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Abstract: Essence of the present study is to investigate the combined impact of thermal conductivity and non-Fourier
heat flux model of the steady boundary layer flow of a Carreau Dusty Fluid past a stretching sheet in the presence of
slip conditions. Similarity transformations are considered to transform the governing non-linear partial differential
equations into nonlinear ordinary differential equations. The transformed ODEs are solved numerically by employing
Runge-Kutta Fehlberg Scheme (RKFS). To interpret the influence of flow parameters on the fluid velocity, temperature
and concentration profiles graphs and tables were developed and the results are discussed. The present results are
validated by comparing with the published results and noticed favorable agreement. Our result implies that the rate of
heat transfer significantly increases with the enhancement of thermal radiation parameters and an opposite influence is
observed due to the thermal relaxation time in case of both fluid and dust phase. When we incorporate dust particles in
the flow, dust particle opposes the flow, hence the momentum, thermal and concentration profiles are decreasing in
dust phase. Thus we conclude that dust particles are helpful in cooling applications.

Keywords: Carreau Fluid, Cattaneo-Christov heat flux model, Stretching sheet, Thermal radiation, Diffusion, Thermal
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I. INTRODUCTION

Many fluids of industrial significance, especially of the multi-phase nature (lubricants, emulsions, foams, slurries,
dispersions and suspensions) and polymer melts and solutions (both natural and man-made), biological fluids (blood,
saliva, synovial fluid) and liquids with special intermolecular forces (ionic liquids, magnetic liquids) exhibits complex
flow behavior that diverge significantly from the classical Newtonian (Navier-Stokes) model. Accordingly, these fluids
are classically known as non-Newtonian, non-linear or rheological complex fluids. Newtonian fluids have a constant
viscosity and non-Newtonian fluids do not have constant viscosity, their viscosities strongly depend on the velocity
gradients and they may display “elastic effects”. Various mathematical expressions have been suggested in the
literature to model the flow diversity of non-Newtonian fluids. Such as Ostwald-De Waele model or power-law model,
Sisko model, The Ellis model, The Carreau model, The Cross model, The Bingham model, The Herschel-Bulkey model,
The Casson model, etc. Amongst these Fluid models four-parameter Carreau inelastic model [1] which was introduced
in 1972 by Pierre Carreau caught the attention of many researchers and engineers [2-12]. Carreau fluid behaves as
Newtonian at low shear rate and power law fluid at high shear rate. The Carreau fluid model is generally used to
describe the time independent, shear-thinning category of non-Newtonian fluids. In particular Carreau model is used to
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describe the flow characteristics of polymeric liquids like Xanthan and acacia gums, polyacrylamide gel solutions,
biological fluid like blood [13-15]. Numerous investigators have focused on the theory of boundary layer flow, heat
and mass transfer over a stretching sheet due to its various applications in manufacturing and chemical processes. In
recent years several researchers have contributed towards boundary layer flow problem involving the stretching
surfaces [16-19].

Over the decades, Fourier’s rule of heat conduction [20] has been considered the best model to predict the heat transfer
behavior in various circumstances. The major drawback of Fourier’s rule of heat conduction is that produces a
parabolic energy. And primary disturbance would affect the structure under attention. To overlook this paradox, in
1948 Cattaneo [21] modified the Fourier’s law for heat conduction by introducing relaxation time is well-defined as -
time required to initiate steady state heat conduction after a temperature gradient is enforced. Whereas different
materials have different thermal relaxation times, keeping this into view Christov [22] suggested a time derivative
model and called it as Cattaneo—Christov heat flux model. Later on this model was used by many researchers to
construct the energy equation and to analyze the heat transfer behavior of varied Newtonian and non-Newtonian fluids
[23-26]. Afore mentioned studies invariably assumed “no-slip” condition at the boundary. However, no-slip situation is
a hypothesis instead of a condition inferredfrom any principle and thus its authority has been debated constantly in the
scientific literature. Slip properties have been revealed to be important in assured industrial thermal processing and
manufacturing dynamicalsystems. Few recent attempts allowing for both the hydrodynamic and thermal slip impacts
may be characterized by [27-30] and several studies therein.

The main motto of current investigation is to explore the steady boundary layer flow, heat and mass transfer
mechanisms in MHD Carreau Dustyfluid past a stretched sheet with slip conditions. Of particular interest in the current
work is to examine combined radioactive and Cattaneo-Christov heat flux model. Governing non-linear momentum,
energy and concentration equations are transformed into dimensionless forms and are solved numerically by Runge-
Kutta Fehlberg scheme.

Formulation of the problem (Fig. 1)

T vy Momentum boundary laver
Thermal boundary layer -4
Diffusive boundary laver 1

u=u +u,, IT=T +T, C=C +C,

Fig. 1. Physical representation of the system.
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Consider a steady slip flow of an incompressible, 2D, magneto hydrodynamic Carreau dusty fluid over a stretching
sheet. The x-axis is taken as the direction of fluid motion and y-axis is vertical to the sheet. The flow is confined to the
region y>0. It is assumed that the sheet is stretched by two equal and opposite forces with the velocity uy(x) = ax. Here
a is positive constant. Along the y-axis a uniform magnetic field of strength B, is imposed which generates magnetic
effect in the x-direction. Dust particles are supposed to be spherical in shape and homogeneously distributed all the way
through the fluid. It is assumed that the number density to be constant and volume fraction of dust particles can be
neglected. The fluid and dust particle motion are coupled only through drag, heat and mass transfer between them.
Stokes linear drag theory is used to model the drag force. The fluid temperature 6(&) and concentration at the boundary
and free stream are denoted by T,, T,, and C,,, C... The magnetic Reynolds number is supposed to be small hence forth
the induced magnetic field is neglected. Cattaneo-Christov heat flux and radiation heat flux are considered in this study.
The constitutive equation for a Carreau fluid is given by [10];
n-1

r:nﬁ(%_m){u(r@zy

Where n is the zero-shear rate viscosity, t is the extra stress tensor, n,, is the infinite —shear rate viscosity, T" is a
material time constant and n is the power law index .The shear rate ¥ is well-defined as

V= Ezz%j?/ji :\/;H
Where IT is the second invariant strain tensor. Based on the above expectations, the flow equations of continuity,
momentum, energy and conservation of mass for both the fluid and dust phase takes the following for [19];
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Corresponding boundary conditions for the physical problem are given by

aty=0: u:Kl(a—u]+ u,, v=0, T= K(GT] +T,, C= K(aCJ+CW
oy oy oy

asy—o: u—>0 u, —»0T->T,v,>vT —>T,C>C,,C, —>C_ (9

Where (u,up) and (v,v,) are the velocity mechanisms along the x and y direction of the fluid and dust particle phase , p
and pp,= mN are the density of the dust and fluid particle phase, m and N are the mass and number density of the dust
particles per unit volume, g is the dynamic viscosity of the fluid, o is the electrical conductivity, By is the uniform
magnetic field, k=6zur is the stokes resistance (drag coefficient) and r is the radius of the dust phase. T and T, are the
temperature of the fluid and dust particle, c,and c,, are the specific heat of fluid and dust particles, tr represents the
thermal equilibrium time. 7, represents the dust phase relaxation time k is the thermal conductivity of the fluid and g, is
the radioactive heat flux. ¢~ is the Stefan —Boltzmann constant and K is the mean absorption coefficient. C and Cp are
the concentration species of the fluid and dust particle phase; the dust particles gain mass concentration from the fluid
by diffusion through their spherical surface. D, is the Brownian mass diffusivity coefficient, t. is the time required by
dust particles to adjust its concentration relative to the fluid. K;, K, and Kj are the hydrodynamic, thermal, and
concentration slip factors.

The Roseland diffusion flux model is used for the thermal radiation heat transfer and is given by
4" OT*

T oy

From Taylor’s series

T = 4T03T —3Tof)1

Substituting this expression into equation (5) energy equation leads to the following form:
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To transform the governing equations into a set of ordinary equations, we bring together the succeeding transformation
as,

u:axf'(g),gz(%)o.sy, v=—Jva f ()
u,=axF'(¢), v,=—JvaF(J),
:(T -T )9(§)+Tw, T,= (T Tw)Hp(é’)+T

T w
C=(C,-C.)4(¢)+C., C,=(C.-C.)¢(S)+C. an
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Where a prime denote differentiation with respect to &. Continuity equations (1) and (3) are identically satisfied.
Equations (2), (4)-(9) are transformed as follows.

f'"(;){u(”zljw ef" (&) (3+(n—3)Wef "(4)2)}—(f'(§)2)+ £(£)F"(¢)
+HB,[F'(&)-1'(¢)]-ME'(¢)=0

(12)

FOREQ-(FE))+AL1(O)-F(©)]=0 @
(L)1, 0,0)-01c oyt 6 )

(14)
0

+1(O)O()-A(F ()0 (9)+ () F'(£)e(2))

6, ($)F($)=18:(6,(£)-6(¢))=0 )
¢"(&)+Scf (£) g (£)+SclB.(8,(£)-4(£))=0 6)
gy (§)F($)+A(4(¢)-4,(£))=0 an

The transformed boundary conditions are

f'(0)=1+¢,f"(0), f(0)=0,6(0)=1+,0'(0), ¢(0)=1+c,¢'(0)

F(c0) =0, F'(0) =0, F(0) > f (0),0(0) =0, 6, (0) =0,¢(0) = 0,4, (=) =

0
a N a. . a. o
Where o = K, |— is the velocity slip, a, = K,,|— is the thermal slip, &, = K, [— is the concentration slip.
v v v

2

oBy . o Nm . _ . m.
M = b is the magnetic field. | = ——is the mass concentration parameter of dust particles. 7, :E is the dust
p p

2

(18)

2 1
phase relaxation time. We = —%— is the Weissennberg number. ﬂ\,:(b—j is the fluid —particle interaction
L T,

\
7 u’ _ .
parameter, Pr:T is the Prandtl number, ECc = ———»—— is the Eckert number, A= Aa is the thermal
*3

C, (T,-T.)
160 T

¢ v
relaxation time, Nr = — is thermal Radiation, y:—p is the specific heat ratio, SC=——/is the Schmidt

m m

1
is concentration fluid particle interaction, /3, =—— is the temperature fluid particle interaction.
T
c t
Distinctive measures of practical attention are skin friction coefficient C;, local Nusselt Nu, and local Sherwood number
Shy, Which are defined as ;

Xq T Xj
Nu, =——»% , C, =—Y , d Sh=——w
Tk (T.-T,) U2 an D, (C,-C.) 19)

w

1
number, 3, =
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Where the surface shear stress (7, ) , surface heat flux (qw) and surface mass flux ( jw) are given by;

ou (n-1\_(éeuY oT . ac
= A A FZ ~ ' w:_k ~ ' W:_Dm A
T af( zj [ayj | (ayjyo . (ay]yo 0

y=0
Using the non-dimensional variables, we obtain

Re, C, =[f"(§)+—(”‘1)wez

(f '"(g))g} Nu, = —Re% ¢'(0), Sh= —Re% #'(0)

¢=0,

XU, ( X
Where Re, = (M] the local Reynolds number.
v

Il. NUMERICAL RESULTS AND DISCUSSION

The set of nonlinear ODEs (12)-(17) with the BC (18) are solved numerically by employing shooting technique
coupled together 45 order RKF method by considering pertinent parameters We=0.2, Nr=0.5, Sc=2, M=0.5, &;=0.1,
,=0.1, 3s=0.1, A=0.2, 1=0.3, 5=0.3, £=0.3, 5=0.3, n=0.5, Pr=4, Ec=0.2, »=0.2. These values are taken constant
during the entire analysis procedure, except the variations in the considered figures and tables. Table 1 display the
validation of local Nusselt number for varied values of Pr. The present results are compared with available results in the
literature. Ishak et al. [25], El-Aziz [17] and Krupa Lakshmi et al. [19] and found excellent agreement for all the values
of parameters considered. In figures solid line indicates the fluid phase profiles and dashed lines refers the dust phase
profiles of the flow.

Pr Present Studies | Krupa Lakshmi [19] Ishak [25] | El-Aziz [17]
0.72 0.80859 0.80863 0.8086 0.80873

1 1 1 1 1

23 1.92357 1.92367 1.9237 1.92368
10 3.72068 3.72067 3.7207 3.7207
100 12.2942 12.294087 12.2941 12.2941

Table 1.Validation of the -0°(0) for the case of n=1, R=I=We=1=Ec=oy=M=0 ozs=a,=7=0.

Solid : Fluid Phase
Dashed : Dust Phase

$c=0.96,1.2,1.5

¢
Fig. 2. Concentration profiles for various values of Schmidt number-Sc.
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Fig. 4. Temperature distributions for various values of magnetic field M.
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Fig. 5. Concentration profiles for different values of magnetic field M.
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Fig. 6. Temperature profiles for different values of thermal radiation Nr.
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Fig. 7. Velocity profiles for various values of velocity slip.
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Fig. 8. Temperature profiles for various values of velocity slip.
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Fig. 10. Temperature profiles for different values of thermal slip.
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Fig. 11. Concentration fields for different values of concentration slip.
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Fig. 14. Temperature profiles for various values of dust particles mass concentration parameter.
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Fig. 15. Concentration profiles for various values of dust particles mass concentration parameter.
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Fig. 16. Concentration profiles for different values of fluid particle interaction.
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Fig. 18. Temperature field for different values of fluid particle interaction.

Fig. 2 displays the effect of Sc on concentration field of dust and fluid phase. It is interesting to note that trends of both
fluid and dust phase decrease with the accelerating values of (Sc). Hence, one may anticipate that expansion in (Sc)
shows noteworthy reduction in the molecular diffusion which results, decrease in thickness of the solutal boundary
layer. Figs. 3-5 illustrate the effect of magnetic field on the velocity /(€), temperature &&) and concentration profiles
for both dust and fluid phases. It is noticeable from the figures that enhancement in magnetic field parameter declines
the velocity profiles °(€) but enhances the temperature &&) and concentration (&) profiles for both dust and fluid
phases.

From Fig. 6 the nature of temperature distributions with reference to variable values of thermal radiation parameter (Nr)

can be visualized. An Increment in the radiation parameter (Nr) leads to higher temperature profiles across the
boundary region, resulting in the thermal boundary layer thickness for both fluid and dust phases. Hence the radiation
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effect must be at its minimum in industrial applications in order to enable cooling process. Figs. 7-9 indicates that slip
coefficient has significant impact on the velocity, temperature and concentration profiles. With an increase in the
velocity slip parameter o fluid phase and dust phase velocity amplitude decreases because flow experience less drag
and propulsion of the stretching sheet is moderately transmitted to the fluid. One can also observe smooth decaying in
the velocity profiles hence good convergence in the numerical solution is seen. From Figs. 8 and 9 it is clear that rise in
velocity slip parameter o, temperature and concentration profiles increases.

M | Nr | o | 0r | a3 A I B | B | —CiReM NuRe,? ShRe, ™
0.9 1.079651 | 0.600437 10
1.2 1.225868 | 0.564593 10
15 1.351195 | 0.539367 10
0.5 1.079795 | 1.032121 10
1 1.079795 | 1.212521 10
15 1.079795 | 1.377559 10
0.1 1.079795 | 1.032121 10
0.3 0.853581 | 0.964833 10
0.5 0.710927 | 0.917086 10
0.1 1.079795 | 1.032121 10
0.3 1.079795 0.91778 10
0.5 1.079795 | 0.826247 10
0.1 1.079795 | 1.032121 10
0.3 1.079795 | 1.032121 | 3.333333
0.5 1.079795 | 1.032121 2
0.1 1.079795 | 1.032757 10
0.5 1.079795 | 1.026551 10
0.9 1.079795 1.01153 10
0.1 1.064171 | 0.956949 10
0.3 1.079795 | 1.032121 10
0.5 1.095206 | 1.101267 10
0.1 1.065302 | 1.039924 10
0.6 1.09602 1.024615 10
1.2 1.118065 1.01627 10
0.1 | 1.079795 | 0.948918 10
0.6 | 1.079795 1.13507 10
1.2 | 1079795 | 1.293011 10

Table 2. Shows the impact of non-dimensional parameters on skin friction coefficient, local Sherwood and Nusselt numbers.

In Fig. 10 one can observe a rise in thermal slip parameter o, temperature of the fluid phase and dust phase falls rapidly.
Heat transfer from the stretching sheet to the fluid becomes slower. When compared to the free stream maximum effect
is observed at the surface temperature. Since the amount of heat transferred from the stretching sheet to the flow is
decreased there is decline in temperature. But flow temperature converges smoothly. From Fig. 11 it is evident that the
enhancement in the concentration slips parameter decreases the concentration profile of both fluid and dust phase. The
influence of thermal relaxation parameter on thermal boundary layers is observed in Fig. 12 it is noticeable that
accelerating values of thermal relaxation time correspond to a fall in the thermal boundary layer in case of both fluid
and dust phase. Physically increasing value of the thermal relaxation facilitates the gap among the fluid molecule hence
material particles require extra time in order to allocation heat to its adjacent particles which results in temperature
decline. Figs. 13-15 exhibits the influence of dust particle mass concentration towards dust and fluid phase velocity,
temperature and concentration profiles. An internal friction is experienced within the fluid by the introduction of dust

particles in the flow hence there is a net retardation in the flow. Figs. 16-18 displays the influence of [, [ on
concentration, velocity (f°(€),F(&))and temperature profiles of fluid and dust phase. It is interesting to note that
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accelerating values of [,/ [ declines respective concentration, velocity(f’(€),F(&))and temperature profiles of fluid
phase where as significant increase in profiles are seen in dust phase (Table 2).

It is evident that the rise in magnetic field parameter reduces skin friction coefficient along with heat transfer rate but
the mass transfer rate remains constant. Skin friction coefficient and mass transfer rate remains constant whereas heat
transfer rate increases with the increase in the thermal radiation parameter (Nr). Rise in mass concentration of dust
particles (I) depreciates friction coefficient improves heat transfer rate NuRe,* and mass transfer rate ShRe, *remains
constant. It is apparent that the increase in thermal relaxation time heat transfer rate NuRe,"? decreases whereas the
mass transfer rate ShRe, Y2 and friction coefficient —~CfRe,"? remains unaltered. Velocity slip raises friction coefficient
decreases heat transfer rate, but shows no effect on mass transfer rates. Rise in Thermal slip decrease the heat transfer
rate, but no change is observed in friction coefficient and mass transfer rate. Increase in diffusion slip parameter lessons
the mass transfer rate, but no effect on friction coefficient and the heat transfer rate.

I1l. SUMMARY

In the present study mathematical model has been considered for the flow, heat and mass transfer of Carreau Dusty
fluid past a stretching sheet with the slip condition at the boundary. The impact of several dimensionless parameters on
the velocity, temperature and concentration profiles together with a local Nusselt number, Skin friction coefficient and
Sherwood number are distributed through tables and plots. The main outcomes of this study are as follows:

e The rate of mass transfer decreases with the rise in Schmidt number.

e Magnetic field parameter inhibits the velocity profiles, but boosts the heat transfer and mass transfer rate.

e As the thermal radiation parameter increases the rate of heat transfer increase.

e Increase in the velocity slip factor reduces the velocity boundary layer thickness, but improves the temperature
and concentration profiles.

A rise in thermal slip parameter reduces the temperature and the rate of heat transfer.

Increase in the concentration slip parameter reduces the species concentration.

Temperature as well as thermal boundary layer thickness is decreasing functions of thermal relaxation time.
An increase in the dust particle mass concentration parameter reduces the velocity, thermal boundary and
concentration boundary layer thickness.

Increase in fluid particle interaction parameter £,, £ and S velocity, temperature and concentration profiles of fluid
phase decreases but reverse trend are observe dindust phase.
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