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ABSTRACT

In this paper, the effects of chemical reaction, radiation absorption on mixed convective heat and mass transfer,
flow of a viscous fluid through a porous medium in a cylindrical region between concentric circular cylinders

r=a andr =b in the presence of heat generating sources are dealt appropriately. Hear, the outer cylinder

r =bis maintained at a constant heat and mass flux. The relation between the temperature is explained in the
equation of state and constant heat source in the field region. The governing non-linear partial differential
equations can be transformed into a system of ordinary differential equations are them solved by using Gauss-Seidal
Iteration method. The effect of variation of governing parameters on the flow heat and mass transfer characteristics
are discussed through the graphs and tables.

Keywords. Chemical reaction, Radiation absorption, mixed emtion, Porous medium Circular annulus, Cylinder,
heat and mass flux

INTRODUCTION

The increasing cost of energy has led the techigifogp examine measures which could consideraddyae the
usage of the natural source energy. Thermal irisakicontinue to find increased use as engine@ts teereduce
cost. Heat transfer in porous thermal insulatiathiw vertical cylindrical annuli provides us insiginto the
mechanism of energy transport and enables engirteetse insulation more efficiently. In particulatesign
engineers require relationship between heat trgngé®mmetry and boundary conditions which can lieed for

cost—benefit analysis to determine the amount siilation that yields the maximum investment. Agestn this,

the study of flow and heat transfer in the anntdgion between the concentric cylinders has itdiegons in the
research related to the disposal of nuclear waste.

Free convection in a vertical porous annulus hasnbextensively studied byl-3] both theoretically and
experimentally. A detailed theoretical study ofefreonvection in a horizontal porous annulus, iniclggpossible
three dimensional and transient effects and sinsiladies for fluid filled annuli are available inet literature{4].
Convection through annular regions under steadwg standitions has also been discussed with theciindrical
surfaces kept at different temperatuf8ls This work has been extended in temperature digreérconvection flow
[6-7] as well as convection flow through horizontal paraihannel whose inner surface is maintained attaohs
temperature, while the circumference is maintaisedarying sinusoidal temperatJi@9].

Free convection flow and heat transfer in hydro medig case is important in nuclear and space tdogp¢10-15].

In particular, convection flow in a vertical annsiluegion in the presence of radial magnetic fieis lbeen
investigated by Sastry and Bhadrgb6]. Nanda and Purushotharfie/] have analyzed the free convection of a
thermal conducting viscous incompressible fluiduoed by a traveling thermal wave on the circumfeeesf a long
vertical circular cylindrical pipe. Ganapathi aRdrushothanj18] have studied the unsteady flow induced by a
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traveling thermal wave imposed on the circumferewsfca long vertical cylindrical column of a fluid ia saturated
porous medium. The analysis is carried out follmyWVhitehead19]. The flow is generated by periodic traveling
waves imposed on the outer cylinder and the inénder which is maintained at constant temperat@eme
recent investigators dealing with the flows of nama micropolar fluids are given in the referen@s21].

Chen and Yul22] have investigated the heat and mass transfer atkasdics of natural convection flow along a
vertical cylinder under the combined buoyancy daffexf thermal and species diffusion. The analigsigstricted to
the processes in which the thermo-diffusion effextswell as inter facial velocities from specieffudion are
negligible. The surface of the cylinder is eithraaintained at a uniform temperature and conceatrafor)
subjected to uniform heat and mass flux. Sivanjarferasad23] has investigated the free convection flow of an
incompressible, viscous fluid through a porous miedin the annulus between the porous concentrimasts
under the influence of a radial magnetic field. témo [23] has investigated the laminar flow, heat trandsfiea i
vertical cylindrical duct by taking in to accountth viscous dissipation and the effect of buoyantje limiting
case of fully developed natural convection in perannuli is solved analytically for steady and siant cases by
[25-26]. Philip[27] has obtained analytical solution for the annulaops media valid for low modified Reynolds
number.

From the scientific point of study, flow arisingofn temperature and material difference is applredhemical

engineering, geothermal reservoirs, aeronauticsaatrphysics. In some applications magnetic foecespresent
and at other times the flow is further complicalsdthe presence of radiation absorption, an exteézample of
this is in the planetary atmosphere where theradition absorption from nearby stars. RecentBnkateswarlu et
al. [28] analyzed the chemical reaction and ragimetibsorption effects on the flow and heat transfexr nanofluid

in a rotating system. Satya Narayana et al. [A9)ied the chemical reaction and Radiation absompgiffects on
MHD micropolar fluid past a vertical porous plate a rotating system. MHD visco-elastic fluid flower a

continuously moving vertical surface with chemirzdction was studied §$0].

This paper deals with the convective heat and rmassfer flow of a viscous fluid through a porousdium in an
annular region between concentric cylinder a, and r =bin presence of heat generating sources. The outer

cylinder r =b is maintained at constant temperature flux andeomation flux. By using Gauss—Seidel Iteration
procedure, the governing equations are solved rinallgr The effect of variation of governing paraereon the
flow heat and mass transfer characteristics arugéed in detail.

Mathematical Formulation
The steady laminar free convective flow of an inpoessible, viscous, electrically conducting flugldnalyzed
through a porous medium confined in an annularoregietween two the vertical co-axial porous circylges in

the presence of heat generating sources. The dgldgolar coordinates systef@(r,#,z) is chosen with the
inner and outer cylinders at=a and r =b respectively. The fluid is subjected to the influe of a radial
magnetic fiel({HO/r). Pipes being sufficiently long, all the physicalamtities are independent of the axial

coordinatez. The fluid is chosen to be of small conductivitytat the Magnetic Reynolds number is much smaller
than unity and hence the induced magnetic fieldeigligible compared to the applied radial fieldsé\the motion

being rotationally symmetric, the Azimuthal velgcW is zero.
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Figure 1. Schematic Diagram of the Configuration

The equation of motion governing the MHD flow thghuthe porous medium are

_+_:O 1
or r (1)
2
u%: 1lop pjou _lou %—iu o
or O, ar P oar? rar r Pk
2 2p?2
GO Lop p 0w Tow| 4, pY_OKEBy "
o p0z p|or° ror] pk p. pI
k 2 '
w2 0T 0T Qg+ S c-c) @
ar pC or> rarj pC, eC,
2
uac D 0°C 160 kC -
or or? r o
p-p.=-p(T -T)-B(C-Cy) (6)
The boundary conditions are
w=0 T=T C=C at r=a
dT dC (7
w=0 —= —= at r=b
dr @ dr @

The equation of continuity gives
ou _, 0du ou _adu
ru=a—=b— —=—— (8)
da db ob boa
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In the hydrostatic state equation (3) gives

-P.9--p.2=0 ©)
The pressure in the static case
P9~ P, = (P~ P)I~ Py, (10)
Substituting equation (10) in equation (2), we find
9Py _ f(r) (11)
or

Using the equations (8)—(11) substituting in theagpns (1)—(4), the governing free convective hemtsfer flows
under no pressure gradient are

2 2,2
W, +{1 ale } gﬂ C-c,)-ZhHed W v, (12)
Vi)r v r- k
2
6T+1(1 aaujaT QH(T T)+Q,(C C)=0 a3
o’ r voa)or Kk
2
a_fﬁ(l aa“]a—c—k,c::o (14)
ors r vV oa)or
Introducing the non-dimensional variablés,w',8") as
2 2
r=l 0 w=t gl pa@ g ka
a Vv % k D,
2 C 0 r 2
0=  pHC  piBk gV o = QAca s
f K, By D, k, AT
- 211242 317 _T1\2
HZT Te Cl C C M= J/'IeHOa Gr:ﬂga(-l;l Te)
T T, C -C, pv vV
The equations (13) and (14) are reduced to
_ 2
rr+(1 Sy, {D‘1+NI } w=-Gr{6+NC} (16)
r r
2
$+1(1 SPr )——Q6?+Q1C 0 (17)
r
o C 1 -KrC=0 (18)
The corresponding boundary conditions are
w=0 =1 CcC=1 on r=1
dé dC (19)
w(s)=0 —) _. = gubadl
( ) (dr )r-s Ql (dr )r-s Q2

The method of solution to the problem
The differential equations (16)-(18) have been ulsed numerically by reducing the differential dopmes to
difference equations which are solved by using G&ejdel Iteration method. The differential equadianvolving

g,, 8,, W, and w; are reduced to the following difference equations
{1-h@-spPr/2}g.,- (2ra §+{ +h (&S Pr)/2}4,,+QC = (20)
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{1-h@-sx)/2r}Cc - T +{h(ESX)/2}C,,-KrC = 0 (21)
— 2 -
{1—%}%-{%# (D;1+%)}wi +{1+% }Wm =-Grh* @, +NC) (22)

The step length h is taken to be 0.05 together thighfollowing conditions
=1 6,=m w,=0 w;,=0

All the above difference equations are solved uslagss-Seidel iterative method to the fourth decanauracy.
The shear stress on the pipe is given by

, ow
T= H(E) =ab

which in the non-dimensional form reducestte T /(W* /a@*) = (W) _,, = Wy, +EW, ) s (23)
The heat transfer through the pipe to the flowyret area of the pipe surface is given by

oT
=k, (—),.
q 1(ar)r_a

which in the non- dimensional form is

=1s

— )= ( ) (24)
ki(T -T)
The mass transfer through the pipe to the flomypdtrarea of the pipe surface in the non-dimengitoran is
== =)= (25)
(D (c e )) ( )

RESULTSAND DISCUSSION

The object of the present analysis is to studyetffiects of chemical reaction and radiation absorptin mixed
convective flow in a circular annulus at a constagdt and mass flux. The results reported in theipus section
preformed and a representative set of resultsegerted graphically ifigures 2-7. These results are obtained to
illustrate the influence of various parameters lo@ telocity, temperature and concentration prafilasorder to
verify the validity and accuracy of the presentlgsig, it is compared with the skin friction coefént, Nusselt
number and Sherhwood number. The results of thigpasison are given in tables. It is noticed that¢bmparison
shows good agreement and therefore the presertsrase very accurate. It can be seen from thike tdiat there
exists a perfect agreement between the results.

Figure 2(a)-2(c) represents the velocity, temperature and condemrdistributions for various values of Grashof
numberGr . It is found that the velocityv >0 occurs forGr <0 and the velocityw <0 occurs foiGr > 0.

This shows thaw exhibits a reversal flow fofsr < Qand the region of reversal flow enlarges \Mﬂn| . Also the

velocity|vv1 enhancement with increase |iGr| atr =1.4. Figures 2(b) and 2(c) representsd and C with

Grashof numbe®r , fixing the other parameters. It is observed tthet actual temperature and concentration
depreciates witsr > 0 and enhances witlr <0 with maximum atr =1.

For various values of chemical reaction paramiéteon velocity, temperature and concentration profilesoss the
boundary layer are shown iigures 3(a)-3(c). It is clear from thefigures that the velocity, temperature and
concentration depreciate in the degeneration @acetihd enhances in the generating reaction. Furthisrfigure

shows that the variation of chemical reaction patemKr with temperature increasing tendency, increases in
Kr everywhere in the flow region.

Figures 4(a)-4(c) respectively shows the effect @ and M on the velocity, temperature and concentration
profiles for a stationary porous plate. It is cl¢laatfigure 4(a), shows the variation of velocity witlD *and M
shows that lesser the permeability of the poroudinme or higher the Lorentz force small|em1 in the flow region.
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From figures 4(b) and 4(c), it is found that the actual temperature and commaton fields enhances

with D™ < 2x10? and depreciates with highBr™ = 3x10”. Higher the Lorentz forces, smaller the actual
temperature in the entire flow region.

3
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—a— ||
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—*—V
—e— VI
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r
Figure 2(a): Velocity profilesfor Variation of Gr
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Figure 2(b): Temperature profilesfor various values of Gr
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Figure 2(c): Concentration profilesfor various values of Gr
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Figure 3(a): Velocity profilesfor various values of Kr
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Figure 3(b): Temperature profilesfor various values of Kr
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Figure 3(c): Concentration profilesfor various values of Kr

Figure 5(a)-5(c) represents the velocity, temperature and condenirdistributions for various values of Buoyancy

ratio parameteN . Figures 5(a) and 5(b) shows that, when the molecular buoyancy force dataes over the
thermal buoyancy force. The axial velocity and attemperature enhances, when the buoyancy fortes éhe

same direction and for the force acting in the qiipodirections,|vv| depreciates in the entire flow region. From

figure 5(c), it is found that the actual concentration redueis increase oN >0 and enhances witN < 0.
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Figure4 (a): Veocity profilesfor various values of D_land M
1.2
1
0.8 ——1
—a— ||
0 0.6 —a— |ll
—<— IV

Figure 4 (b): Temperature profilesfor various values of D_land M
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Figure4 (c): Concentration profilesfor various values of D_land M
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Figure 5(a): Velocity profilesfor various values of N
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Figure 5(b): Temperature profilesfor various values of N
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Figure5(c): Concentration profilesfor various values of N
Figure 6(a)-6(c), respectively, show the velocity, temperature emacentration profiles for different values of heat
source paramet€) . The variation 011W1 with heat source parameter Q shows llmﬁtdepreciates with increase in

the strength of the heat generating sourdegui(e 6(a)). An increase in the heat source paramé&leenhances the
temperature in the entire flow regiofiglire 6(b)). In the degenerating reaction case, the temperatepreciates
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while it enhances in the generating reactibiguf e 6(c)). The variation of C withQ shows that the concentration
experiences depreciation with increas@in

—— I

—a— ||

-0.7

Figure 6(a): Velocity profilesfor various values of Q

1.2

—o— |

—m— ||

Figure 6(b): Temperature profilesfor various values of Q
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Figure 6(c): Concentration profilesfor various values of Q
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Figure 7(a): Velocity profilesfor various values of Q
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Figure 7(b): Temperature profilesfor various values of Q
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Figure 7(c): Concentration profilesfor various values of Q

The axial velocity, temperature and concentratistridutions are shown ifigures 7(a)-7(c) for different values of
radiation absorption paramefgr. The actual axial velocity is in the verticallywioward direction i.eW <0 is the

actual flow, andw > Orepresents a reversal flow. The variation|\n4 enhances with increase in the radiation

absorption parametef) (figure 7). The variation of @ with radiation absorption parametdép shows an
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increasing tendency with increase @ everywhere in the flow regiorfigure 6). Fromfigure 7(c), it is found that

an increase in the radiation absorption param@eresults in depreciation of the concentration ia éntire flow

region.

Table1: Shear stress T at theinner cylinder I =1

Gr | 1 11 v \ VI VIl
10 -3.7792 -3.0775 -2.3983 -3.8008 -3.7928 -3.7602 -2.9988
30 -10.0919 -8.3601 -6.8045 -10.75¢ -10.0929 -14807 -8.5673
-10 3.8264 3.12225 2.4296 3.8293 3.8275 3.8243 63.02
-30 13.4382 11.8445 8.4969 13.1641 13.2818 13.6207 9.8090
D! 10 10 10 10 10 10 20
Kr 0.5 0.5 0.5 0.5 0.5 0.5 0.5
M 2 4 6 2 2 2 2
N 2 -0.5 -0.8 1 1 1 1
Q 2 2 2 2 2 2 2
Table2: Shear stress T at theinner cylinder ' = 2
Gr | I Il [\ \Y VI VIl
10 1.4822 1.1836 0.9084 1.3814 1.4356 1.5205 1.0115
30 0.6454 0.0169 0.4037 0.555] 0.614p 0.6452 1.2595
-10 -1.6239 -1.3609 -1.0854 -1.4565 -1.5341 -1.72p4-1.1184
-30 | -10.5555 -13.4401 -9.7325 -8.674 -9.5088 8850 -6.0549
D 10 10 10 10 10 10 20
Kr 05 0.5 05 05 0.5 0.5 0.3
R 1 2 -0.5 -0.8 1 1 1
M 2 4 6 2 2 2 2
Q 2 2 2 2 2 2 2
Table 3: Nussdt number NU at theinner cylinder I =1
Gr | I Il [\ \ VI VIl
10 | -1.4441| -1.4576 -1.536R -1.4793 -1.3839 -1.4294.4315
30 | -1.8506] -1.9871 -1.911p -1.8504 -1.7478 -1.6651.61.34
-10 | -1.3815| -1.387Q -1.508p -1.4449 -1.3213 -1.3864.3916
-30 | -0.4939| -0.71524 -1.051P -0.94%59 -0.7048 -1.0853.2183
D 10 10 10 10 10 20 30
M 4 6 2 2 2 2 2
Q 2 2 2 2 2 2 2
Table4: Nussdt number NU at theinner cylinder I' = 2
Gr | 11 11 1\ \ VI VI
10 | -1.3991| -1.4284 -1.431) -1.43%2 -1.3839 -1.3788.3537
30 | -1.4244| -1.4959 -1.543f -1.4596 -1.4112 -1.4064.3853
-10 | -1.3857| -1.3826 -1.4082 -1.4273 -1.3697 -1.3641.3388
-30 | -1.3773| -0.8301 -1.4004 -1.4194 -1.3613 -1.3551.3296
Kr 0.3 0.5 1.3 2.3 -0.3 -0.5 -1.3
Q 1 1 1 1 1 1 1
Table5: Sherwood number SN at theinner cylinder I' = 1
Gr | 11 11 1\ \ VI VI
10 | -1.2834| -1.2885 -1.289F -1.4941 -1.3851 -1.1914.2765
30 | -1.6825| -1.7048 -1.726p -1.9294 -1.8021 -1.3Y34.5146
-10 | -1.2369| -1.2243 -1.2175 -1.4632 -1.3486 -1.1294.2324
-30 | -0.6511| -0.5557 -0.366p -0.9501 -0.8043 -0.495D.5829
D! 10 10 10 10 10 20 30
M 4 6 2 2 2 2 2
Q 2 2 2 2 2 2 2

The Shear stresg at the inner and outer cylinddrs=1, 2, are evaluated for different parameters are shiown

Tables 1-2. The stress at =lenhances with an increase in Gr while a1, |Z’| depreciates witHGr > Qand

enhances witfsr < 0. The variation oft with M and D* shows that lesser the permeability of the poroadiom
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higher the Lorentz force, it becomes sma|lE4r at both the cylinders. An increase in the streraftthe chemical

reactionKr and heat sourc€) leads to a depreciation in the stresk atl, 2. It is found that when the molecular

buoyancy force dominates over the thermal buoydoege. The stress af =1 enhances irrespective of the
directions of the buoyancy forces

Table 6: Sherwood number SN at the inner cylinder I = 2

G | I i v \ VI Vil

10 | -1.1983| -1.2834 -1.4814 -1.7313 -1.0085 -0.9416.6502
30 | -1.2259| -1.4835 -1.503P -1.7489 -1.0412 -0.9756.6932
-10 | -1.1841| -1.2369 -1.4696 -1.7218 -0.9929 -0.9250.6309
-30 | -1.1764| -1.1911] -1.463P -1.7164 -0.9834 -0.9158.6194
Kr 0.3 0.5 1.3 2.3 -0.3 -0.5 -1.3
Q 1 1 1 1 1 1 1

The Nusselt numbeNU at r =1lare shown inTables 3-4. The rate of heat transfer at the inner cylindeéramces
with Gr >0 and depreciates witBr <0. Lesser the permeability of the porous mediumighér the Lorentz
force, larger the rate of heat transfer occurs=afl. An increase in the suction parameter S deprecilig for all
Gr. The variation ofNU with chemical reaction parametd&r shows an increase ir < 0.5. It enhances the
Nusselt numbeNu for Gr >0 and depreciates it for <0 and for higheKr > 0.3. Also it depreciates with
an increase in the radiation absorption paranfgter

The rate of mass transfer at the inner cylindet 1which gets enhanced in the heating case and dapgsdn the

cooling case as shown ihables 5-6. ForGr >0, the rate of mass transfer reduces and enhanc& fs O,
when the buoyancy forces act in the same direati@hfor the forces acting in opposite direction.iAcrease in the

heat source parametgy, chemical reaction parametdr andM or D™ reveals that the rate of mass transfer

reduces in heating case and enhances in the cardizgy With respect to the chemical reaction patenKe | it is
found that the rate of mass transfer experiencenbhancement in the decreasing chemical reactidrdapreciates

in the generating reaction. Further, it enhancels a increase in the radiation absorption paraisi€le
NOMENCLATURE GREEKWORDS

C concentration volumetric expansion with mass fraction

B
C. concentration in the equilibrium state Yo density of the fluid
U

C, specific heat at constant pressure coefficient of viscosity

D, molecular diffusivity M magnetic permeability

D, ! Darcy parameter o electrical conductivity

Gr  Grashof number JoA density

k porous permeability

kf coefficient of thermal conductivity Q Heat Source parameter

ki chemical reaction coefficient Q heat generating source

Kr chemical reaction parameter Q radiation absorption parameter
M Hartmann number S suction parameter

N Buoyancy ratio parameter S Schmidt number

P, pressure T temperature

P, dynamic pressure T, temperature in the equilibrium state
Pr Prandtl number (u,w) velocity components
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