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ABSTRACT

The fully developed flow and heat transfer in a vertical double passage channel containing permeable fluid is
studied analytically using regular perturbation method. The Brinkman model is used for flow through porous media,
viscous and Darcy dissipation terms are included in the energy equation. The channel is divided into two passages
by means of a thin, perfectly conductive baffle and the walls are uniformly heated. The effect of porous parameter
o and mixed convection parameter A on the velocity and temperature profiles near the hot and cold wall are
analyzed. The result shows that these effects mainly depend on the baffle position.

Keywords: mixed convection, viscous dissipation, doublespgg, Permeable fluid.

INTRODUCTION

Convective heat transfer is the study of heat feansrocess between the layers of a fluid, whenflhid is in
motion and/or between a fluid in motion and a bagdsurface in contact with it when they are notifferent
temperatures. The convective mode of heat traisfgenerally divided into two basic processhé tnotion of the
fluid arises from an external agent for example, f&ind or the motion of heated object itself. Thba process is
termed forced convection. If on the other hand achsexternally induced force is provided and tlwvflarises
naturally from the effect of a density differencesulting from a temperature or concentration défifce in a body
force field such as the gravitation field, then ffrecess is termed as natural convection. The tyeddference
gives rise to buoyancy force to which flow is gexied. Free convection heat transfer between eefirettical
parallel plates suspended in calm viscous fluid eeh extensively investigated as one of the furadah problem
of heat transfer. Natural convection is an impdrtheat transfer mechanism in the technology of dingj
insulations. From the point of basic research iat hieansfer, this phenomenon is being studied mamterms of
simple model of free convection in rectangular esates, filled with viscous fluid. The subject ofd convection
in enclosures is extensive and has numerous atiphisain practical engineering situations. Fullwel®ped heat
transfer natural convection in vertical channelhwitymmetric constant wall temperatures has beediestuby
Bodoia and Osterle [1]. Aung [2] studied the caseemvthe walls are heated asymmetrically. Aung armatky/ [3]
presented a theory for the fully developed heantsfier of combined convection in a vertical channgth
asymmetric constant wall temperature. Nelson andd\d] presented an analytical solution for combiheat and
mass transfer natural convection in vertical chawith asymmetric boundary conditions. The majonfyexisting
studies on convective heat transfer in porous madiabased on the Darcy flow model. Darcy’s lawyéeer, is
found to be inadequate for the formulation of flflmlv and heat transfer problems in porous mediamwthere is a
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solid boundary and the Reynolds number based opdhe size is greater than unity. Therefore, hesessary to
incorporate the boundary and inertia terms intontteenentum equation. These effects have been stmliddrced
convection as well as for natural convection inqusrmedia.

Natural convection heat transfer in porous media tegeived a world of careful attention becauskerjuently
occurs in many physical problems and engineerimgiegtions for contemporary technology such as tyewhal
systems, grain storage, fiber and granular insafatpacked sphere beds, heat exchangers, checaitaitic
reactors, petroleum reservoirs, coal combustorsiean waste repositories, and filtration. A recentiew by Tien
and Vafai [6] gives the extent of the researchrimiation about natural convection in porous medi stress the
importance of non-Darcy effects such as the inaatid boundary effects as the remedies of the Daueyt in
certain applications. Darcy law is an empiricalnfioita relating the pressure gradient, the gravitatidorce and the
bulk viscous resistance in a porous media. Thesptathematical formulation based on the Darcy’swalneglect
the effects of solid boundary or the inertia foroesfluid flow and heat transfer through porous raeth general,
the inertia and boundary effects become significahen the fluid velocity is high and the heat tfansis
considered in the near-wall region, respectiveljedretically a velocity square term and viscousnteare
incorporated in the momentum equations to modettimeand boundary effects, respectively. Cheng€t7fl.
Studied numerically the non-Darcy effects on thensient natural convection boundary layer flow naar
isothermal vertical flat surface embedded in a Hpoghosity medium. Certain  porous materials, sashfoam
metals and fibrous media, usually have high padessitwith porosity about 019 0.95). The analysis made by
Cheng [8]et al. shows that the non-Darcy effects are much morsexquential in high porosity media. It is also
found that both the inertia and the boundary effeleicrease the velocity of streaming fluid in thermal boundary
layer and reduce the heat transfer rate.

The stratified situation occures for example, iolo@ ponds, lakes for solar ponds and in the aphese. If the
vertical surface is a part of an enclosure the antt@nhancement of the heat transfer in a vertitahnel is a major
aim because of its practical importance in manyir@®ging systems, such as the solar energy calleethd the
cooling of electronics systems. The convective laitsfer may be enhanced in a vertical channeldiryg rough
surface, inserts, swirl flow device, turbulent paisr, etc. Candraet al. [9] investigated the use of ribbed walls, Han
et al. [10] used V-shaped turbulence promotdiis et al. and Beitelmakt al. [11] demonstrated the effect of jet
impingement mechanism. Recently, Dutta and Hog4&ihinvestigated the heat transfer and the frididoss in a
rectangular channel with inclined solid and perfedabaffles.

Unfortunately, most of these methods cause a ceraitk drop in the pressure. Getaal. [13] suggested that the
convective heat transfer could be enhanced by wspegial inserts, which can be specially designeddrease the
included angle between the velocity vector andtémeperature gradient vector rather than to promateulence.
So, the heat transfer is considerably enhancedasaitlittle pressure drop as possible. A plane éaffhy be used as
an insert to enhance the rate of heat transfehenchannel. To avoid a considerable increase irntrdresverse
thermal resistance into the channel, a thin anfepiy conductive baffle is used. The effect of sumaffle on the
heat transfer in a vertical channel can be fousdvetere. In working dimensions are: length=1.2 idftw=0.2m

and the volume flow rate =1.10m?/s. For double-passage channels, the length-tdawatto becomes larger as
the baffle becomes near the wall. So, viscousphsisin may become important.

Keeping in view the applications of mixed conveetiflows through porous medium as mentioned abodketan
analyze the heat and mass transfer by introdubiedp&ffle in the channel has motivated us to chtfusgroblem.

2 Mathematical formulation

The channel shown in Figure.l. is divided into tpassages by means of perfectly conductive and lthffie.
Consideration is given to a laminar, two-dimensipirecompressible, steady flow of permeable fluidai channel.
The fluid enters the channel with a uniform upweedtical velocity and constant temperature. Thenokawalls
are subjected to different constant temperaturég;hware higher than that at the entrance. The fwoperties are
assumed to be constant except for the buoyancydéthe momentum equation.

For fully developed flow, it is assumed that thanBverse velocity and the temperature gradientén axial
direction are zero. Darcy—Lapwood Brinkman modelsgd in developing the basic equations. By takitig
account the effect of viscous dissipation, the gowng equations are
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Ha d?y, 1dp . pu
Het 2 5 - gB(T -T )+ — 1 4 250 5
p. dy’ 9A(T-T) p dx  ps @
d2T du ) pu’
[ i + L =0 3
Ket dy? He ( dyj S ®3)

where, The subscript ‘i’ denotes stream 1 or str@airhe boundary conditions are

y=0: u =0, T,=T,
di, _dT,

=b": =u,=0, T,=T, —* 4
y u =u, 1= dy  dy (4)
y=b u, =0, T, =T,

b
5
1
Te | stream 1 stream 2 Th
X
| s

Figure. 1. Geometry and boundary conditions.

The momentum balance equation (2) has been writteording to the Boussinesq approximation by inwglka
linearization of the equation of statﬂ(T) around the reference temperatlire Recently, Barletta and Zanchini
(1998) have recommended the choice of the mead femperature as the reference temperature inulhe f

developed region. In the present work, the mearpégature of the wall temperatures is chosen asefezence
temperature, i.e.

T:R+R
' 2
The governing equations and boundary conditionsheaexpressed in the following dimensionless forms.
d’U, Gr dP
L =—— g -m'—L-m’o U, (5)
dy Re dXx
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2 2
d 0' +£(%j +£0-2n2ui2:0 (6)

Y=Y"; U,=U,=0, 6,=6, dg, _dg,
dy dy
vy=1 U,=0, 6,=: ™)
2
where,
=2 v=¥; u=2 g=1n T
bRe b u, T, -T.
T,-T.)b* 2
p=_P . Re D ngﬁ(h2 ) oM
u? v v k(T,-T.)
2
m2 :L, n2 :L’ 0‘2 :b_; (8)
He Keg S

3. Analytical Solution

The basic equations governing the flow are definequations (5) and (6) along with boundary cdondg (7) are
highly nonlinear and coupled. Hence finding exagluton is not possible. However, approximate aticdy
solutions can be found using the method of recuasturbation. We take flow field and the temperatield to be

Stream 1
U =Up+edy ©)
91 =910""'3‘911 (20)
Stream 2
U, =U,, +&U,, (11)
6,=06,,+&0,, (12)

Where £ (: Br) is chosen as the perturbation parameter. Usingtims (9) - (12) in the equations (5) - (7)
becomes

Stream 1
Zeroth order equations

_10+—em26?10—m2y1—m202U10: 0 (13)

—2=0 (14)
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First order equations

dy

2 2 2

d 6;11 n2 du,, +aPnu%, =0

dy m°{ dy
Stream 2
Zeroth order equations

d*U, . Gr

dy2° Re me,, —-m?’y,-m’cU,,=0
08y _,

dy?

First order equations

2
ddlyJZZl Ge 2821 m UZLJ 21

2
d’d, + duzo +o?nU. =0
dy? dy 20

Zeroth order boundary conditions

U,,=0; a Y=0
U,,=0; a  Y=Y"
U,,=0; a Y=1
U,,=0; at Y=Y’
6,=-1/2 at Y=0
0,=1/2 at Y=1
6,,=6,, a Y=Y
9 BB o vy
dy dy

First order boundary conditions
Uu,=0 at Y=0

Uu,=0 at Y=Y"
Uu,=0 at Y=1
U,=0 at Y=Y"
6,=0 at Y=0
6,=0 at Y=1
6, =6, at Y=Y"

(15)

(16)

17)

(18)

(19)

(20)

(21)
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%:% at Y=YO (22)

dy dy

Zeroth order solutions
The solutions of zeroth order differential equasiofi3), (14), (17), (18) along with boundary andeiface
conditions (21) are

Stream 1
U,, =dcosh(ay)+d,sinnay)+ly-1y (23)
G, =Cy+C, (24)
Stream 2
U,, =dcosh(ay)+d,sinnay)+ly-ly (25)
6,, =cy+c, (26)

First order solutions
The solutions of first order differential equatiqi$) - (16) using boundary and interface condgi(2R) are,

Stream 1
U11:d5005h(ay) + desinh(ay) + fl(POSh(ZO’)/) + f1§inh( 20’y)

+ flzyzcosh(ay)+ flsyzsinh(ay)+ flaycosh(ay)

27)
+ flsysinh(ay) + f16y4 + f17y3 + f19y2
+ Ty + iy
6,, = fcosh(2ay) + f sinh(2ay) + fycosh(ay) + f ysinh(ay) 29)

+ f,cosh(ay) + fesinh(ay) + f,y* + fy°+ foy’ +cy+Cy

Stream 2
U,,=d,cosh(ay) +dgsinh(ay)+ f,posh(2ay) + f ;sinh( 22y)

+ f,,y’cosh(ay) + f,y’sinh(ay) + f,ycosh(ay)

(29)
+fyys nh(ay) +fy' + fay’ + foy®
+ f39y+ f40
8, = f,cosh(2ay) + f,sinh(2ay)+ f ,ycosh(ay) + f Lysinh(ay) 0)
30

+ f.cosh(ay) + f,sinh(ay)+ f,y* + Ly’ + f y°+cy+C,

RESULTSAND DISCUSSION

The fully developed flow and heat transfer in atieat double passage channel containing permebabtki$ studied
analytically using regular perturbation method. Bigkman model is used for flow through porous raegiscous
and Darcy dissipation terms are included in therggnequation. Figures 2-5 represents that the etféporous

parameterg and mixed convection parametdr on the velocity and the temperature are shownhienithe baffle
is placed near the cold wall, Figures 6-8 are tiaglgs when the baffle is placed in the middle ef¢hannel

The variation of velocity for different values obus parameteg” and mixed convection parametdr which is
the ratio of Grashof number to Reynolds numberhisws in Figure 2 and 3 respectively. We observe tha
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velocity decreases with increase in the value efgbrous paramete¥ . For large porous parameter, the frictional

drag resistance against the flow in the porousoregg very large and as a result, the velocity el@ses as the
porous paramete¥ increases. Since the baffle is placed near the wall, the effect ofg is insignificant in

streaml compared to stream?2.

The effect of mixed convection parameitron the velocity is shown in Figure 3. A4 increases velocity
increases in both the streams but its effect isenmdftuential in stream 2 compared to stream 1.sRiajly increase
of mixed convection parametet implies increase in Grashof number, where Grashohber is the ratio of

buoyancy force to viscous force. Hence increas&riaishof number increases the buoyancy force wihicturin
promotes the flow.

Figures 4 and 5 shows that as the porous paransetand mixed convection parametdr increases, temperature

increases. From Figure 6 it is seen that as theusoparamete¥ increases velocity decreases in both the streams
when the baffle is placed in the middle of the atenlt is observed that the magnitude of suppoests large when
the baffle is placed near the cold wall comparetht baffle placed in the middle of the channel.ths mixed

convection parameted increases velocity increases in both the stre#@mshe porous parametgr and mixed

convection parametel increases, temperature increases in both thensdteBrom figure 9 it is seen that the
porous parameteg increases, the velocity decreases in both tharsse

CONCLUSION

In the present study, fully developed flow and htranhsfer in a vertical double passage channelaing
permeable fluid is studied analytically using reguperturbation method. The Brinkman model is uedlow
through porous media, the velocity and temperapucdiles have been presented. Hence one can canchat
porous parameteg is to suppress the velocity, promotes the temperathere as mixed convection parameder
promotes both the velocity and temperature wherb#iéle is placed at cold, middle and near thewalls of the
channel
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Appendix
m’ Gr
=c, =-1, c,=c, =-1/2 l, =——
G =6 27 ' o’ Re
m Gr m _m* Gr . m _
Tai2re " "Tatore @t 4T
d.. = ﬂz (ﬂjcosed’](a’ym)+ ﬂz (ﬂpjcoth(aym)—co Seh(aym)"'l y[
2722 | 2Re a’> I\ 2R '
_ m2 0 m2 0
d,, = P coth(ay )+(?jcosed1(ay )
m* \( Gr
d,, = pe (ﬁjsech(a)—Ilsech(a)—d4ltanh(a)
m2
di.=| 7 sech(a)-d,tanh(a)
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(I1 (yDcosh (a)-cosh(a yD)))

sinh (a)cosh(ay”) - sinh(ay”)cosh(a)

(5 St

sinh (a)cosh(ay”) - sinh(a y”)cosh(a)
dyy =dyy,—dyyg,

2
[m jcosh ay jcosh
: a

¥ sinh[a]cosh(ay”)-sinh ( ay”)cosh(a

|G t) " J( woios) |-
-

d411 =

d412

21+y

J/l 2
d,.coshla
( )smh(ayD ( j —22 ( y —22

a a
d3l(sinh(ay -sinh(a ) d41(c03h —cosh(a ) I( 21
a a 2 *
m* Gr +l
a® 2Re

szd - d3ZS. nh( ) + 42COSh( ) _(ﬂz] _ dazs- nh(ayD)

Gm2n =

2

a a a a
dncosh(t;rym)+ m .
a a?
Gm2n — . - . - .
2 Gm2d dZ _d21+d22y2’ d3 _d31+d32y2’ d4 _d41+d42y2’
_(n*) .. 24 2. ) a2, 222
gl——ﬁadl—and gz—ﬁad2+andl
n? 2n*
g, =| — |a*dd,+on’dd,; g, = ad),-20°n’d},; g, =20°n’d,,
m? m’
2n? 2,2 2,2 2.2 2 2,2
O = P adl,-20°n"d],; 9, =20°n“d|;; g, =o°nl"; g, =20°n],;

r\>|©

n2 .9 n’
O = |2+U nzl ? O = 22"'910 O, =~ P 02d32—0'2n2d42
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2 2
O = [%jazdf +o'n’d* gy, = (%}azdgdﬁaznzdsdz,
2 2
Ois = (%jad;l—Zaznsz 3 s = 202n2d4|1; Oi7 = (fnizjad4ll—202n2d4 3

O = 202n2d3|1

n?
O = Zaznzllz; 921 = (lef +o*n? 32
_9 g
92 _f"'%"' Qo1
9.9 _—9 __
h= 810’22 ; f2 _4a3 ; f.= crg27
S0 ¢ 2205 s _29, 9.
477 ST g2 ST a2
:__g8 - f :& . f. = “On
T2 ® 6’ °2
f :_|4f1. f :|4f2. f :|4f4
07 3,2 17,2 127,
f =ﬁ. f :|4f6_|4f3. f =|4f5_|4f4
Boag 7, G, Yo2a 4P
f _—|41E7 o= |4f8 f =1Z4f7 _ﬂ
167" 2 17 2 18 a* 2
o Blfy L A A
19 a* 2 20 a° a’ a2
fo= O12-O13 fo= Ous . fo= _ S8
21 802 2"y 23 2
fo= _ 9. fo= 20,6 _ 9y fo= 20,4 _Oss
24 a2 5778 g2 278 g2
__9 __9 __9
f =|4f21 f :|4f22 ) f =|4f24
0 73,2 1T 3,2 274y
f :|4f23 f :|4f26 I4f23. f :|4f25_|4f24
B 4a “ 20 4a? ® 20 4
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fo= ity f_= 456 f :124 for _Lafs
%2 7T g2 38 a* a2
f :_6|4f28_|4c7. f :24l4f27_24f29 I £5

39 4 2 1 40 6 4 2

a

z,= f,cosh(2a) + f,sinh(2a) + flzyuzcosh(ayu)+ flsymsinh(ayu)+ flyDCosh(ayD)+

f15stinh(ayD) +f "+ Ly P+ y P+ Yy + T,

z,= flcosh(ZGyD) + fzsinh(2aym)+ f3yDcosh(ayD)+ f4stinh(ayD)+

focosh(ay”) + fesinh(ay) + £,y + £y + f oy

z,= f,00sh(2ay”) + fsinh(2ay”) +  ycosh(ay”) + f .y sinh(ay”) +

f00sh(ay”) + fsinh(ay”) + ™ + f 2+ 1y

z,=2afs nh(ZayD) + 2afzcosh( ZJyD) +af.y's nh(ayD) + fscosh(aym)
+af4yDcosh(0/yD)+ f s nh(aym)+af58i nh(aym)+af6cosh(aym)+
41,2 +3fy "+ 2f y”

z.=2a f21sinh(2aym) + 2afzzcosh( ZJyD) +af23stinh(ayD) +f 2gzosh(aym)
+af24yDcosh(ayD)+ f245inh(aym) +af255inh(aym)+af2gosh(ayu) +
41,y +3f .y + 2f y°

z,= f,cosh(2a)+ f,sinh(2a) + f ,cosh(a) + f ,sinh(a) + f ,gosh(a) +

fesinh(a@)+ f+ f e+ f o

z, = fycosh(2a) + f,sinh(2a) + f ,cosh(a) + f ,sinh(a) + f ,gosh(a) +

fasinh (@) + fogt oyt fogt f ot f o

7, = fcosh(2ay”) + f,sinh(2ay") + £ ,yPcosh(ay") + f .y sinh(ay”) +
fyosh(ay”)+ foysinh(ay”) + foy™ + foyP+ f 2+ f y7+

G =% ~2,~C,

c, = f,—f

C, =2, ¢,

G = 5yD+22_Z4yD_ f,-fs-z,
dy == f,, = fy
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d, = —d5COth(0’yD) - zlcosedw(aym)

d, =—dgtanh(a) - z,sech(a)

4= z;cosh(ar) - z,cosh(ay”)
®sinh(a)cosh(ay”) - sinh(ay”) cosh(a)
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Y —

Figure.2. Velocity for different values of poroparameten
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Figure.4. Temperature for different values of perparametes

Pelagia Research Library

m=1.0
200
5 n=1.0
0=20
£=0.05
4= 150
3 100
A =50
2 -
1+
Stream- Stream-2
0 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Y —mmm
Figure.3. Velocity for diffrent values of mixed ceectioni
1.0
A=50.
m=1.0 8
08 - n=10
£=0.05
0.6
04
0.2
0.0
-0.2
0.4
Stream-1 Stream-2
1 1 1
0.0 0.2 0.4 0.6 0.8

1.0

731



S.N. Gaikwad et al Adv. Appl. Sci. Res,, 2012, 3(2):720-734

0.6
200
| =1.0
n=1.0
0= 20
04 | €=005 150
100
N A= 50
0.2 |
6
0.0
0.2 |-
0.4 |-
Stream-1 Stream-2
1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Y ———
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