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This paper deals with the stcady free convection over rrn isothernral rcrt jcal circulrr cr l inder enrbedilcd in a
f luid-saturated porous rnedium in the presence of the therrnophoresi '  plrrr ic).- dr-nosir iun eff 'ect.  ' l 'he 

governine
part ial dif ferential equatiorrs are tr i tnsformed into a sct ol 'non-sirni lar equations. rvhich are sol 'cd nurnerical l .
using an implici t  f ini te-dif ference melhod. Comparisons with the previously publ ished work are perfbrmecl ancl
the results are found to be in excellent agrecment. Many results are obtained and a representative set of these
results is displayed graphical ly to i l lustratc the int luencc of the various physical paramcters on the wall
thermophoretic deposit ion velocity and concentrat ion profi les.
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1. Introduction

Convective heat transfer in fluicl-saturated porous media has been studied quite extensively dulng-'e last few decades- This has been motivated by its importance in many natural and industrial pioblems.
'i:ominent among these are the utilization of geothermaL energy, chemical engineering, thermal insulation
" slems' nuclear waste management, erain storage. fruits and vegetable, migrition of moisture through air
- ntained in fibrous insulation, food processing and storage and conraminani rransport in ground rvater and
: :ny others. A detailed review of the subject of convective florv in porous media, including an exhaustive
't of references, was recently <lone by Nield ancl Bejan (1999), Ingham and pop (1998; z}}r),Vafai (2000),r p and Ingham (2001), and Bejan and Kraus (2003).

Fiee convection from a vertical or horizontal cylinder embedded in a porous medium is the principal

" 
rde of heat transfer in numerous applications such as in connection with oiVgas lines, insulation of horizontal- ]es. cryogenics as well as in the context of water distribution lines, underground electrical power transmission

: :s and burial of nuclear waste, to name just a few applications. The case of a free and mixed convection flow' in a vertical cylinder placed in a porous medium has been studied extensively both anaiytically ancl
'-:nerically. It appears that Minkowyczand Cheng (1996) were the first to present a numerical solution of the- i-'lem of the free convective boundary layer flow induced by a heated vertical cylinder embedded in a i-luicj-
-'-rated porous medium when the sutface temperature of the cylinder is taken to be proportional to .r.-"' . r'here .l

'ire distance from the leading edge/base of the cylinder and m is a constant. The results rlere obtaineci tbr
--:'rus values of m lying between 0 and l. Sirnilarity and local non-sirnilarity rnethods of solution ri ere used. The' 

"iem was laterextended by Merkin (1986), Kumari et at. (1986), lngham and pop (19g6). \Ierkin and pop
-'-i. Kuntari and Nath (1986), Yiicel (1990), Chen er al. (1992), Hossain ancl Nakarama (1993), Bassom and
.. .  1996),  Pop and Na (1998),  Yih (1998) and Chen iurd I Iom (1999).

irom correspondence should be adclressed



A. J . C lttntklru, M' J ct ra tlat and I' P olt'

A1' . )

Ttwodecades,stuc1ies' i t raerosolpart ic]ecleposit iorrduetother.nrophoresishavegai1c.c1
importance to,. 

"ngin"iii"g-ropio*"r,"ns.]hcre 

are r.nary 'y""'-'-r' itr"t t 'equire the attainment of high partrclc

deposition efficiency and i-he precir" .on,rJoi.it-,. a"poritio" ,o 
"-'i",*ir." 

.o"' ancl nirximize the quality .t

tne finished product. i*rrnoiogi"al proulenr-s'i;;r"d" particre d;;;i;;onto-a sttrface from a condenstng

vapor.sas *t^illl iil"#;'^".11i::?:,;t1*tifiTrhl*ilJ,;ifJ"'#iiidl'];:1:,:li'l]"H:i:t'
and problem' fo' nu"t""t,::i::::::t:ll..,!,lr.rr'rle fluid. H" ur"o'ir.'t^ti'*t^r problem of flon' over a flrt

ttl"r".i""r flow of a viscotts and tncoml

plate to calculate o"pJrition rates anci ,n"*,"i'ir-'"i-r.,urt*nti"r .n."g"r-r" -urface 
^clepositions 

can be obtai.ed

tv increasing tr.," oiti...n"e berween tt. ,urru." and iree ,,r""fr'torn;;;": llr:s 
rvas iater followe'J b1

similarity solutions of i*o ai,o"nsionar ro,-,-,]n"'. uo"ndary laye^rs or-r,1 ,i"gnution p^oint flor'vs by Gokoglu and

Rosner (1e86), porr. oJnorn", (1e8e), K;r".d;; crlit itqq;';"i;;;;;; breif (2002)' Also' rsai anrr

Lin (1999) r,uu" *uol"J irr"-"ir.., ot *,,rL ru"tion ancl th"r-ophor;;ir ;'r aerosol particle depositio* from a

laminar ,ow over u n"t pt"t", while 
.Chi""^ii:rntj 

frrr,oir-'.i'li,"ii"rity *otutions for the probleu ol ^

continuously moving surrace I' i ,:lll,"*,r';;i;;;::t':ii::* j;Xta;|; 1"#31":L'"'lJ:$';:

ilJ,H;;il**;:x-,:i:i,'il,;i'i:{X"'$'i"'|"l:::'!:trnffi iiTffi i"tii!i::"'ifi lii'
circular cyrinder, respectivery Ep:,"r,:,r^,^ri.'i^ibisr anc'fsai .nJ Lin (r999) have studiecl the therrnophoretic

lf l'nH,l',m":::[i?:i,T,:'lii:"il'"r,:li!fi ji?i}iii,#ff [:r; jll'"J["#"1"ii]-:::
in a viscous and lncorllPrs))turv 

.hermal vertical cylinder. r
;;;;i"" boundarv laver flow ont: a1^1s^ort

Despite the practical inrportance "r.r.",,""pr'o,esis 
ihere i,, .o 'r-'. best of'our knowledge, a]most no

work devotecl to this topic in n:ro'l: '"d;' ;;;"p:'h: l:''nt;ffi:':t"$:*:1"::i"t'$"f$11]ilh1

;:'",".#3f:r::l**:*i: lx;i#l;;:'"]ilJ1il:Jililil;kil"n*1";xt ryl:y:i,|"ff:
embedded in a fluid-saiuratecl porous medium. The Darcy and energy ecluations yicld the vclocity and

remperature oirtriuot."i, 'F:;:r:TlTv ,^r.., *n*h are then ;J'i; ;;" couplecl concentrati.n equation to

calculate the rates of particle deposttton'

2. Basic equations

Consider a vertical cylinder of radius r0, constant surface tempelature 7,,, and constant surface

concentratiou c,, . *,hich is ernbecrded in a fruicr-satr,rratecl porous medium of ambie't temperature r- and

concentrar ion c_. respect i 'ery.  rn the porous media, the fol lowing assumptions are made: ( i )  the convect lve

fluid and the porous ,.,r...i iun^, are iu locai thernrar equilibrium; (ii ithe properties of the tluid and the porous

media are consriinr,, ,iii,trre y ...;,11 l1:;.;.Jh'.lijfffi5,il:ilnl',:tlfrl'.}'J;l"ii"i3:?$:
itt. n.r.t -eoussrne 'q rf prLr\irnrtl"ll:l.l.il,.;-,i 

..rli natrt'ul c,rnt ection i' the porous cavtty are

Inoaanru t  and energr  i t l r  lh '  t \ \o -d l l l l l - l . l \
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-1

I

i = 0 ,  T = T n , ,  C = C r r ,  / = 1 6 ,

i - >0 ,  T ->T* ,  C -+C* ,  7 - ) * .

In order to transform these equations, we introduce the following non-dimensional variables

x= i l ro ,  r  = *a t l 2 ( r f ro ) ,  u  =u fu  -  v=  na l2  ( v1u , ) ,

(2.6)

(2.7)
v, =p,at l2 (r,  lu,),  g = (r -r*) l(r , , ,-z:)  0 =(c - c*)1G,,-c_)

' i here Ra and U , are the Rayleigh number and the characteristic velocity, respectively, which are defined as

Ra = SKFr (7," -T*)ro f a^v , U, = SKFr(r,, -r*)1v . (2.8)

Thus, Eqs.(2.1)-(2.5) can be wri t ten as

o,=_n+#,
subject to the boundary conditions

0,  '  0 ,  \  ^
.  \ r 'u l+  ̂  ( r  r , /  =  U ,
o x  d r

a = 0 + N 0 ,

a0 ae 1a(  a0)
t 1 _ +  l ! _  =  _ _ l  r _  l .

0x  0 r  r 0 r [  0 r )

aO ao 0(r ,0)  I Ia(ao)
t l ; - + v _  + -  = -  - ^  l r ; - 1 ,o x  o r  o r  L e r d r \  d r . )

,  Pr  a0
v t - - LA f+o t

id the boundary conditions (2.6) become

(2.s)

(2.e)

(2 .10 )

(2.r1)

(2. t2)

(2.13)

(2.r4)
v=0 ,  0=1 ,  0= / ,  On  r=1 ,

u -+0 ,  0 ->0 ,  Q+0  as  r - )m .

The thermophoresis and buoyancy parameters N, and N are defined as

T*
N , =

Tru -T*
N = Fc (c* -c*)l\r\* -r*). (2 .15 )
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;  -  , . v07
v t  _ - K ; 1 _ ,

t o r

subject to the boundary conditions

i = 0 ,  T = T r ,  C = C n r ,  i = r g ,

u -+0 ,  T - ->T* ,  C_+C* ,  F_+* .

In order to transform these equations, we introduce the fbllowing non-dimensional variables

x= I f  16  ,  r  =Xa1 l2  ( f  f  , r ) ,  u  =  u f  U , ,  I , =  na t , , z  ( r f  f L , ) ,

v, =pr-1t2 (r,  lu,),  o= (z _r*) l(r*_L) O =(c _ c*) l@,,,_c_)

' ihere Ra and u 
" 

are the Rayleigh number and the characteristic velocity, respectively,

Ra = gKBT ( r*_r* ) rof  u*v ,  (J"  = SKFr( f*_f* )1v .

Thus, Eqs.(2.1)-(2.5) can be wrirten as

a ,  r  d ,
.  \ r - n l+ ; - ( r v )= ( / ,
o x  d r '

a=0+N0 ,

ao ao rafas)
U _ +  v _  =  _ _ t  r _  I

dx  d r  r 0 r l ' d r ) '

, ,$*,?o+a(u'o)= /  f  a [ , 'aq)Ex 0r  dr  Ler0r l 'a r ) ,

,  pr  a0' t - - K N r - o t

: the boundary conditions (2.6) become

v = 0 ,  0 = 1 ,  0 = 1 ,  o n  r = 1 ,

u - - s 0 ,  0 ) 0 ,  Q - + 0  a s  r _ ) 6 .

The thermophoresis and buoyancy parameters N, and N are defined as

r ,  =J=- ,  N =Fc(c, -c*) l ; r(r , -r*) .' 
Tr, -T*

(2.s)

(2 .7)

which are defined as

(2 .8)

(2.e)

(2.t0)

(2.11)

(2.12)

(2.r3)

(2.14)

(2.6)

i

(2.1s)
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We now look for a solution to Eqs.(2'9)-(2'12) of the form

\=2xt t2 .  T l  =  ( r '  - , /e ,  v  =  Glz) r \ ,n ) ,  0=o(E,q) ,

where ry is the stream function, which is defined in the r,rsuai way as

1ov
l l  =  - -

" ' r
r  d r

Thus, Eqs.(2. 10)-(2. I  2) become

o = o(E,n) ( 2 .  1 6

( 2 . 1 1  '

( 2 . 1 8  t

(2 .19 t

(2.20,

I  d l l t,  " Y

r  o x

subject to the boundary conditions

f  =0 ,  0= / ,  0=1

A f" ; '  =0+NO '
dn

*[,'.En)#] .i,#=j.[## ##)

**[,'-' E,)#] . i' #.,#{roho#-'
a2o aoao o fae)rJ t , (a1aa a/aal

+ou4 *rnun-  ̂, , .etrr, l  ]=tt l  an a€- aq dn l

U-g,  o-+0,  Q-+o0n

The physical parameters of interest are

are given by

Nu/na{' = -[+'l
\ d I I,r=,r

where Ra.. is the local Ra1'lei-eh number

ol . l  I  =  0,
(2 .21

n-+- .

the local Nusselt and Sherwood numbers, Nu and Sh' whici

sh/Ra112 t 1  1 .i d Q  l
t ^ l

\ d 1l /,1=o

3. Results and discussion

Equations (2.18)-(2.2U rihich represenr an initial-value problem with ( playing the role of time ari

non-linear, coupled, partial differential equations. uhich possess no closed-fonn solution' Therefbre, ther

must be solved numerical ly subject to the boundarl 'condit ions given by Eq.(Z-21).  The impl ic i t ,  i terat i r :

finite-difference merhod diicussea by Blottner (1970) has proven to be adequate tor the solution of this ty'p

of equations. For this reason, this method is employ'ed in the present work. Equations (2'19) and (2'20) ar'

discretized using three-point central difference quotients ivith the first derivatives with respect to ( beir:i
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discretized using two-point backward difference quotients. This converts these differential equations into
linear sets of algebraic equations at each line of constent (. which can be readily solved by the well-known

Thomas algorithm (Blottner, 1970). On the other hand, Eq.(2.18) is discretized and solved subject to the
appropriate boundary condition by the trapezoidal ruie. The computational domain (q, n) was made up of

196 non-unilbrrn grid points in the q direction and 101 uniform grid points in the ( direction. It is expected

that most changes in the dependent variables occur in the region close to the cylinder surface where viscous
effects dominate. However, small changes in the dependent variables are expected far away from the
cylinder surface. For these reasons, variable step sizes in the '4 direction are employed. The initial step size

Aq, and the growth factor K* employed such that Ar1,-, - K'AI, (where the subscript i indicates the grid

location) were 10--i and 1.03, respectively. These vahres u'ere found (by perfbrming many numerical
experimentations) to give accurate and grid-independent solutions. Hovuel'er. constaut step sizes of 0.01 were
used in the ( direction since the changes in the dependent variables iu this direction are not expected to be

great.  The problern was solved l ine by l ine start ing with (=0 and rnalchins lolrrn 'd in the (  direct ion unt i l

the desired ( value is reached. At (=0, Eqs.(2.18)-(2.20) reduce to a set of  ordinary di f ferent ial  equat ions

which can be easily solved by the Thomas algorithm. This solution is then used as the initial solution to set
off the marching process. The convergence criterion employed in the present work was based on the
difference between the values of the dependent variables at the current and the previous iterations. When this

difference reached 10-5, the solution was assumed converged and the iteration process was terminatecl.
The results are gir,en for several values of the parameters k, Pr, Le, N and lV, . However. to check the

present numerical resuits, we have calculated tlre values of the recluced heat transfer, -O'(O,O) und mass

t rans fer ,  -0 (0 ,0 ) , fo r  (=0  ( f la t  p la te )  w i th  k=0.  N =0,1  and Le=1.  Thus ,  fo r  1V =0 we ob ta ined
-O'(O,O)=0.44325, whi ie the value fbuncl by Minkowycz and Cheng (19' /6) is -0 '(0,0) =0.414. Also, for

k=0 and N=Le=1,  we ge t  -g ' (0 ,0 )=-Q ' ( .0 .0 )=0.62783,  wh i le  Be jan  and Kha i r  (1985)  ob ta ined
-O'(O,O)= -q'(0,0)=0.628 .  A comparison of the present results for the local Nusselt  number.
-a0(E,O)lan with those reported by Minkowycz and Cheng (1916) is also given in Tab.1 for N = 0 and

different values of the curvature paralneter (. It can thus be corrcluded thrt the present results are in

:xcel ient agreement with those of Bejan and Khair  (1985),  and those of Minkorvy'cz and Cheng i1976) and
,,\'e are, therefore, confident that the present numerical results are ver\r accurate.

l'able 1 . Values of the local Nusselt number. - a 0(i. o )/0 r1 . for ,V = 0 ancl some r alues of the pararneter ( .

t: Minkowycz and Cheng (19"76) Present results

0.25 0.4855 0.490341
0.s0 0.5272 0.s35r89
0.75 0.5664 0.5784 r B
t .00 0.6049 0.620125
2.00 0.7517 0.7763 r1
3.00 0 .891  5 0.922 r23
4.00 1.024 1.0s9965
5.00 t . t 51 1. t91509
6.00 t .283 r.320432
7.00 r .4 t3 r.44646I
8.00 1.514 1.570056
9.00 1.678 1.69r356
t0.00 t . 8 1 5 I  . B  1 3 8 7 5
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Fig.l. Effects of N on local wall thermophoretic deposition velocity.

n

Fig.2. Effects of A'on concentration profiles.

Typical  concentrat ion prof i le>. o(:  11) .  rr  al l  thelmophoret ic deposit ion veloci ty,  V,, , ( \ )  and wal l  mass

t rans fer ,  -a0(8 ,  O) lan ,aresho*n inFrss . l -E io r  Pr=0.72  and,someva luesof  thegovern ingparametersk .

Le, N and N,. These figures shori hori the concentration boundary layer and the wall thermophoretic

deposition velocity react to changes in the sorernins pararneters. Thus, the concentration profiles, (r(E.n),

indicate the characteristic shape of a non-dimensional concentration with a rapid development close to the
plate. Thus, the concentration profiles decrease u ith an increase of the buoyancy parameter N and also with
an increase of the Lewis number Le (Figs.2 and 7). rvhich is on line with the results reported by Bejan and

G o.oozs

? o.so

N=-1,  0 ,  l ,  3 ,5 ,  l0
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{hair (1985) for the case when the thermophoesis effects are absent. This will give rise to a large wall
, rncentration gradient, -a0(E, O)lAn, as the parameters 1/ and Le increase (Figs.3 and 8). It also causes a
:gh deposition of the velocity on the surface, which increases as the thermophoretic parameter k increases,

.. can be seen liom Fig.4. It can be also seen in Figs.1,5 and 6 that the wall thermophoretic deposition
:iocity, V,,rl\), becomes sensitive to the variation of the parameters Le, N and N, . Thus, the deposition
,',ocity profile on the wall is reduced as N and Le are decreased (Figs.l and 6). However, the wall
:rniophoretic deposition velocity profiles decrease as the values of the therrnophoretic parameter N, are
-'reased. This is of particular benefit in processes, which require extreme cleanliness of the surfaces.

0.25 0.50 0.75

\

Fig.3. Effects of N on local wall concentration gradient.
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wall thermophoretic deposition velocity.

k=0.5
Le=10
N,=100
Pr=O.12

Le=10
N=3.0

Fig.4. Effects of k on local

1 0 0
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Fig.5. Effects of N, on local wall

0.50 0. /)

F

thermophoretic deposition velocity'

0.0045
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0.0035
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Fig.6'EffectsofLeonlocalwai l thermophoret icdeposit ionveloci ty.

4. Concluding remarks

Numerical solutions for heat and mass transfer by steady boundary layer free convection over a

heated isothermal vertical cylinder embeddeJ in a porous medium in the presence of thermophoresis particle

deposition effect were reported. A finite-difference method, as proposed by Blottner (1970)' has been used to

calculate the effect of thermophoresis on ihe d"position of purti"t.r, the concentration profiles and the

concentration gradient at the surface of cylinder. calculations clearly show the effect of thermophoresis on

particle deposition. To the best of the authors' knowledge, there are no experimental data on particle
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deposition from naturally convected flows in porous media. It is hoped that the present treatment will
facilitate future comparisons of the natural convection deposition theory with laboratory data.

1.00

0.75

n

Fig.7. Effects of Le on concentration profiles.

0.50

Fig.8. Effects of Le on local concentration gradient.

\,Jmenclature

C - concentration
D,,, - mass diffusivity

/ - reduced stream function

? o.so

l 0

Le=0.1. 1.0, 10. 100, 1000

Le=1000

Le=500

k=0.5
N=3.0
N,=100
Pr=0.72

0
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q

k
/\

Le
N

N,

Nu
Pr

r
r6

Ra

Rat

Sh
I

U ' l

v t

x

- gravitational acceleration
- thermophoretic Parameter
- permeability of the porous medium
- Lewis number
- buoyancy parameter
- thermoPhoretic Parameter
- local Nusselt number
- Prandtl number
- radial coordinate
- radius of the cYlinder

- Rayleigh number based on r7, for a porous medium

- local Rayleigh number based on i

- Sherwood number
- fluid temperature
- velocity components in the x- and r-directions
- thermoPhoretic velocitY

- axial coordinale

irilhflltil

il

d,n - equivalent thermal diffusivity

0c - chemical expansion coefficient

gr - thermal expansion coefficient

11 - pseudo-similaritY variable

0 - dimensionless temperature

v - kinematic viscositY

E - stretched streamwise coordinate

q -  d imensionless concentrat ion

\l, - stream funct'ion

Subscripts

w - condition at the wall
@ - condition in the ambient f luid
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