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Abstract: In this study, we examine the combined effects of Le Lewis number
thermal radiation, chemical reaction on MHD hydromagnetic p Pressure
boundary layer flow over a vertical cone filled with nanofluid

saturated porous medium under variable properties. The Nb Brownian motion parameter
gowerning flow, heat and mass transfer equations are gy Thermal radiation
transformed into ordinary differential equations using similarity M M agnetic parameter

variables and are solved numerically by a Galerkin Finite
element method. Numerical results are obtained for Shy Local Sherwood number

dlme_n5|onless velocny,_ temp_erature, nanoparticle volume NV Variable viscosity parameter
fraction, as well as the skin friction, local Nusselt and Sherwood

number for the different values of the pertinent parameters Nc  Variable thermal conductivity parameter

entered into the problem. The effects of various controlling Cr Chemical reaction parameter

paralnt1eters on thisg quar;t_itiTls ared :jnvestig%ted. F_irtt_inelnt Nr Buoyancy ratio

results are presented graphically and discussed quantitatively. I .

The present results are compared with existing results and found K P'ermeéblhty of the porous medium Greek symbols

to be good agreement. It is found that the temperature of the n _ Viscosity €
fluid remarkably enhances with the rising values of Brownian porosity

motion parameter (Nb). Y proportionality constant
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Chemical reaction; Thermal radiation. . .
Py Fluid density

Nomenclature . .
Nanoparticle mass density

Km Thermal conductivity

Pr
] Stream function
Nuy Nusselt number Vv

Kinematic viscosity of the fluid

¢ Nanoparticle volume fraction (pelp
bw Nanoparticle volume fraction on the plate T Parameter defined by & (pc1f
bo Ambient nanoparticle volume fraction

(pc)s Heat capacity of the fluid

X, Cartesian coordinates . . . .
(xy) @ () Dimensionless nanoparticle volume fraction
Tw Temperatureat the plate Similarit iabl
. . imilarity variable
T Ambient temperature attained Q D _y )
t t
T Temperature on the plate @ [MERSIONTERS Temp T

Effective heat capacity of the nanoparticle
Ra,  Rayleigh number (PO pacity p

o Acute angle of the plateto the vertical
fw Wall heat flux B Volumetric expansion coefficient Subscripts
Jw  Wall mass flux w  Condition on theplate
Dg Brownian diffusion 0 Condition far away from the plate
D+ Thermophoretic diffusion coefficient n Similarity variable
By Strength of magnetic field f  Base fluid
g Gravitational acceleration vector
Nt Thermophoresis parameter
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I. INTRODUCTION

In recent years the field of science and technology,
nanotechnology has become more popular because of its
specific application to the arenas of electronics, fuel cells,
space, fuels, better air quality, batteries, solar cells, medicine,
cleaner water, chemical sensors and sporting goods. In the
understanding of all these features, there is a vital field
acknowledged as the nanofluid, which is fundamentally a
homogenous mixture of the base fluid and nanoparticles.
Nanoparticles are the particles and are of 1-100 nm in size.
The convectional heat transfer fluids like water, oil, kerosene
and ethylene glycol have poor heat transfer capabilities due to
their low thermal conductivity. To improve the thermal
conductivity of these fluids nano/micro-sized materials are
suspended in liquids. The thermal conductivity of the metals
is three times higher than the general fluids, so it is desirable
to combine the two substances. Due to the nanofluid thermal
enhancement, performance, applications and benefits in
several important arenas, the nanofluid has contributed
significantly well in the field of microfluidics, manufacturing,
microelectronics, advanced nuclear systems, polymer
technology, transportation, medical, saving in energy. Choi
[1] was the first among all who introduced a new type of fluid
called nanofluid while doing research on new coolants and
cooling technologies. Eastman et al. [2] have noticed in an
experiment that the thermal conductivity of the base fluid
(water) has increased up to 60% when CuO nanoparticles of
volume fraction 5% are added to the base fluid. This is
because of increasing surface area of the base fluid duo to the
suspension of nanoparticles. Eastman et al. [3] have also
showed that the thermal conductivity has increased 40% when
copper nanoparticles of volume fraction less than 1% are
added to the ethylene glycol or oil. Xuan et al. [4] have
reported that the convective flow and heat transfer
characteristics of nanofluids. Buongiorno [5] has reported in
experimental study that nanoparticle size, inertia, particle
agglomeration, Magnus effect, volume fraction of the
nanoparticle, Brownian motion and thermophoresis are the
influencing parameters. Nield and Kuznetsov [6] have
discussed the Cheng-Mincowycz problem for natural
convection boundary-layer flow in a porous medium saturated
nanofluid. Kuznetsov and Nield [7] studied the influence of
Brownian motion and thermophoresis on natural convection
boundary layer flow of a nanofluid past a vertical plate.

Natural convection flow, heat and mass transfer over
curved bodies through nanofluid saturated porous medium is
an important area in recent years because of its wide range
applications such as chemical engineering, thermal energy
storage devices, heat exchangers, ground water systems,
electronic cooling, boilers, heat loss from piping, nuclear
process systems etc. Keeping above applications in mind,
several authors, Chamkha et al. [8] analyzed the sway of
thermo-diffusion and Diffusion-thermo effects on mixed
convection flow of nanofluid over a vertical cone saturated in

a porous medium with chemical reaction. Chamkha et al. [9]
have discussed the mixed convection flow of nanofluid over
vertical cone embedded in porous medium with thermal
radiation. Gorla et al. [10] have studied nanofluid natural
convection boundary layer flow through porous medium over
a vertical cone. Chamkha et al. [11] have investigated Non-
Newtonian nanofluid natural convection flow over a cone
through porous medium with uniform heat and volume
fraction fluxes. Cheng [12] has presented double-diffusive
natural convection heat and mass transfer of a porous media
saturated nanofluid over a vertical cone. Behseresht et al. [13]
discussed heatand mass transfer features of a nanofluid overa
vertical cone using practical range of thermo-physical
properties of nanofluids. Recently, Ghalambaz et al. [14] have
analyzed the influence of nanoparticle diameter and
concentration on natural convection heat and mass transfer of
AlLO; -water based nanofluids over a vertical cone. The
numerical study of hydromagnetic flow of a reactive
nanofluid over a stretching surface with or without
bioconvection was carried out by Makinde and Animasaun
[15, 16] and Makinde et al. [17]. Teamah et al. [18]
investigated the effects of heat source on MHD natural
convection of nanofluid in square cavity. Sudarsana Reddy et
al. [19] have presented natural convection boundary layer heat
and mass transfer characteristics of Al,O3 - water and Ag -
water nanofluids over a vertical cone. Sheremet et al. [20]
presented Buongiorno's mathematical model of nanofluid over
a square cavity through porous medium. Sheremet et al. [21]
have deliberated three-dimensional natural convection
Buongiorno's mathematical model of nanofluid over a porous
enclosure. Ellahi et al. [22] have reported Non-Newtonian
flow, heat transfer between two coaxial cylinders through
nanofluid saturated porous medium with variable viscosity.
Sheikholeslami et al. [23] have analyzed the natural
convection heat transfer in an elliptic inner cylinder filled with
nanofluid.

In all the above studies the viscosity and thermal
conductivity of nanofluids are taken as constant. That is,
dynamic viscosity and thermal conductivity of the nanofluid
are considered as constant. It is well known fact that the fluid
characteristics may varies with temperature, so, to predict
exactly the flow, heat and mass transfer characteristics of the
fluid it is necessary to consider the viscosity and thermal
conductivity of the fluid as the function of temperature [24,
25]. In the present analysis we have considered working fluid
as the nanofluid. The study of existing literature on nanofluids
discloses that the nanofluids viscosity and thermal
conductivity is to be varies and are strongly varies with
temperature [26, 27]. Khanafer and Vafai [28] conducted both
theoretical and experimental reviews to analyze the impact of
variable viscosity and thermal conductivity of the nanofluids.
Kakac and Pramuanjaroenkij [29] have also examined the
thermo physical features of nanofluids. Noghrehabadi et al.
[30] have reported the boundary layer flow and heat transfer
analysis of nanofluid over a vertical cone embedded in porous
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medium saturated with nanofluid. Sudarsana Reddy et al. [31]
have discussed the effect of variable viscosity and thermal
conductivity on heat and mass transfer flow of nanofluid over
a stretching sheet. Sudarsana Reddy [32] has discussed MHD
natural convection heat transfer enhancement of Cu — water
and Ag — water based nanofluid over a rotating disk under the
influence of chemical reaction. Aly [33] have perceived the
impact of Soret and Dufour effects on natural con2vention of
nanofluid over circular cylinder using finite volume method
and found that size and formation of cells inside the enclosure
are strongly depending on the Rayleigh number. Yan Zhang et
al. [34] reported the influence of magnetic field and velocity
slip on flow and heat transfer analysis of power — low
nanofluid thin film over a stretching sheet. In this study they
have considered three types of nanoparticles, Al,O3, TiO, and
CuO with ethylene vinyl acetate copolymer (EVA) as the base
fluid and reported that CuO — EVA based nanofluid has better
heat transfer enhancement than the Al,O; — EVA and TiO, —
EVA nanofluid. Dhanai et al. [35] studied flow and heat
transfer analysis of non-Newtonian nanofluid by taking heat
source/sink and variable magnetic field.

The main aim of this article is to address the influence of
variable viscosity and variable thermal conductivity on MHD
boundary layer heat and mass transfer flow of nanofluid over
a vertical cone embedded in porous medium with thermal
radiation and chemical reaction. As a result the parameters
(Nv) and (Nc) are entered into the problem. The problem
presented here has immediate applications in biomedical
systems, electronic devices, food processing, manufacturing,
cooling systems, etc. To our knowledge, the problem is new
and no such articles reported yet in the literature.

Il. MATHEMATICAL ANALYSIS OF THE PROBLEM

We assume a steady two-dimensional viscous
incompressible natural convection nanofluid flow over a
vertical cone embedded in porous medium in the presence of
variable viscosity and thermal conductivity with the
coordinate system given in Fig.1. The fluid is assumed an
electrically conducted through a non-uniform magnetic field
of strength By applied in the direction normal to the surface of
the cone. It is assumed that Ty, and ¢, are the temperature
and nanoparticle volume fraction at the surface of the cone

(y=0) and T.. and @..are the temperature and nanoparticle

volume fraction of the ambient fluid, respectively. In the
present analysis the nanoparticles are persuaded in the base
fluid according to the Brownian motion and thermophoresis.
Based on the works of Buongiorno [5] and by employing the
Oberbeck - Boussinesq approximation the governing
equations describing the flow, heat and mass transfer for
nanofluids in the presence of thermal radiation and chemical
reaction parameters take the following form:

Airu) 8ire) _ 1
ot =0 @

2 _y )

dy

:“? - ‘%“ +9[(1-9 )0, BT -T.) (2, — 20, J(®—@.)]cosy- *l:“u (3)
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Fig.1. Physical model and coordinate
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The corresponding boundary conditions are
o=a, at y=0 (6)

u=0, T—=T, ¢—9, at y—o 7

In the present study, the thermal conductivity and
viscosity are taken as the function of temperature. Therefore,
the viscosity in terms of temperature can be written as
follows:

S=—[1+y(T - 1) ®

The above equation can be simplified as
~=m,(T~T,) ©)
where, m, and T, are can be defined as

=X an — 1.
m‘*_#xa d L=T.—}

In the above equations (8) and (9), g, m,, T, T,, and y are
constant values.

The thermal conductivity of nanoparticles is defined as

k(T =k (1+m (T-T.)) (10)
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where, , — % and Nc is the variable thermal

(T —T)
conductivity parameter, _ is the

thermal

conductivity. By using Rosseland approximation for radiation,
the radiative heat flux g, is defined as

effective

— _getart 11
r = "3 5y (11)

where, ¢* is the Stephan-Boltzman constant, g+ is the mean

absorption coefficient. We assume that the temperature
differences within the flow are such that the term 7+ may be

expressed as a linear function of temperature. This is
accomplished by expanding T* in a Taylor series about the

free stream temperature T, as follows:

T4 =T, %+ 4T, 3(T— T )+ 6T, 2T —T )2+ (12)
Neglecting higher-order terms in the above equation (12)
beyond the first degree in (T —T_), we get

T* 24T 3T — 3T, % . (13)

Thus, substituting Eq. (13) into Eq. (11), we get

167" AT
4, =~ 5 (14)
The continuity equation (1) is satisfied by introducing a
stream function (i} as

=18 — 18
u= rdy’ v r dx (15)
The following similarity transformations are
introduced to simplify the mathematical analysis of the
problem

.1y S
_ Y 2 _ L _ T-T, =
n=2Ra/?, f(n) = o o) = — B(n) re—ry
Ny ==, (16)
T Tz

where Ra, is the local Rayleigh number and is defined as

Ra, = GBEpf(1— ) (Ty—To) Cosy’ 1n

Mo

and r coordinate is related to the x coordinate by r = x siny.

Using the similarity variables (16) and making use of Egs.
(14), the governing equations (3) - (5) together with boundary
conditions (6) and (7) reduce to

._.’,?."I”:'I f4 T-_{EIUB:? Fo—(F—Nrp)—MfFf =0 (18)
(A+R)O +NcPB +2 FO8 +NcOD +Ne(0)° +Nb 96 =0 (19)
@ +2Llef0+6 —Cl1B=0. (20)

The transformed boundary conditions are

n=0 f=0,6=1, 0=1,

n—w, f'=0, =0, 0=0, 1)

where prime denotes differentiation with respect to n, and the
key thermophysical parameters dictating the flow dynamics
are defined by

(pp=pps)id—dx)

b= 5B(pc)pDp (dyw—d=) _ =lpe)pDr (Tiy=Te)

Nr = ., N - SNt -
Pl (T —Toe) (1~ ghec) (pe)y am (pe)f am T
14
Le= 1,
sDg
- B _w 1
Nv=—— 1 M= ﬂﬂnf y R:j'srx_ﬂ v Or :kL_
¥l — ) PRE;;_'! 3Kk DgRay

Other quantities of practical interest in this problem are local
Nusselt number (Nuy) and the local Sherwood number
(Shy) which are defined as

Nu, = — S0 | gy ok 22
e km (Tiy—Te) th Dp (i —cbuc) ( )

where, .. is the wall heat flux and [, is the wall mass flux

The set of ordinary differential equations (18) — (20) are
highly non-linear, and therefore cannot be solved analytically.
The finite-element method [36, 37, 38, 39] has been
implemented to solve these non-linear equations.

I1l. NUMERICAL PROCEDURE
3.1. The finite-element method

The Finite-element method (FEM) is such a powerful
method for solving ordinary differential equations and partial
differential equations. The basic idea of this method is
dividing the whole domain into smaller elements of finite
dimensions called finite elements. This method is such a good
numerical method in modern engineering analysis, and it can
be applied for solving integral equations including heat
transfer, fluid mechanics, chemical processing, electrical
systems, and many other fields. The procedure involved in the
Finite-element method is as follows.

3.2. Variational formulation

The variational form related with Eqs. (18) to (20) over a
typical linear element (n_,n.,,) is given by

i [ T fO - (8 - Nr D) - Mf |én - (23)
Y o —
s wy ((1+R)E +NcDE + SO0 +NcBO + Ne(8) + Nb 0B )dn = 0
(24)
[evws (0742 Le fO 45567~ C10)dn =0 (25)

where wy, w,, and w, are weighted functions and may be
regarded as the variations in £, 6, and g, respectively.
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3.3. Finite- element formulation

The finite-element form may be attained from above
equations by replacing finite-element approximations of the
form

F=Xfuy; 0=, 600 0=, 0,y (26)
withw, =w, =wy =y, (i=123).

where i, are the shape functions for a typical element
in..n,.,) and are defined as

e _ Mepatne=2n) (neyy—m)
115’1 - s Y- !
(Mgyz—m)

wE = an-ngl(ng,s—m)
< Eng+-_-n}"

PE = Mgystn—2n) (n—n.)
8 ':ne+‘__|1)=

Tls iﬂ £T|s+1' (27)

The finite element model of the equations thus formed is
given by

[Kii] Kl K13:| {1"1
o g
[Ka1] KE; Kaa]

where [g==] and =] (M, n =1, 2, 3) are defined as

. 11 Ny Nees D9 29 ¢ T Mees, 2 ,
Kt = = flen S dn 4 e T [ gy S dn 4
(Nv—0 *n Ny -Q) Te L

LS _.u_ Nesz % ,
(Np— 9};\ .r 11£er an dﬂ "r:?e 11£’i an dﬂ

Kﬁjiz — f;ge+_1.|{l' _L ,.r.l K 13 _ _ N,rf??e+_w _Ld,rl

tan tan
21
K;" =0,
33 e v, M S > 29 . &
K2 = (4 R) [T S8 dn 3 [T oy S da 4 31 [T S
Ne [Te g “""-‘v]-dv-. N, [ Y. 2%l dn + N [Toos g o, S g
- ¥ilo Wi e, o 5. ve " 9.9 ,q""
23 ¢ el T PR ", 2 AsRNG rlees o s O
K, = (Nc+Nb)E ,f Yy L dn 4 (Ne+ NBYETL [ g ddn
Te "

31— 32 _ Nt r7eq, aﬁbla"’"
0, K. —id
] f an an

»

ooz 0 NN 3 Bk i, 3 Myes .
B "-—4-—-‘.\-— .' | ‘O Sodn+ - Lefy [ Ty Hdn—
dn 9y 2 Te oy 2 O an

C1 J:" ¥, dn

=0, .2 ——(1‘0 i )??e+_

( }??e+-_
4 dn ne 1|bz d’i‘ dn -
where , -

E] 3 _ o A,
F-Ba 2 0=Ek.675" #=Ile.

After assembly of element equations, we get the system of
strongly non-linear equations and are solved using a robust
iterative scheme. The systemis linearized by incorporating the
functions £, g and ¢, which are assumed to be known. After

imposing the boundary conditions, we get the less number of
non-linear equations and are solved using Gauss elimination
method.

IV. RESULTS AND DISCUSSION

Computational results depicting the effects of various
thermophysical parameters on the nanofluid velocity,
temperature, nanoparticle volume fraction, as well as the skin
friction, local Nusselt and Sherwood number are obtained and
displayed graphically in Figs. 2-19 and in tabular formin table
2. To validate our numerical results, we have compared a
special case of our results with that of Noghrehabadi et al.
[30] in table 1. The comparison shows good agreement and
we are confident that our numerical method is accurate.

The impact of magnetic parameter (M) on velocity (£7,
temperature (0) and concentration of nanoparticle (@) profiles

are illustrated in Figs. 2 — 4. It is observed that, the velocity
profiles decelerate, whereas, temperature distributions
heighten in the boundary layer regime with increment in
magnetic parameter (M). As the values of magnetic parameter
(M) rises, the thickness of the solutal boundary layer elevates
in the fluid region (Fig.4).

The velocity, temperature and nanoparticle volume fraction
profiles for different values of variable viscosity parameter
(Nv) are plotted in Figs. 5— 7. It is clearly noticed from Fig.5
that the velocity profiles are highly influenced by the variable
viscosity parameter (Nv) in the vicinity of the cone surface.
But, in the areas far away from the cone surface, inside the
boundary layer, the velocity profiles are poorly affected by
(Nv). This is because of the reality that higher the values of
(Nv) would increase the buoyancy force in the vicinity of the
cone surface leads to increase the thickness of hydrodynamic
boundary layer. The temperature distributions are elevated in
the boundary layer region (Fig. 6) with the rising values of
variable viscosity parameter (Nv). It is noted from Fig. 7 that
the nanoparticle concentration distributions are deteriorated
significantly from the surface of the cone into the boundary
layer as the values of (Nv) increased. This is because of the
reality that increasing variable viscosity parameter leads to
decrease the concentration of nanoparticles.

Figs. 8 and 9 illustrate the influence of variable thermal
conductivity parameter (Nc) on thermal and solutal boundary
layers. An increase in the values of variable thermal
conductivity parameter (Nc) elevates the magnitude of
temperature distributions (Fig. 8). This is because of the fact
that the thermal conductivity raises near surface of the cone as
the values of variable thermal conductivity parameter (Nc)
increases. However, the thickness of the solutal boundary
layer decelerates near the cone surface with the improving
values of (Nc).

The non-dimensional profiles of temperature and
concentration of nanoparticles are displayed in Figs. 10 and
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11 for various values of radiation parameter (R). With the
higher values of (R) the temperature of the fluid rises in the
boundary layer regime. This is because of the fact that
imposing thermal radiation into the flow warmer the fluid,
which causes an increment in the thickness of thermal
boundary layer in the entire flow region (Fig.10). However,
the concentration boundary layer thickness is deteriorated
with increasing values of R.

Figures 12 and 13 depict the temperature (0) and
concentration (@) distributions for various values of

thermophoretic parameter (Nt).Both the temperature and
concentration profiles elevate in the boundary layer region for
the higher values of thermophoretic parameter (Nt). Because
of temperature gradient the thermophoretic force was
developed in the boundary layer region and this force involves
in the diffusion of nanoparticles from higher temperature
region to the Ilower temperature region, causes the
enhancement in the thickness of both thermal and
concentration boundary layers.

Figures 14 — 15 shows the influence of Brownian motion
parameter (Nb) on thermal and solutal boundary layer
thickness. Brownian motion is the arbitrary motion of
suspended nanoparticles in the base fluid and is more
influenced by its fast moving atoms or molecules in the base
fluid. It is worth to mention that Brownian motion is related to
the size of nanoparticles and are often in the form of
agglomerates and/or aggregates. It is noticed that, with the
increasing values of Brownian motion parameter (Nb) the
temperature of the fluid is elevated in the boundary layer
regime (Fig.14). However, the concentration profiles are
decelerated in the fluid regime as the values of (Nb) increases
(Fig.15). Clearly, we noticed that Brownian motion parameter
has significant influence on both temperature and
concentration profiles.

The influence of Lewis number (Le) on temperature and
concentration evolutions is plotted in Figs. 16 and 17.It is
observed that both the temperature and concentration
distributions decelerate with the increasing values of the
Lewis number in the entire boundary layer region. By
definition, the Lewis number represents the ratio of thermal
diffusivity to the mass diffusivity. Increasing the Lewis
number means a higher thermal diffusivity and a lower mass
diffusivity, and this produces thinner thermal and
concentration boundary layers.

The temperature and concentration profiles are depicted in
Figs. 18 — 19 for diverse values of chemical reaction
parameter (Cr). It is noticed from Fig.18 that the temperature
profiles of the fluid decelerated in the entire boundary layer
regime with the higher values of chemical reaction parameter
(Cr). The concentration profiles are highly influenced by the
chemical reaction parameter. Chemical reaction parameter
(Cr) increases means lesser the molecular diffusivity, as the
result thinner the solutal boundary layer thickness (Fig.19).

The values of Nusselt number _g-o, and Sherwood
number —@ (0) are calculated for diverse values of the key

parameters entered into the problem when the cone surface is
hot and the results are shown in Table 2. The values of
Nusselt and Sherwood number are both diminish as magnetic
parameter (M) rises. Magnitude of the both heat and mass
transfer rates is amplified in the fluid regime as the values of
(Nv) increases. The non-dimensional heat transfer rates
depreciate whereas non-dimensional mass transfer rate
escalates with the higher values of variable thermal
conductivity parameter (Nc). The impact of thermophoresis
parameter (Nt) on —8& (0) and —@ (0} is also presented in
table 2. It is evident that the non-dimensional rates of heat and
mass transfer are both deteriorate with the higher values of
(Nt). It is also seen from this table that Nusselt number values
decelerates, whereas Sherwood number values enhances in the
fluid region as the values of Brownian motion parameter (Nb)
rises. Higher the values of chemical reaction parameter (Cr)
intensify the non-dimensionless heat and mass transfer rates.

V. CONCLUSIONS

MHD natural convection boundary layer flow, heat
and mass transfer characteristics over a vertical cone
embedded in a porous medium saturated by a nanofluid under
the impact of variable viscosity, variable thermal
conductivity, thermal radiation and chemical reaction is
investigated in this research. The two significant effects of
nanoparticles, Brownian motion and thermophoresis are
considered into the account. The hydrodynamic, thermal and
solutal boundary layers thickness were analyzed for various
values of the pertinent parameters and the results are shown in
figures. Furthermore, the impact of these parameters on
Nusselt number and Sherwood number are also calculated.
The important findings of the present study are summarized as
follows.

a) The velocity and temperature distributions are
heightens whereas the nanoparticle volume fraction
concentration profiles decelerate in the boundary
layer region as the values of variable viscosity
parameter (Nv) increases.

b) Increasing values of (Nc) elevates the thickness of
thermal boundary layer. However, solutal boundary
layer thickness deteriorates with the rising values of

(Nc).
¢) Increasing the values of variable viscosity parameter
(Nv) raises the dimensionless rates of heat and

mass transfer.

d) As the values of variable thermal conductivity
parameter (Nc) increases the local Nusselt number
values decreases whereas the values of local
Sherwood number escalates in the fluid region.
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Both the temperature and concentration profiles
elevates in the boundary layer regime as the values of
(Nt) increases.

With increase in the values (Nb) upsurges the
temperature of the fluid, however, it deteriorates the
volume fraction concentration of nanoparticles.

g) Increa

layer.

Table 1. Comparison of —&'(0) with previously published

se of chemical
depreciates the thickness of the solutal

work with fixed values of
Nt = 1078, Nb = 1075, Nr = 1073, Ne = 0.

reaction

parameter
boundary

Noghrehabadi et
Parameter al.[30] Present Study
Nv Le -5 =500
2.0 1000 0.7584 0.7591
10.0 1000 0.7670 0.7675
20.0 1000 0.7680 0.7686
200.0 1000 0.7688 0.7694

Table 2. The values of Nusselt number (-='z3: and Sherwood

number (-#=; ) for different  values of M, Nv, Nc, Nt, Nb, Cr.

M Nv | Nc | Nt | Nb| Cr —a'{0) —{m
01| 30| 01(05]| 05| 01| o3zs13s 1101370
04| 3001|0505 01| o=i=zsss 1073373
07| 30 [01]|05]| 05| 01| o=omosT 1033380
10 30 | 01| 05| 05] 01| ozamom 1005433
05| 20 (01| 05| 05| 01| mzsmasl 0954530
05100 01| 05| 05| 01| mzsmarr 1048247
05(500(01|05| 05| 01| mz=ssTT 1102604
05| 100 (01| 05| 05| 01| m=w=men 1163578
05| 30 (01|05| 05| 01| mzsssTT 1102604
05| 30 05| 05| 05| 01| masorrz 1143618
05| 30| 10|05 05| 01| ozzmam 1173043
05| 30 15| 05| 05| 01| wzozsrs 1201913
05| 3001|011 05| 01| ozms13 1105337
05| 30 [01]|02| 05| 01| mzsws3= 1087014
05| 30 [01]|03]| 05| 01| m=savss 1075180
05| 3.0 |1 01|04 05| 01| ommsss 1073046
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Fig.2.Velocity profiles for various values of (M)
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Fig.3.Temperature profiles for various values of (M)
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