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In this picture, we explored the chemically reacting radiative nanofluid flow over three
geometries (plate or wedge and cone) in the presence of Cattaneo-Christov heat flux
model. In this we used slip type of Buongiorno nanofluid model used. Numerical solutions
are displayed with help of graphs and tables. In addition, the systems of nonlinear ordinary
differential equations (ODEs) are solved by using the Runge-Kutta Feldberg method
(RKFM). We also validated the current results and found a satisfactory agreement. We
presented results for the flow over a wedge, cone and plate cases. We perceived that the
thermal, momentum and concentration boundary layers are non-uniform for these three
cases. For manufacturing needs, we analyzed the heat and mass transfer rates of the wedge,

cone and plate cases and found that due to the dominance of buoyancy force the local
Nusselt number is high in flow over cone when compared with the plate and wedge case.
From this result we can realize that for heat enhancement processes the cone shaped
particles are very helpful when compared with other plate and wedge.

1. INTRODUCTION

The Fourier’s law heat flux model can be modified by
adding the relaxation time for flux. It allows the
transportation of heat over a propagation of thermal wave
with finite velocity. Such types of heat flux model have
exciting practical applications such as controlling heating
transport systems, solar plant systems and biomedical
applications etc. Owing view into this significance initially
Cattaneo [1] proposed a heat flux model. Later on, Christov
[2] modified the time derivative in Maxwell-Cattaneo’s
model with material invariant formulation. This can be
treated as Cattaneo-Christov heat flux model. The solutions
and uniqueness of Cattaneo-Christov equation was
demonstrated by Ciarletta and Straughan [3]. Han et al. [4]
discussed the viscoelastic fluid due to stretching surface with
existence of Cattaneo-Christov heat flux. Hayat et al. [5]
examined the magnetohydrodynamic Oldroyd-B fluid flow
over a stretching surface in the presence of Cattaneo-Christov
heat flux and homogeneous-heterogeneous reactions and
decided that the thermal relaxation reduces the temperature
field. Rubab and Mustafa [6] extended the Hayat et al. [5]
work considering the three-dimensional flow with Maxwell
fluid over a stretching surface. Later on, Hayat et al. [7]
extended the work for slendering stretching sheet. A
numerical analysis of Williamson fluid over a variable
thickness sheet was examined by Salahuddin et al. [8].

The mixed convective mass and heat transmission over a
plate or wedge has vital role in the process of thermal as well
as concentration distribution systems such as extrusion of
aerodynamics plastic sheets, continuous automatic casting,
crystal growing, heat exchanger, hot rolling, and filament
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extrusion from a dye, wire drawing and nuclear reactor
adjusting mechanisms. In recent days, the flow past a cone
also has significance in many real time applications such as
industrial, engineering and healthcare safety management
systems applications like aeronautical engineering,
geosciences, Homeo-therapy treatment, scanning, hydrology,
development of electronic chips, astrophysics, solar
collectors, endoscopy, dental applications, radiology
treatment, lubricating grease for seals and valves etc.
Viewing into this initially started the flow over a wedge and
cone in 1990’s the authors Vajravelu and Nayfeh [9]. Yu et al.
[10] examined the constant wall and heat flux on forced
convection flow over a rotating wedge and cone by using
finite difference approach. Hydrodynamic convection flow
over a wedge and cone filled non-Darcy porous layer is
discussed by Chamkha [11] and highlighted that the heat
source or sink is dominating the temperature profiles. Al-
Harbi [12] extended this by choosing the variable viscidness
and radiation with numerically. With this they decided that
thermal radiation improves the temperature and velocity
fields. The forced conduction and convection analysis due to
rotating cone and wedges was studied by Press [13].
Rushikumar and Shivaraj [14] initiated the
magnetohydrodynamic viscoelastic fluid due toplate and
conefilled with variable viscosity and highlighted that the
thermal dispersion effects are encouraged the heat transfer
profiles. Recently, Raju and Sandeep [15] discussed the cross
diffusion on magnetohydrodynamic Casson fluid over a
rotating cone/plate filled with microorganism and they
concluded that rotation have tendency to control the flow.
The flow of Casson fluid past a horizontal plate and cone
with time and space dependent heat source/sink was
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investigated by Mythili and Sivaraj [16]. Srinivasacharya et
al. [17] considered the mixed convection on flow over a
permeable wavy surface with variable properties. The cross-
diffusion on Falkner-Skan Carreau fluid over a wedge was
studied by Raju and Sandeep [18] and highlighted that cross
diffusion control the mass transfer profiles. Rashad et al. [19]
and Nadeem and Saleem [20] discussed the heat and mass
transfer flow characteristics of over cone and rotating cone
respectively. Rashidi et al. [21] depicted the homotopy

analysis of non-Newtonian fluid past a non-isothermal wedge.

Raju and Sandeep [22] considered the magnetohydrodynamic
Falkner-Skan Casson fluid due to wedge. Chemically
reacting convection flow over accelerating plate with heat

generation was illustrated by Hussain et al. [23]. Rashidi et al.

[24] studied the magnetohydrodynamic viscoelastic fluid
flow properties due to porous wedge with mixed convection.
The mixed convection with different flow parameters and
geometries was discussed by Gargoosi et al. [25], Aziz [26]
and Gargoosi et al. [27]. In this they decided that convective
conditions have propensity to improve the mass and heat
transfer profiles. Beg et al. [28] considered the slip effect on
mixed convective flow with thermally radiated sheet. Heat
and mass transfer characteristics of chemically reacting flow
over a horizontal stretching sheet by using the differential
transform method was explored by Rashidi et al. [29].

All the above mentioned studies focused on the flow over
a wedge or cone and cone or plate in the presence of
chemical reaction, magnetic field and radiation. But no
studies have been described yet up to the author’s knowledge
Cattaneo-Christov heat flux model for chemically reacting
radiative nanofluid flow over a cone or plate or wedge. We
presented solutions for the flow over a cone, plate and wedge
cases. We saw that the velocity, temperature and
concentration boundary layers are non-uniform for these
three cases. For manufacturing requirements, we studied the
heat and mass transfer rates of the flow over a plate, cone and
wedge cases and found that for improving heat transfer rate
cone shaped particles are very useful.

2. MATHEMATICAL FORMULATION

R

Figure 1. Physical configuration of the problem

T Consider a steady, incompressible, free convection
laminar flow of an electrically conducting Carreau fluid due
to three geometries (vertical cone, wedge and plate). The
coordinate system is considered in such a way that x
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measures the surface of the body, y measures the normally
outward to it. A uniform transverse magnetic field of
strength. B, is applied perpendicular to the surface of the
geometries as depicted in Fig. 1. It is supposed that (2 is the
wedge full angle, y is the cone or wedge half angle and I is
radius of the cone. The temperature 8 and concentration ¢
near and far away from the surface is considered as T,,, T,
and C,, C,, respectively. Cattaneo-Christov heat flux, thermal
radiation, thermophoresis, chemical reaction and Brownian
motion possessions are taken into account.

Under Boussinesq approximation, the governing boundary
layer equations in terms of similarity variable & such that u =

¢yandv = —¢, can be written as
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The corresponding boundary conditions are
u(x,0)=u, =ox/1%, v(x,0)=0,
oT (x,0 oC(x,0

o, T, 7, Tk D =y 0, )
u(x,0) =0, T(x,®) =T, C(x,©)=C_, )

The proposed problem shows three-different geometries
based on the following assumptions:

(1) m = 0andy # 0 corresponds to flow over a
vertical wedge.

(i1) m = 1andy # 0 corresponds to flow over a
vertical cone.

(ii1) m = 0andy = 0 corresponds to flow over a

vertical plate.
where the velocity components along x and y directions are
u and v respectively. o is the electrical conductivity, v is the
kinematic viscosity, B, is the applied magnetic field strength,
p is the density of the fluid, § is the relaxation time of heat
flux, g is acceleration due to gravity, k is the thermal
conductivity, Br and . are the volumetric thermal and
concentration expansion coefficients, ¢, is the specific heat at
constant pressure, Dy is the Brownian motion coefficient, Dy
is the thermophoresis coefficient, k; is the chemical reaction,
c* is the Stefan-Boltzmann constant, k* is the mean
absorption coefficient and [ is the characteristic length.
We now introduce the similarity transforms as
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Now substituting the above similarity transformations in
Egs. (1) — (4), gives
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The corresponding boundary conditions are
0% 219 gi1g)). % - gi (1 -
f_o’ag la; Biy(L 9(§)),64 Bi, (1-4(¢)), at ¢ =0,
ai:0,0:0,¢=0 as ¢ >,
“ (10)

where We is the weissenberg number, n is the velocity
power-law index, M is the magnetic field parameter, Gr is
the thermal Grashof number, Gc is the mass Grashof number,
Pris the Prandtl number, ; is the thermal relaxation
parameter, Nr is the radiation parameter, Le is the Lewis
number, Kr is the chemical reaction parameter, Bi; is the
thermal Biot number, Bi, is the concentration biot number,
Nb js the Brownian motion parameter and Nt is the
thermophoresis parameter which are defined as,
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For engineering interest, the friction factor (Cy), local
Nusselt number (Nu) and local Sherwood number (Sh) are
given by

Cf*
C,=—=1"0),
M,

Nu M o) she—!

:m— =—¢'(0),

€,-C) 12)

where Cf* is the dimensional wall shear stress.

3. METHOD OF SOLUTION

T The nonlinear differential equations (ODEs) (7), (8) and
(9) with the boundary constraints (10) are solved numerically
using Runge-Kutta Feldberg method. Initially, the set of
nonlinear ODEs converted to 1%order differential equations,
by using the following process:

2
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1
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. Nt
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Nb (16)
With boundary conditions as
y1=y2=0,y5 =—Bi(1-y4),y; =—Bip(1-y6), at n—>0
Y2=0,y4=0,¥6=0 at n > (17

We guess the values of y3(0), y5(0), y,(0) which are not
given at the initial conditions. The equations (14)-(16) are
integrated by taking the help of Runge-Kutta Feldberg
method with the successive iterative step length is 0.01. For
this we used ODE45 MATLAB solver to solve the first order
nonlinear coupled differential equations. The correctness of
the supposed values is checked by equating the calculated
values y,, V4, Vo, Vg at{ = {nq, With their given values at{ =
(max- 1f there is any difference exist the process is continued
up to the required good values. Alternatively, we are using
the Runge-Kutta Feldberg method to get the accurately found
the initial values of y5(0), y5(0), ¥;(0) and then integrate Eq.
(13)-(16) by using the Runge-Kutta Feldberg method. This
process is repeated until the settlement between the designed
value and the condition given at is within the specified
degree of accuracy 107. In order to validates the precision of
the present solutions with Addul Aziz [26] solutions. We
found worthy agreement with Aziz [26] solutions under
limited case.

4. RESULTS AND DISCUSSION

The non-dimensional governing equations (7)-(9) and
subject to the respective boundary conditions (10) are solved
numerically using Runge-Kutta Feldberg method.In order to
exploring the results, the numerical solutions are found for
various values of non-dimensional governing parameters on
the flow, mass and heat transfer characteristics of
nanofluiddue to cone/plate and wedge with Catterneo-
Christov heat flux model. For numerical computations we
considered the non-dimensional valuesLe = 1,M = 0.5,; =
We =0.2,Nt =0.2,Nb =0.3,Pr =4,n=2,Nr =
0.5,Bi = Gr = Gc = Kr = 0.2. These values are preserved
as common in the entire examination except the different
values are displayed in specific figures and tables. In this
analysis, solid lines designate the flow due to plate, dashed
lines designate the flow due to wedge and dotted lines
designate the flow due to cone. Figs. 2-19 display the
variations of velocity (f), temperature (6) and concentration
( o) ) fields for varied values
ofNt, Nb, M, Bi, Kr, B,, Gr, GcandNrrespectively. Figs. 2 and



3 are plotted to investigate the impact of thermophoresis
parameter (Nt) on temperature (6) and concentration fields
for the three cases plate, wedge and cone cases. The rising
values of Nt increase the temperature (6 ) as well as
concentration (¢b) fields. This fact indicates that the diffusion
of nanoparticles is high due to the domination of
thermophoresis parameter.
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Figure 3. The impact of Nt on concentration field

Figs. 4 and 5 illustrate the effect of Nb on the temperature
(6) and concentration fields. It is obvious that 6(() is
encouraged and concentration field is depreciated with the
rising values of Nb. Due to the different particles have
different values of Nb. It is found that the influence of Nb is
very less in cone when compared with wedge and plate due
to domination of buoyancy force. The growing values of Biot
number (Bi) improve the velocity (f'), temperature (6) and
concentration fields. This may occur due to domination of
mixed convection, which can help to encourages the velocity
(f"), temperature (6) and concentration fields. These are
displayed in Figs. 6-8. The thermal radiation (N7) lifts up the
temperature field (6) and shows mixed performance in
concentration field (¢). This approves the common behavior
of thermal radiation (N7). These graphs are designed in Fig.
9 and 10. The heat generation is lesser in cone when
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compared with plate and wedge. The impact of chemical
reaction (Kr) parameter on concentration profiles is plotted
in Fig. 11. It specifies that the climbing values of chemical
reaction parameter (Kr) depreciate the concentration field for
all three cases. Generally, an increasing value of Kr
improves the interfacial mass transfer this helps to depreciate
the concentration field. Fig. 12 and 13indicates the effect of
B; on temperature (6) and concentration (¢) profiles. It is
noted that the thermal relaxation parameter 5; boost up the
temperature profiles ( 6 ) and mixed performance was
observed in concentration fields. This may happen due to
domination of neighboring particles are activated fast; this
can help to improve the temperature field. The domination of
resistive type drag force in the flow we have perceived
decrement in velocity (f’) and improvement in temperature
(0) and concentration (¢) fields with growing values of M.
These are plotted in Figs. 14-16. It is also found the retarding
force is high in plate when compared with cone and wedge.
The effect of W& on velocity (f'), temperature (6) and
concentration (¢) profiles are revealed in Figs. 17-19. Noted
from that the developing values of Weissenberg number
improves f'({) and reduces 6({),d({) profiles. Generally
higher values of We keeps more pressure on the flow, this
can lead to improve the velocity field and reduces the
temperature profiles.
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Figure 4. The effect of Nb on temperature field

From Figs 20-25 displays the deviations in the rate of heat
(—6'(0)) and mass transfer (—¢'(0)) for the flow over a
cone/plate/wedge cases with varied values of different non-
dimensional governing parameters. From Fig. 20 and 21
reveals the effect of chemical reaction ( Kr), Brownian
motion (Nb) and thermophoresis (Nt) on local Nusselt
number for three cases. The increasing values of
KrandNb improves the Local Nusselt (—6'(0)) and
Sherwood number (—¢'(0)) . But the thermophoresis
parameter reduces the Local Sherwood number and
encourages the local Nusselt number. Due to higher particle
to particle interaction in cone the heat transfer rate (—8'(0))
is high. The influence of N7, f;andM is plotted in Figs. 22-
23. The rate of heat (—8'(0)) and mass transfer (—¢'(0)) is

enhanced with thermal radiation (") and depreciated with
magnetic field. The thermal relaxation parameter increases



the mass transfer rate and minimizes the heat transfer rate.
The rising values of Weslightly increases in local Nusselt
(—6'(0)) and Sherwood numbers (—¢'(0))) for the flow over
three geometries, whereas, the Biot number (Bi) enhancing
the rate of heat and mass transfer ((—6'(0), —¢'(0)). These
plots are displayed in Figures 24 and 25. The rate of heat
transfer (—6'(0)) is higher in cone due to the domination
higher pressure forces in the flow. From these results we can
determine that for improving the heat transfer rate (—6'(0))
the cone shaped particles are helpful Table 1 shows the
deviations of friction factor coefficient with various values of
governing parameter for flow over three cases. The boosting
values of thermal relaxation parameter (f3;), thermophoresis
parameter (Nt), thermal radiation (N7), Weissenberg number
(We) and Biot numbers (Bi) are encourages the friction
factor coefficient for the three cases. The Brownian motion,
chemical reaction (K7) and magnetic field parameters are
reduces the skin friction coefficient. Table 2 display the
justification of current solutions with existing studies under
some limited case. We found that the growing values of
Biimproves local Nusselt number.
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Figure 6. The influence of Bi; on velocity field
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wedge and plate cases

K[ No[Ni| g [ M| M| We| Bi] Bi, Skin Fiction coericient
| Plate Wedee Toze
0l REGIEEY TIR0 | -TZI8I6 |
[X] -TURETEF -L107324 -L2ITT
[ -LO0ETS T TR&0T -IIEETT
(3! RRLADH RJE I S W50 UL B
03 TORTOE | -LI0e0ed -L2IE3ES
07 TS BRI -[2R0E]
[ BRI RRLIEY LI
03 -LO78T3 BRIK RRILIK]
07 -TUETI8 T | TIERE |
0T -TUETIES TR | T2sd |
0.3 TG | -TIWEET 12T
03 -10TTRY -TT0T730 TIIY |
03 REELE BRUAEH -L2I7367
13 TOTI0ET TI0I0T0 -LIDT16
23 REPXIY TUW05T -LIOTR
03 TURS30% BRI -12T7367
13 -1361363 -LITEIN TIETW |
3 BELCEEN T 331081 T |
1 JITIE ERZUZEN BRI
3 JTE0TRL JTEREL 357763
] JTIUEEE TR0 TR |
0l BRUEN T TIEIT -1.253123
03 R3] REEEE) -LII8ESS
03 BRI TUETEs -12I3350
TT [TOEF | LI | -TImE0 |
T [-T095% -L102771 -1.215636
T3 [-ToeT BRI L2

Table 2. The Validation of the present results with already
existed literature some limited case
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=
(9]
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Figure 24. The local Nusselt number for various values of
We and Bi;

Figure 25. The local Sherwood number for various values of
We and Bi,
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Figure 26. The influence of Bi, on concentration field

5. CONCLUSIONS

The combined effects of Brownian motioned
thermophoresis parameters have many real time applications
such as engineering, safety engineering, geo-technological
processes. Keeping view into this, Brownian motion and
thermophoresis effects on magnetohydrodynamic flow over a
cone/plate/wedge is considered. For controlling the heat
transfer rate, Cattaneo-Christov heat flux also taken into
account. The arising set of coupled nonlinear ODEs is solved
numerically Runge-Kutta Feldberg method. We found the

velocity, temperature and concentration fields through graphs.

For real time interest, we also found the friction factor
coefficient, local Nusselt and Sherwood numbers for the
three cases. The highlights of this present study are as
follows:

e The combined effects of Brownian motion
thermophoresis are modulating the mass and heat
transfer rates for flow over a cone/wedge/plate. But
heat and mass transport phenomena were higher in
conewhen compared with wedge and plate cases.

e For minimizing the local Nusselt number thermal
relaxation is very helpful.

e The rising values of Biot number advances local
Nusselt and Sherwood numbers for cone/plate/wedge
cases. From this we can conclude that convection is
very helpful for encouraging heat and mass transport
processes.

Gr=Gc=M=Kr=We=Le=f, =y, =m=Nr=

Nb = Nt = 0 with different values of Prandtl number.
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NOMENCLATURE

u,v

Velocity components in x and y directions
respectively (m/s)

X Distance along the surface (m)

Yy Distance normal to the surface (m)
C,,C Specific heat capacity at constant pressure

J/KgK)
T Temperature of the fluid (K)
C Concentration of the fluid (Moles/Kg)
cceleration due to gravity (m/s

g Acceleration d i 2

a, Diffusion coefficient (m?/s)

(,OCp ) Heat capacity of the fluid (Kg/m3K)
Subscripts

W Condition at the wall

')

Condition at the free stream
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