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Abstract: The effect of non linear density temperature variation on mixed convective heat and mass transfer flow of a

Jeffrey’s fluid through a porous medium in a circular annulus region between the concentric porous cylinder r = a and

r = b in the presence of heat sources have been investigated. The equations governing the flow heat and mass

transfer have been solved by employing Gauss-Seidel iteration procedure. The effect of various governing

parameters on the flow characteristics have been discussed graphically. The rate of heat and mass transfer are

evaluated numerically for different variations.

Index Terms: Chemical reaction, Thermo-diffusion, Heat &Mass Transfer, Jeffrey fluid, non-linear density

temperature.

1. Introduction

A large class of real fluids does not exhibit
the linear relationship between stress and
the rate of strain. Because of the non-linear
dependence, the analysis of the behavior of
the fluid motion of the non-Newtonian
fluids tends to be much more complicated
and subtle in comparison with that of the
Newtonian fluids. In the literature, the
mechanics of non-linear fluids presents
special challenges to engineers, physicists
and mathematicians since the non-linearity
can manifest itself in a variety of ways. One
of the simplest way in which the
viscoelastic fluids have been classified is
the methodology given by Rivlin and
Ericksen[209] and Truesdell and Noll [267]
who presents constitutive relations for the
stress tensor as a function of the symmetric
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part of the velocity gradient and its higher
(total) derivatives. In recent years there
have been several studies
[183,184,187,189,102] on flows of non-
Newtonian fluids, not only because of their
technological significance but also in the
interesting mathematical features presented
by the equations governing the flow. On
the other hand, it is well known that the
rheological properties of many fluids are not
well modeled by the Navier-Stokes
equations [107]. It is not possible to obtain a
single equation exhibiting all properties of
all non-Newtonian fluids from available
literature. That is why several models of
non-Newtonian fluids are proposed. Jeffery-
six constant fluid is one of these models.
Chen and Yuh [41] have
investigated the heat and mass transfer
characteristics of natural convection flow
along a vertical cylinder under the combined
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buoyancy effects of thermal and species
diffusion. Sreevani [251] has investigated
the convective heat and mass transfer
through a porous medium in a cylindrical
annulus under radial magnetic field with
Soret effect. Prasad [169] has analyzed the
convective heat and mass transfer through a
porous cylindrical annulus in the presence of
heat generating source under radial
magnetic field. Sreenivas Reddy [250] has
discussed the Soret effect on mixed
convective heat and mass transfer through a
porous cylindrical annulus. Ramakrishna
Reddy [192] has analyzed the thermo-
diffusion effect on mixed convection heat
and mass transfer through a porous medium
confined in a cylindrical annulus.

In all the above investigations, the
variation of density is taken in the linear
form

Ap=-pB (AT)..... (A)

Where B is the co-efficient of thermal
expansion and is 2,07 x 10¢ (OC)?*. This is
valid for temperature variation near 20°c.
But this analysis is not applicable to the
study of the flow of water at 4°c, the density
of water is maximum at atmosphere
pressure and the above relations (A) does
not hold good. The modified form of (A) is
applicable to water at 4°c is given by

Ap=-p7y(AT)?.....(B)
where y =8 x 106 (OC)2 Taking this fact into
account, Goren [87] showed in this case,
similarity solutions for free convection flow
of water at 4°%c past a semi-infinite vertical
plate. Taking non-linear  density
temperature variation Sarojamma [219] has
analyzed the hydromagnetic free convection
flow in a cylindrical geometry.

Ap=-pBg (T-Te)—ppr(T-Te)2 ...... ©)
where Bo and B1 are constants. This relation
includes both the relationships (A) and (B).
Vasudev et al [274] have discussed the effect
of Heat Transfer on the peristaltic flow of a
Jeffery Fluid through a Porous medium in a
vertical Annulus. Recently Sreenath et.al
[249] has investigated the effect of quadratic
density temperature variation on convection
heat transfer flow of a Jeffrey fluid in a tube
and circular annulus.

In this chapter we discuss the effect
of non linear density temperature variation
on mixed convective heat and mass transfer
flow of a Jeffrey’s fluid through a porous
medium in a circular annulus in the presence
of heat sources. The equations governing the
flow heat and mass transfer have been
solved by employing Gauss-Seidel iteration
procedure. The effect of various governing
parameters on the flow characteristics have
been discussed graphically. The rate of heat
and mass transfer are evaluated numerically
for different variations.
2.Formulation of the Problem

We analyze the fully developed
steady laminar free convective flow of a
viscous, electrically conducting Jeffrey fluid
through a porous medium confined in an
annular region between two vertical co-axial
porous circular pipes in the presence of heat
generating  sources. We choose the
cylindrical polar coordinates system O (r, 6,
z) with the inner and outer cylinders at r=a
and r = b respectively. The fluid is subjected
to the influence of a radial magnetic field (Ho
/ 1). Pipes being sufficiently long, all the
physical quantities are independent of the
axial coordinate z. The fluid is chosen to be
of small conductivity so that the Magnetic
Reynolds number is much smaller than
unity and hence the induced magnetic field
is negligible compared to the applied radial
field. Also the motion being rotationally
symmetric the azimuthal velocity V is zero.
The equation of motion governing the MHD
flow through porous medium are

ur+u/r=0 o)
peuur= —pr + (/(1+A1)) (W rr+ur /r-1/ 12)
—(p/k(1+2r))u 2)

Pe U Wr =— pz+ (“ /(1+}\.1))((W rr TWr / T )— ( H
[k(1+An))w-pg-—
(o uZHGa? Ir?(1+ 4 )w
B)o=k; (T, +T,/r)+Q
)
0=D(C, +C, /1) =k, C ==Ky (T, +T, /1)
®)
p-p==P(T-Te)- B* (C-Ce)(®)
where (u ,w) are the velocity components
along O( r ,z) directions respectively , p is
the density of the fluid , p is the pressure, T,
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C are the temperature and concentration, p is
the coefficient of viscosity , Cp is the specific
heat at constant pressure , k is the porous
permeability, o is the electrically
conductivity , pe is the magnetic
permeability and pe , Te , Ce are density,
temperature and concentration in the
equilibrium state, k¢ is the coefficient of
thermal conductivity, D is the molecular

diffusivity, [°is the volumetric expansion
with mass fraction, ki is chemical reaction
coefficient, k11 is cross diffusivity and Q is

the strength of the heat generating source
(suffices r and z indicates differentiation
with respect to the variables).
The boundary conditions are
w(a)=w(b)=0 (7a)
T@)=Tiand T(D) =T,  (7b)
C@@)=Ciand C(b)=C, (70

The equation of continuity gives
ru=aua.=bus

= ubv=(a/b)ua (8)
In the hydrostatic state equation (3) gives
-peg-pe,z=0 (9)

where pe and pe are the density and pressure
in the static case and hence
-pg-p-=-(p-pe)g—paz  (10)
Where pa is the dynamic pressure
Substituting (10) in (2) we find
9Pa
or
Using the relations (8) — (11) in (1) — (4) the
equations governing free convective heat
transfer flow under no pressure gradient are
Wert(l-aua/v)we/r+((Bg/(T-Te)+
(B g/v)(C-Ce) (ocuiHGa® v+ i)
w/r)-(v/k@Q+A4))w=0 (12
T, +@Q—au, /)T, /r+(Q/ks)=0 (13)
Crr +(L—auy /v)Cp /T —kC + kg1 (Tr + T /1) =0 (14)
Introducing the non-dimensional variables
(r',w',0")as
r'=rfa,w'=w(@l/v),

= f(r) 11)

gt —Te ,c':ﬁ (15)
Ti—Te Ci -Ce

the equations (13) and (14) reduce to
W+ (1-1) (1 /r) we— (D2 -1+ (M2 /(1+A1)) 12
)) w=~(G/(1+\1)) (6+N C)

(16)

Oy + L= AP)6, [T+ =0 17)
ScSo
Cyr +(@—ASc)Cy /1 — (krSc)C =—( N )Orr (18)
Where
M = (o 2 Hgazlpv)ll2 (Hartmann
number)
G=(pgad(Ty—Te)?/v?) (Grashoff number)
A=auglv (Suction
parameter)
Dyt =(a?/k) (Darcy parameter)
P=(uCp/ks) (Prandtl number)
2
L (Heat Source
AT k¢
parameter)
Sc=— (Schmidt number)
D,
N = ﬁﬂ—lill (Buoyancy ratio)
k1a2 . .
kr = o (Chemical reaction
1
parameter)
n= ﬂﬂAA_;: (Density ratio)
- kAT (Soret parameter)
k{C pAC
s=2 (Width of annular region)
a

The corresponding boundary conditions are
w=0,0=1, Cz1 onr=1

w=0, =0, C=0 onr=s (19)

The differential equations involving 6o, 61,
wo and w1 are reduced to the following
difference equations

(1_@)9’i_1 —(2)0; + ((1+M12;;m)3i+1
+Qh%C; =0
(20)
(17“(1;—:5”)c,i_1— 2c; + (@ :"SC) JCing -~ (krSO)C; +
200126404 =0
(21)
- ““2; Dywig @+ 203 + M2 12+ )W
e “(12;“)w,i+1= -G+ ah2(0; + NC))

(22)
Where h is the step length taken to be 0.05
together with the following conditions
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0o0=1 Op1=m ,Cg=1 Cp=m

wg=0, wp;=0
All the above difference equations are solved
using Gauss-Seidel iterative method to the
fourth decimal accuracy.

3. Shear Stress, Nusselt Number
and Sherwood Number
The shear stress on the pipe is given by

oW
T —u(ar Jr=a,b

which in the non-dimensional form reduces
to

r=7' I 182%) = (W) -t
The heat transfer through the pipe to the
flow per unit area of the pipe surface is
given by

oT
q= kl(E)r:a

which in the non-dimensional form is
a 00
N = ) = (G
The mass transfer through the pipe to the
flow per unit area of the pipe surface in the
non-dimensional form is
a oC
=50 oy~
Particular Case
In the absence of thermo - diffusion
(So = 0) the results are in good agreement
with that of suresh Babu et. al [259(a)].
4.Results and Discussion
Figures (1 — 4) represents the axial
velocity w for different values of So, k:, A1, .
It is found that the axial flow is in the
vertically downward direction and hence

w>0 represents a reversal flow.
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Fig (1) represents the effect of
thermo-diffusion on w. It is found that
higher the Soret effect larger [w| in the flow
region. The effect of chemical reaction k: on
w can be observed from Fig (2). It is found
that |w| depreciates in the degenerating
chemical reaction case and enhances in the
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generating chemical reaction case. The effect
of Jeffrey parameter (A1) on w can be seen
from Fig (3). It is found that |w| experiences
an enhancement with increasing Jeffrey
parameter A1. Fig (4) represents the effect of
non-linear density temperature variation (y).
It is found that the non-linearity in the
density — temperature variation results in a
depreciation in |w] in the flow region.

The non-dimensional temperature
distribution (0) is shown in Fig (5-10) for
different parametric variations. We follow
the convention that the non-dimensional
temperature convection is positive or
negative according as the actual temperature
(T) is greater / lesser than equilibrium
temperature (Te). The effect of chemical
reaction k: on O can be seen from Fig (5). It
can be seen from the profiles that the actual
temperature reduces in the degenerating
chemical reaction case and enhances in the
generating chemical reaction case. The effect
of porosity of the boundary A can be
observed from Fig (6). It is found that higher
the suction parameter at the boundary larger
the temperature in the flow region. Fig (7)
represents O with Jeffrey parameter A1. It is
found that the actual temperature enhances
with increase in A1. Fig (8) represents 0 with
density ratio y. It is found that a non-
linearity in the density temperature relation
results in a depreciation in the actual
temperature.

The non-dimensional concentration
(C) is exhibited in figures 9 and 10 for
different parametric values. We follow the
convention that the mnon-dimensional
concentration is positive or negative
according as the actual concentration is
greater/ lesser than the equilibrium
concentration (C-).

Fig (9) represents the concentration
with chemical reaction parameter kr. It can
be seen from the profile that the actual
concentration enhances in the degenerating
chemical reaction case and reduces in the
generating chemical reaction case. Fig (10)
represents C with Jeffrey parameter A1. An
increase in A1 leads to a depreciation in the
actual concentration.

TABLE-1
Skin frietion (r)atr=1

6 | II Il v v Vi Vil
10 -1180606 -1176222 -117184 1167459 -1163081 4482986 -§7.27415
0 2257641 2246231 2034847 2223472 2212111 9780872 2434081
0 LB 3101522 3077814 3054276 3030728 -167.0654 5572509
1 00t 003 005 00T 009 00L 00t
5 05 05 05 05 05 15 25
TABLE-2
Skin frietion (r) at r=2
"6 | I Il v v Vi Vil

10 10865 1984038 1983377 1981815 1080252 5848168 1101674
0 30728 3BI0TAT BEGTIL 3064632 3664632 1333605 3405508
30 5557176 555685 555653 5505638 5H5G838 2410228 8063676
o0 003 005 00m 000 000 0
S 05 05 05 05 05 15 25

From tables 1& 2 we notice that |t] enhances
with increase in So. An increase in the
density ratio y results in a depreciation in |t|
atr=1& 2.
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TABLE-3
Nusset number (Nu)atr =1

| m vy e e e X
2080081 095211 -1.0039% -0.78386 064176 -0.44841 08816 -0.88239 088317 -0.883%6

4 006317 -0.00226 005135 015278 027957 046636 006203 006089 0.05975 (00386

=

2 L1905 281285 287601 -261713 -246181 -2.23725 272987 -273068 -27315 273231
4 338173 -375125 382002 -354205 -337683 -3.13922 356305 366436 -3.66567 -366699

ke 05 15 25 05 45 25 05 05 05 05
yo 000 000 00 000 00r 00 003 00 007 009

TABLE-4
Nuselt number (Nu)atr =2

o b vV e e e X X
2 312073 -303374 296754 -3.23835 -340237 -364069 -3.12001 311924 311847 31477
4 40166 -393467 -387263 412774 42835 -451083 401548 -401436 400324 400211
2 -135707 -1.25961 11841 148767 16684 -1.92897 -1.35603 -1.35499 -1.35305 -1.35291
4 046889 -0.3661 028703 -0.606L7 -0.79547 L0641 -0.46713 -0.46536 0463 046184
ke 05 15 28 A5 15 25 05 05 05 05
po 000 000 00r 00r 001 00 003 005 00T 009

From tables 3 & 4 we observed that the rate
of heat transfer enhances at r=1 and reduces
at r=2 in the degenerating chemical reaction
case while in the generating chemical
reaction case it reduces at r=1 and enhances
at r=2. An increase in the density ratio y
enhances |Nu| at r=1 and reduces at r=2.

TABLE-5
Sherwood number (Sh)atr=1

| L [ 1/ S
-26.6824 -24.6539 -22.9872 -29.1984 -32.3906 -36.5634 -26.6824 -26.6825 -26.6826 -26.6827
-20.430 -20.3125 -18.3725 -24.6515 -21.7258 -31.7947 -22.2431 -12.2433 -20.2433 -22.2434
-39.4302 -33.2060 -31.3562 -38.1591 -41.5869 46.0261 -35.4303 -35.4305 -35.4306 -35.4305
-30.8702 -37.5470 -35.6074 -42.7071 -46.2542 50,6284 -39 8704 -30.6705 -39.8707 39,8708
ke 05 15 25 45 15 25 05 05 05 05
o000 000 000 000 000 001 003 005 00T 009

oL o= ro o=

TABLE-§
Sherwood number (Sh)atr =2

o b v Ve e e xe X
2 251612 231039 21,3644 27.6444 3071172 346445 25.1607 25.1602 25.1596 251591
4 285238 263074 246102 310310 341462 38.1084 28,0159 28,5008 285000 284993
-2 185930 16,6269 149801 209884 23,980 27.8424 18.5923 185916 185909 18,5902
4 152567 133373 117377 17,6073 20.5587 243865 15,2956 15.2544 152532 152520
ke 05 15 25 45 A5 25 05 05 05 05
o000 000 00 00r 001 001 003 005 007 009

The variation of Sh with chemical reaction
parameter k: shows that the rate of mass
transfer reduces in the degenerating
chemical reaction case and enhances in the

generating chemical reaction case. Also an
increase in the density ratio y enhances |Sh|
at r=1 and reduces at r=2.
5.Salient Features:

e An increase in y depreciates the
velocity and temperature whereas it
enhances the actual concentration in
the entire flow region.

e The axial velocity (w) and the
temperature depreciates in the
degenerating chemical reaction case
and enhances in the generating
chemical reaction case whereas
concentration(C) enhances in the
degenerating chemical reaction case
and reduces in the generating
chemical reaction case.

e Higher the thermo-diffusion larger
|w| and O in the flow region whereas
the actual concentration reduces
with increase in So.

e |w| and © experiences an
enhancement with increasing Jeffrey
parameter A1 whereas it leads to a
depreciation in  the  actual
concentration.

e An increase in A1 reduces |t] and
[Nu| at r=1 and enhances at r=2.

e An increase in So results in an
enhancement in |t| and |Nu| at both
the cylinders.

e An increase in the density ratio vy
results in a depreciation in |t] at r=1
& 2 whereas it enhances |Nu| at r=1
and reduces at r=2

e |t] reduces in the degenerating
chemical reaction case and enhances
in the generating chemical reaction
case at both the cylinders whereas
[Nu| enhances at r=1 and reduces at
r=2 in the degenerating chemical
reaction case while in the generating
chemical reaction case it reduces at
r=1 and enhances at r=2.
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