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Abstract: This present work explores the effect of variable viscosity and Prandtl number on unsteady free
convection of methanol flow over a thin vertical cylinder with magnetic field. The governing flow equations of
the flow are transformed into dimensionless partial differential equations using non-similar transformations. The
converted equations are resolved by employing implicit finite difference scheme and quasilinearization
technique. To see a better perception of the problem, the numerical solutions so obtained are analysed
graphically, thereby examining the impact of variable viscosity and Prandtl number on friction drag and heat
transfer parameters. We also examined the impact of physical parameters like unsteady, magnetic, and stream-
wise coordinate on friction drag, heat transfer, temperature and velocity profile.
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1. Introduction

Heat transfer by free convection often occurs in various industrial applications and physical problems,
such as fiber and granular insulation, geothermal systems, the stars and planets structure analysis, the
nuclear reactors cooling etc. The flow analysis of electrically conducting fluid with magnetic field has
drawn attention from several scholars’ owing to its versatile applications. Both in geophysics and
astrophysics, it is to analyse the stellar and solar structures, interstellar matter and radio propagation
through the ionosphere. The importance of fluid flow over a thin vertical cylinder with unsteady axial
velocity, thermal conductivity and temperature dependent viscosity under a uniform normal magnetic
field can be seen in many engineering applications like the glass and polymer industries, exploration
and thermal recovery of oil, geothermal reservoirs, underground nuclear waste storage sites and in the
assessment of aquifers etc.,

Surma Devi[1] premeditated heat conduction effect in steady free convection over a vertical cylinder,
applying an implicit finite difference scheme. Free convection flow on a vertical cylinder embedded
in a thermally stratified high porosity medium problem was considered by Takhar[2]. An analysis of
unsteady natural convection flow with temperature dependent thermal conductivity past an isothermal
vertical cylinder using explicit finite difference method is discussed by Md. A Hossain[3]. Rani[4]
considered the outcome of the couple stress parameter and Prandtl number on the transient free
convection flow over a vertical cylinder. Loganathan[5] an unsteady free convection flow over a
moving vertical cylinder with temperature oscillations in the presence of porous medium. The flow
behaviour and heat and mass transfer chactericstic of unsteady free convection flow past a vertical
cylinder with magnetic field is discussed by Periyana Gounder Ganesan [6]. The behaviour of
unsteady couple stress fluid flow about a cylinder with magnetic force under thermal radiation and
viscous dissipation effects is investigated by Suresha Suraiah Palaiah [7]
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All aforementioned research works are restricted to constant fluid properties. As we know, certain
physical properties of the fluid change with temperature, particularly viscosity and thermal
conductivity. Since then, several works pertaining to variable viscosity with different parameters and
distinct geometry have been endeavoured by several researchers [8-14] by taking that viscosity varies
as an inverse function of temperature. Pantokratoras [15] considered the steady laminar flow over
continuous moving flat plate by considering variable viscosity and varying Prandtl number across the
boundary layer. The steady laminar non-similar boundary layer forced convection flow over a yawed
infinite circular cylinder is investigated by Saikrishnan Ponnaiah[16]° Abhishek Kumar Singh et al.
[17] continued the work by considering the flow over a moving vertical plate. Recently Rooadevi et
al..[19] considered the problem variable viscosity and Prandtl number effect on MHD unsteady free
convection axisymmetric ethanol boundary-layer flow. As viscosity varies with temperature and
Prandtl number depend on viscosity, in the preceding research works [17,18,19] researcher considered
viscosity and Prandtl number as functions of temperature.

From all these works, it is clear that, variable viscosity and Prandtl number have been taken into
consideration with various geometries along with steady or unsteady natural or mixed convection
flow. Apropos of all these works, we considered the variable viscosity and Prandtl number influence
on unsteady free convection flow over a thin cylinder with magnetic field. Particularly methanol fluid
is considered as a working fluid as it is multipurpose fuel, it can be used directly or as a blending
component in fuels, produced from ash coal, agricultural residue and natural gases.

Table 1. Thermo-physical properties value of methanol at different temperatures [19,20]

Densit Thermal . i .
Temperature Q);/ conductivity (k) ﬁpecmc V'SCO_S'ty('u) Prandl
0 3 eat(cp) (gr.x 10~ 2cm.s) | number
(T°0) (gr./ cm?) (erg 70 0 p
x 10°/cm. s°K) Ux10°/kg K) (Pr)
00.0 0.813 0.207 2.399 0.777 9.005
10.0 0.804 0.204 2.449 0.664 7.971
20.0 0.794 0.201 2.504 0.575 7.163
30.0 0.785 0.199 2.566 0.504 6.498
40.0 0.775 0.196 2.633 0.447 6.004
50.0 0.765 0.193 2.706 0.399 5.594

2. Mathematical analysis
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Figure 1. Diagram and coordinate system of the flow
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Let us consider an unsteady laminar viscus incompressible free convection flow of an electrically
conducting methanol fluid past a thin vertical cylinder with transvers magnetic field B,. Figure 1
shows the geometrical representation of the flow analysis. The cylinder of radius ry is situated in a
guiescent atmosphere having temperature T,, and the surface temperature of the cylinder T,,. The
axial coordinate is taken as x, measuring the distance from the centre line of the cylinder to its bottom
end. That is from the statting edge of cylinder where the thickness of boundary layer is zero. The
radial co-ordinate r is taken perpendicular to the x axis and gravitational force ‘g’ is measured
opposite to the x axis. Initially (i.e., time ¢ = 0) both cylinder and surrounding fluid are maintained at
constant temperature. When time t > 0 the temperature of the cylinder is changedto 7,, = T,, +

eAT,,.(i.e., T, > T,) and the same is maintained with € > 0, creating unsteadiness. As the heat
created by compression of the fluid is very small, it is ignored. To minimize (< 40°C) surface and
free stream temperature difference, the ambient fluid temperature is taken , T,, = 28.0°C and AT,, =
10°C. Under the aforementioned assumptions and Boussinesq boundary layer approximation for the
incompressible fluid model, the governing equations of the viscous fluid ! are

a(ru) |, d(rv) _
ox Ty 0 (1)
du du ou _ 1 3 du\  aBy’u
5 T uGy tve= 9B~ Tu) + - (ur 5r) - 2)
aT aT aT _ 1 @ [(urdT
at + ua + V; T TPeo OT [(Pr ar)] (3)
with the boundary conditions:
u=0v=0T=00orT=T, for t<0,Vxandr
u=0v=0T=10orT=T, fort>0atr=r
u=0v=0T=00rT=T, atx=0
u—->0v-0T=0, t>T,andr » o 4)

Here u and v respectively represents the velocity components along x and r directions, v is the
dynamic viscosity, B is the thermal expansion coefficient, T is the fluid temperature, Pr Prandtl
number, p is the density, o electrical conductivity. Here we considered except viscosity all other
thermo physical properties of fluid as constant, however Prandtl number varies with the viscosity,
both Prandtl number (Pr) and viscosity (u) are considered as inverse linear function of
temperature!*°!

pu=1/(by +b,;T); Pr=1/(c; + c,;T) (5)
where, b, = 126.23, b, = 2.438, ¢, =0.1109 and ¢, = 0.0013 6)

We have taken the statistics from Ref *22Uto correlate the above values. Equations (1) and (2) hold
good approximately for the liquids having small temperature difference between ambient and wall.

The subsequent dimensionless transformations are introduced to analyse the equations (1) -(3)
tv

WO, E ) = 4W0(x/r0)3/4(0r)1/4v(€; ntH; tt= T—OZF
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0By2ry l2x 12 10y 10y
M:—l; u=—-——;, v=——
p(Gr)'/2 r 0x r or
_ B (0 Xad G Wit Y DR VRN PSS V)
T—Too+(Tw_Too)G(ntfit )l n=——"—""—m 5_2( /TO) (GT) 4,

Z(x/ 7’0) &

9B70> (Tw—=Teo) . 9Bx3(Tw=Teo)
Gr="— 0 r=""7—" (7

Here Gr,,Gr are respectively local Grashof number and Grashof number, M is the magnetic field

Now the Equations (2) and (3) respectively reduced to the dimensionless form as

(N1 +n&)F) +3fF' + G — 2F? — MF — i—th* = ¢(FFe — F'fy) (8)
(N Pr (1 +né) G') +3fG — th* = ¢(FG;—G7e) 9)

and the corresponding non-dimensional initial and boundary conditions are
f=0F=0,G6=0V¢nfort"<0
F=0,G=14+¢atn=0,£=20,t"=20

F=0,6G6=0asn—>0&=20,t"=>20 (10)
where,
1,0x, \7/2
4v(Gr) 2( /7’0)
u= F;
To

4v(Gr) Ya
vV=—
To

3 _1 1 -1 1

(Z (*/ry) /4f_§(67”)1/2(x/ro) NG 1)F+§(Gr)1/4f);
= an N = (L S , P -

f‘fo m _<;Z)_1+a16' " T4+ as6

where

a, = ( b, )ATW! a, = Cq + CzToo; as = CZATW; ATW — (TW _ Too),

b1+b,Teo
_0f  OF ’_ B_G
“oan’ on’ G = on (11)

From the several engineering application point of view, the vital physical quantities the friction drag
(skin friction) coefficient and Nusselt number respectively expressed as

1/4 _ _2Tw_ _ 22U a_u _ ’

Cf(er) N PooToU - ToUpPoo (ar)r=ro - f(F )77=0 (12)
-1/4 _ __ =% aT _ _ 1

0 S w

3
where, U = gB(T,, — Tw)5/4 xl—/: is a hypothetical or equivalent velocity function
v
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3. Numerical Analysis

The coupled non-linear governing equations (8) and (9) with the boundary conditions (10) have been
solved numerically using implicit finite difference scheme in conjunction with quasilinearization
technique. After applying quasilinearization method, we get the linear partial differential equations as

F'6D 4 x, Gt 4 x, O 6D 4 x, O () 4 x, Op, 6D 4 x GO g/+D) 4
X6(5)6(S+1) = Ul(S) (14)
GG 4y, G+ 4 7, O 4y, D6 5D 4y, 6, ) 4y, O p6+D) = y,©)

(15)
As it is finite implicit difference scheme, the co-efficient function with index (s + 1)) to be found
using known co-efficient function with index (s).The corresponding boundary conditions are given
by
f(5+1) — 0, F(S+1) — G'(S+1) =0 vf,n’t* <0
FEtTD =0, 66"V =1+¢ at n=0,§>0,t"=0
F6D =0, D =0 asn—> 00,8 >0,t* >0 (16)

The co-efficient of (13) and (14) equations are

x,® = —“1;1—2' + NE(E + ME(Ef +3f)) ; X,© = (ME)(NE)(—4F — M — £Fy)
X, = —¢F(ME)(NE); X, = —(ME)(NE)

) = —al—F’ ) = —ale,G’ ’ ’ _ 2 _ _ — ﬁ *
X0 =—fs 0 Xe® =T+ NE( BfF' + §fgF' +G = 2F* = MF = §FgF —*-F) +
(ME))
U = -2 — (2F2 + EFF + G)(ME)(NE) + X6
—2a,G’

A (Mb{) + Pr(2asG" + (ME)(NE)(3f + £f¢)) + §(NE)

2n-12 2
YZ(S)) — —?;4;2 — a32G’2PT‘2 + (NE)(G’(gf + Eff) _ EFGf _ %Gt*)(alpr _ a3(ME)PT2)

¥;) = —(NE)(ME){FPr ; Y, = —(NE)(ME)Pr
Ys®) = —(NE)(ME)&G¢Pr;

2
Uz(s) __ a. G
(ME)

where, ME = (1 + a,G) , NE =

+ azG"2Pr — (NE)(ME)PréGeF + Y, DG

1
a+n$)
In each iteration, the partial differential equations (14) and (15) were stated in finite difference form,
in every stage, the expressions so obtained were then changed into a system of linear algebraic
equations. These equations then taken in a block tridiagonal matrix which can be resolved using
Varga’s technique [21].

4. Results and discussions
Employing the preceding section numerical method for the governing equations, the computation has

been carried out for various parameters like axial distance, magnetic field and unsteady. To see the
physical insights of the temperature profile, velocity profile, friction drag and heat transfer along with
variable viscosity and Prandtl number, the graphs are plotted using the computed values of the
respective. To conform the method’s accuracy the results obtained for the ratio of local Nusselt
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numbers, (Nu, /(Nuy)¢=o) is compared with result of Surma Devi[1] and the same is displayed in
Table 2. The results are in better agreement with them.

Table 2. Comparison of Nu,/(Nuy)g=o result for t* =0, N = 1 and Pr = 0.7 with the result
reported by Surma Devi[1]

f Nux/(Nux)$=0
Surma Devi “ Present
0 1.000 1.000
0.503 1.2101 1.2076
1.064 1.4219 1.4607
2.093 1.7782 1.8142
3.364 2.1769 2.1606
1.6 | (@ =™ Variable viscosity ( Pr: Eq.(6), AT, =10.0) (b) —————Variable viscosity ( Pr: Eq.(5), AT,, = 10.0)
————— Constant viscosity ( Pr =7.2) 64 — — — — .- Constant viscosity ( Pr=17.0)
£ 12 Z /= R~
& t=0.0,0.01 R ~
0.8 (4 R g
{ \ =
0.4
0 2 & 4 6 0.0 15 3.0 g 4.5 6.0

Figure 2. Friction drag and heat transfer comparison between variable and constant fluid properties

The influence of variable fluid properties on friction drag Cf(er)l/4 and heat transfer
Nu(Gr,)~"*taking along stream wise coordinate ¢ is portrayed in Figure 2(a) and (b). This is done
by comparing variable fluid properties with constant fluid properties when the t* = 0.0 and t* =
0.01. It is seen that skin friction slowly increases from zero and reaches its maximum value when ¢ =
3.0 and then decreases with increases value of & . It is noticed that variable fluid properties increase
friction drag and heat transfer as compared with constant fluid properties. Furthermore Cf(er)1/4
for variable fluid property differs from constant fluid property by 8.1% when t* = 0.0 at & = 2.0, but
when t* = 0.01 the same differs with 11.48% at & = 2.0. although in the case of Nu(Gr,)~*the
variable properties differs from constant properties is 1.57% when t* = 0.0 and 2.2% when t* = 0.01
at & = 2.0. It is also remarked that variable fluid properties move zero skin friction downstream as
compared with constant fluid properties.
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14+4(@) M= 0.0, &= 0.251t*=0.01, AT, =28.0 (b) M= 0.0,&= 0.25,t*=0.01, AT, =28.0

2.2 '/V—’

2.0 1

1.2+

Nu(Gr )™

0.8+

1.0 1.84
0.6 1

0 5 AT, 10 15 0 5 AT, 10 15

Figure 3. AT, effects on (a) friction drag and (b) heat transfer parameters at different stream wise
location

As we have considered that viscosity and Prandtl number are inverse function of temperature, the
fluid and surface temperature difference is the main reason for variation of viscosity and Prandtl
number inside the boundary layer. To notice this influence, friction drag coefficient Cf(er)l/“and
heat transfer coefficient Nu(Gr,)~'/* are plotted against AT,, in the Figure 3.(a) and (b) respectively.
The maximum value AT,, = 15°C is taken to maintain the temperature within in the permissible value
(< 43°C),as T, = 28.0°C with € = 0.25. It is viewed from the Fig.3.(a)-(b), both friction drag and
heat transfer rise with AT,,. It is also noted as & increases, both the coefficients increases.

1.4 3.0
a) M=0.0,€=0.25 _ (b) M=0.0,€ = 0.25
£=20 £=2.0
g
= 15
@) 15
=
S 2.4
0.7 1.0 g
= 1.0
Qe
3
pz4
\ 1.84 05
T T
0.0000 t* 0.0025 0.0050 0.0000 t* 0.0025 0.0050

Figure 4. (a) Friction drag and (b) heat transfer parameters at various stream wise location

Figure 4.(a) and (b) depicts the effect of different stream-wise locations on friction drag
Cr(Gry)'/*and heat transfer Nu(Gr,)~*/*. It is perceived that as stream location( &) changes both
friction drag and heat transfer increases. Moreover it is interesting to see that the monotonic
decreasing trend of friction drag from different heights of the cylinder with the passage of time from

t* =0.0tot* = 0.01in the unsteady regime. This is due to dominance of variable viscosity and
Prandtl number. But as time ¢t* progresses, heat transfer slowly decreases.
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Figure 5. (a) Friction drag and (b) heat transform coefficient behaviour for different of magnetic
parameter

To see the impact of the magnetic parameter on friction drag and heat transfer, Figure 5.(a) and (b)
are plotted for & = 0.5, ¢ =0.25 against time t*. From the graph, it is perceived that friction drag and
heat transfer as the magnetic parameter is enhanced. An enhancement of the magnetic parameter
causes a force called the Lorentz force, which reduces the velocity and the temperature gradient of the
fluid, hence friction drag and heat transfer decrease. However with the lapse of time friction drag
diminishes significantly, decreasing rate tendency for the same is faster when M = 0.6 as compared
with M = 0.0. The decreasing percentage of skin friction is 57.14% and 9.81% respectively
whenM = 0.6 and M =0.0att* = 0.007 and t* = 0.002.

0.100 125
@

1.00-

0.075
0.75 +

0,050 t*=0.01,M =0.0, £=0.25, AT, =10.0 o

' £=30,25, 20,15,1.0 0504 W =001,M =0.0, £=0.25,AT, =10.0
Lo

£=3.0,25,20,15,1.0

0.025 0.25

0 T]3 6 0 n 3 6

Figure 6. (a) Velocity and (b) Temperature profile at various stream wise location

The figure 6.(a) and (b) show the profile of velocity and temperature at various stream wise locations
&at timet* = 0.01, e = 0.25 against 1. It is seen from the Figure 6.(a) that velocity of the fluid
gradually increases and reaches its maximum at n = 0.4. After that, it slowly decreases and then
becomes zero. However, the flow is deaccelerated with increasing . Figure 6(b) shows that thickness

of the thermal boundary layer decreases as & increases, as a consequences of this, rate of heat
transfer enhanced inside the boundary layer.
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M=40,30,20,1.0,00 0.6-
0.03- £=05,€=0.25t*=001
M=0.0,10,20,3.0,4.0
0.3
T T T
0.0 15 30 g 45 6.0 0.0 15 30 @ 45 6.0

Figure.7. (a) velocity and (b) temperature profile for different values of magnetic parameter

Revelation of dimensionless velocity and temperature profile for magnetic parameter when t* =0.01,
€ =0.25 and ¢ = 0.5 in contrary to n is taken in the Figure 7.(a) and (b). It has been observed that,
rise in magnetic field declines the velocity of the flow, in fact as magnetic parameter is applied
normally to the flow then there exits Lorentz force opposite to this field thereby retarding the flow
velocity, consequently enhancement of thermal boundary layers takes places and thereby heat transfer
rate declines in the boundary layer.

M=0.0 125
0164 . M ;3:0 M=0.0
.......... M= 3.0
1.00
0.12 1
0.75 4
£= 05,€=025 ®
L 0.081 t*= 0.001, 0.002, 0.003
0504 £=05,€=0.25
- " t£=0.001, 0.002,0.003
Y (Y
0.04 0.05 | ’
)
.
‘N
T T = |l T
0 2 n 4 6 0 2 n 4 6

Figure. 8. (a) Velocity and (b) temperature profile for distinct values of t*

The velocity and temperature behaviour of the fluid for different values of t* and magnetic field is
considered in Figures 8.(a) and 8.(b) respectively. It can be noticed that enhancement of t* and
magnetic parameter decreases the velocity profile, however the opposite of this is noted in the
temperature profile. This true, as magnetic field is applied there exists a force which retards the fluid
flow. As a result of this, there is declination in the thickness of both momentum and thermal boundary
layer.

5. Conclusions
The unsteady MHD free convection of methanol flow over a thin cylinder with variable
viscosity and Prandtl number has been analyzed numerically. The governing equations are resolved
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by implicit difference scheme and quasilinearization technique. The graphical presentation of the
computed values facilitates to bring out these following observations.

1.

Variable fluid properties (viscosity) enhances friction drag and heat transfer and also moves
zero skin friction downstream as compared with constant fluid properties.

The temperature difference between surface and fluid enhances both friction drag and heat
transfer.

In different free stream locations, skin friction and heat transfer increase but velocity and
temperature profiles decrease.

As magnetic parameter increases skin friction, heat transfer and velocity profile decreases,
whereas opposite of this is seen in temperature profile.

Unsteadiness in the fluid decreases the velocity and increases the temperature profile.
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Nomenclature

Q@ 4T X

To
u, v
t, t*
Gr
Gry
Pr
Cs
Nu

®

axial coordinate

radial coordinate perpendicular to the axis of the cylinder
dimensionless stream function

dimensionless velocity

dimension and dimensionless temperature
acceleration due to gravity

radius of the cylinder.
velocity components in the x- and y-direction, respectively
dimensional and dimensionless time

Grashof number
local Grashof number

Prandtl number

skin friction coefficient

Nusselt number

Greek symbols

Y kinematic viscosity

1 dynamic viscosity

Y dimensional stream function
n similarity variable

o thermal diffusivity

p fluid density

&mn  transformed coordinates

€ constant

Subscripts
w  condition at the surface (wall)
00 free stream condition

Superscript

!

differentiation with respect to n
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