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EFFECT

B. Ramakrishna Reddy
Department of Mathematics, Gokaraju Rangaraju Institute of Engineering and Technology, Hyderabad, India

Abstract

We analyse the combined heat and mass transfer of an electrically conducting viscous fluid in a corrugated pipe
in the presence of a constant heat source. A non —uniform temperature is maintained on the boundary. Taking the
slope 6 of the boundary of the pipe as a perturbation parameter, the equations governing the flow, heat, mass
transfer and magnetic induction have been solved. The velocity, temperature, and concentration have been
evaluated for variations in the different governing parameters. The effect of the various governing parameters
on flow, heat and mass transfer has been exhibited through various profiles of velocity, temperature and
concentration distributions.
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1. Introduction

There are many transport processes in the Industrial equipment and in the environment in which buoyancy force
arises from both thermal and mass diffusion as a result of the co-existence of the temperature gradients and
concentration differences of dissimilar chemical species. In such a class of flows, the driving force is provided by
a combination of thermal and chemical species diffusion effects. In atmospheric flows thermal convection
resulting from heating of the earth by sunlight is affected by difference in water vapour concentration. This
buoyancy driven connection due to coupled heat and mass transfer in porous medium has many important
applications in energy related engineering problems.

In most of the studies pertaining to convection flows through the pipes, the axial dependence of the flow variables

(2,4,5,6,9,10,12) is neglected and either the temperature or its gradient in maintained uniform on the boundary
.Also the heat transfer analysis is investigated in the absence of any internal heat sources in the flow filed. The
heat transfer in a flow through a pipe in the presence of additional internal heat source has direct application to
the modified chemical vapour deposition process. This MCVD process is being used to make high quality optical
glass fibers (13,17,18).

Thermal convection problem in porous media occurs in a broad spectrum of the disciplines ranging from chemical
Engineering to Geophysics. Applications include heat insulations by fibrous materials, spreading of pollutants,
convection of Earth’s mantle. A large cross-section of fundamental research has been carried out by several
authors in the recent times. In most of the investigations the boundaries are uniform in cross-section as well as the
boundary temperatures. However, there are a few physical situations which warrant the assumption of non-
uniformity in either the boundaries or the boundary temperatures. In a convection flow through a channel such a
non —uniformity creates a secondary flow. This secondary flow is of vital importance to technological process
for example, the process of modified chemical vapour deposition MCVD (8,13) has been suggested in drawing
optical glass fibers of extremely low loss and wide bond width.

In hydro magnetic case flow through channel with non-uniform gap has been considered by Mc Michael and
Deutsch (11) in their paper on MHD laminar flow in the slowly varying tube in the presence of an axial magnetic
filed. They considered a small parameter 5 <<1 (given by the ratio of radial to axial length scaling ) which
characterises the wall slope of the regions of varying radius. The problem is analysed as a regular perturbation
problem at finite magnetic Reynolds number and Hartman number as large as o(5-'"2) . It is observed that the onset
of flow separation is associated with adverse axial gradients of wall pressure created by radial magnetic body
forces. These are produced by electric currents induced at first order by zeroth order stream lines crossing the
uniform field, developing obviously large radial pressure gradients. The dimensionless current density is
independent of the Hartmann and Reynolds numbers, so that the physical current density varies linearly with flow
rate and applied field strength high current densities are localized in the vicinity of maximum wall slope near the
half radius point. Magnetic effects, treated as first order perturbation to the basic local Hagen-poiseuville flow,
lead to separation in both converging and diverging sections of the tube, while inertial effects promote separation
only in diverging sections. The induced magnetic filed un affects the flow even at the first order as long as long
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as (8, Rm) remains sufficiently small and thus the interactions between the induced field and the base flow are
only of second order. This analysis has been extended by Deschikachar et al (3) to include the effect of
unsteadiness on the flow. Such purely oscillatory flow over non-uniform surfaces that are not straight exhibits a
steady stream caused by the non-linear equations governing the motion. This phenomena of steady streaming is
of great mathematical and physical interest. The pressure and sheer stress on the wall for various parameters
governing the flow are discussed.

Krishna et al(8) have analysed the combined free and forced convection flow through an axially
varying vertical pipe in the presence of an internal heat source of constant strength. Murthy(12) has extended this
to study the effects of a uniform axial magnetic filed. Costa(1) has analysed the viscous dissipation effects in
natural and mixed convection heat transfer. Recently Basack et al(16) have discussed the natural convection flow
in a square cavity filled with a porous heated bottom wall and adiabatic top wall maintaining constant temperature
of cold vertical walls.

2. Formulation of the problem

We consider the steady axisymmetric flow of an incompressible ,viscous electrically conducting fluid in a vertical
pipe of variable cross section maintained at non-uniform temperature y(6x/a).The Boussinesq approximation is
used so that the density variations will be retained only in the buoyancy force. The viscous dissipation is neglected
in comparison to the heat flow by convection. The concentration on these walls is taken to be constant. The
cylindrical polar system(r,x) is chosen with x-axis along the axis of the pipe. The boundary of the pipe is assumed
to be

r=af(ox/a)

where ‘a ¢ is characteristic radial length, f is twice differentiable and ‘5’is a small parameter proportional to the
boundary slope. The flow is maintained by a constant flow for which a characteristic velocity U is defined as
2
U=(—)
a

af (6 /a)
j urdr Q.1

0

The applied magnetic field Bo is uniform and directed along the axis of the pipe. No electric field is applied and
there is no induced electric field for the constraints given(24).The electrical conductivity of the pipe walls remains
arbitrary and without influence on the flow are

po(&q) == Vp+ VG~ ()T + 1.(TxB) - pg )
V.g=0 (2.3)
2.C(gV)T=AV’T+Q 2.4)
(@V)C=DV°C+k,V'T 2.5)
p—p,=—pT-T,)-p(C-C,) (2.6)
The Maxwell’s equations related to the magnetic induction vector B are
V.B =0 @.7)
VXB = 4] . (2.8)
The Ohm’s law gives
J=0ou,(gxB) (2.9)

Where pe is the density of the fluid in the equilibrium state, ¢ is the velocity,( is the viscosity p, is the pressure.

T, C are the temperature and concentration in the flow region,p is the density of the fluid ,k is the coefficient of
permeability, Q is the strength of the heat source ,p is the coefficient of viscosity, Cp is the specific heat at constant

pressure, ) is the coefficient of thermal conductivity,B; is the coefficient of volume expansion, B is the magnetic
induction vector, J is the current density vector,c is the electrical conductivity of the fluid ,D is the molecular
diffusivity,ki; is the cross diffusivity ,f* is the coefficient of expansion with mass fraction and pe is the magnetic
permeability.

In the equilibrium state
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—%—peg=0 (2.10)
Ox
Where p=p, + p,; Pp is the hydrodynamic pressure.
Introducing the non-dimensional variables
g =q/U,p"=p/pU*,B"=B/B,,J" =J/cUB,
T-T, . C-C, .
= AT ,C = AC. sy =y /AT
AT, =T,(0)~T.(a)
AC, =C,(0)-C,.(a)
The equations (2.2)-(2.9) reduce to (on dropping the asterisks)

0

Re(Exq)+V(p+2L2)+v2q+M2(JxE)—G(9+NC) @2.11)
q
Vg=0 (2.12)
0’0 106 0o°6
P@V)l=—+—-+—+1 2.13
(@) or* ror ox’ @19
0°C 10C 0°C ScSo 0°60 106 0°6
R, Sc(qV)C = —— + +——t— 2.14
Se(@V) r? ror  ox’ N “or* ror 6x2) @19
V.B =0 (2.15)
VxB =R, J (2.16)
J = (qxB) (2.17)
Where
Ua
R, =— (theRe ynolds number)
1%
R, =ouu.a (the magnetic Re ynolds number)
AT, a’
M =aB, (i)”2 (theHartmann number) G = ,Blg—zear (theGrashof number)
yol%
/,leUCp a 1 a 2
P = Y (thePeclet number) D~ = n (theDarcy Parameter)
v
‘AC
N = pac (the Buoyancy ratio) Sc = Y (the Schmidt number)
AT D,
k *
So = L’B' (the Soret parameter)
AC
Under these constraints imposed J has only the azimuthally components Jo while q and B have axial and radial
components.
We assume
g=wyv) , B=(f.g)
The boundary conditions relevant to the problem are
v(r,x)zO,@zo,%=0,£=0 onr=0
or or or
u(r,x)=0,T-T, =y(ox),C=C, onr=a (2.18)
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Equations (2.11)-(2.14) constitute a system of six equations for the seven unknowns u,v,f,g,Jo, 6 and C. These
may be reduced to three equations for the Stoker’s stream function y(r,x) and the magnetic stream function

@(r,x) given by
oy 1oy

b

r Or Croox
po Lo 109
ror’ r Ox
(The subscripts x and r denote the respective partial derivatives).combining (2.15) and (2.17)to eliminate J. We
find
1
E*¢=R, (W4, ~v.4.) (2.19)
Where the operator E? is denoted by
o .10 0’
E=r 2+ S
or ror Oox

Eliminating J between (2.2) and (2.8) and taking the curl of the former to eliminate the pressure, we get

Loy AEy) =10y AE"y) 2 0y

RE((r Ox or r or Ox r ox v)—EEY)
+M? /R, {(1/r)¢ (E*P), —(1/r)g,(E*P), —
2 2 06 ocC
- Q2/r)PAEP), —{G/R)r(—+N—)) (2.20)
or or

The energy equation is

POy . -06)=0, +1/r)0. +0_ +1 @.21)

The diffusion equation is

RSe(Cy, ~Cof)=C, +(1NC, +C + 22220, +(1In0, +0,)  @2)
The current density can be found once y and ¢ are known from equations (2.17) which reduce to

JH = (l/rz)(l//xer _l//r¢) (223)
These coupled equations (2.17)-(2.19) are to be solved subject to non dimensional boundary conditions.

v =0, Ln¥ -0 (2.24)

or or

%zo,a_czo onr=0 (2.25)

or or

wirx)=—1/2, Y 0 (2.26)

or
O(r,x)=y(x) ,C(r,x)=1 onr=f (2.27)

The value of y on the boundary assures the constant volumetric flow in consistence with the hypothesis (2.1) and
conditions (2.24) & (2.26) corresponds to axial symmetry of the flow.

Electric currents within the fluid induces a magnetic field exterior to the tube as well as within. This
external field,

B =(f,g) is given by a potential A = ¢@e,, such that

23=Vx21,0r

f==/ng., g=0/r4,

Since Ry = 0 in the exterior region equation (2.18) requires

E*$=0
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Both the potential and the field itself must be continuous at the wall (7). Hence we may write the matching
condition are

b=¢ at r=f(»
4,=9. at r=f(x)

The problem statement is completed by boundary conditions at r = 0 , r—>#o0. Because of symmetry the radial
field must vanish at the centre line.

(I/r)¢x=0atr=0
and we must retrieve the uniform applied field both far from the tube,

lim(1/r)¢ = lim (1/r)¢, = -1
r—to x—to0
On the boundary with variable cross-section (1/r) (0¢ / Or ) is either a constant or a function x. Supposing ¢ # 0

then f is function of x along the tubs. In view of the continuity requirements it follows that in the neighbourhood
of the tube at any case r.

A

f=-0Ing,=-1
Li(l/r)qﬁr -1

Therefore g,, # 0 onr=f(x) leads to a contradiction.

But ¢, = %r in view of the matching condition on r = f(x).
Therefore on 1= f(x), ¢, = % . =0

3. Analysis of the flow

We introduce the transformations(11)

X =0x
0 0
we assumea— ~ O(0) such that = ~ O(1) for small values of O ,the flow develops slowly along the
X X

axial direction with gradient O(J) .Making use of the above transformation the equations(2.19)-(2.22) reduce to
1
2

Loy AEw)-10y AEY) 2 oy
r oOx or ror ox r’ ox
+M? /R, {(1/7)¢. (E@), —(1/ 1), (E¢); -

—@Ir) B, — (G R )L+ NG 62)
or or

(3R )(( Ely)—Ely +

OPYOy.—-00)=0_+1/r)0. +5°0_ +1 (3.3)

Sc So

((6R,Sc)(C,w.-C.4,)=C. +(1/r)C, +5°C_ + @, +1/r0, +5°0.) (3.4

Where
0,10 0*
E’=r—(==>)+06*—
! r@r(rar) ox?

Assume R, = O(l)inthelimit 6 — O the inertial terms vanish in equations(3.2) leading the viscous terms and
the magnetic terms. The order of the magnetic term depends on M as well as O .From equation (3.1) we find that

El$ ~ O(5) for R, =~ O(1).Thus we may consider the Hartmann number M as large as O(5""?) and still
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retain only the viscous terms at the zeroth order with both inertial and magnetic perturbations appearing in first
order. Thus we elevate magnetic effects to first order neglecting the second order inertial and viscous effects .
Taking the transformation

n= r
S (X)
the above equations reduce to
1
F’¢=(5fR, )((;)(%4’5,, —V,0.) (3.5)

1 0y O(F’y)— 1 0y o(F" 20
@ f Ry L IEVZLV AT Y) 2OV pryyy oy
n ox on non Oox n- ox

+(f M IR/ m. F*@), —(LIm, (F*$); —
—QInAF ¢),,)—{Gf4/Re)(77(2—0+Na—C)) ¢.6)
n on
S FPYOW.—0.4)=0, +(1In)6, + 5120, + )

(&R, f Se)(C,yz = Cy, ) =C,, +(UmC, +8°f°C,, +

(3.8)
+ﬁ(6’m7 +(1/77)6’,7,, +§2f26’m)

where

o 106
F?=n—(——)
on non

We use the asymptotic expansions
w(1,%) =y, (17,%) + 0w, (17,X) + W, (1,X) + v,
0(1,%) = 0,(17,X) + 60,(17,X) + 670, (17,X) + eveverrernn.

C(17,%)=Cy(1,X)+C,(17,X) + 8> Cy (1, %) + evvvrrrerrran. (3.9)

#(17,%) = ¢y (11, %) + 64, (17, %) + 56, (17, %) + ...

Substituting (3.9) in equations(3.5)-(3.8) and separating the like powers of O ,the equations corresponding to the
zeroth order are

1
Oy + ;6’0,,7 +/2=0 (3.10)
1 Sc So 1
CM,7 + ;CO’U = _T(e"’”” + ;90,,7) (3.11)
4 22 Gf4
Flyy—h"Fy, + 2 (n(6,, + NC,,)) =0 (3.12)
F$, =0 (3.13)

The corresponding conditions on o, 60 , Co and ¢ are

w,(,x)=-1/2, (V/O,ﬂ)ﬂﬂ =0

(771//0,7]7] - l//O,iy )17:0 = 0’ l//O (O’ f) = 0 (3143)
0,(LLx) = y(x), (6o,)) -0 =0 (3.14b)
C,(1,%) =0, (Co) o =0 (3.14¢)
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$,..(0,x)=0, Lim(l $p,,) =-1 (3.14d)
r—o 77
The equations to the first order are
77‘91”7,77 + 91,7; = Pg(‘//o,?ceo,q - ‘//o,qeo,;) (3.15)
ScSo
nCL,m] + Cl,n = ReSC(l//O,E l//0 17C0 x) N (77614,1777 + 9],17) (316)
FZ(FZ _hz)l//1 = f4Re(‘//o,z(F WO)]; _WO,q(F Wi —
2 ~
- (r_z)l//o,f (FZWO )) - M2f4 /Rm )(¢o,x (F2¢o)ﬂ (3.17)
_¢0,q(F2¢o)f ( o (F* $))+—— f (n(6,, +NC,,))
F2¢1 =R, (‘//0,3¢o,;7 _l//o,q%,f) (3.18)
Where
M?=6M?=0(),h* =D f*
The corresponding conditions on 1, 0; , C; and ¢; are
l//] (1’ )_C) = _0’ (l//],i] )i]:l = 0
(Ul//l,m] - Wl,r] )17:0 = 0’ V/l (0’ f) =0 (3193)
0,(1,x)=y(x), (0,,,),0 =0 (3.19b)
C,(1,x) =0, (Cpp)yy =0 (3.19)
4.(0,%)=0, ¢,=64,=0o0n n=1 (3.19d)
The equations to the second order are
77‘92 i + 82,17 =P, (‘//0,201,17 - ‘//0,7791,} + ‘//1,280,17 - ‘//1,;,90,;) (3.20)
77C2 nn CZ,:] = ReSC(l//O,}Cl,l] _WO,UC 1
ScSo (3:21)

+ V/l,;C -y, nCo - i; (7792.,77'7 + 92,;;)
FX(F? =1, = 'Ry - (F*w,), V., (Fvw); -

—(%)(wo,x (F2u) +y,  (F2u) —wo s (), -

2 ~2 4 2 2 (3.22)
o, (Fwo): —(M"f" /R, )N (F ), — &y, (F "))
- o+ L0, 4.8C,,)
F2¢2 = /R, (l//0,3¢1,q - l//0,77¢1,)? + ‘//1,3¢o,,7 - l//1,77¢0,7c) (3.23)
The corresponding conditions on y», 6>, C; and ¢, are
l//2 (13 f) = _03 (l//Z,i])q:l = 0
(77(//2,1717 - 1/127] )7]:0 = 0’ l//2 (0’ )_C) = O (324&)
0,(1,x)=0, (@,,),-0=0 (3.24b)
C,(1,x)=0, (Cyp)pm0 =0 (3.24c)
$,.(0,%)=0, ¢,,=¢,,=0o0n n=1 (3.24d)
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where

o> 10

T

non

4. Solution of the problem

Solving the coupled equations (3.10-)-(3.13) subject to the corresponding boundary conditions (3.14a)-
(3,14d),we get the expressions for zeroth order

0, (x,7) =y(X) - f2(1-n")/4
C,=a,(1-n%)/4

¢0:__

Solving the coupled equations (3-15)-(3,18) subject to the corresponding conditions(3,192a)-(3,19d),the solution

for 8,,C,,y, and ¢, are

a a a a
0, =" -D+2@ -D+-LL#x -1)-—27" -1
| 9(77 ) 25(77 ) 49(77 ) 81(77 )
a a a a a a
C="2@ -+ -D+22@ - D+ =D+ -1+ 2" -1
| 6(77 ) 16(77 ) 25(77 ) 49(77 ) 64(77 ) 81(77 )
Ay 2, Gy 3 Gz 5 Ay g Gys o
=2 Rpdy Bty Nt o5
AT T s T e T
Ag; 3 Qe 5  dg3 ¢ Qg4 7 Ags 8 Ags 9
=+ 2y + + +
Vi 9 g 18077 57677 122577 (36x64)77 (49x81)77
+ Ag; 7710"‘ g 7711 4 gy 7712 + dq 7713 + as 7714
6400 (81x21) 14400 (160x121) (144x189)
B
+71772 +B,
where a1.a2,.....ccovvvenennn... ,a71 Bi,B; are constants.

The stress tensor for the motion on the pipe
o, =—po,; +t2pve;

Where
ou ov
exx =1 > err =~
ox or
e. = O.S(a—u + @)
or Ox
The shear stress on the pipe r=f(x),in the non-dimensional form is given by
r=(0,(-f")+(c, o ) f 1+ f")
In terms of non-dimensional variables, we obtain the non-dimensional shear stress is
P 1 1 1 1
T= (ﬁ (P, ((U_Z)W o~ ;l//o,m7 H+e(p ((U_Z)W by ;l// L
2 1
+20f ((;)l//o,m - (n—z)l//o,x )

where
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B 1
1+ "

The local rate of heat transfer coefficient(Nusselt number) on the boundary of the pipe is calculated using the
formula

’Pzzl_fIZ

1

1 06
U=—————(")
f@,-0,) on
where
0,=2[0d
m J; n
and the corresponding expression is
B, + 0B,

T B+ B - ()

The local rate mass transfer coefficient (Sherwood Number)on the boundary of the pipe
is calculated using the formula

1 oC
h=————— (")
f(C,-C,) on
where
c =2[cd
m = -[0 n
and the corresponding expression is
_ By~ 0B,,
J (B, +0B,,)
where B1,Bo,...vvvviiiiii, B,4 are constants.

5.Discussion of the numerical results
The aim of the analysis is study the effect of the non-uniform temperature on the flow, heat and mass transfer of
a viscous, electrically conducting fluid in a non-uniform pipe in the presence of a constant heat source/ sink. The
coupled equations governing the flow, heat and mass transfer have been solved using a perturbation technique .
The velocity, the temperature and the concentration distributions in the fluid region are analytically evaluated and
their behavior w.r.t variations in the governing parameters G, R, M, Sc, So,a and N has been analysed numerically.
For computational purpose the geometry of the pipe wall in the non-dimensional form is assumed to be

r=f(xX)=1+ e and the prescribed wall temperature »(X) is chosen to be @ sin(X), p>0 corresponds

to the dilation of the pipe and <0 corresponds to the constriction of the pipe. In this analysis we confine our study
to a constricted pipe. We note that the Grashof number G is positive or negative according as the equilibrium
temperature on the boundary is less than or greater than the actual temperature. The Reynolds number Ry, is chosen
to be 10. This Rn(>1) being finite the induced magnetic field can not be neglected in comparison to the applied
field and thus influences the flow to a certain extent. In view of the magnetic flux condition the current density

vector. J is expressible in terms of the magnetic stream function ¢ and hence the governing equations are coupled
equations involving y, ¢, 6 and C. The equations are uncoupled under a perturbation scheme and using the ohm’s
law and the perturbation parameter is chosen to be the slope of the non - uniform pipe. Hence basically we assume
that the flow variables vary slowly along the axial direction of the pipe. Figs.(1)-(15) give the profiles of u and v
for different parametric values in a constricted pipe. We note that the actual flow due to imposed flux and the
pressure gradient is positive, along the x-axis and hence negative axial velocity corresponds to the reversal flow.
Such reversal flows are consequences of thermal buoyancy and molecular buoyancy and give rise to convection
cells. It is interesting to observe that the geometry of the boundary has direct influence on the occurrence of these
convection cells. Fig.1 shows that the reversal flow appears in the entire fluid region for all G>0 and no such
reversal flow appears for G<0 .The region of reversal flow increases in its size with increase in G and the
magnitude of u increases with |G| (<or>).Fig.9 shows the variation of the secondary velocity v with G in a
constricted pipe. It is found that for every G>0 and |G|=10° ,v is towards the boundary while for |G|>3x10? it is
towards the midregion.The magnitude of v however increases with G>0 while an increase in |G|<3x10° ,v
experiences a reduction in its magnitude and for further increase in |G| we find an enhancement in |v|.Also |u| and
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|v| decrease with R in the entire fluid region. An increase in M reduces |u| and enhances |v| (fig.2&10).The variation
of uand v with Sc shows that lesser the molecular diffusivity smaller the magnitude of u and larger the magnitude
of v in the entire fluid region(fig.3&11).The influence of Soret parameter (So) on u and v indicates that when S
increases through positive values we find the disappearance of reversal flow in the fluid region while Sy increases
through negative values we find an reversal flow in the region with increase in its size .The magnitude of u
decreases with Sy<0 and increases with So>0 and v enhances with increase in |So| (<or >0) (fig.12).The buoyancy
ratio(N )measures the ratio the molecular buoyancy force and the thermal buoyancy force. When the molecular
buoyancy force dominates over the thermal buoyancy force |u| enhances when the buoyancy forces are in the same
direction and it experiences a reduction when they act in opposite directions(fig.5).The secondary velocity v is
towards the boundary irrespective of the directions of the buoyancy forces. We find that v reduces with N when
the two forces are in the same direction while it experiences a marginal increase with N when they act in opposite
directions(fig.12).The variation of u and v with amplitude o of the prescribed boundary temperature y(x) are
shown in figs.6&13. We find that |u| experiences a depreciation in its magnitude for an increase in a(fig.6).The
secondary velocity v reduces with increase in a<0.3 and enhances for higher values of ¢>0.7 and again decreases
for a=1.5.The historic behaviour in v is due to the sinusoidal variation of the boundary temperature.Figs.7&14
indicates the profiles of u and v with increase in the amplitude 3 of the boundary curve. It is found that the velocity
u enhances remarkably with an increase in |B|.An increase in |B|.through smaller values decreases |v| and for
higher values of |B|. We find an enhancement in |v|. Also for higher values of |3|>1.5 the velocity v is towards
the midregion for while for smaller values it is towards the boundary(fig.14).Thus higher the constriction of the
pipe larger the magnitude of u and v. The variation of u and v with axial distance x are shown in figs.8&15.1t is
found that u decreases v increases as we move along the axial distances.

The temperature distribution (0) is exhibited in figures (16)-(22) for different variations in governing
parameters G,R,M,Sc,So, N, o, and x. It is found that 6 is positive for all variations. This implies that the actual
temperature is greater than the equilibrium temperature in the fluid region .When G is positive the temperature
decreases and it increase for G negative.(fig.16).An increase in R enhances 6 while an increase in M reduces it
in the entire fluid region except in the vicinity of the midregion where it experiences an enhancement(fig.17).The
variation of O with indicates that lesser the molecular diffusivity higher the temperature in the fluid
region.(fig.18).The influence of the buoyancy ratio N on 0 shows that when the molecular buoyancy force
dominates over the thermal buoyancy 6 reduces when the two forces act in the same direction while it depreciates
when they act in opposite directions(fig.19).An increase in So through positive values reduces 0 while an increase
in So through negative values enhances 0 in the entire fluid region(fig.20).The influence of the amplitude o of
the boundary temperature on 6 is to depreciates it marginally .The variation of 6 with amplitude |B| of the
constricted pipe shows that 6 enhances with |B|.Thus we find that higher the constriction of the pipe larger the
temperature in the fluid region(fig.22).From fig.22a it is observed that the temperature fluctuates in magnitude
as we move along the axial direction.

The concentration distribution (C) is exhibited in figures (23) — (31) for different variations of the parameters. It
is found that, the concentration C is positive for all variations. This indicates that the actual concentration is greater
than the equilibrium concentration. From fig.23 it is found that an increase in G>0 enhances the concentration
marginally, while for an increase in |G| (<0) we notice a marginal reduction in C in the entire fluid region. An
enhancement in either R or M leads to an depreciation in C(fig.24&25). From fig.26 we find that when Sc increases
through smaller values of Sc we find a depreciation in C while for higher values of Sc> 1.3 the concentration
increases in the entire fluid region .The variation of C with N shows that the concentration experience a
depreciation with increase in N when the two buoyancy forces act in the same direction while a reversed effect is
noticed when they act in opposite directions .An increase in So through positive values enhances C and for
negative variation we observe a reduction in C (fig.28).The influence of non-uniform temperature enhances C in
the entire fluid region .From fig.30 it is found that for greater constriction |3|<0. Also as move along the axial
distance the concentration increases with x<n/3 and decreases for x>m/2(fig.31)The average Nusselt number (Nu)
which measures the rate of heat transfer on n=1 is exhibited in tables. It is found that the rate of heat transfer at
the boundary is negative for all variations, irrespective of the directions of the buoyancy forces. It is found that
the Nusselt number experiences a reduction with increase in G>0 and an enhancement with |G| (<0). An increase
in R or M enhances [Nu] . Lesser the molecular diffusivity greater the magnitude of Nu and for further lowering
the molecular diffusivity we find a marginal decrease in Nu.. An increase in |So|(> or <0) ,reduces |Nu|. Also [Nu|
reduces with |[N| (> or <0) irrespective of the directions of the buoyancy forces. [Nu| experiences a marginal
decrease in |[Nu| for G>0 and an enhancement for |G| (<0). We find that greater the constriction of the boundary,
smaller the rate of heat transfer. As we move along the axial distance we notice a marginal increment in Nu.
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Fig.1 Variation of axial velocity(w) with G
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Fig.29  Variation of temperature(0) with G
D'=10°,N=1,Sc=1.3,M=2
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G/t 1 T I v \%
103 -0.30746 -0.30891 -0.31061 -0.30171 -0.28920
3x10° -0.28535 -0.29440 -0.30510 -0.24927 -0.22726
5x10° -0.20629 -0.24254 -0.28539 1.53864 0.02633
-103 -0.30746 -0.30891 -0.31061 -0.30171 -0.28920
-3x10° -0.28535 -0.29440 -0.30510 -0.24927 -0.22726
-5x10° -0.20629 -0.24254 -0.28539 1.53864 0.02633
I II I v \%
M 2 4 6 2 2
D! 10? 10° 10 3x10° 5x103
Table.2
Nusselt Number(Nu) at r=1
P=0.71,M=2,D"! =10°
G/t I II I
10° -0.30746 -1.20242 -1.88216
3x10° -0.28535 -1.18507 -1.86804
5x10° -0.20629 -1.12304 -1.81757
-103 -0.30746 -1.20242 -1.88216
-3x10° -0.28535 -1.18507 -1.86804
-5x10° -0.20629 -1.12304 -1.81757
I II I
a 2 4 6
Table.3
Nusselt Number(Nu) at r=1
P=0.71,M=2,D"' =10°
G/ T I I 111 v
10° -0.307612 -0.30467 -0.30877 -0.31070
3x10° -0.28535 -0.26788 -0.30325 -0.30564
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5x10° -0.20629 -0.13637 -0.27798 -0.28753
-103 -0.307612 -0.30467 -0.30877 -0.31070
-3x10° -0.28535 -0.26788 -0.30325 -0.30564
-5x10° -0.20629 -0.13637 -0.27798 -0.28753
I I 11T v
N 1 2 -0.5 -0.8
Table.4
Nusselt Number(Nu) at r=1
P=0.71,M=2,D"! =10°
G/ T I I 11T v
103 -0.23177 -0.27936 -0.30467 -0.30492
3x10° -0.30213 -0.29738 -0.28535 -0.26940
5x10° -0.27347 -0.25443 -0.20629 -0.14248
-10° -0.23177 -0.27936 -0.30467 -0.30492
-3x10? -0.30213 -0.29738 -0.28535 -0.26940
-5x10° -0.27347 -0.25443 -0.20629 -0.14248
I II 111 v
Sc 0.24 0.6 1.3 2.01
Table.5
Nusselt Number(Nu)at r=1
P=0.71,M=2,D"' =10°
G/t I I 11T v
103 -0.30746 -0.30234 -0.31151 -0.31071
3x10° -0.28535 -0.25328 -0.31146 -0.30568
5x10° -0.20629 -0.07794 -0.31105 -0.28770
-103 -0.30746 -0.30234 -0.31151 -0.31071
-3x10° -0.28535 -0.25328 -0.31146 -0.30568
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-5x10° -0.20629 -0.07794 -0.31105 -0.28770
I II I1I v
So 0.5 1.0 -0.5 -1.0
Table.6
Nusselt Number(Nu) at the outer cylinder r=2
P=0.71, N=1,Sc=1.3,S0=0.5
G/t 1 II I v \%
103 1.53394 1.53495 1.53629 1.52910 1.52612
3x10° 1.51543 1.52177 1.53014 1.48504 1.46638
5x10° 1.44927 1.47464 1.50817 0.58744 1.25288
-10° 1.53394 1.53495 1.53629 1.52910 1.52612
-3x10° 1.51543 1.52177 1.53014 1.48504 1.46638
-5x10° 1.44927 1.47464 1.50817 0.58744 1.25288
1 II I v \'%
M 2 4 6 2 2
D! 103 103 103 3x10° 5x10°
Table.7
Nusselt Number(Nu) at r=2
P=0.71,M=2,D"! =10°
G/t I I 111
103 1.53394 2.57222 3.42277
3x10° 1.51543 2.55665 3.40928
5x10° 1.44927 2.50100 3.36108
-103 1.53394 2.57222 3.42277
-3x10° 1.51543 2.55665 3.40928
-5x103 1.44927 2.50100 3.36108
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I II 111
a 2 4 6
Table.8
Nusselt Number(Nu) at r=2
P=0.71,M=2,D"! =10°
G/t I I 111 v
10° 1.53394 1.53170 1.55012 1.53660
3x10° 1.51543 1.50137 1.53006 1.53205
5x10° 1.44927 1.39300 1.50780 1.51578
-10° 1.53394 1.53170 1.55012 1.53660
-3x10° 1.51543 1.50137 1.53006 1.53205
-5x10° 1.44927 1.39300 1.50780 1.51578
1 11 111 v
N 1 2 -0.5 -0.8
Table.9
Nusselt Number(Nu) at r=2
P=0.71,M=2,D"! =10°
G/t 1 11 111 v
10° 1.19513 1.50919 1.53394 1.53173
3x10° 1.52987 1.52581 1.51543 1.50155
5x10° 1.50704 1.49080 1.44927 1.39371
-10° 1.19513 1.50919 1.53394 1.53173
-3x10° 1.52987 1.52581 1.51543 1.50155
-5x10° 1.50704 1.49080 1.44927 1.39371
1 11 111 v
Sc 0.24 0.6 1.3 2.01
Table.10
Nusselt Number(Nu) at r=2
P=0.71,M=2,D"! =10°
G/t 1 11 111 v
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103 1.53394 1.52947 1.53737 1.53650
3x10° 1.51543 1.48744 1.53637 1.53146
5x10° 1.44927 1.33724 1.53627 1.51343
-103 1.53394 1.52947 1.53737 1.53650
-3x10° 1.51543 1.48744 1.53637 1.53146
-5x10° 1.44927 1.33724 1.53627 1.51343
I II 111 v
So 0.5 1.0 -0.5 -1.0
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