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Abstract

The steady filmwise condensation outside a finite-size horizontal plate covered with a thick porous medium layer is investigated numer-
ically by boundary layer approximations and Brinkman model. The fourth-order Runge—Kutta scheme and shooting method are employed
to solve numerically the nonlinear ordinary differential equation. The results are presented in terms of the dimensionless average Nusselt
numberNu and the dimensionless condensate thickisgsdt is shown from the results presented that the Nusselt number increases with
increasing suction parameter and it is also the function of various parameters, such as DarcyDandbaenb numbeida, Prandtl number,

Pr, modified Rayleigh number for a porous mediuRa, and permeability parameteyy. It is also shown that the boundary effect plays an
important role for the condensation heat transfer rate in a porous medium.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction heat conduction for a vertical flat wall, and they obtained the
asymptotic and numerical solutions for the temperature and
The problem of laminar condensation on a vertical or condensate film thickness profiles. Cheng [10] explored the
nearly vertical wall has been subject to Nusselt’s [1] four problem of a laminar filmwise condensation along a wedge
major assumptions and predicted the heat transfer rate.or a cone embedded in a porous medium by using Darcy
The laminar condensation problem has been studied bymodel.
Rohsenow [2], Sparrow and Gregg [3], Chen [4], and Denny  Jain and Bankoff [11] solved the problem of condensation
and Mills [5], etc. since 1916. Koh et al. [6,7] found that along a vertical wall with constant suction velocity, and they
the effects of interfacial shear stress on heat transfer wereobtained an exact solution by using a double power perturba-
small or negligible, but Nusselt numbers reduction occurred tion method. Frankel and Bankoff [12] looked into the con-
in the range of liquid-metal Prandtl numbers. Churchill [8] densation on horizontal tubes in a porous medium problem.
obtained the closed form results to the effects of the inertia Yang [13] solved governing equations by a series expansion
and the heat capacity of the condensate, the drag of the vamethod and the results importantly involved sub-cooling pa-
por and the curvature. Méndez and Trevifio [9] extensively rameter, Prandtl number, and suction velocity parameter. Liu
considered the effects of both longitudinal and transversal et al. [14] supplied a similarity solution of film condensation
in a porous medium with an appropriate distribution of lat-
* Corresponding author. Tel.: +886 6 2757575 ext. 62140; fax: +886 6 eral maSS flux on a body Surfa?e of arbl_trary sha_lpe. E_bmuma
2342081, and Liu [15] considered the Liu’s special case in which the
E-mail address: ckchen@mail.ncku.edu.tw (C.-K. Chen). wall temperature varies with distance along the symmet-
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Nomenclature
C the Ergun constant 31 local condensate thickness ................ m
C, specific heat at constant pressure :kg31.K—1 ¢ porosity of a porous medium
Da Darcy number defined in Eg. (20) n dimensionless condensate thickness defined
g acceleration of gravity . ............. -gec? by 81/Lo
h convection heat transfer 0 parameter defined as; htg + C,AT/2 Jkg~!
coefficient..................... wh—2.K-1 A parameter defined as, /e/K .......... nrt
hy local convection heat transfer X0 permeability parameter defined as(s/Da)l/?
coefficient..................... Wh—2.K~1 Weff effective viscosity of condensate in a porous
hig latent heat of condensation. .......... kgt medium...........oooviiinin.. kyL.s 1
Ja Jacob number defined in Eq. (20) 0 density of condensate................ kg3
keff effective thermal conductivity . . . ... wn—1.K & dimensionless condensate thickness, §£= 7
K intrinsic permeability of a porous medium . 2m ¢, gradient of dimensionless condensate thicknegs,
Lo half length of a finite-size horizontal flat e, o=1n
plate .................................... m A(ﬁ variation percent of average film thickness
m condensate mass flux defined in Eq. (15)skd defined in Eq. (32)
Nu Nusselt number defined in Eq. (31) ANu  variation percent of average Nusselt number
P PreSSUIe. ..ttt Pa defined in Eq. (30)
Pr Prandtl number defined in Eq. (20) .
N defined in Eq. (12) Superscripts
Ra modified Rayleigh number defined in Eq. (20)  * indicates dimensionless quantity
Re,  Reynolds number at surface defined in Eq. (20) — indicates average quantity
Sw suction parameter at surface defined in Eq. (20) Subscripts
T temperature of condensate................. ) )
AT saturation temperature minus surface 0 quantity at cent.ral point of flat plane surface
temperature . ..........ooeeeeneennnnn.. °C a apparent quantity _
u velocity of condensate in-direction ... ms1 c critical quantity or quantity at the flat surface
v velocity of condensate in-direction ... ms! edge _
Vu suction velocity on the plate surface . . . .-gmt eff effective properties
X axial coordinate . ................ ... m L quantity assouated with the condensate
y transverse coordinate ..................... m sat saturated properties
w finite-size horizontal flat plane surface
Greek letters X local properties
o apparent thermal diffusivity of a porous
medium ... st

ric body. Pop and Ingham [16] investigated the problem of [20] used the concept of hydraulics of open channel flow to
flow past a sphere embedded in a porous medium based orsearch the boundary condition at the edge of the plate. Yang
the Brinkman model and presented a closed form solution. et al. [21] considered the condensation on a finite-size hori-
Based on the Darcy—Brinkman—Forchheimer model (DBF zontal wavy disk and on a plate facing upward based on the
model), Al-Nimr and Alkam [17] investigated the film con- Bakhmeteff's [22] assumption used by, which is the mini-
densation with and without the microscopic inertia effect on mum mechanical energy with respect to the boundary layer
a vertical plate in a porous medium. Thus, they obtained thickness at the edge of the plate. Based on the Darcy model
two kind of closed-form results. Char et al. [18] studied the (DM), Wang et al. [23] recently discussed the problem of
problem of mixed convection condensate along a conduct- boundary layer condensation along horizontal flat plane em-
ing vertical plate in a porous medium by using the DBF bedded in a porous medium and they got exact solutions.
model and found the local heat transfer rate increased with  The present paper studies the suction effect on the lami-
a decrease in the Jacob number, the Peclet number, and thear film condensation on a finite-size horizontal permeable
inertial parameter. It should be mentioned here the one sideflat plate embedded in a porous medium. The objective is to
flow. consider both the Brinkman and Darcy model equations of

A treatment of condensation problem for horizontal flat motion for the condensate flow in the boundary layer and ex-
surface has been presented by Popov [19]. Condensation unamine the significance of each model. The effects of several
der side or upper side of a horizontal or inclined surface key parameters on the average Nusselt number and dimen-
has been investigated by several authors. Yang and Chersionless film thickness have been examined.
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2. Mathematical model condensate in a porous medium. If the permeability of the
porous medium is very high, it may be impossible to neglect

The two-dimensional laminar condensation on a horizon- the viscous forces in setting up the momentum equation.

tal permeable flat plate embedded in a porous medium isBased on the Darcy model (DM), it must be noted that the

considered as shown in Fig. 1. The surface temperdtyre effects of viscosity are being ignored, we have:

_of the plate is un.iform and the temperature of saturated vaporuL — K(—dP/x)/ 1L (2b)

in a porous medium corresponds to the saturated temperature

Tsat It is assumed that porous medium is an isotropic mate- where 1, is the dynamic viscosity of the condensate. In

rial. It is also assumed that the flow of condensate dependsaddition, the equation of momentum girection will be

on the variation in hydrostatic pressure. The porous medium given by:

layer is saturated Wlth_ the condensate. We consider Stokesso — _9P/dy — pLg 3)

flow for condensate in a porous medium layer. The mo-

mentum boundary layer is furthermore subject to a uniform if the buoyancy forces are considered. The energy equation

suction, which removes the condensate at a constant suctionVill assume that the condensate and the particulate material

velocity. Then, the condensate flows past the finite surface@re in thermodynamic equilibrium, so that it is given by:

under the influence of gravity. In order to study the problem AT, AT, 32T

of film condensation about a horizontal flat plane with homo- L ax + v W =0Qq 8—y2 (4)

geneous porous medium layer, the Brinkman model (BM) ] o . .

and Darcy model (DM) are applied to both the dry vapor In Eqgs. (3) and (4)g is the grawtaﬂonal acceleratiopy is

and liquid phases in a porous medium. Attention will be re- the density of condensate, is the apparent thermal diffu-

stricted to steady-state flows in this analysis and multiphaseSVity Of the condensate in a porous medium. If the porous
flows will not be intended. particles are spherical, the permeability of a porous medium

The continuity equation for condensate forced flow K is based on the expression determined experimentally by
through a porous medium is, if density variations are neg- Ergun [24]:
iqible: 32
ligible: o ¢°d;
dur /x4 vy /dy =0 1) Ce(1—¢)?
where the subscript denotes the quantity associated with Where thed,, is a mean diameter of solid particle and the
the condensate;;. andv; are the velocity componentsinthe SYMPOICE is the Ergun constant depending on the matrix of

x- andy-directions, respectively. The governing momentum a porous medium. Furthermore, it is assumed that the effects
equation for the condensate within< 8, under the bound- of non-condensable gas, shear stress at the interface between

ary layer simplifications is given as for BM: the conQen;ate and the pure vapor, surface—t_ension—driven
) ) convection in the porous—fluid system, and capillary suction
0%ur /0y =¢ur/K +¢(0P/0x)/eff (2a) in a porous layer can be neglected. Egs. (1)—(4) are subjected

Eq. (2a) represents the Brinkman extension of Darcy model, {0 the boundary conditions presented as follows:
which is considered by neglecting buoyancy force where 4 the plate surface (= 0)

the first term on the left-hand side of the Eq. (2a) is the
Brinkman term, which accounts for the presence of a solid T =
boundary effect. In Eq. (2a)y is a porosity of a porous  (uz =0, only for BM) (5)
medium, K is a permeability of a porous mediumR, is the at the vapor—liquid interfacey (= 87 (x))

local pressureyesi is the effective dynamic viscosity of the

Ty, Vp = —Vy

11, = Tsa P = Psy dup /oy =0 (6)

Liquid film layer Static Saturated Vapor whereT,, is the temperature of flat surface, which is con-
Y| _inaPorous Medium stant;Tsatis the saturated temperature of a vap®ygis the
saturated pressure corresponding to the saturated tempera-
8 ture Tsat, 61 (x) is the local condensate thickness which is to
o

be determined.

Integrating Eq. (3) and imposing the boundary condition
B f given by Eg. (6), we can obtain the static pressure term as
follow:

P = Psai+ prg(8r — y) (7)

Solving foru; and substituting Eq. (7) into Egs. (2a) and
2o (2b), and integrating Eqgs. (2a) and (2b) subject to appropri-
ate boundary conditions given by Egs. (5) and (6), gives the
Fig. 1. Physical model and coordinate system. x-directional velocity profiles:
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K AL —
L= P8 {1 _ Coshr(sL — y)] }52 forBM  (8a) where
Ieft Cosh(Asr) o i+ CpAT)TanhA8;) CpAT[Sechrsy) — 1]
/7 N =
up =—(pLgK/ur)s; for DM (8b) 281 (hig + CpAT/2) 3282 (htg + CpAT/2)

where L = \/¢/K is a constant for a specified porous s 1(5 5y = —kapp AT
medium layer, and prime denotes differentiation with respect “* gy " £°L p2Kg(hig + CpAT/2)
tox, i.e.8, =ds,/dx, 8] = d?5, /dx2. Using the above re- vupip (hig + CpAT)S
sults, Egs. (8a) and (8b), and the boundary condition given whi g P L

by Eq. (5) and integrating Eq. (1), we can obtain the velocity pLKg(htg+CpAT/2)

profiles in they-direction as: The corresponding boundary condition is expressed as

8, =0 atx=0 (13)

Akt In fact, we cannot solve Eqgs. (12a) and (12b) with their
_ ) e boundary condition (13) yet. In accordance with a minimum

+ (1 Cosr(xy)) Tanf(xd.) — 2 y] mechanical energy principle, presented by Bakhmeteff [22]

— ZAS’LZ . Sect"r(ASL) . Sinklz(ky/Z)} — Uy about the concept of hydraulics of open channel flow, we
for BM (9a) need to find a new boundary condition to solve Egs. (12a)

” and (12b). Referring to Bakhmeteff's theory, the relation
v = (pgKdy/mr)y — vy for DM (9b) equation can be defined as:

for DM (12b)

v = (pLgK){ag [Sinh(ry)

tion equation are considered to be coupled in the governing 9
equations. Hence, the steady balance of thermal energy atdd.
both condensate in a porous medium and plate surface with

suction effect accomplished by the following equation [23]: Whered. is a condensate thickness at the edge of plate, but
it is still unknown, andr.. is the critical value of mass flow

_ rate out of the plate edge. Supposing that the velacjty
0 pLvwhig + CpAT) given by Egs. (8a) and (8b) is very larger the veloaity
’ expressed by Eqgs. (9a) and (9b), the local condensate mass
flow rate should be expressed as:

8 (x)

Both the first law of thermodynamics and mass conserva- ( 8L(x)
< =0 (14)

2

u P

_2L +gy+ —)pLuL dy>
PL

m=n,

T,
kg L
ay

3r.(x)
—|—a|: / prlL[hfg‘i‘Cp(Ts_TL)]dyj|
0

a0 = / prug dy (15)
0

where C), is thg spgcific heat at constant pressure pf the By substituting Egs. (8a) and (8b) into Eq. (15), we can eas-
condensate fluiditg is a latent heat of condensat&7 is ily obtain the following equations:

the reference temperature difference between the saturation 5

temperature of vapor in a porous layer and plate surface tem-ix = —[p7 g K /A et ] (A6 — Tanh(A8))8;

perature. The apparent thermal conductivity, that occurs for BM (16a)
in Eqg. (10) is a result of conduction in the porous medium . 2 /

matrix and in the fluid including the effect of thermal disper- ""* = —[pigK/ni]sLs; for DM (16b)
sion, and has to be usually measured experimentally. Oth-The critical values of mass flow rate. atx = Lo, are given
erwise, the quantity of apparent thermal diffusivity, that by:

occurs in the energy equation (4) is equaltgp/pr.C)p). It . 2 /

. . o .= K/ A8, — Tanh(Ad,) (8
is assumed that the suction velocity is constant along the " ° [PL8K [hpeti][ 26 3]s, |
horizontal plate. Because the condensate thickfigss) is for BM (17a)
relatively small compared to the half-length of the plate, i1 = —[p?gK /111]6c5, |i=r, fOrDM (17b)
the convective term is then ignored from the energy equa-
tion (4). The laminar temperature profile implies that

x=Lg

It is assumed that it is not to necessary for the edge thick-
nesss. to become zero at any specified conditions. Referring
T, =yAT/5p(x) + Ty (12) to Eq. (14) subject to boundary conditions (13), (17a) and

17b), btain the followi lation:
Substituting Egs. (11), (8a) and (8b) into Eqg. (10), one gets: (17b), we can obtain the following relation

. 4gp? . 4
d 2_ __"8PL_ {135.Coshas.) — Sinh(As,
o008, =) e = 33Sinhxs,) il HA3c) — Sinh(xs)]
X .
B ks AT vwstet(htg + CpATISL x [A8.[618.CoshAs,.) + Sinh(3A4,) ]
T 02Kghig + CpAT/2)  prKglhig + CpAT/2) — 9Coshir8,)SinfP(18.)] 1} for BM (18a)

for BM (12a)  m?=p?gs> for DM (18b)
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Combining Egs. (17a) and (18a) yields the new boundary wheres is the non-dimensional condensate thickness at the

condition for BM: edge of plate, i.e. at* = 1, and is still unknown. By us-
) ing Eq. (20), the Egs. (12a) and (12b) with their boundary
8| vero condition (13) can transform to:
= 2uefCoSHAS.)[Sinh(A8.) — 18.CoshAs,) | d dn Ja
1/2 . . n n1—-R)—|==——=—|(Syn—1) forBM
x [(A@)"*pr K {A8:SINN(%.8.)SINN(3A5.) dx* dx* DaRa (222)
a
+3Cosh28,)Sinh(A8.)[248, — 3Sin(1s.)]} 7] dr dy a
n—;|n—1|= (Syn—1) for DM (22b)
for BM (19a) dx* | 7 dxx DaRa
and coupling Egs. (17b) and (18b) provides the new bound- d
ary condition for DM: dx_n* =0 atx*=0 (23)

/ 2 2 2\11/2 . . .

87 |oro = —[128c/ (07 8K")] for DM (19b) In Eq. (22a), the symbok* is a function ofx* only and is
To simplify this analysis, the value ¢f; is assumed to defined as

be equal tqueff [25] and the following non-dimensional vari-  gux _ (1+ Ja/2)Tanhon)/(hon)

ables allow the preceding equations to be transformed into a 2

non-dimensional form: + Ja[Sechron) — 1]/(ron) (24)

. X 31 . 00 . O From Eqg. (20), the non-dimensional velocity of suction can
T =T, 8o = Lo O = Lo be also calculated and is given by the following expression:
Da— % Jaz Cp@AT v} = Sw/[(PrRY?(1/Ja+0.5)] (25)

0 Substituting Egs. (20) and (25) into Egs. (8a) and (8b) gives
2 3
Pr— HefiCp Ra— prgPrLy the following non-dimensional Darcian—Brinkman velocity
ke Mgﬁ components in the- andy-directions,
Pr R L
S = rJ % (1+3Ja/2),  Re,=LUw=0 . _ (Para)[Costiroti =y _ ) (26)
a Heff Prl/2 Coshron)
(gLO)l/Z, (gLO)l/2 vt = (W) {n”[Sinh()\oy*) — Xoy*
0
Ao = (¢/Da)Y/? 20 .
¢/ (20) +[1— Coshroy®)]Tanh(ron)
where® = htg + C, AT /2. Heredg is the condensate thick- _ 2 . N
ness at the central point of a plaf2a is the Darcy number, 201 *Sectt (om Sint? Ghoy /2)}
Ja is the Jacob numbePr is the Prandtl numbeRa is the Sw 27)

Darcy-modified Rayleigh number for a porous medit®@a, (1/Ja+ 0.5)(Pr Ra)1/2

is the Reynolds number for suction along the plate surface,  one of the most interesting physical quantity is the local
Sy is the suction parameter;” andv* are the dimension- Ny sselt numbeiu, , which can be defined as

less Darcian—Brinkman velocity components in theand

y-directions, respectively, andh is called permeability pa- ~ NUx = Lok, /k = 1/n(x™) (28)

rameter. .The_permeat_nhty parameteyplays a very impor- whereh, is the local heat transfer coefficient. The average
tant role in this analysis. In terms of these new variables, the

new boundary conditions in Egs. (19a) and (19b) become in heat transfer coefficient, can be expressed as:

non-dimensional form: Lo Lo
d h /(h /Lo) dx / ka <8T) dx
n 1/2pa—1/2, —1/2 * = x/ &0 == .
<ﬁ> =R P Costion) J ) ToaT\y ),
x [Sinh(%08%) — 108 Cosh(108%)] P
x [Da{208; Sinh(108%) Sinh(3087) o) 70 " (29)
0

+ 3CosH{108;)Sinh(103})

x [22.087 — 3Sint(1087)]}%] ™ for BM
(21a)

In addition, the average Nusselt numddu, is given by:

— —[Pres:/(Da?Ra)]"?

x*=1

1
for DM (21p) U=HAT/(AT/Lo) = / (1/n) dx* (30)
0

()
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Furthermore, the variation of average Nusselt numhaly,
is given by the following relation:

ANu=[(Nu—Nu[g _)/Nulg _o] x 100% (31)
The variation of average non-dimensional film thickness,
A7, can be defined as

AST =[(67 - &7 sw=o)/ 5, sw=o] x 100% (32)

In order to discuss the variation of the flow and heat transfer ¢,(1) = 2Pr*/2Cosh(xo¢1)[Sinh(x¢1) — A¢1Coshrsy) ]

guantities with suction or without suction, we define Egs. Dal Rain{ioz1Sinhia 61021 CoSH
(31) and (32). In addition, the average non-dimensional film x [Daf ofor1Sinfliozy)[Brot1 Costirozy)

the unknown initial value, say, & n(0) =465 < 1. The
uniform step size ofAx* = 1.0 x 107° is chosen and the
computation converge i€RR| < 10713 where ERR is the
corresponding value of the absolute error in the boundary
conditions between Egs. (35) and (36)ét=1. At x* =1,

we have to check if the remaining boundary conditions are
satisfied:

thicknessg? , in Eq. (32) will be represented as: + Sinh(3i0¢1) |
Lo 1 — 9Costioz)SinfP(rorn) } 2]
(§=/(8L/L%)dX=/n(x*)dx* (33) for BM (36a)
0 0 t2(1) = —[Prea(1)/(Da?Ra)] Y% for DM (36b)

We take the value of suction velocity, be zero only
where we consider the Darcy flow model. Then, the so-
lutions of Eq. (22b) are obtained by using the Newton—
Raphson scheme (see Appendix A). Egs. (22a) and (22b)<
with the boundary conditions (21a), (21b) and (23), respec-
tively, are solved numerically using the fourth-order Runge— . ]
Kutta scheme and shooting method [26,27] to obtain the 3 Resultsand discussion
non-dimensional condensate profiles. Eqgs. (22a) and (22b)

Egs. (36a) and (36b) have to be satisfied with desired accu-

racy|ERR < 10713, i.e.,1¢(Drom Eq (35 — ¢ (Dirom Eq 36|
10713

are rewritten as the following three, first-order ordinary dif-
ferential equations,

{1=¢=n" forDMand BM (34)
5 =n"=2Jar5(t1Sw — 1)
x [DaRa{2Ja[Sech12o) — 1]
— z120[ 20110 — (2 + JayTanh(Z1ro) | }]71
+ ¢Z{23a[Sechiciro) — 1] + c1r0Sechiciro)
X [{1)»0580?({1)\0) (COSHZ{lko) —-1- Ja)
+ 2JaTanh(z120)]}
X [{1{2Ja[Sech§1A0) — 1]
— f120[20100 — 2+ I Tanhz1ro) )]
for BM (35a)
" __ J&(C1Sw -1 _ §_22
- DaRat? 2

subject toz2(0) = 0, where we have definegy = n and
¢2 = 7', In the first integration of Eq. (34) we have to guess

& for DM (35b)

Table 1

Based on the numerical results obtained, it may be
noted that how thég solutions using the Newton—-Raphson
scheme fits into thé; solutions obtained using the Runge—
Kutta scheme forda = 0.15, Ra = 10%, and S,, = 0, as
presented Table 1. It can be estimated that the relatively max-
imum error is lower than 0.02% between the valueNoby
the Newton—Raphson scheme and the Runge—Kutta scheme,
respectively.

In the present work, Fig. 2 shows the variation of the di-
mensionless thickness, of condensate along the surface of
a horizontal flat plate. It is seen that at fixed valuePaf Ja,

Ra, andS,,, the value ofy(x* = 0) decreases ar number
increases. In addition, the smaller valuen@gk* = 0) indi-
cates that the relative condensate film central thicknigss,
to the plate lengthL g, is very thin. Furthermore, we notice
that with the increase dba number (i.e., the higher per-
meability of a porous medium), the film profiles are nearly
a straight line. Especially, the fact is mostly remarkable for
liquid metal materials condensed in a porous medium. It is
also clear that, if thé>r number increases, the variation of
film thickness strictly increases. This is mainly due to the

Comparisons of solutions by Newton—Raphson scheme and solutions by Runge—Kutta schlereldi5, Ra= 10%, andS,, = 0 by using the Darcy model

Ja=0.15,Ra= 10" Solutions by Newton—Raphson scheme

Solutions by Runge—Kutta scheme

85 5 Nu 85 5 Nu
Da=0.01,Pr=7 0121635 0033546 1083748 0121635 0033498 1083966
Da=01,Pr=7 0.066396 0045055 1636843 0066396 0045049 1636914
Da=0.01,Pr =100 0119525 0014653 1182492 0119524 0014539 1183199
Da=0.1, Pr =100 Q057736 0022042 2181584 0057736 0022027 2181868
Da=0.01Pr =0.02 0180946 0155755 5795467 0180946 0155750 5795547
Da=0.1,Pr =0.02 0164328 0161519 6120126 0164330 0161520 6120209
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0.2 3
018 F- Ja=0.15, Ra=10", Sw=0.0
0T 2 NG \\'- P e ezt
Pr=0.02, Da=0.01
0.14 E- Pr=0.02, Da=0.1
] Pr=7, Da=0.01
0 F=————= BT Des02
0.1
g 008
0.06 3
0.04
0.02 Pr=100, Da=0.08
Pr=100, Da=0.1
o Fr—r——r—t-——t——t————t————t————t————t———————————
0 0.1 0.2 03 04 0.5 0.6 0.7 038 09 1

Fig. 2. Variation of the non-dimensional thickneswith dimensionless position* at different values oba andPr for Ja= 0.15, Ra= 10* andS,, =0 by
using DM.

0.07 1 50 3
: 45 1 Ta=0.15,Ra=10’ 2, =8.0, S,=0.0 ——————
0.06 E e ——
0.05 +
0.04 ‘: s & == &= & ==
o3¢  s=0 1 Yy
0.02 e
: 10 ] — — —Pr=100byBM - --- - Pr=7 byBM
0.01 E =100 by =7 by
. : 53 Pr=3 byBM — & — Pr=100 by DM
[ 3 ==-#a-- Pr=7 byDM —e—Pr=3 byDM
0 : + ' + 03— ¥ . ¥ +
0 0.2 0.4 0.6 0.8 1 0 0.05 0.1 0.15 0.2

x* Da

Fig. 4. Variation ofNu with Da at different values ofPr for Ja = 0.15,

Fig. 3. Variation of the non-dimensional film profiles at different values of
Ra=1x 10°, Ap =8 andS,, = 0.

suction parametes,, for Da=0.01,Ja=0.1,Pr=7,Ra=2x 10° and
Ao = 8 based on Brinkman model (BM).

ber effect on the average heat transfer rade, vs. Darcy
numberDa, atJa= 0.15,Ra=1x 10°, Ao = 8 andS,, = 0,
presence of relatively viscous condensation fluid motionthat j & \without suction. It is found that the value &I in-
decreases along the plate surface. creases with the increase B and Pr. It is obvious that
It is apparent from Fig. 3 that the larger value of suc-  the lowerDa value would bring little variation oRu for var-
tion parameteSw, the lower value of central dimensionless ious Pr > 3, since the condensate in a lower permeabi"ty
film thicknessn(x* = 0) is obtained for fixed values da, porous cannot penetrate through the porous medium rapidly.
Ja, Pr, Ra, ando. Based on Brinkman model (BM), the  Besides, under fixed values a4, Pr, Ra, S,, and o, the
variation of value of locah along horizontal plate is small.  value ofNu increases very slowly a3a is larger than 0.05
Otherwise, it reveals that the viscous effect in the conden- when we use Brinkman model to predict it. But the predic-
sate boundary layer gets the thicker film thickness at edge oftion of Nu by Darcy model is not satisfactory for the case
plate and the lower variation of local slope, ipé(x*). of the liquid of higherPr number (i.ePr > 100). Thus, it
The physical significance of the average Nusselt number can be seen that the non-slip condition plays an important
given by Eq. (30) is a measure of the average rate of heatrole. The higher value ofo leads to values oNu which
convection in comparison with the average rate of heat con-are very close using both BM and DM models as shown
duction across the fluid layer. A larger value N implies in Fig. 5. This is due to the higher porosity that occurs to
enhanced heat transfer rate by convection and the higher heathe shear force of condensate relatively decreasing. For lig-
transfer rates lead to higher condensation rates allowing theuid metal(Pr = 0.0249), the variation ofNu is very smaller
use of smaller condensers. Fig. 4 illustrates the Prandtl num-whenDa > 0.04 than it isDa < 0.04, i.e. theNu is almost
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Fig. 5. Variation of the average Nusselt numbii, with Darcy num- Fig. 7. Variation of the average Nusselt numibar, with Jacob numbeda,
ber, Da, at different values ofg and S, for Ja=0.1, Pr = 0.0249, and at different values of,, andRa for Da=5 x 10-2, andPr = 7.
Ra=2x 10°.
70 +
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Fig. 8. Variation ofNu with Ra at different values of,, for Da=1x 1072,

Fig. 6. Variation of the average condensate thickn&swith Jacob num- Ja=01,Pr=7ando =8.

ber, Ja, at different values of,, andRa for Da=5 x 1072, andPr =7.
andRa = 1(° gives the very closed value bii by DM when
Ja=0.25 andrRa = 10".
a constant aPa > 0.04. It is due to the heat conduction The value om increases with the increasefed at fixed
mechanism plays the leading role in condensation; the mo-yalues ofDa, Ja, Pr, S,, andig as shown in Fig. 8. It demon-
mentum diffusion is much lower than the energy diffusion. strates that the higher condensation heat transfer rate is
Nevertheless, the effect of permeability of a porous medium mainly due to the higher convection heat transfer of conden-

is negligible for liquid metals whePa > 5 x 1073, sate in a porous medium. From Table 2, it can be seen that
Fig. 6 shows, for fixeda =5 x 1072 andPr =7, the  Nu obtained by using Darcy model is 2.03-3.14 timeshe
value of §7 with Jacob number at different values §f, number by the Brinkman model & =5 x 10°-1 x 10°

andRa. It demonstrates that the higher Jacob number leadsand S,, = 0. Accordingly, the viscous boundary effects of
to the higher average thickness of condensate liquid in athe Brinkman model largely reduce the heat transfer rate as
porous medium and decreases the variatioﬁ_zobetween the modified Rayleigh numbéta increases.

Brinkman and Darcy models aa < 0.22. To illustrate the The variation of average Nusselt numbhaiu, Eqg. (31),
effects of the no-slip condition oNu, versusJa, Fig. 7 is and variation percent of average dimensionless film thick-
plotted. It can be seen that the valueMf decreases aia ness,As}, Eq. (33), are plotted in Figs. 9 and 10 for vari-
increases. The higher value & implies the higher value  ous three values of the suction paramesgy, respectively.

of AT leads to the increasing average condensate thicknessThese figures display the comparison of those relations pre-
(see Fig. 6) and the decreasing heat transfer rate. The soliddicted by using both Darcy and Brinkman models. Under
lines in Fig. 7 are the solutions based on DM and BM models fixed values ofJa, Pr, S, and Ag, the value ofANu de-
without suction effect whea =5 x 1072 andPr = 7. It creases as values & and the absolute value a5} in-

is worth noting that the value &iu by BM whenJa = 0.25 creases. It is seen from Fig. 10 and Table 2 that the higher
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Table 2
Values ofNu asDa= 102, Ja= 0.1, Pr = 7.0, for the selected the suction
parameter values df,, by using the Brinkman and Darcy models

Nu Da=10"2,Ja=0.1,Pr=7.0

BM BM DM DM

A0 =5, A =5, Sw=0.0 Sw=0.8

Sw =0.0 Sw=0.8
Ra=5x 10% 9.918574 1008297 2013965 2044730
Ra=1x10° 1100209 1116402 2459112 2489735
Ra=3x10° 1274893 1290843 3345156 3375651
Ra=5x 10° 1357277 1373162 3844399 4301929
Ra=8x 10° 1434011 1449855 4359059 4389543
Ra=1x10° 1470849 1486679 4623267 4653762

suction effect §,, > 0) rapidly increases the convection heat
transfer rate aRa < 10°. As Ra is lower than 16, then the
value of ANu for Darcy model is larger than for Brinkman
model and the absolute value 487 as well. Itis due to the
predicted value of film thickness by using Darcy model is
thinner than by using Brinkman model.

375
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Fig. 11. Variation of the average Nusselt numiér, with Prandtl number,
Pr, at different values oRa for Ja=5 x 1072, Da= 1 x 1072, S, =0
andig = 6.
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Fig. 12. Variation of the average Nusselt numkén, with permeability
numberiq at different values of,, andPr for Da=1 x 1072, Ja=0.1,
andRa=5 x 10° by using BM only.

Fig. 11 represents the variation Nfi with Pr for fixed
Da=1x 102 Ja=5x 1072, S, =0 andig = 6 at dif-
ferent values oRa. It demonstrates that the value i in-
creases aBr increases. The value of the permeability para-
meterio depends upon the variation of the porosity and per-
meability of a porous medium. In order to show the variation
of Ao on the condensation characteristics, Fig. 12 displays
the effect of Pr on the dimensionless average heat trans-
fer rate Nu vs. permeability parametekg, at Da = 0.01,
Ja=0.1, andRa=5 x 1C°. It can be seen thd{u strictly
increases with the increase of the value.gft fixed values
of Da, Ja, Pr andRa. This can be interpreted that the higher
condensation heat transfer rate is mainly due to the higher
porosity of the porous medium. This result can be also ex-
plained from the fact that the presence of the higher porosity
makes much more space fordirectional flow. This implies
that the porosity plays a very important role for condensation
heat transfer rate in a porous medium. Accordingly, if we
have a larger area plate with suction effect, and with a porous
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Prandtl numberPr, at different values oRa for Ja = 0.05, Da = 0.01,

Sur = 0 aNdAg 6. If we sett =2, y = 2py’ = dr/dx* and Jdx* =y - d/dr,

Eq. (A.1) becomes

medium which is higher permeability and porosity, then this ¥ - dy = —2Ja/(DaRa) - dr/1/? (A2)

can be an effective method to increase condensation heatrps s easily done by integrating each side of the above
transfer rate. Itis apparent from Fig. 13, which the lower val- Eq. (A.2), then by using its boundary condition, yielding

ues of the Prandtl number, the greater value&;oare pro-

cured for a fixed value dRa. It can be demonstrated that y =—2(85 — tl/z)1/2[2.1‘31/(DaRa)]1/2 =27 - dy/dx*
represents the relative importance of momentum and energy.

transport by the diffusion process in a porous medium. The 1o

physical significance of the higher Prandtl number, for oils, dn/dx* = —(3§ —n) / [2Ja/(DaRa)]
Pr>> 1, is associated with the larger momentum transport ;4 the value of ol/dx*
by the diffusion process and is due to the thinner condensa-Eq_ (A.3)

tion film thickness. Besides, let us consider the case when

Pr < 1, found in liquid metals, which have high thermal dn/dx* = —[2Ja(s§ — 8;)/(DaRa) ]
conductivity but low viscosity, so that the energy diffusion is
much greater than the momentum diffusion. Consequently,
as the Prandtl numbers are lower than unity, it is found that
the variation of average Nusselt number depends strongly on[2Ja/(Da Ra)]l/zx*

the values oRa using the Darcy model. N 12 .
= 5532 (1 —n/83) " *[4/3+ 20/ (353)]

and thus
(1—n/8%)(2+ n/6%)° = [9Ja/(2DaRas;®)]x*2  (A5)

The two-dimensional finite-size horizontal plate covered If we let x* = 1 andn = §}, then rewrite Eq. (A.4), and we
with a thick porous medium layer is solved numerically by get
using the fourth-order Runge—Kutta scheme and shooting 2111/3
method. The accuracy of the absolute error'f0is used %0 = {9%8/[2DaRa(1 - 57/85)(2+ 87 /35) ]} (A-6)
to get solutions. The non-dimensional central thickness at From the Egs. (21b) and (A.4), we have
the plate decreases as the valueBaf Pr andxg increase.

Y2 (A3)

at x* = 1 can be obtained from

Y25t (A.4)

Hence, rearranging Eqg. (A.3) and integrating each side of
Eq. (A.3) with its boundary condition, we have

4. Conclusions

. 2 1/2 1/2
The absolute value dfANU| is small for the smaller value  [Pr8:/(Da“Ra)]™" = [2Ja(s5 - 67)/(DaRe) | /57
of Sw (|e Sw < 08) butitis |argel’ for the smalleRa (|e and try to rearrange the above equation as
Ra < 10°). With fixed the values ofa, Pr, Ra, andS,,, the 311172
influence ofig is more significant than the influence b& 85 = {2Dada(1 - 5%/83)/[Pr(5%/85)7 ]} (A7)

for condensatloq heat transfer rate%; 5x 1072 Itis Substituting Eq. (A.6) into Eq. (A.7), we finally obtain
shown that the viscous effect plays an important role for the

convection heat transfer in a porous medium as the perme-(1— 8j/53)5(2+ 8j/83)4

ability of a porous medium is very high, so that the Brinkman NN

model is valid for this case. But the valuesh\af using Darcy B 81Pr3(86 /80) /(32Da5Ja Raz) =0 (A-8)
model is very close compared with the valueshof using The value ofs; /55 from Eq. (A.8) is obtained by using
Brinkman model wheda s larger. In addition, it rapidly re-  the Newton—Raphson scheme, then the valuégofrom
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Eq. (A.7) is easily done. In this case, the valuesNafand [10] P. Cheng, Film condensation along an inclined surface in a homoge-
. 1/2
1 __ (0.5DaRay/Ja)'/? 0 (1964) 481-489.
n(x*) (85 —nl2 [12] N.A. Frankel, S.G. Bankoff, Laminar film condensation on a porous
¢ a porous vertical wall, Trans. ASME J. Heat Transfer 92 (1970) 252—
256.

g could be developed as in the following equations neous porous medium, Int. J. Heat Mass Transfer 24 (1981) 983-990.
8 horizontal tube with uniform suction velocity, Trans. ASME J. Heat
%
[14] C.Y. Liu, K.A.R. Ismail, C.D. Ebinuma, Film condensation with lateral

[11] K.C. Jain, S.G. Bankoff, Laminar film condensation on a porous ver-

NG = /

0

Transfer 89 (1967) 95-102.
! . 1/2.2
_ o (0.5DaRa/Ja)l/?y
nx*)dx* = — dn mass flux about a body of arbitrary shape in a homogeneous porous
0

1 8 tical with uniform suction velocity, Trans. ASME J. Heat Transfer 86
% 1/2
[M(l _ 5*/5*)i| (A.9) [13] J.W. Yang, Effect of uniform suction on laminar film condensation on
(65 —m1/? ,
pdt 0 medium, Int. Comm. Heat Mass Transfer 11 (1984) 377-384.
0 [15] C.D. Ebinuma, C.Y. Liu, Film condensation over a permeable non-
53 5/2{0.5[]_ — (5?/33)]Da Ra/Ja}l/Z isothermal body of arbitrary shape in a homogeneous porous medium,
Int. Comm. Heat Mass Transfer 11 (1984) 377-384.
15 [16] 1. Pop, D.B. Ingham, Flow past a sphere embedded in a porous medium

% [6(3?/88)2 + 8(5?/38) + 16] (A.10) based on the Brinkman model, Int. Comm. Heat Mass Transfer 23

(1996) 865-874.

[17] M.A. Al-Nimr, M.K. Alkam, Film condensation on a vertical plate
imbedded in a homogeneous porous medium, Appl. Energy 56 (1997)
47-57.

[18] M.I. Char, J.D. Lin, H.T. Chen, Conjugate mixed convection laminar

non-Darcy film condensation along a vertical plate in a homogeneous
porous medium, Int. J. Engng. Sci. 39 (2001) 897-912.
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