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ABSTRACT

A theoretica and computationd study of the magneto hydrody namic flow and free convection heet transfer in an electro-conductive poly mer on the
externd surface of a vertica permesable cone under radia magnetic field is presented. Thermal and velocity (hy drody namic) slip are considered at the
vertica permeable cone surface via modified boundary conditions. The Williamson viscoelastic model is employed which is representative of certain
industrial polymers. The non-dimensiona, transformed boundary layer equations for momentum and energy are solved with the second order
accurate implicit Keller box finite difference method under appropriate boundary conditions. Vdidation of the numericd solutions is achieved via
benchmarking with earlier published results. The influence of Weissenberg number (ratio of the relaxation time of the fluid and time scale of the
flow), magnetic body force parameter, stream wise variable and Prandtl number on thermo-fluid characteristics are studied graphically and viatables.
A wesk eevation in temperature accompanies increasing Weissenberg number whereas a significant acceleration in the flow is computed near the
cone surface with incressing Weissenberg number. Nusselt number is reduced with incressing Weissenberg number. Skin friction is increased

whereas Nusselt number is reduced with greater stream wise coordinate. The study is relevant to smart coating transport phenomena.

Keywords: Magneto-hydr odynamics; Thermal convection; Weissenberg number; Vertical Permeable Cone; thermal and momentumslip.

1. INTRODUCTION

M agneto-hydrodynamics has found ever-increasing applications in
modern smart technologes. The gpplication of magnetic fields (steatic or
dternating) has been shown to manipulate successfully the materid
characteristics of dectro-conductive polymers which are finding new
applications in aerospace, offshore and nava industries. Interesting
studies in this regard addressing various systems employing magnetic
polymers include environmenta engneering (2011), thin film
fabrication processes (2014) and design of shock dissipation systems
with magnetic dastomers (2007). Coating applications and energy
systems enhancement with smart magnetic polymers have aso grown
substantiadly in recent years. Relevant technologies in this regard are
nuclear engneering (1998), medical engneering exploiting stimuli-
based polymers (2010) and hy dromagnetic energy generation (2008). In
the context of coating applications, it is criticd to regulate hest transfer
conditions which lead to improved bonding and homogenety in
engneered polymeric surfaces. Many studies have therefore examined
the transport phenomena (i.e. coupled hest and momentum transfer)
from different geometrica shapes including cones, pipes, disks and
truncated bodies and spheres. The spherica geometry is particularly
relevant to chemicd engineering processes. Investigators have applied a
variety of different materia models for the coatings and aso numerica
methods to solve the associated boundary value problems. Bég et d.
(2012) used the homotopy andysis method (HAM) to anayze flow
from a sphere in a porous medium. Na and Chiou (1979) used a
Quasilinearization method to simulate the laminar natural convection
over frustum convection about a truncated cone. Noghrehabadi et d.
(2013) studied the naturd convection flow of nanofluids over avertica
cone embedded in non-Darcy porous media
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The above studies were confined to Newtonian fluids. However,
generaly polymers are known to exhibit non-Newtonian characteristics.
Engneers have therefore developed a variety of constitutive models to
analyse the shear stress-strain characteristics of these fluids, including
viscoplastic, viscoeastic, micro-structurd and power-law models. Both
purely fluid flow and heat transfer from a sphere to non-Newtonian
fluids have been reported in a number of theoretical investigations.
Radiation effect on naturd convection about a truncated cone were
examined by Yih (1999). Harish Babu and Satya Narayana (2016)
examined the radiaive flow of Jeffery fluid in astretching porous sheet
with power lav heat flux and heat source. Satya Narayana and
Venkateswarlu (2016) have studied heat and mass transfer on MHD
nanofluid flow past avertical porous plate in arotating sy stem. Fluid
flow and radiative nonlinear heat transfer over a stretching sheet has
been investigated by Satya Narayana and Harish Babu (2016).
Venkateswarlu and Satya Narayana (2016) have analy sed the chemica
reaction, Soret and Dufour effects on the flow and heat transfer of a
Casson fluid in a stretching surface. Hossain and Paul (2001) reported
the free convection past a verticad permeable circular cone with non-
uniform surface temperature. Amanulla et a. (2017) investigated slip
effects on non-Newtonian Nanofluid flow from an Isotherma sphere.
They andyzed the behavior of fluid on veocity and temperature
distributions when therma and velocity slips are considered. Pop and
Na (1999) presented the heat and mass transfer by natura convection
about a truncated cone in the presence of magnetic field and radiation
effects. Cheng (2011) studied the natura convection boundary layer
flow of a micropolar fluid over a vertica permesble cone with varigble
temperature. Nadeem and Saeem (2015) presented andytica solutions
of third grade fluid over a rotating vertica cone in the presence of
nanoparticles.
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These studies however did not consider the Williamson modd. Thisis a
shear-thinning non-Newtonian mode which quite accurately simulates
polymer viscodastic flows over a wide spectrum of shear rates. In
Williamson fluids the viscosity is reduced with rising shear stress rates.
This model has found some popularity in engineering simulations.
Prasannakumara et d. (2016) used the Runge-K utta-Fehlberg shooting
agorithm to andyse reactive-radiative flow of Williamson viscodastic
nanofluid from a stretching sheet in a permeable materid. Khan and
Khan (2014) investigated Blasius, Skiadis, stretching and stagnation
point flows of Williamson fluid using the homotopy anaysis method,
over a range of Weissenberg numbers. Bég et a. (2013) presented
extensive numerical solutions for hydromagnetic pumping of a
Williamson fluid using a modified differentid transform method,
observing that a change in Weissenberg number strongy modifies the
pressure difference and axia velocity. Further studies of transport
phenomena in Williamson fluids include Rao and Rao (2014), Rao et dl.
(2017) and Dapraand Scarpi (2007).

In the present investigation, we consider the magneto-
hydrodynamic convection boundary layer flow of a Williamson
polymeric fluid externa to avertica permegble cone with multiple slip
effects. M agnetic fields have been found to profoundly influence hest
transfer and veocity characteristics in curved body flows. Reevant
examples include Bég et da. (2014) (for cylindricd geometries),
Alkasasbeh et d. (2014) who addressed radiative effects also, Reo et a.
(2017) who considered Partial Sip effects and Kasim et d. (2013) who
used a viscodastic modd. Sip effects have been shown to be
prominent in certan polymeric flow processes. M omentum
(hydrody namic) slip relates to the non-adherence of the polymer to a
solid boundary and arises in polymer mdts, emulsions, petro-chemica
suspensions and dso foams (1998, 1994, 1995, 1989, 1993, 1992, 2000,
1991, 1992). The presence of momentum slip invaidates the classicd
“no-slip” boundary condition. Thermal slip may also arise in heat
transfer problems and can aso significantly modify both velocity and
temperature characteristics both a the solid surface and deeper into the
boundary layer. Severad researchers have examined multi-physica
flows with veocity and/or therma slip effects including Jamil and
Khan (2001), Tripathi et d. (2014) (for viscodastic fluids), Bég et a.
(2014) for magnetohydrody namic heat and mass transfer and Devi and
Devi (2011) for swirling disk hy dromagnetic flows with cross diffusion.
Seenadha et d. (2014) have studied andyticdly thewal slip effectsin
peristaltic propulsion and hegt transfer of Williamson fluids in inclined
conduits. The present study employs a finite difference numerica
method due to Kédler for solving the two-dimensiond steady slip flow
and hest transfer in a Williamson poly meric liquid boundary layer from
a veticd permegble cone Veification of the computaions is
conducted for the specid case of non-magnetic, Newtonian flow in the
absence of slip with earlier published literature. The study finds
gpplications in eectro-conductive thermal poly mer processing sy stems.

2. MAGNETOHYDRODYNAMIC VISCOELASTIC
SLIP THERMOFLUID MODEL

The regme under investigetion is illustrated in Fig 1. Seady,
incompressible hydromagnetic Williamson non-Newtonian boundary
layer flow and heat transfer from verticad cone body under radid
megnetic field is considered. For an incompressible Williamson fluid,
the continuity (mass conservation) and momentum equations are gven
as:

divVv=0, (1)
p % =divS+pb, @)

Where p is the density of thefluid, V istheveocity vector, S isthe
Cauchy stress tensor, b represents the specific body force vector, and
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d/dt representsthe materid time derivate. Theconstitutiveeguations of
the Williamson fluid model (2016, 2014, 2013, 2007) are gven &s:

S=-pl+1 (3
: {ym +M} A @
e

Here p is the pressure, | is the identity vector, 7 is the extra stress
tensor, i, are the limiting viscosities a zero and a infinite shear rate,

I"is the time constant (>0), A, is the first Rivlin-Erickson tensor and
v is defined as follows:

.1
V= Eﬂ )

7 = trace( AY) (6)
Herewe considered the case for which £, =0and I'y <1. Thuseq.
(4) can bewrittenas:

)

= 7

{ 1T A @)
Or by using binomia expansion we ggt:
= po[1+T7]A ®

¥ A
X, U
Flow
8

permeable cone Williamson fluid

0 (leading edge)

Fg. 1 M agnetohydrody namic non-Newtonian hest transfer froma
vertical permesble cone

The two-dimensional mass, momentum and energy boundary

layer equations governing the flow in an (x,y) coordinate sy stem may
be shown to take the form:

o oy ©)
ou au  f4 du d%u
U&+V5=V—2+ 21/1—‘5—2
oy oy (10)

2
+gﬂ(|’—Tw)cosA—%u
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The boundary conditions for the considered flow with velocity and
thermd slip are:

At y=0,u= NO%L;,V:O,TzTW+KO%r

Asy o, u—0,v—>0,T>T, (12)
Here N, is the velodity slip factor, K, is the thermd slip factor and
T, is the free stream temperature. For N, = 0= K, one can recover

the no-slip case. The stream function s is defined by ru:al
oy

andry = _8_1//, and therefore, the continuity equation is autometically
oX

satisfied. In order to write the governing equations and the boundary
conditions in dimensionless form, the following non-dimensiona
guantities are introduced:

VoX y 14 14 &
= p=2(Gr) ,w=v(G f(&n)+2
S vGr VA n x( )y =v(Gr) ( (¢ ’7)+2J
T-T 95 (T, —T, ) xcosA oB2x?
(&, m) = 2 Gr, = M = (13)
(&) Ty-T, * 4?2 pvGrY?

The emergng momentum and heat (energy) conservation equations in
dimensionless from assume the following form:

m 7 " 1 !2 n " r
f"+—ff"—=f" +Wef" " +6 - Mf
4 2

, (14)
:75(]“5” _f”afJ
4 o0& o0&
9—"+Zf¢9’:zf[f’%—9’iJ (15)
Pro4 47 of o

Thetransformed dimensionless boundary conditions are reduced to:

Atn=0,f=0,f'=S; 1"(0),0 =1+ S;0'(0)
Asnp—ow, f'">0,6 >0 (16)

The skin-friction coefficient (cone surface shear stress) and
the loca Nussdt number (cone surface heat transfer rate) can be
defined, respectively, using the transformations described above with
thefollowing expressions:

%Gr*"‘cf ~ £7(£,0) +‘%e(f "(&,0)? @)
Gr Y4 Nu=-6¢'(¢,0) (18)

All parameters are defined in the nomenclature.

3. COMPUTATIONAL SOLUTION WITH
KELLER BOX IMPLICT METHOD

The transformed, nonlinear, multi-physica boundary vaue
problem defined by Egns. (14) - (16) can be solved via a number of
numerical schemes. Here we implement a popular, second order
accurate implicit finite difference method orignaly developed by
Kdler (1976). Recent studies featuring this method in the context of
M agnetohy drody namic and rheologica flows include Sgid et d. (2016)
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who studied Ferro fluid flows in curved conduits, Gaffar et d. (2016)
who investigated hydromagnetic tangent hyperbolic non-Newtonian
convection from a cone and convective boundary layer flows by Rao et
a. (2017). In the Keler box scheme, the multi-degree, multi-order
coupled partid differentid equations defined in (14) and (15) are first
reduced to a system of first order equations. These equations are then
discretized with the finite difference approximations with appropriate
step lengths in each coordinate direction. Introducing the new variables:

uxy)=f.v(xy)=t"s(xy) =0 19
f'=u (20)
u'=v (21)
o =t (22)

Eqns. (14) - (15) reduce then tothe form:

vl fv+Wew’—Eu2+s—Mu:Z§ u M (23)

4 2 4° "o o
t_+th:Z§ uﬁ_ti (24)
Pro4 4°| o of

where primes denote differentiation with respect to 7 .In terms of the
dependent variables, the boundary conditions (16) become:

At 7=0,f =0,f'=S; f"(0),6 =1+ S;0'(0)
Asnp—ow, f'>0,6—>0 (25)

A two-dimensiona computationa mesh (grid) is imposed on the &#
plane as shown in Fig.2. The stepping process is defined by :

o =0m; =nia+hy, [=12,..,3,m; =1, (26)
=0, =" 1k, n=12..,N @7

where k, and h; denote the step distances in the & and # directions
respectively.

n, Boundary layers

Mesh

et hi
—»

X

-~
Y

Leading edge 4 kn

Fig. 2 Keller Box element and boundary lay er mesh

If 9| denotes the value of any variableat(n]- ,5”) , then the

vaiables and derivatives of Equations. (20) — (24) at (77]-_]]2,5”‘”2)
are replaced by:

n- 1 n n n- n-
9’ =;1(gj +9],+9] " +g7) 29
n-1/2
ag 1 n n n-1 n-1
(anlm 2hj(g, 9/.+9)"-g}) (29)
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| (97 -9l.+g"~97) (30)
af 2kn ] j-1 I -1

j-12
The finite-difference approximation of equations. (20) — (24) for the

mid-point (771-_1/2, g”) assume the form given below:

hj&( fi'— fjn—l) =Uj g (1)
b (] —u ) = vy (32)
hj‘l(s? —s?_l) =t"y, (33)

1
. h;
RCACLTHRN ST .
h. 7
+EJ(SJ' +SJ—1) " fJn:l}Z(Vi Vi 1)
Ta

h; _
+ . i v?jlllz(fj + fj,l) = [Rl]r;_jlj2

Lyt e S )1 +1)
el sl by )
—M—;jujnjﬂ(sj +51—1)‘7a_;j i (4 +)

+ 7Ot—shjtj”f,z(fj +f)= [RQ]';:;Z (35)

Herethefollowing abbreviations apply :

gn—:lJZ
= 36
a i (36)
1 [VJ _hvj_l]JfWer-l\/j_yz+[7a_2j(uj_y2)2
(R 2= . @7
+Z(1—a)( fj—]JZVj—]./Z) + (Sj—]JZ) -M (uj—ZUZ)
1 [t]‘ —tj_lj 7 (
— +—a|U;_y5Si
1 Pr h 4 j-u2 1—1!2)
[Re] 2 =N j (38)
7
+Z(1—(Z)(fj_1/2tj_1/2)
The boundary conditions take the form:
fg'=up =0,65 =Luf =0,v] =0,6] =0 (39
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The emergng non-linear system of agebraic equations is linearized by
means of Newton’s method and then solved by the block-elimination
method. The accuracy of computations is influenced by the number of
mesh points in both directions. After experimenting with various grid
sizes in the z-direction (radid coordinate) a larger number of mesh
points are selected whereas in the ¢ direction (tangentia coordinate)
significantly less mesh points are utilized. #7max has been set at 10 and
this defines a sufficiently large value at which the prescribed boundary
conditions are satisfied. &y is set a 1.0 for this flow domain. Mesh
independence is therefore achieved in the present computations. The
computer progam of the agorithm is executed in MATLAB running
onaPC.

4. VALIDATION OF KELLER BOX
SOLUTIONS

The present Keller box solutions have been vdidated for the
specid case of non-magnetic (M = 0) Newtonian flow (We = 0) in the
absence of themd and partid slip (S = S; = 0). This case was
considered earlier by Alam et da. (2007). Furthermore, when non-
uniform surface temperature is ignored in the modd of Hossain and
Paul (2001) in addition to prescribing M=We=S=S=0 in the present
modd, it is dso possible to make a comparison as the momentum
equation and boundary conditions assume the following reduced form:

f”’+sz”—£f’2+6’=§ f’af——f"ﬁ (40)
4 2 o¢ o¢
Atn=0f=0f"=060=1
Aty —>ow: f'—>0,6 - 0.
The energy equation (15) is identica to that considered in
Alam ¢ al. (2007). The comparison of solutions is documented in

Table 1. Excelent correlation is achieved and confidencein the present
solutions is therefore justifiably high.

Table. 1 Comparison vaues of f"(£,0) and —6'(£,0) for
various vaues of & .

£7(£,0) —0'(£,0)
S Alam et a. Present Alam et &. Present

(2007) Solutions (2007) Solutions

0 0.891936 0.891940 0.420508 0.420502
05 | 0.896407 0.896403 0.620748 0.620744
10 [ 0.856963 0.856965 0.848025 0.848030
15| 0.779210 0.779211 1.129365 1.129369
20 | 0.674111 0.674110 1.441742 1.441747
3.0 | 0.434152 0.434151 2.202662 2.202661

5. RESULTS AND DISCUSSION

Extensive computations have been conducted usingthe Keller
box code to study the influence of the key thermo-physica parameters
on veocity, temperature, skin friction and Nussdt number. These are
visuaized in figs. 3a-b to 8a-b and tables 2-3.

Figs 3a-b illustrate the influence of Weissenberg number (We)
on velocity and temperature profiles. We arises only in the momentum
egn. (14) in the mixed derivativeWef " . Weissenberg number (We)

measures the relative effects of viscosity to easticity. Weissenberg
number of zero corresponds to apurely(gggwtonim fluid, and infinite
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Weissenberg number corresponds to a purely dastic solid. Intermediate
vaues correlate quite well with actual poly meric viscoelastic properties.
With incressing We, there is a genera increase through the boundary
layer in velocity magnitudes. The boundary layer flow is therefore
accerated as viscous effects are depleted sinceresistanceto theflow is
reduced.

The momentum boundary layer is therefore depleted with
grester Weissenberg number. We note that in fig. 3a the magnetic body
force parameter, M, is set a unity implying tha the Lorentzian
magnetic drag and viscous hydrodynamic force are of the same
magnitude. Fig. 3b shows that a consistent eevation is computed in
temperature of the viscoelastic fluid with greater values of Weissenberg
number, We. The acceeraion in the flow ads in momentum
development which also assists in therma diffusion, leading to heating
of the boundary layer. Therma boundary layer thickness is therefore
enhanced with increasing We vaues i.e. decreasing viscosity and
incressing eastic effects. Effectively therefore Newtonian fluids (We
=0) achieve lower velocities and temperatures than Williamson fluids.
Smilar trends have been reported by Hayat et d. (2016) and Khan and
Khan (2014).

0.12

Pr=7.0.M=1.0,S,=0.5,5,=1.0,£=1.0

We=0.0,1.0,2.0,3.0,4.0,5.0

000 L | 1 | T

0 3 n 6 9

(@)
0.9
PF?’.O,M:I.O.S,:O.S,S,:].O,g__::l.()

0.6
o We=0.0,1.0,2.0,3.0,4.0,5.0
0.3 1
0.0 L) | T I T I T

0 1 2 7 3 4

(b)
Hg. 3 Effect of Weon (8) velocity profiles and (b) temperature profiles
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Figs. 4a-b depict the evolution in velocity and temperaure
characteristics with transverse coordinate i.e. normd to the vertica
cone surface for various Prandtl numbers, Pr. Relatively high values of

Pr ae considered since these physicdly correspond to industria
polymers (2004). Prandtl number embodies the ratio of momentum
diffusivity to thermd diffusivity in the boundary layer regme. It aso
representstheratio of the product of specific heat cgpacity and dy namic
viscosity, to the fluid therma conductivity. For poly mers momentum
diffusion rate greatly exceeds therma diffusion rate. The low vdues of
therma conductivity in most polymers aso result in a high Prandtl
number. With increasing Pr from 7 to 100 there is evidently a
substantiad deceleration in boundary layer flow i.e. athickeningin the
momentum boundary layer (fig. 4a). The effect is most prominent close
to the vertical cone surface. Also fig 4b shows that with grester Pranditl
number the temperature values are strongy decreased throughout the
boundary layer transverse to the verticad cone surface. Therma
boundary layer thickness is therefore significantly reduced. The
asymptoticaly smooth profiles in the free stream (high 7 values)
confirm that an adequately large infinity boundary condition has been
imposed in the Keller box numerical code.

0.12

We=0.3,M=1.0,S5,=0.5,5,=1.0,£=1.0

Pr=7,10,15,25,50,75,100

@)

0.9
We=0.3,M=1.0,8,=0.5,5,=1.0,6=1.0

0.6 —

2
Pr=7.10,15,25,50,75,100

0.3 1

(b)
Fg. 4 Effect of Pr on (a) veocity profiles and (b) temperature profiles
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Figs. 5a-b present the evolution in velocity and temperature functions
with a variation in magnetic body force parameter (M). The radid
magnetic fidd generates a transverse retarding body force. This
decdlerates the boundary layer flow and velocities are therefore reduced
as observed in fig. 5a The momentum development in the viscodastic
coating can therefore be controlled using a radid magnetic field. The
effect is prominent throughout the boundary lay er from the cone surface
to the free stream. Momentum (hydrodynamic) boundary layer
thickness is therefore increased with greater magnetic field. Fig. 5b
shows that the temperature is strongy enhanced with greater magnetic
parameter. The excess work expended in dragging the polymer against
the action of the magnetic field is dissipated as therma energy (hest).
This energizes the boundary lay er and increases therma boundary layer
thickness. Again the influence of magnetic field is sustained throughout
the entire boundary layer domain. These results concur with other
investigations of magnetic non-Newtonian heat transfer including
Kasimet d. (2013) and M egahed (2010).

0.15
We=0.3,Pr=7.0,S,=0.5,5,=1.0,£=1.0
0.10 4
AN M=0.0,0.5,1.0,1.5,2.0,2.5,3.0
0.05 4
0.00 ; : :
0 3 n 6 9
(@)
0.9

We=0.3,Pr=7.0,,=0.5.8, =1.0,¢=1.0

M=0.0,0.5,1.0,1.5,2.0,2.5,3.0

2 ’7 3 4
(b)
Fg. 5 Effect of M on (a) veocity profiles and (b) temperature profiles

Figs. 6a-b illustrate the impact of the momentum
(hydrodynamic) slip parameter (S) on the velocity and temperature
distributions. Near the cone surface there is a distinct eevation in
velocity with greaster momentum slip effect. S features in the velocity
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wall boundary condition in egn. (16) i.e. f /(0)=S f/(0). With incressing
vaues of S the polymer slips i.e. shears more easily against the cone
surface. This boosts momentum in the boundary layer and accelerates
the flow (fig. 6a). However, with progressive penetration into the
boundary layer, this effect is reversed (as expected) and the flow is
decelerated with greater momentum slip further from the cone surface.

The velocity slip effect is strongest a the cone surface (7 =
0). A similar observation has been made by Yarin and Graham (1998)
and aso by Jamil and Khan (2011). The momentum slip effect is
prominent and substantialy modifies the velocity growth structure.
Temperature is conversely reduced consistently throughout the
boundary layer with greater momentum slip. The viscodastic poly mer
is therefore cooled with wall momentum slip and this reduces thermal
boundary layer thickness. The implication is therefore that with an
absence of velocity slip in mathematicd models, temperature is over-
predicted (the maximum value corresponds to § =0). It is therefore
important in more redistic simulations of poly mer coating dy namics to
incorporate wall slip effects.

0.20

We=0.3,Pr=7.0M=1.0,S,=1.0,£=1.0

5,=0.0,0.3,0.5,0.8,1.0.,1.5.2.0

0.9

We=0.3,Pr=7.0M=1.0,S,=1.0,£=1.0

S,=0.0,0.3,0.5,0.8,1.0,1.5,2.0

2 7 3 4
(b)
Fig. 6 Effect of S; on (a) velocity profiles and (b) temperature profiles

Figs. 7a-b present the response in velocity and temperature
distributions to amodification in the therma jump (slip) parameter (Sy).
A maked depletion in velocity (fig 78) accompanies an incresse in
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thermal slip effect and this trend is sustained throughout the boundary
layer. The thermd slip parameter indirectly influences the momentum
field via coupling to the energy equation (thermal slip is only simulated
in the wal therma boundary condition in egn. 16). With geater
therma slip, thereis dso a very profound depletion in temperature at
the cone surface and in close proximity to it (fig. 7b). However, this
effect weskens considerably with further distance from the cone surface
and is effectivdy diminaed before reaching the free stream.
Temperature profiles decay from a maximum at the cone surfaceto the
free stream. All profiles converge & a large vaue of transverse
coordinate, again showing tha a sufficiently large infinity boundary
condition has been utilized in the numerica computations. Again the
absence of therma slip achieves higher temperatures indicating that
without this modification in the therma boundary condition at the wall
(cone surface) the temperature is over-predicted, which can be critica
to hest treatment of poly meric coatings (2015).

0.12
We=0.3.Pr=7.0,M=1 .O,S, =0.5,¢=1:0
0.08 -
i .i S, =0.0,0.5,1.0,1.5,2.0,2.5,3.0
0.04
0.00 : , . , .
0 3 i 6 9
@)
1.00
We=0.3,Pr=7.0,M=1 .O,S, =0A5,§= 1.0
0.75 -
9 —
0.50
S,=0.0,0.5,1.0,1 5202530
0.25 -
0.00 1 I T I L) I L)
n7
0 1 2 3 4
(b)

Fig. 7 Effect of S; on (a) velocity profiles and (b) temperature profiles

Figs. 8a-b illustrate the influence of the stream wise
(tangentid) coordinate, &, on the velocity and temperature distributions.
A weak decderation in the boundary layer flow is experienced with
greater &, as shown in fig. 8a. M omentum boundary layer thickness is
therefore increased margndly with ¢ vaues. Conversdy a wesk
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enhancement in temperature is computed in fig. 8b, with increasing ¢
vaues. Thermd boundary layer thickness is increased therefore as we
progress from the lower stagnation point on the cone surface around the
cone periphery upwards.

0.15
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Fg. 8 Effect of & on () velocity profiles and (b) temperature profiles

Table 2-3. lllustrate the skin friction and Nussdt number
distributions with various vaues of momentum slip parameter (S) and
thermal slip effect (S;). A marked depreciation in skin friction is
observed with greater momentum slip. Conversely astrongeevation in
Nussdt number is generated with greater momentum slip effect. The
momentum slip effect is consistent for al values of stream wise
parameter (¢). The influence of momentum (hy drody namic) slip is non-
trivial and demonstrates that a sizesble modification in surface thermo-
fluid characteristics is induced with slip and indeed tha the
methodology employed to simulate it quite redisticdly simulates red
mecroscopic effects of certain molecular phenomena a poly mer/solid
interfaces. Both skin friction and Nusset number are strondy reduced
with an increase theemad slip (Sy). The boundary layer is therefore
decderated and hested with stronger therma slip. With thermd slip
absent therefore the skin friction is maximized at the cone surface. The
inclusion of thermd slip, which is encountered in various slippy
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polymer flows, is therefore important in more physicadly redistic
simulations.

Table. 2 Veues of f"(&,0) for different S, S, and&

f"(¢,0)

S |'s — — —
£=10 | £=20 £=30
0.0 0.3473 0.4415 0.4506
0.1 0.3376 0.4280 0.4344
0.2 0.3280 0.4144 0.4182
03 | 1.0 | 03183 0.4009 0.4020
05 0.2989 0.3738 0.3694
08 0.2699 0.3330 0.3204
1.0 0.2504 0.3058 0.2876
00 | 03382 0.4241 0.4218
05 | 03187 0.3991 0.3957
15 | 02790 0.3481 0.3427
05 50 omer 0.3222 0.3157
25 | 02381 0.2958 0.2884
30 | 02172 0.2690 0.2606

Table. 3Vdues of —6'(£,0) for different S, , S, and&

—0'(£.0)

S S ~ ~ ~
£=10 £=20 £=30
0.0 0.6521 0.5687 0.4466
0.1 0.6641 0.5795 0.4554
0.2 0.6761 0.5904 0.4638
03 | 10 0.6883 0.6013 0.4727
0.5 0.7125 0.6234 0.4904
0.8 0.7492 0.6563 0.5173
1.0 0.7726 0.6786 0.5351
0.0 0.8421 0.7374 0.5814
0.5 0.7767 0.6798 0.5355
15 0.6494 0.5678 0.4462
05 20 0.5875 0.5134 0.4029
25 0.5272 0.4601 0.3607
3.0 0.4680 0.4080 0.3194

Tables 4-5, presents the influence of magnetic parameter (M)
and Weissenberg number (We), on skin friction and Nussdt number,
adong with a variation in the Prandtl number (Pr). A significant
depletion is caused in skin friction with grester magnetic field, which
corresponds to aretardation of the boundary layer flow. The maximum
skin friction therefore is achieved only in the absence of a radid
megnetic fied i.ee M = 0. For M < 1, the magnetic body force is
exceeded by the viscous hydrody namic force in the regme. For M > 1
the contrary is the case. The reduction in Nusselt number with greater
M values implies that thetransfer of heat from the boundary layer to the
wall (cone surface) is reduced. This physicdly indicates therefore tha
geater heat is conveyed avay from the cone surface to the fluid which
explains the higher temperatures associated with strong magnetic field
in the earlier computations. M agnetic field is therefore a potent
mechanism for controlling therma and velocity characteristics in
eectricaly-conducting polymer dynamics. With progessively greater
We vaues the dasticity in the polymer is increased. This ads in

Global Digital Central
ISSN: 2151-8629

momentum development and accelerates the boundary layer flow. The
Weissenberg number indicates the degree of anisotropy or orientation
generated by the deformation, and is gppropriate to describe flows with
a constant stretch history, and therefore appropriate for polymers. A
strong reduction in Nussdt number aises with an devation in
Weissenberg number i.e. hegt is transferred from the cone surfaceto the
boundary layer, wherein temperature (and therma boundary layer
thickness) are found to be enhanced with Wiessenberg number. The
cone surface is therefore effectively cooled with grester Weissenberg
numbers. Increasing Prandtl number (Pr) reduces skin friction but
enhances heat transfer rate (Nusselt number) and furthermore provide
benchmarks against which other researchers may validate extensions of
the present moddl.

Table. 4 Vdues of f"(£,0) for different vaues of

We, M and Pr
f7(¢,0)
We | M
Pr=7 | A=10 | AF=20 | Pr=25
0.0 0.2960 0.2730 0.2294 0.2157
0.5 0.3008 0.2769 0.2316 0.2176
1.0 0.3049 0.2803 0.2341 0.2198
2.0 10 0.3122 0.2864 0.2382 0.2234
3.0 0.3185 0.2916 0.2417 0.2265
4.0 0.3240 0.2964 0.2449 0.2294
0.0 | 0.3760 0.3444 0.2870 0.2698
0.5 | 0.3302 0.3029 0.2529 0.2376
1.0 | 0.2989 0.2753 0.2308 0.2170
03 20 | 0.2538 0.2352 0.1988 0.1872
3.0 | 0.2203 0.2052 0.1745 0.1645
4.0 | 0.1936 0.1809 0.1546 0.1457

Table. 5 Vaues of —¢'(£,0) for different vaues of

We, M and Pr
-0'(£,0)
we | M
=7 | =10 | =20 | =25
00 07145 | 08098 | 10370 | 11239
05 07104 | 08063 | 10322 | 1119
70 07072 | 08028 | 10280 | L1158
20 | Y0 07012 | 07966 | 10226 | 1.1095
30 06961 | 07912 | 10168 | 11036
40 06917 | 07865 | 10117 | 10986
00 | 08013 | 09019 | 11364 | 12267
05 | 07497 | 08463 | 10747 | 1.1628
10 | 07125 | 08089 | 10330 | 11213
03 55 o568 | 07512 | 09736 | 10593
30 | 06144 | 07072 | 09277 | Loiz2
40 | 05799 | 06710 | 08902 | 09735

6. CONCLUSIONS

M otivated by gpplications in thermd processing of magnetic
polymers in coating sy stems, amathematicad model has been developed
for the magneto-hydrodynamic flow and hea transfer in an dectro-
conductive viscodastic Williamson fluid from a verticad permesble
cone body under radid magnetic field. To simulate slippery polymer
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interfacid  effects, both therma and momentum slip have been
incorporated into the modd. The normdized, nonlinear two-
dimensiona, steady state boundary layer equations for momentum and
heet (energy) have been solved with a finite difference scheme, with
verification of computational accuracy demonstrated via benchmarking
with earlier non-magnetic, no slip, Newtonian solutions in the literature.
The present computations have shown that increasing Weissenberg
number accelerates the near-wall flow and dso increases temperatures
(i.e reduces Nussdt number). Sronger magnetic parameter serves to
decderate the flow and to elevate temperaures i.e. decreases Nussdlt
numbers. With greater momentum slip the flow is accelerated near the
cone surface whereas temperatures are depressed i.e. Nussdt numbers
are incressed. With geater thermd slip surface skin friction and
Nusselt number are both significantly suppressed. Thepresent work has
ighored transient and porous medium effects in viscodastic flow (2010)
which will be considered in the future.

NOMENCLATURE

A Haf ange of the cone

By externdly imposed radid magnetic field

C skin friction coefficient

f non-dimensiona steam function

Gr Grashof number

g accderation dueto gavity

k therma conductivity of fluid

Ko therma jump factor

Nu local Nussdlt number

M magnetic body force parameter

Pr Prandtl number

No velocity (momentum) slip factor

S non-dimensiona velocity slip parameter

Sr non-dimensiona thermd jump parameter

T temperature

u, v non-dimensiona velocity components aong the x- and y-
directions, respectively

We Weissenberg (viscodlasticity) number

X stream wise coordinate

y transverse coordinate

Greek Symbols

a thermal diffusivity

p coefficient of therma expansion

n dimensionless transverse coordinate

v kinematic viscosity

12 non-dimensiona temperature

Yo, density of viscodastic fluid

o eectrica conductivity of viscodastic fluid

¢ dimensionless steam wise coordinate

4 dimensionless stream function

r time-dependent materia constant

Subscripts

w conditions on thewall

0 Free stream conditions
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