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ABSTRACT

The effect of thermal radiation and thermo-diffusion on the unsteady combined heat and mass transfer of a viscous
incompressible fluid in a corrugated pipe in the presence of a constant heat source. The unsteadiness is due to a
traveling thermal wave imposed on the boundary. Taking the sope of the boundary wall of the pipe as a
perturbation parameter, the equations governing the flow, heat and mass transfer have been solved. The velocity,
the temperature and the concentration have been evaluated for different variations. The effect of the waviness of the
boundary on the flow phenomenon has been exhibited through various profiles of the velocity, the temperature and
the concentration. The shear stress, the rate of heat and mass transfer are analyzed computationally for different
parameters.
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INTRODUCTION

Transport phenomena involving the combined infleeraf thermal and concentration buoyancy are often
encountered in many Engineering systems and Natarafonments. There are many applications of startsport
processes in the industry notably in chemical ltbstes, heat exchangers, solar energy collectod thermal
protection systems. In all such classes of flows, driving force is provided by a combination oértmal and
chemical diffusion effects. In atmospheric flowserttmal convection of the earth by sunlight is a#ectby
differences in water vapor concentration. This lanmy driven convection due to coupled heat and rmassfer in
porous medium has also many important applicationgnergy related engineering. These include maistu
migration, fibrous insulation, spreading of cherhjpallution in saturated soils, extraction of gesrtinal energy and
under ground disposal of nuclear waste. This praldé combined buoyancy driven thermal and massisiifh has
been studied in parallel plate geometries by adathors notably Gebhart [8], Lai [15], Chen, Yuld &toutsoglov
[4], Poulikakos [21], Pop et al [20], Angiras et[8], Trevisan and Bejan [27]. Recently Angirasaak{3] have
presented the analysis for combined heat and nrassfér by natural convection for aiding and oppgsi
buoyancies in fluid saturated porous enclosures.

In most of the studies pertaining to convectiomBahrough the pipes, the axial dependence ofltve ¥ariables
[5,7,9, 10, 16, 17 and 29] is neglected and eithe temperature or its gradient is maintained-uoiform on the
boundary. Also the heat transfer analysis is ingestd in the absence of any internal heat sounceee flow field.
The heat transfer in a flow through a pipe in thespnce of additional internal heat source hastdagplication to
the modified chemical vapor deposition processsTMCVD process is being used to make high qualitical
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glass fibers [25,28,29].In commercialization ofsthproduct it is desirable to increase the efficjernd the
thermophoretic deposition rate, since the costhefftbers depends on the prediction of problemsepiey these
facts in view Krishna et al [13, 14] have discussleel combined free and forced convection flow ofiscous
incompressible fluid through an axially varying tieal pipe. The problem is analyzed as a regulatupeation
problem assuming the slope of the pipe wall torhealk The behavior of the velocity, temperature aedt transfer
coefficient is discussed based on numerical contipuis in detail. Recently Neeraja [18] has investigl the
unsteady mixed convection flow in a pipe of varygap in which the flow is maintained by a presatilbscillatory
flux and the pipe is maintained at a constant teatpee. Seshasailaja et al [24a] have studied ffieeteof non-
uniform temperature on convective heat transfew flo an axially varying pipe

In all these studies the thermal diffusion is nmgidered. This assumption is true only when toe fiakes place at
low concentration level. There are however somesgtkans. The thermal —diffusion effect(commonly kmoas
Soret effect) for instances has been utilized $otdpe separation and in mixture between gases weith light
molecular weight(H2,He) and the medium moleculaigiigN2,air) the diffusion-thermo effect was foutabe of a
magnitude such that it cannot be neglected [6)i¢wv of the importance of this diffusion-thermo exft Jha and
Singh [11], Kafoussias [12], Ajay Kumar Singh [Bajput et al [22], Abdul et al [1] have analyzeé tonvection
heat and mass transfer with Soret effect undeemifft conditions. Reddy [25a] has discussed thieeadyg double
diffusive convective heat transfer flow of a visedluid in a vertical wavy pipe.

FORMULATION OF THE PROBLEM

Consider the unsteady axisymmetric flow of an inpassible, viscous fluid in a vertical pipe of \edilie cross-
section on which a traveling thermal wave is implbsSEhe Boussinesq approximation is used so thatlémsity

variation will be retained only in the buoyancyder The viscous dissipation is neglected in corspario the heat
flow by convection. The cylindrical polar systemr@J is chose with x-axis along the axis of theepiffhe

boundary of the pipe is assumed to be

r =af (x/a)

where ‘a ‘ is characteristic radial length, f itaace differentiable function and" is a small parameter proportional
to the boundary slope. The flow is maintained lopastant volume flow rate for which a charactezistlocity U is
defined as

2 caf (&/a)
U=— j ur dr (2.1)
a 0
The equations governing the flow and heat trarefer
g 2_ = _
pe(gm«q) =-Op+ 407G - pg (2.2) 0g=0 (2.3)
oT 2 10(rgR) oc 2 2
peCp(—+@O)T) =0T -~ (2.4) (—+(@D)C) = D;0°C +ky,0°T (2.5)
ot roor ot
C
p = pe- BT -Tg) = B (C-Cg)) (2.6)

Wherep, is the density of the fluid in the equilibrium &aq is the velocityg is the vorticity, p iSthe pressure, T, C
are the temperature and concentration in the flgion,

p is the density of the fluid, Js the specific heat at constant pressure, Qeistiength of the heat sourdeis the
coefficient of thermal conductivity, is the coefficient of volume expansidst, is the coefficient of expansion with
mass fraction , Pis molecular diffusivity , k is the cross diffusivity andggs the radiative heat flux.

Invoking Roseland approximation (Brewster (3a)) theiative heat flux is given by
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. 4
4 a(T'
og = 2 AT ) 2.7)
Br O

and expandingjl'”‘by Taylor's expansion after neglecting higher orgems we get

74 gardr st (2.8)
0

In the equilibrium stateﬁ -pag=0 (2.9)
ox

Where p = p+ py . pg being the hydrodynamic pressure.

Using equation (2.6) & (2.9) the equation of momiemi(2.2) reduces to

q 2_ 0
(g’“fx‘?l) =-Op+417q+ 5 9(T ~Te) + 579(C - Ce) (2.10)
Taking curl on both sides of equation (2.10) arttbitucing the stream functiog
10 10
asu = ___lﬂ’ v:——l/l (2.11)
r or r ox

where u is the axial velocity and v is the radiglocity component the equation in termsiffis

2
19 2 1 oy o(F l//) 0y oFy) 204 2 0
——(F )+ 2(— —F ——F w B9(T -Tr ~B9(C-Cy),
r ot or X 0X or r ox r
(2.12)
, 9% 14 a2
whereF” =— -——+—
ar ror  ox
On introducing the non-dimensional variables
r T-T c-C
rr=— ,xX=mx ,t’=|/mzt, - , 0= L c= 1
a U /a) AT AC
The equations (2.4),(2.5)&(2.10)(after dropping dashes) reduce to
2 2
20 o ORe oy A(E"Y) oy AE"Y) 204 > rG 86  oC
ST —(EY)+——(— -— —E%Y) =E w——(— N—) (2.13)
ot r or ox ox  or r ox Re or
2, 2 Py 000y oy 38 4 2% 106 2529
S P () = (I )yt )+ O (2.14)
6t r or ox oOr oOX 3Nl or r or ox
66 RSt oC 0 Jdy aC S<So
5290, 2eX 0C 04 oY L, 2., X0 2, (2.15)
at r or 0x Or 0x N
22 a° 10 ]
Where or ror 6x2
y22 gATa3
Jo=ma (Aspect ratio); G = 1—2 (Grashof number)
v
Ua :ucp
Re = — (Reynolds number)p, = —— (Prandtl number)
v A
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P.=RP (Peclect number); S = z (Schmidt number)
Dy
k ‘AC
Sp = 11 (Soret parameter); N = A (Buoyancy ratio)
By BAT
A
Ny = 'B.Ls (Radiation parameter)
40 Tg

r
Introducing the transformatiofy = m the governing equations (2.13)-(2.15) reduce to
X

2 2 4
d dRy dy 0(Eq¢) oy 0(E{yw) 20y Gf 'n
d25(,512,/,” rie Ce o0& ) oy 0 ;0_E12 )_Elw v (8, +NC,))
X

on  ox ox on o (2.16)
2 20 ap,QL20_2000) o, 4,0% 106 2,20
5P, — + &Ps( o o 0,7) @a+ n )(a > ,’aq)w f 2 (2.17)
2
oy oC 0C 0°C 10C S<So
525 4 args XL = 20 — =) 521° o+ )EZ0 (2.18)
at ax 0  0x an an~ non ox N
2
G} 10
Where El2 == and we use the expansions as
an~ non
Y, xt) :41/0(/7,x,t)+51,1/1(/7,x,t)+ .......... , a1, x,t) :90(/7,x,t)+591(/7,x,t)+ ......... ,
Cn.x1) =Cqo (7. %,1) + &g (7. %, 1) +...ccc... (2.19)

Substituting (2.17) in equations (2.14)-(2.16) aeg@arating the like powers @ the equations corresponding to the
zeroth order are

4
260, = —a, 12 (220), EXC, = - 2220 (2.20), EXwy = O n(6,, + NC 2.22
190 = a1 (2.20), E;Cq = N 16 (2.21), 14”0‘R2’7(0,/7 o) (2.22)
(<]
The corresponding conditions @#,, 8, and Co are
64{/0
Yo, x) =-05 , =0, g =Sn(x+n), Cyp=0 on =1
0X
2
6 aC 0wy oy
—0:0, O:0,/7 20— 0:0,1,1/0(/7,x):0 on n=0 (2.23)
on on on on

The equations to the first order are

awg %% a6y %

2
Ei 6y = R ( - ) (2.24)
1 1 ox on ox an

g2 ReSc g g 9Co ¥y s 5 2
1

C, = ( ) - Ei 6 23)
1 n ox dn ox odn N 171
4 2 2
2 Gf 06 0Cq oWy 0(Eqyw oY 0(Eyyw 26(// 2
EfWy = — (— + N—2) + fRg(—2—20 - 0 =170 _ =70 g2y (2.26)
Re an an on 0X 0x on n on
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The corresponding boundary conditions aregn&, and C, are

2
oy 06 0 0 0
Y1(n,x) :0,—1 =06, =0C; =0 0nl7:1, —120,—C1:0,/7—[//21—ﬂ:0, 1,(/1(/7,x):00n/7:0 where
0X on on on an
3N
N2: y P1=PeN2,a’1=a’N2

3N, +4

SOLUTION OF THE PROBLEM
Solving the coupled equations (2.20)-(2.22) subjedhe boundary conditions (2.23), we get the esgions for
first order is

2 2

Ho(n,x)T(l—n )+Sn(X+yt),Co(f7,x)=T(/7 -D.¢q = n

16
coupled equations (2.24)-(2.26) subject to theesponding boundary conditions (2.27) we get theesgions for

LIJJ.! elv cl as
As

3
6 =—>(" -+
! 9

A A
_qu 2,4 +—4/7280lving the
1 2

A6

25

facl
91

Ay 3 Mo, 5 M1, 6 Ao A3 8 ar

0 =% e 08 gy B8 gy S 7y 138y a9y Bis a0y
9 25 36 491 64 81 100

A7

0 -+ L@ -n+—20° -1
49

A A A A A A
A39/76+ 40 7, M1 8 Mz o Paz 10, Mg 11, Pas 12,

w =
L 192 630 1152 1960 3840 6237 9600
A A A A
+ 46 ,713+ 47 /714+ 48/74+ 49/72
99x143 144014 16 2
Where A, A,,...... , A4 are the constants

NUSSELT NUMBER AND SHERWOOD NUMBER
The shear stress for the motion on the pipe

5 ) wh ou ov OS(au Bv)
Oji =-po;i +2pveiwhere ey =—,€ = —,€y = 05(— +—
' ” ' Y o ox
The shear stress on the pipe= f (X) in the non-dimensional form is given by

2 , 2
7= (0 A= T'5) +(0p — o) f) A+ 7))
In terms of the non-dimensional variables, we abthé non-dimensional shear stress as

( P )((P(l)l// ltﬂ )+6P((l)l// ltﬂ +2ff'((2) : )
T =(—— —_— - —_— - —_ -
2t 3 2 /72 0/ n 0sn7 2 /72 17 n Lnn n Yonx 2 ¥o,x

1 2 , L Ly 2f
WhereP, = —— Py =1- f'~ and the corresponding expression is -3 (Bg +3(Bj1 —— Byp)
1+ f' 2f f!
The local rate of heat transfer (Nusselt numberherboundary of the pipe is calculated by usirggftimula
1 06 1
NU=——"—"— —),7:1 whereb,, = 0.5] adn
f(6m —6w) on 0

(Bg +By)
The local rate of mass transfer (Sherwood numbethe boundary of the pipe is calculated by usiregformula

and the corresponding expressiomis =
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2(Bg + Bg)

1 oC . —
-, WhereC, = o.sjéedn, and the corresponding expressiorsis= where

= ()
f(Cy~Cy) 7" f(B, + Bg)
Bi1 are constants

RESULTSAND DISCUSSION

In this analysis we discuss the effect of radiatorthe unsteady mixed convective heat and massféraflow of a
viscous fluid in a vertical wavy cylinder on whosell a traveling thermal wave is imposed. The goireg
equations are solved by using a regular perturbaggehnique. The velocity, temperature and coneéntrs are
discussed for different values of G, R,y o and x#t.

Table1 Shear stress(t)atn=1

G | I 11 v vV VI VIl VI 1X X Xl Xl X1

10° -0.6479 | -0.6986] -0.7613 -1.143D -2.4902 -0.5d16 5704 | -0.5598] -0.884| -0.603 -0.6450  -0.6480  -0.6479
3x10° | -1.3886 | -1.8509| -2.4234 -5.8818 -18.0%6 -0.7951 7189 | -0.5746| -1.127 -1.021 -1.3886  -1.3886  -1.3887
-10° -0.6553 | -0.7080] -0.7731 -1.1627 -2.5267 -0.5769 5781 | -0.5601] -0.889 -0.583 -0.655p -0.6552  -0.6553
-3X10° | -1.4107 | -1.8792] -2.4582 -59406 -18.165 -0.7410 7089 | -0.5754| -1.117d -1.0500 -1.410%3 -1.41428 1474

N3 05 15 5 05 05 05 05 05 05 05 05 05 05

o 2 2 2 4 6 -2 -4 -6 2 2 2 2 2

B 05 05 05 05 05 05 05 05 0.3 0.7 05 05 05

X+yt w4 w4 w4 w4 w4 w4 w4 w4 w4 w4 w2 n 2n

Table2 Nusselt number (Nu) atn=1

G | 11 111 v vV VI VIl VI 1X X Xl X1 XILI

10° -3.9112 | -3.8198] -3.7180 -3.9404 -3.9450 -4.0684 0346 | -4.0251| -4.4884 -3.457p -3.9982 -4.1274  -387§
3X10° | -3.8797 | -3.7408] -3.573]1 -3.8956 -3.8856 -4.0952 0295 | -4.0260] -4.4684 -3.410D -3.9946 -4.1706  -3B837
-10° -3.9435 | -3.9028| -3.8757 -3.9865 -4.0063 -4.0817 0397 | -4.0242| -4.5094 -3.706p -4.0017 -4.0857 -382]
-3x10° | -3.9766 | -3.9903| -4.0482 -4.0338 -4.0697 -4.0952 0448 | -4.0232| -4.5307 -3.5565 -4.0032 -4.0454 6552

N3 05 15 5 05 05 05 05 05 05 05 05 05 05

a 2 2 2 4 6 -2 -4 -6 2 2 2 2 2

B 05 05 05 05 05 05 05 05 0.3 0.7 05 05 05

X+yt w4 w4 w4 w4 w4 w4 w4 w4 w4 w4 w2 1 2n

Table3 Sherwood number (Sh) at n=1
G I I 11 v vV VI Vil VILI IX X Xl Xl X1

10° 9.68006 10.20625  10.8969B  9.18277 9.229p5  7.1966257397 | 7.64158| 10.11684  7.84714 9.35783 8.93187 0993

(=}

3X10° | 10.84539| 12.4802Q 15.04357  10.61554  10.92302 7%497.73577| 7.80729  10.5050 8.0221p2  10.03019 927491.18615

P
-10° 8.66185 8.42249 8.10100 7.970717 7.66880  6.86[L64 1583 | 7.67605| 9.74597| 7.42704 8.73595  8.83985  8(B3B2
-3X10° | 7.76457 6.98609 6.08853 6.9321B 6.45489 6.54P97 6142 | 7.71068| 9.39126 5.64449 8.16037 8.74846 71164

N1 0.5 15 5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
[ 2 2 2 4 6 -2 -4 -6 2 2 2 2 2
B 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.7 0.5 0.5 0.5
X+t w4 4 w4 4 4 4 4 4 w4 4 w2 1 21

The axial velocity (u) is shown in figs. 1-4 forfférent values of NB, a and x#t. The influence of the surface
geometry on u in shown in fig 1. It is found thagher the dilation of the pipe larger the velogitythe flow region
(0, 0.6) and in the remaining region the axial egloreduces witl3<0.7 and enhances with highH&z0.9. From fig
2 we find that an increase in the radiation paramisf leads to an enhancement in u. The influence of smarces
on u is shown in fig 3. It is observed that theabxielocity enhances with increasedr0 and depreciates witt||
An increase in the phase < 11 0f the traveling thermal wave enhances u and e=lwgth higher xyt = 21 (fig
4).

The secondary velocity (v) which is due to the wasgs of the pipe is shown in fig. 5-8 for differgratrametric
values. Higher the dilation of the pipe largerifvihe flow region (fig 5). The effect of radiagi\neat transfer on v
is shown in fig 6. |v| experiences depreciationhwitcrease in the radiation parameter Mn increase in the
strength of heat source/sink results in a margiealreciation in the secondary velocity (fig 7). faréig 8 we find
that |v| enhances with increase irytx¢ tand depreciates with higherw+ 21t
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Then non-dimensional temperature distributi®) i€ shown in figs 9-12 for different values of tlgeverning
parameters. The influence of wall wavinessbas shown in fig 9. Higher the dilation of the wawylinder larger
the actual temperature. From fig 10 we find thathbkr the radiative heat flux larger the actual terafure. The
actual temperature enhances with increase<id and reduces witli| (fig 11). The variation o® with phase xyt

shows that the actual temperature enhances with <+t Thus it fluctuates with x#. This is in view of the
traveling thermal wave impose ore 1(fig 12).

The non-dimensional concentration (C) is shownigs.f13-16 for different parametric values. Theiatéon of C
with dilatation parametef>0 shows that the higher the dilation of the pipgser the actual concentration in the
entire flow region (fig 13). From fig 14 we notitieat lesser the radiative heat flux larger the @atoncentration in
the entire flow region. The actual concentratioduees with increase ia>0 and enhances witlx||in the entire
region (fig 15). The variation of C with phaseykshows that it reduces with yt< 11 and enhances with higher
x+yt = 2r(fig 16)

The Shear stress)(the boundary) = 1 of the wavy cylinder is exhibited in tabledr flifferent values ofa, 3, N;
and x#t. The variation oft with heat source parametershows that an increase in the strength of the smaice
enhancest| atn = 1. An increase in the strength of heat sink<|4) reducest| and for @ < 6) [| reduces in the
heating case and enhances in the cooling casefolind that higher the dilation of the wavy p{fe0.7) lesser the
stress af) = 1 and for further higher dilatio>0.9, larger the stress at the pipe. An increads;ireducest] for
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G>0 and enhances it for G<Orat= 1. An increase in the phaseyk« 1t thermal wavet| enhances in the heating
case and reduces in the cooling case while forenigiyt > 211, a reversed effect is noticed in the behavior|cdith
=1.

The average Nusselt number (Nu)nat 1 is shown in table 2 for different parametraues. It is found that [Nu|
enhances witlm>0 and depreciates with increag¢ We find that higher the dilation of the wavy @ipmaller |Nu|
atn = 1. Also |Nu| experiences an enhancement witle@se in the radiation parametgr Nn increase in the phase
x+yt < tenhances |[Nu| and reduces |Nu| with highgr 2Tt

The Sherwood number (Sh) mt= 1 is shown in table 3 for different parametradues. The variation of Sh with
heat source parameteris shows |Sh| enhances withO and reduces with increaseat). |[Higher the dilation of the
wavy pipe smaller |[Sh| a = 1 (table. 8). We find that the rate of mass gfanreduces with increase in the
radiation parameter )N The variation of Sh with phase yw+shows that the rate of mass transfer enhancds wit
increase in xyt < tand reduces with higher values ofykz 21t

CONCLUSION

An increase in the radiation parameter IHads to an enhancement in axial velocity, actaaiperature and
depreciation in the secondary velocity. Lesserrddiative heat flux larger the actual concentraiiorihe entire
flow region. An increase in Nreducest| for G>0 and enhances it for G<Orat= 1. |Nu|, |Sh| experiences an
enhancement with increase in the radiation paraniteThe axial velocity, the actual temperature enbarend
the actual concentration reduces with increase>@ and u,0 depreciates and C enhances withip the entire
region. An increase in the strength of heat sositle/results in a marginal depreciation in the seeoy velocity.
An increase in the strength of the heat sourcerm@s| atn = 1, and with an increase in the strength of kadt
(lo] < 4) reducest| and for (| < 6). | reduces in the heating case and enhances inotlmg case. |Nu|, |Sh|
enhances witlu>0 and depreciates with increaa¢ Higher the dilation of the pipe larger the vétipin the flow
region (0, 0.6) and in the remaining region theabxelocity reduces witB<0.7 and enhances with higHz0.9.

Higher the dilation of the pipe larger |v|, theuatttemperature and lesser the actual concentratighe flow
region. Higher dilation of the pipe larger the sresmaller [Nu|, |Sh| at the boundary of the gipencrease in the
phase xyt < 1 of the traveling thermal wave enhances u and reiwdgth higher xyt > 21t |v| enhances with
increase in xyt < 1 and depreciates with higher w+ 211, the actual temperature enhances witlt 1 The
variation of C with phase ¥t shows that it reduces with yt< Tand enhances with highery& 21 An increase
in the phase x¢t < Ttthermal wavet| enhances in the heating case and reduces irttieg case while for higher
X+yt = 21, An increase in the phaseyt+ 11 enhances |[Nu| and reduces |Nu| with highgt x+2r, rate of mass
transfer enhances with increase iy mand reduces with higher values ofyk® 21t
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