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The present work aims to report the consequences of Darcy—Forchheimer medium in flow of Cross fluid
model toward a stretched surface. Flow in porous space is categorized by Darcy—Forchheimer medium.
Further heat transfer characteristics are examined via thermal radiation and heat generation/absorption.
Transformation procedure is used. The arising system of nonlinear ordinary differential equations is
solved numerically by means of shooting method. The effects of different flow variables on velocity,
temperature, concentration, skin friction, and heat transfer rate are discussed. The obtained outcomes
show that velocity was enhanced with the increase in the Weissenberg number but decays with
increase in the porosity parameter and Hartman number. Temperature field is boosted by thermal ra-
diation and heat generation; however, it decays with the increase in the Prandtl number.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Thermal Radiation

1. Introduction

In nature, there are different fluids, including hydrogenated
castor oil, drilling mud, jam, synovial fluids, mayonnaise, butter,
ketchup, shampoos, soup, gypsum paste, cheese, printer ink,
toothpaste taffy, yogurt, clays, paints, colloidal suspension, blood,
etc., that do not satisfy Newton's law of viscosity. Such fluids are
referred to as non-Newtonian fluids. Non-Newtonian fluids cannot
be handled through single Navier—Stokes relations. But there are
various engineering and industrial applications of non-Newtonian
fluids. Therefore, many researchers and scientists have developed
different models, such as the Maxwell, Williamson, second grade,
third grade, Sutterby, Cross, Casson, Oldroyed-B, Burgers, micro-
polar, generalized Burgers, Sisko, Jeffrey, etc., for non-Newtonian
fluids. Some studies about non-Newtonian fluids can be found in
the references [1—6].
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Chemical reaction and thermal radiation influences on mass and
heat transfer over an extended surface have vital importance in
engineering and physics because of the various applications of
materials, such as combustion of fossil fuels, nuclear power flows,
fuel turbines, liquids, steel fluid, plasma, picture ionization, wind
tunnels, geophysics, and a wide variety of propulsion devices for
planes, satellites, and aerial motors. The effects of nonlinear ther-
mal radiation and induced magnetic field on flow of viscoelastic
liquid with heterogeneous—homogeneous reactions are explored
by Animasaun et al. [7]. Qayyum et al. [8] analyzed the influence of
homogeneous—heterogeneous reactions in flow based on copper
and silver water nanoparticles. Khan et al. [9] point out the sig-
nificance of mixed convection of Walter-B nanofluid with thermal
radiation. For further studies about thermal radiation and chemical
reactions, refer to the references [10—20].

The study of flow through porous medium has wide range ap-
plications in different fields, including petroleum engineering and
geothermal operations. Characterization of flow through a porous
medium is known to depend on a dimensionless number (the
Reynolds number). For low flow rates (i.e., Re < 1, which means that
pressure gradient and flow rate are linearly related), Darcy's law is
valid. This law states that viscous forces are greater than inertial
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forces in a porous medium. Commonly, flow in a porous medium is
analyzed using Darcy's law, but this law is not sufficient for high
flow rates. For higher velocity flow, the Forchheimer formula is
used. Forchheimer [21]| proposed a new nonlinear relation for
higher flow rates. Hayat et al. [22] explored non-Dar-
cy—Forchheimer flow of second grade ferromagnetic liquid past a
stretchable surface. Several investigations related to non-Dar-
cy—Forchheimer flow are discussed in the references [23,24].

Our main focus here is to investigate the flow of a cross fluid in a
porous medium. The porous medium is characterized by the non-
Darcy—Forchheimer relation. Moreover, the impacts of chemical
reaction, magnetohydrodynamics (MHD), heat generation, and
thermal radiation are also accounted. The governing partial differ-
ential equations are transformed into ordinary differential equa-
tions through appropriate transformation. Numerically, the system
of the ODEs is tackled using the Built-in-Shooting technique
[25—28]. Characteristics of velocity, temperature, concentration,
skin friction, and Nusselt number with variation of flow variable are
analyzed.

2. Materials and methods

Here, steady, incompressible two-dimensional flow of a cross
fluid in a porous medium is considered. Fluid is made electrically
conducting by the application of a magnetic field. Induced mag-
netic field is ignored due to small Reynolds number. Further heat
transport characteristics are discussed in the presence of thermal
radiation and heat source/sink. Homogeneous—heterogeneous re-
actions are also considered. The flow configuration is presented in
Fig. 1.

The porous medium is analyzed by Forchheimer relation. The
relation for the heterogeneous—homogeneous reaction is taken as
follows [25]:

J\y
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A+2B—3B, rate =k CaCZ, (1)

A+ B—3B, rate=kyC,.

(2)

Here, k1 and k; indicate the reactions rates, and C; and Cp are the
concentrations of chemical species A and B, respectively. The
considered boundary layer flow expressions are [1,6]
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Fig. 1. Systematic diagram of the flow analysis.
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U=uUy=cx,v=0, kg—kzca( AHS),
oy 0a

0Cs 0Cy B (8)
DA—y ksCq, DBW = —ksCqaty =0,

u—0,T->Ty,Ci—Co,Cy—0wheny— co.

Here, u and v denote velocity components, » kinematic viscosity,
p density, n power law index, I' material time constant, ¢ electric
conductivity, By magnetic field strength, ¢ porosity parameter, K*
specific or intrinsic permeability, ¢, specific heat, k thermal con-
ductivity, T temperature, ¢* Stefan—Boltzman constant, k* mean
absorption coefficient, T,, ambient temperature, Qp heat genera-
tion/absorption coefficient, D4 and D diffusion coefficients, ks heat
transfer coefficient, and c stretching rate.

Considering

Y =Veuxf(n),u :%:CXf'(nL v= —%: —Veuf(n), n= \ﬁuy,

9)
Eq. (3) is trivially fulfilled, and the remaining Eqs. (4—8) become

1+ —m(wer)"]r = [1+ (wer )]’

(10)

2~ f" + Haf’ + Bf' + af?] =0,
(1+T)0 +Pr(f0’ + 20) + ygh? = (11)
g — ScKgh? + Scfg’ =0 (12)
h" + ScKgh? + Sch'f = 0, (13)

f(0)=0,f'(0)=1,0'(0)=Krg(0).g

/(0)=Ksg(0).'(0) = <0>,}
J(00) = 0,0(c0) =

0,g(c0) =1,h(c0) =
(14)

In the above expressions, We(:cFRe%) indicates Weissenberg

B2 .
number, Ha(:%) Hartmann number, 6(:;’1—?.) Darcy porosity

parameter, 50(:3’%\/%&) local inertia coefficient parameter,

Tr<:1gsz3) thermal radiation parameter, Pr(:%) Prandtl

number, A( Cpc) heat generation/absorption parameter, SC( DA)
Schmidt number, ( k1Tp(T TS ) homogeneous reaction heat

parameter, (5( ) ratio of diffusion rate, K ( ki ) homogeneous

variable, Ky ( Co _AH

=FmoT e %) thermal conductivity with respect

to homogeneous reaction, and KS(:II% %) heterogeneous

parameter. Taking the case in which the mass diffusion coefficients
are equal, i.e., 0 = 1:

h(n) +gmn) =1. (15)
Using Eq. (15), Eqs. (11—13) become

(1+T)0 +Pr(f0 +20) + vg(1 —g)* = (16)

g —ScKg(1—g)? +Scfg’ =0 (17)

3. Quantities of curiosity

Mathematical expressions of velocity and temperature gradi-
ents are

—2Tw Xqw
Cy = Nuy = ——— 18
ﬁ( puev k] uX k(TW — Too)’ ( )
where
g_u
Tw = (Tyx)y_o = [Ho—" 7|
0
1+ (1%) (19)
_ ks 160" T3 | [T
Qw = 3k | Loyl o
Invoking Eq. (19) in Eq. (18), one obtains
CiRed> = —2f (0) NuyRe; %> = —(1 +T;)¢'(0), (20)

1+ (Wef"(0)"
where Rex< C"2> the local Reynolds number.
4. Results and discussion

In this portion, we aim to numerically obtain the nonlinear or-
dinary system of differential equations with the help of the nu-
merical method, the Built-in-Shooting technique. Here, we analyze
the impacts of various flow variables on velocity (f(7)), tempera-
ture (6(n)), and concentration (g(n)). Attention is particularly given
to variables Weissenberg number (We), Hartmann number (Ha),
Darcy porosity parameter (), local inertia coefficient parameter
(Bo), thermal radiation parameter (T;), Prandtl number (Pr), heat
generation/absorption parameter (4), Schmidt number (Sc), ho-
mogeneous reaction heat parameter (7), ratio of diffusion rate (¢),
homogeneous variable (K), thermal conductivity with respect to
homogeneous reaction (Kr), and heterogeneous parameter (Kj).

Figs. 2—5 are plotted to describe the influence of Weissenberg
number (We), Hartmann number (Ha), Darcy porosity parameter
(8), and local inertia coefficient parameter (o) on velocity (f'(n)).
The effect of (We) on (f’(n)) is portrayed in Fig. 2. It should be noted
that velocity was enhanced for larger estimation of (We). This is
because (We) is an increasing function of the stretching rate (c).
Fig. 3 is sketched for (f’(n)) with variation in (8). Velocity (f'(n))
decays for higher values of (8). Fig. 4 captures the effect of (6g) on
velocity. For larger values of (o), the velocity field decreases. Fig. 5
illustrates the influence of the Hartmann number (Ha) on velocity.
Velocity field (f'(n)) drops for higher values of (Ha). Physically, the
Hartmann number associated with resistive force (also called the
Lorentz force), and as a result, when Hartmann number increases,
velocity decays.

Figs. 6—10 demonstrate the influence of the different parame-
ters on the temperature field. Fig. 6 shows the effect of the thermal
radiation parameter (T,) on the temperature (6(n)). Clearly, (8(n)) is
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Fig. 2. f (1) via We.
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Fig. 3. f'(n) via 6.
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Table 1
Numerical simulation for (Cg).
n We Ha g Bo CixReQ>
1.0 0.7 0.4 0.2 0.8 2.88135
1.5 1.56283
2.0 0.7 1.18635
0.8 1.08483
0.9 0.99644
0.7 0.4 1.18635
0.7 1.24094
0.9 1.26588
0.4 0.2 1.18635
0.3 1.20764
0.4 1.22561
0.2 0.8 1.18635
0.9 1.20046
1.0 1.21294
Table 2
Numerical simulation forNuy.
T pr Kr NuxRe; 05
0.3 0.2 0.7 —0.137838
0.4 —0.148441
0.5 —0.148443
0.3 0.2 —0.137838
0.3 —0.137838
0.4 —0.137838
0.2 0.7 —0.137838
0.8 —0.157530
0.9 —-0.177221

an increasing function of (T;). The characteristic of (6(n)) with
variation (Pr) is plotted in Fig. 7. It should be noticed that velocity
decays for larger estimation of (Pr). Fig. 8 depicts the influence of
(v) on (6(n)). For higher estimations of (y), the temperature de-
creases. Fig. 9 reveals the effect of the heat generation variable (4)
on the temperature (f(n)). Here, temperature rises via (). The in-
fluence of (Kt) on the temperature is portrayed in Fig. 10. It should
be noticed that temperature is an increasing function of (Kr).

Figs. 11—13 are plotted to show the behavior of the concentra-
tion (g(n)) with variation in the homogeneous variable (K), het-
erogeneous variable (Ks), and Schmidt number (Sc). Fig. 11 shows
the influence of (Sc) on (g(n)). Clearly, (g(n)) is an increasing func-
tion of (Sc),because (Sc) is the ratio of viscosity to mass diffusivity.
Therefore, for larger values of (Sc), the viscosity diffusivity is
enhanced, which is responsible for the enhancement of (g(7)).
Fig. 12 illustrates the behavior of (g(n)) with variation of (K;).
Concentration drops for larger values of (K;). The impact of (K) on
(g(m)) is shown in Fig. 13. Concentration drops via (K). Tables 1 and 2
are constructed to describe the impacts of (n), (We), (Ha), (8), (8o),
(Ty), (Pr), and (K7) on surface drag force (Cx) and heat transfer rate
(Nuy). Table 1 shows that surface drag force increases for increasing
values of (Ha), (), and (8o), whereas it decreases with increasing
values of (n) and (We). Table 2 shows that heat transfer rate
enhanced with (T;) and (Kr).

5. Concluding remarks

Here, we point out the effects of heat generation, thermal ra-
diation, and chemical reaction (homogeneous—heterogeneous re-
action) on flow of Cross fluid in non-Darcy—Forchheimer medium.
Major points are listed below:

e Velocity field (f'(n)) boosts via (We), whereas it reduces with
(Ha), (), and (Bo).

e Temperature field (6(n)) enhanced through (T;), and (Kr) how-
ever decreases with (Pr) and ().

e Concentration field (g(n)) is an increasing function of (Sc) and
decays through (K;) and (K).

o Surface drag force (Cx) increased for larger values of (Ha), (6),
and (Bg), whereas it reduces by (n) and (We).

e Temperature gradient boosts via (T) and (Kr).
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