabaleshwar [40], Olajuwon and Baoku [41], Aliakbar et al. [42], Mushtaq et al.
[43], Bilal et al. [44], Baoku and Fadare [45], Shah et al. [46], Ishaq et al. [47], Nasir et al. [48], Muhammad
et al. [49] concerning the thermal radiation effects on Maxwell fluid and other non-Newtonian fluids.

Flows in porous media have gained the attention of many researchers because of their applications in
astrophysics, geothermal and oil reservoir engineering. Flows involving viscous and non-Newtonian fluids
have been studied extensively. One can make references to the works Vafai and Tien [50], Raptis [51],
Ingham and Pop [52], Mohammadein and El-Amin [53], Vafai [54], Pop and Ingham [55], Ingham et al.
[56], Ingham and Pop [57], Vafai [58], Nield and Bejan [59], Hayat et al. [60] and references therein
concerning viscous and non-Newtonian flow through Darcian and non-Darcian porous media with different
geometries for the flows. However, they are still open problems on flows in porous media with non-
Newtonian fluid. Detailed discussions have been given in these references about various features of different
models for porous media. Some researchers earlier cited above such as [35-38] have also focused on
convective heat transfer with thermal radiation through porous media.

Literature survey reveals that little attention has been paid to the slip flow, heat and mass transfer of non-
Newtonian fluids especially Maxwell fluid. Some references earlier cited such as Hayat et al. [3], Sajid et al.
[7], and Lin and Guo [29] have examined slip flows of Maxwell fluids under different conditions. Sajid et al.
[61] elucidated the fact that fluid patterns characterized by the slip boundary conditions have special
significances in many applications. They described that in some instances, the fluids present a loss of
adhesion at the wetted wall which compels it to slide along the wall. Consideration for no-slip condition
seems unrealistic for many non-Newtonian flows because they exhibit macroscopic wall slip. Particularly, a
no-slip condition is inadequate for rough surfaces and in micro electromechanical system (MEMS). The
fluid which exhibits boundary slip finds applications in technology such as in the polishing of artificial heart
and internal cavities in a variety of manufactured parts are achieved by imbedding such as fluids as abrasive.

In order to fill this gap, the present study focuses on the two dimensional, incompressible and
magnetohydrodynamic flow with velocity slip of a non-Newtonian Maxwell fluid over a non-conducting
porous stretching surface with a prescribed heat flux considering the fluid to be optically thin. The surface is
taken to be permeable in the presence of uniform heat generation/absorption, radiative heat transfer and
chemical reaction of order 72 in a Darcian porous medium. Similarity transformation has been employed for
this problem and the dimensionless governing equations are numerically solved. Graphical results for
various values of the pertinent parameters are presented to gain a thorough insight into the physics of the
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problem. Similarly, the numerical results for local skin friction coefficient, surface temperature and
Sherwood number for various values of the embedded parameters are made available in tables in order to
gain more insight into the surface shear stress, surface temperature and rate of mass transfer for the problem.
To the best of our knowledge, this problem has not been previously studied.

2 Mathematical Analysis

Consider a two-dimensional steady and incompressible boundary layer flow of a non-Newtonian upper-
convected Maxwell (UCM) fluid over a non-conducting porous stretching surface with a prescribed heat flux
in the presence of thermal radiation and heat source/sink. The fluid under consideration is electrically
conducting and optically thin in a Darcian porous medium. The flow which is in the region y > 0 is driven

by the stretching surface located at y = 0. The X axis is chosen along the stretching surface while y - axis
is normal to the surface. The prescribed surface heat flux is g, while the surface species concentration is
denoted by C . The stretching velocity of the surface is ¢, = m x with 7 being a constant. Let the wall

constant mass transfer be ¥, with ¥, > 0 for injection and V’,, < 0 for suction. The flow is presumed to be

w
generated by the stretching surface issuing from a thin slit at the origin. The surface is then stretched in such
a way that the speed at any point on the surface becomes proportional to the distance from the origin. The

respective free stream temperature and species concentration are 7, and C, . The flow is subjected to a

transverse and uniform magnetic field of strength BO, which is applied in the positive y - direction, normal

to the surface. The induced magnetic field is assumed to be very small in comparison to the applied magnetic
field. The chemical reactions are presumed to take place in the flow regime and there exists a homogeneous

n™ order chemical reaction within the fluid. Following Sadeghy et al. [4] and Hayat and Sajid [62] and
based on the aforementioned assumptions, the governing equations of the conservation of mass, momentum,
energy and species concentration, using an order magnitude analysis of the y-direction momentum equation
(normal to the surface) and the usual boundary layer assumptions with negligible pressure gradient, where
other thermophysical properties are kept as constants, can be expressed as follows:

Oou 0ov

— +—=90 1
ox Oy M
2 2 2 2 2
ua—u+v6—u+ﬂ, vza—b;+2uv Ou +u26L2[ = 0 L;—O-'BO u—%u ()
ox Oy oy Ox0y ox oy P K’
2
Tty Lopr-r,)- L % &)
ax oy T pCp pCp Oy
2
ua—c+va—C=Da (Zj—Kr(C—COO)" 4)
ox Oy

where X, y,u,v,T,C,v, 1,0, B,, p, Cp,w7Q7(p7K', q,, D, K'and n are
coordinate axes along the continuous surface in the direction of motion and normal to it, velocity
components in the directions of X and y axes, fluid temperature inside the boundary layer, species

concentration of the fluid, kinematic viscosity, relaxation time, electrical conductivity, magnetic field flux,
fluid density, specific heat at constant pressure, thermal diffusivity, internal heat generation/absorption,
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porosity, permeability of the medium, radiative heat flux, mass diffusivity, rate of chemical reaction and
order of chemical reaction respectively.

y -axis
Direction of
UCM fluid
fudfiow— A u—U, T—T. C—C,
—
\%
boundary layer
—> thickness
111 :
By
u=U, T=q, c=C, X — axis
—>
y=0
Fig. 1. Sketch of the flow configuration
The boundary conditions for the problem are:
ou oT
u=u,+El—|, v=V,-k—=q,=Nx’, C=C, aty=0 (5)
oy oy
u—->U,=0, T—>T, C->C, as y—> o (©6)

Wherex' ,q,,, E and IV are thermal conductivity, prescribed heat flux, velocity slip factor and a constant

respectively. It is worth mentioning that £ = 0 corresponds to no-slip boundary condition. The above

boundary condition is valid when x <</ (where/ reference length of the surface) which occurs very near
to the surface.

Following Cogley et al. [63], it is assumed that the fluid is optically thin with a relatively low density and the
radiative heat flux is given by:

Y _4g(r-1,) ™)
oy

where f is the mean radiation absorption coefficient.



Baoku and Falade; JAMCS, 31(3): 1-25, 2019; Article no.JAMCS.43089

Dimensionless quantities are introduced to simplify the mathematical analysis of the problem by introducing
the following similarity transformation:

T ®

T,-T,° C,-C
The continuity equation (1) is automatically satisfied by chosen a stream function ¥ = A/muv x f (7]) as:

u:a_‘/’ , vz_a_‘/’ )

oy ox

Using the above similarity transformation and equations (5) — (7), the governing equations (2)-(4) are
transformed to the following coupled nonlinear ordinary differential equations:

I+ L @ -1 )+ BRI @) @)= £ ) f )| ~(M+ Pm)f(7) =0 (10)
0" () +Prl £ (7) 6'(7) —(R— H)O(m)] = 0 an

¢"(m) +PrLe f(m) ¢ (1) - 79" ()] =0 (12)

with boundary conditions:

f)=s.  f)=1+5/"(n). OH)=-1. ¢n)=1 ap=0 (13)

f’(?])—)O, 9(7])—)0, ¢(77)—)0 as 7 —> © (14)
where the parameters are defined as:

[ = Am is the Deborah number, 7 is the similarity variable, prime is the differentiation with respect to 77

. f ", 0 and ¢ are the dimensionless velocity, temperature and species concentration respectively,

2
op,

; is the Hartmann number, Pr =
mx’p K

Ha =

w
is the Prandtl number, Le = B is the Lewis

-V, v Kr -l
 is the suction velocity parameter, Pm = 1 , ¥ = —(C —C, )” is the
mU ’ W

mx’K m
rate of chemical reaction, & = E.,[— is the velocity slip parameter, H =
L

number, § =

is the heat source/sink

pCpm
4&%a
pCpm

parameter and R = is the thermal radiation parameter.

Other important physical quantities of interest which are germane to the technological and engineering
applications of the problem are the local skin friction coefficient C I dimensionless surface temperature

9(77)at77 =0 and Sherwood number S/ _. The local skin friction coefficient and Sherwood number are
respectively defined as:
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Cp=—" = C,(Re,)2 =(1+8)/"(0) (15)

2

p u w

where 7 is the wall shear stress and Re _is the local Reynolds number.

xh -1
Sh, =——¥ Sh_(R No= g 0
x D(CW—COC) = x( ex) ¢( ) (16)
where /1, is the mass flux and Re = = M
1%

3 Computational Procedure

The system of coupled nonlinear ordinary differential equations (10) - (12) with mixed boundary conditions
in equations (13) and (14) for different values of emerging parameter, namely: Deborah number [,
Hartmann number Ha , Prandtl number Pr, Lewis number Le, velocity slip parameter & - suction velocity
parameter S . Darcian porous medium parameter Pmi, heat generation/absorption parameter H , rate of
chemical reaction parameter ), order of chemical reaction parameter 72 and thermal radiation parameter

R has been solved by using an efficient and effective fourth-fifth order Runge-Kutta-Fehlberg (RKF45)
method alongside the shooting technique. The nonlinear differential equations (10) — (12) are first
decomposed into a system of first order differential equations. The coupled ordinary differential equations

(10) - (12) are third order in f(77) and second order in @(77) and ¢(77) which have been reduced to a

system of seven simultaneous equations for eleven unknowns. To numerically solve this system of equations
employing RKF45 method, the solutions require seven initial conditions in all but two initial conditions in

f(17), one initial condition in each &(77) and @(#) are available. However, the values of /'(77),60(7)
and @(77) are known at 77 — oo . These free stream conditions are used to produce unknown initial
conditions at 77 = 0 by employing shooting technique. The most important of this algorithm is to choose the
appropriate finite value of 77, . Thus, in order to estimate the value of 77, some initial guess values are

started with and the boundary value problems consisting of equations (10) - (12) are solved to obtain f"(0)
,0'(0) and ¢'(0) . The solution is repeated with another larger value of 77, until two successive values of
£"(0),60'(0) and ¢'(0) differ only after the desired significant digit. The last value 77, is taken as the

finite value of the limit 77 for the particular set of physical parameters for determining the velocity,

temperature and the species concentration, which are respectively f'(77),6(77) and ¢(#)in the boundary
layer. After getting all the initial conditions, this system of simultaneous equations is solved using the

RKF45 integration scheme. The value of 77, = 10 has been selected to be appropriate in nearly all cases for
the physical parameters governing the flow. Thus, the coupled boundary value problem of third order in
f(17), second order in @(77) and @(77) has been reduced to a system of seven simultaneous equations of
the first order for seven unknown variables as follow:

The equations (10) — (12) can be expressed as:

o M Pm)f 4 S L 2B S
i-5r%)

0" =—Pr[f0'—(R-H)0] (18)

(17)



Baoku and Falade; JAMCS, 31(3): 1-25, 2019; Article no.JAMCS.43089

¢ =—PrLelf ¢'~r¢’] (19)
The following new variables can be defined by the following equations:
L=1@) fo=1W). = 1"). fo=0n). £ =6'() . £, =9@n). £, =¢'(n) @O

The coupled higher order nonlinear differential equations and the mixed boundary conditions may be
transformed to seven equivalent first-order differential equations and the boundary conditions respectively,
as follows:

f=1 h
fz' = f3
oo M Pm)fy = 17~ fifs 2811 ];

1-B81]
fi=1 > @1)

fsl =—Pr[f1f5—(R—H) 4]
f61 :f7
/i ==prLelfi f, -7 ] Y

Also, the boundary conditions are transformed as:

£0)=s. £,(0)=1+51(0). f:(0)=-1 22)
10)=1, £,()=0, f,(0)=0, f,(0)=0

Hence, the boundary value problem in equations (10) — (12) with the boundary conditions (13) and (14) is
now converted into an initial value problem in equation (21) with the initial conditions in equation (22).
Then, the initial value problem is solved by employing RKF45 integrating scheme and by appropriately
guessing the missing initial values using the shooting method. For several sets of pertinent parameters, the

step size of Anp = 0.001 is used for the computational purposes by translating the algorithm into MAPLE

code as described by Heck [64] and error tolerance of 1077 is used in all the cases. The results obtained are
presented through graphs for velocity, temperature and species concentration profiles and through tables for
local skin-friction coefficient, surface temperature and Sherwood number.

4 Results and Discussion

Numerical solutions are obtained for the velocity, temperature and species concentration fields for different
values of governing parameters. Results are displayed through graphs in Figs. 2-19. It should be noted that
Figs. 2-7 satisfy the specified boundary conditions and Figs. 8-19 reveal that the far field boundary
conditions are satisfied asymptotically and hence this supports the accuracy of the numerical computations
and results. Moreover, the behaviour of skin friction coefficient, dimensionless surface temperature and
Sherwood number due to the variations in various emerging parameters is also deliberated in Tables 1 and 2.
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4.1 Velocity profiles

The velocity profiles f' for different values of Deborah number f#, Hartmann number Ha , thermal

radiation parameter R , velocity slip parameter & , Darcian porous medium parameter Pm and suction
parameter s are displayed in Figs. 2-7 respectively. Fig. 2 shows the influence of £ on the flow distribution.

It is evident from this figure that f""is a decreasing function of /3. This implies that a decrease in the fluid
velocity corresponds to an enhancement of the velocity boundary layer thickness. From the physical point of
view, when shear stress is eliminated, the fluid will come to rest. This kind of phenomenon is experienced in
many polymeric liquids that cannot be defined in the viscous fluid model. Higher values of £ will produce a
retarding force between two adjacent layers in the flow. For this reason, there will be a reduction in the
velocity profile and corresponding associated effect is noticed in the boundary layer thickness. Fig. 3 depicts
the effect Ha on f'. It is obvious that an increase in the values of Ha decrease the boundary layer
thickness in the flow distribution. Hartmann number refers to the ratio of electromagnetic force to the
viscous force. This implies that the electromagnetic force controls the flow distribution and this leads to an
increase in the velocity profile. Fig. 4 illustrates the influence of thermal radiation parameter R on f'. An

increase in the values of R is observed to reduce the velocity profile. The effect of velocity slip parameter
O on [ is depicted in Fig. 5. f' is found to be an increasing function of § . This is anticipated as there is a
critical shear rate of the polymeric Maxwell fluid initiated by the stretching surface. The bound polymers
begin to detach from the stretched surface polymers, resulting in the relative sliding of bulk and surface
layers. The sliding velocity in the flow regime increases with increasing shear rate. Hence, an increment in
O corresponds to an increasing velocity profile. Fig. 6 displays the effect of Pm on the velocity profile. An
increase in the values of Pm decreases the velocity profile. On observing Fig. 7, as the values of S increase,
the velocity profile decreases as anticipated. This implies that suction which is the removal of fluid from the
domain via the porous surface can be used to exercise controls over the fluid dynamics. Thus, suction
enhances adherence of the fluid to the surface which in turn retards the flow.

4.2 Temperature profiles

Figs. 8 - 12 illustrate the variations of & with respect to n for various values of Ha , R, s, Pr and H

respectively. From Fig. 8, it is observed that Ha has a decreasing effect on &. A higher value of Ha
corresponds to a higher value of an electromagnetic force in comparison to a viscous force. Thus, a decrease
in the fluid temperature in the flow distribution with its consequent reduction in the thermal boundary layer
thickness is noticeable when the values of Ha increase. The influence of thermal radiation R on @ is
portrayed by Fig. 9. The thermal boundary layer thickness decreases as the values of R increase. Fig. 10
expresses the effect of s on the temperature profile. Suction velocity parameter is also found to reduce the
fluid temperature. The feature of Pr on @ is displayed in Fig. 11. Pr is a decreasing function of the
temperature profile. Higher estimation of Pr is found to decay the temperature distribution in the flow
regime. This is due to the fact that Pr expresses the ratio of thermal diffusivity to momentum diffusivity.
Thus, small values of Pr implies that the thermal diffusivity dominates and for higher estimation of Pr , the
momentum diffusivity dominates. As the values of H increase, the temperature profile increases for both
cases of heat generation and heat absorption as shown in Fig. 12. Positive values of H corresponds to heat
generation whereas negative values of H signifies heat absorption. Though, when heat generation is
considered in the flow regime, the fluid temperature is higher than that of heat absorption. Consequently, the
thermal boundary layer thickness and the surface temperature are enhanced by increment in the values of A .

4.3 Species concentration profiles

Figs. 13 - 19 describe the influences of Ha , R, ¥, s, Pr, Le and n on the species concentration

profile. Fig. 13 captures the influence of Ha on the species concentration profile. It is observed that for any
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given value of 77, the species concentration becomes decreased with an increase in Ha . The variation of ¢

with different values of R is indicated by Fig. 14. It is clear that the thermal radiation parameter decreases
the species concentration profile. Fig. 15 is plotted to display the influence of ¥ on species concentration

distribution in the boundary layer. It is observed that increasing the values of } corresponds to a decrease in

the species concentration boundary layer thickness. In Fig. 16, it is interesting to note that S is a decreasing
function of the species concentration boundary layer. This establishes the facts that suction velocity
parameter can be employed to control the fluid species concentration in the flow regime. In Figs. 17 and 18,

it is interesting to note that Pr and Le have the same effects on the species concentration boundary layer.
Both of them noticeably decrease the concentration layer thicknesses. Lewis number which is the ratio of
thermal diffusivity to mass diffusivity is used to characterize fluid flows where there is simultaneous heat
and mass transfer. The implication of the reduction in the fluid species concentration is that the thermal
diffusivity has more influence over both momentum and mass diffusivities in the flow regime. Lastly, Fig.
19 is plotted to display the influence of # on the species concentration profile. The species concentration
boundary layer thickness is found to increase with increment in the values of the order of chemical reaction
parameter.

Tables 1 and 2 present variations of local skin friction coefficient, dimensionless surface temperature and
Sherwood number in relation to S, Ha,s,Pm,R,Pr,Le, 0, H, y and 7. These tables show
that as the values of Hartmann number, Darcian porous medium, velocity slip parameter, heat absorption
parameter and rate of chemical reaction parameter increase, the values of local skin friction coefficient
increase. However, the skin friction coefficient is found to decrcase as the values of Deborah number,
suction velocity parameter, thermal radiation parameter, Prandtl number, Lewis number, heat generation
parameter and order of chemical reaction parameter increase. Also, it is worthy to note that as the values of

L, H and n increase, the dimensionless surface temperature increases whereas an increase in the values
of Ha, s, Pm, R, Pr, Le, 0 and y are found to decrease the dimensionless surface temperature.

Finally, it is evident from these tables that the local rate of mass transfer is enhanced by increasing the
values of Hartmann number, suction velocity, Darcian porous medium, velocity slip, heat absorption and
rate of chemical reaction parameters. However, as the values of Deborah number, Prandtl number, Lewis
number, heat generation and order of chemical reaction increase, the local Sherwood number decreases.

0.7

0.6

04 -
. 5 —_—p=3
f Bos
031 = p=10
+ B=7
0.2
0.1

Fig. 2. Variation of 3 on velocity profile for Ha =0.5, Pm=3,5=0.5,5=0.5

10
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Ha=10.1
Ha=10.5
Ha=1.4
Ha=11

R=0.5
R=15
R=35
R=25

Fig. 4. Variation of R on velocity profile for §=0.01, Ha=0.5, Pm=3,5=0.5,6=0.5
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Fig. 5. Variation of 5 on velocity profile for #=0.01, Ha=0.5, Pm=3, s=0.5

£ Pm=1
Pm =5
Pm =10

o Pm=20

Fig. 6. Variation of Pm on velocity profile for §=0.01, Ha=0.5, s=0.5, 5§ =0.5
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Fig. 8. Variation of Ha on temperature profile for #=0.01, Pr=0.71, R=2,5s=0.5, H =1
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Fig. 9. Variation of R on temperature profile for £ =0.01, Pr=0.71, s=0.5, H =1
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Fig. 10. Variation of 5 on temperature profile for f=0.01, Pr=0.71, R=2, H =1
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Fig. 11. Variation of Pr on temperature profile for £ =0.01, R=2,5=0.5, H =1
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Fig. 12. Variation of // on temperature profile for f=0.01, Pr=0.71, R =2, s=0.5
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Fig. 13. Variation of Ha on concentration profile for ¥ =1, Pr =0.71, Le =1.32394
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Fig. 14. Variation of R on species concentration profile for ¥ =1, Pr =0.71, Le =1.32394

16



Baoku and Falade; JAMCS, 31(3): 1-25, 2019, Article no.JAMCS.43089

0.8+

I
[ T

I
[

Fig. 15. Variation of y on species concentration profile for s =0.5, Pr =0.71, Le =1.32394
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Fig. 16. Variation of s on species concentration profile for ¥y =1, Pr =0.71, Le =1.32394
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Fig. 17. Variation of Pr on species concentration profile for y =1, s =0.5, Le =1.32394
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Fig. 18. Variation of Le on species concentration profile for = 1,Pr=0.71,5s=0.5
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Fig. 19. Variation of 7 on species concentration profile for s = 0.5, Pr=0.71,Le =1.32394

Table 1. Values of local skin friction coefficient, surface temperature and Sherwood number when

B=10,5=0.5, Ha=5, Pm=3,R=2,0=0.5, Le=1.32394, Pr=0.71, y =1

23 32
I

Il
(WY LN N

4
-+

10

p Ha S Pm R  f"(0) 6(0) -¢'(0)
10 0.670143421437399  0.730079179768046  1.61305817472367
20 0.314910000774969  0.757470131959812  1.55727112308650
30 0.205941506976925  0.766956465924263  1.53896768485879
5 0.670143421437399  0.730079179768046  1.61305817472367
10 1.045308910129090  0.705201303081446  1.66770762427392
15 1.421493202664490  0.683463911626964  1.71888531810080
1.5 0.195013066763355  0.555339748399596  2.21055955126873
2.0 0.140148653285598  0.484092152598781  2.57318131895424
3.0 0.081209677691928  0.378473117591700  3.35869839065528
5 0.820059545792069  0.719693201759715  1.63538767870157
8 1.045308910129090  0.705201303081446  1.66770762427392
12 1.346192059840010  0.687597689227729  1.70889272552484
1 0.670143421431766  0.941898776276787  1.61305817472310
3 0.670143421352667  0.615784802124303  1.61305817471516
5 0.670143421162864  0.490109007189548  1.61305817469608
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Table 2. Values of local skin friction coefficient, surface temperature and Sherwood number when

p=10,5=05, Ha=5, Pm=3,R=2,0=0.5, Le=1.32394, Pr=0.71, y =1

Pr Le 6§ H 7 n  f"0) 0(0) -¢'(0)
1 0.670143421321513  0.597704147841781  1.61305817471203
1.8 0.670143421013099 0.418444903913972  1.61305817468103
25 0.670143420769971  0.339944094031206  1.61305817465660
1.00 0.670143421895727  0.730079179746992  1.36971444706406
1.10 0.670143421492662 0.730079179765515  1.44739657401267
1.39 0.670143421159202 0.730079179780830  1.66007034154426
0.1 0.647851943611487 0.758869943021600  1.55266976727577
0.4 0.664520848545271 0.737157013177289  1.59778870453003
0.8 0.687292558214682  0.709332057355312  1.65952602103773
-4 0.670143420993856 0.419488014617078  1.61305817467910
-2 0.670143421162864 0.490109007189548  1.61305817469608
1 0.670143421437399 0.730079179768046  1.61305817472367
2 0.670143421431766 0.941898776276787  1.61305817472310
2 0.670143421371819 0.730079179771046  1.90439938376314
3 0.670143421419625 0.730079179768838  2.15690267895844
4 0.670143421567713  0.730079179762021  2.38225825618070
0 0.670143421862403 0.730079179748426  3.45089816953900
1 0.670143421437399 0.730079179768046  1.61305817472367
2 0.670143421284530 0.730079179775080  1.49189486776958

5 Conclusions

The present study proposes a numerical approach of RKF45 with shooting technique to solve the heat and
mass transfer of a MHD reactive flow of an upper-convected Maxwell fluid model over a stretching surface
subjected to a prescribed heat flux with velocity slip effect in a Darcian porous medium in the presence of
thermal radiation, internal heat generation/absorption and chemical reaction of order 7. The accuracy of the
numerical computations and results is supported by the velocity profiles satisfying the specified boundary
conditions while both temperature and species concentration profiles establish that the far field boundary
conditions are asymptotically satisfied. The results of physical interests on the velocity, temperature and
species concentration profiles as well as the wall shear stress, surface temperature and rate of mass transfer
at the wall are summarized below:

1.

The velocity distribution increases for higher estimation of velocity slip parameter and Hartmann
number but it decays with increasing values of Deborah number, thermal radiation parameter,
Darcian porous medium parameter and suction velocity parameter;

The temperature distribution is enhanced by increasing values of both heat generation and heat
absorption parameters. However, the temperature is a decreasing function of thermal radiation
parameter, Prandtl number, Hartmann number and suction velocity parameter;

The species concentration distribution increases by increasing values of order of chemical reaction
parameter whereas the species concentration is found to decay with increment in the values of
thermal radiation parameter, Hartmann number, Lewis number, Prandtl number, suction velocity
parameter and rate of chemical reaction parameter;

Increasing values of Hartmann number, Darcian porous medium and velocity slip parameters have
boosting effects on the local skin friction coefficient and local rate of mass transfer whereas these
parameters are found to decrease the fluid temperature at the stretching surface.
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