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Convective Film Condensation in an Inclined Channel
with Porous Layer

Lazhar Merouani1, Belkacem Zeghmati2 and Azeddine Belhamri3

Abstract: The present work is a numerical study of laminar film condensation
from vapor-gas mixtures in an inclined channel with an insulated upper wall and
an isothermal lower wall coated with a thin porous material. A two-dimensional
model is developed using a set of complete boundary layer equations for the liquid
film and the steam-air mixture while the Darcy-Brinkman-Forchheimer approach
is used for the porous material. The governing equations are discretized with an
implicit finite difference scheme. The resulting systems of algebraic equations are
numerically solved using Gauss and Thomas algorithms. The numerical results
enable to determine the velocity, temperature and vapor concentration profiles in
the steam-air mixture, the liquid film and the porous substrate. The axial evolution
of the condensate flow rate and the wall heat flux are also presented and analyzed
for different operating conditions. It is found that the inclination angle, the inlet
values of relative humidity and the Reynolds number exert an influence on the
condensation process much more significant than that coming from a change in the
porous layer properties.

Keywords: Condensation, forced convection, liquid film, porous material, steam-
air mixture.

1 Introduction

Heat and mass transfer problems in porous materials have received increasing at-
tention because of their practical relevance to industry and a variety of other fields
(heat exchangers, chemical reactors, soil pollution and geothermal applications).
Much literature exists on the case of convection in homogeneous fluids (Lappa
(2004, 2005, 2007a,b, 2011, 2013) and references therein). Similarly, many the-
oretical and experimental studies have been performed on the convective flows in
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porous media. A general summary of these works can be found for instance in Ka-
viany (1991); Bories and Prat (1995); Nield and Bejan (1998). More recent analy-
ses are due to Choukairy and Bennacer (2012); Hamimid, Guellal, Amroune, and
Zeraibi (2012); Al-Ajmi and Mosaad (2012); Ram and Bhandari (2012); Labed,
Bennamoun, and Fohr (2012).

In particular, the specific problem of laminar film condensation within thin porous
coatings was first introduced by Renken, Soltykiwicz, and Poulikakos (1989) for
the enhancement of condensation heat transfer. Shekarriz and Plumb (1989) showed
that the presence of porous fins on the external wall of a horizontal tube contributes
to reduce significantly the thickness of the liquid film and thus to improve the heat
transfer at the wall. Experimental and numerical studies of pure steam condensa-
tion by forced convection on inclined plates coated with a thin porous permeable
layer were then conducted by Renken, Carneiro, and Meechan (1994); Renken and
Raich (1996). These authors found a significant increase in heat transfer coeffi-
cients compared to those of an ordinary uncoated surface for the same thermo-
physical conditions. They also showed that the thermal dispersion effect leads to a
significant increase of the heat transfer rate and it becomes more pronounced as the
Reynolds number increases.

Ma and Wang (1998) presented a mathematical model for the laminar film conden-
sation of pure steam on a porous coated surface based on the dispersion effect in
the porous coating, using the Darcy-Brinkman simplified model. They showed that
the condensate film thickness and the local Nusselt number increase with the thick-
ness of the porous coating. However, they found discrepancies between numerical
results and experimental data, which may result from the effect of non-condensable
gas in the experiments.

A numerical investigation of a problem of steam condensation in a thin porous
layer was also performed by Asbik, Chaynane, Boushaba, Zeghmati, and Khmou
(2003). In their study the transfer equations in the porous region are obtained in
the framework of the Darcy-Brinkman-Forchheimer model. The analytical results
are presented for velocity and temperature profiles in the porous layer, the liquid
film thickness, the local Nusselt number and the influence of Reynolds and Darcy
numbers.

A theoretical model of vapor condensation on a porous flat plate was presented by
Chaynane, Asbik, Boushaba, Zeghmati, and Khmou (2004). A significant augmen-
tation of the heat transfer rate was found while the absence of the inertial term in
the liquid transfer equation causes an increase of the liquid film thickness.

An analytical solution for the film condensation by natural convection within a satu-
rated porous layer was developed by Asbik, Zeghmati, Gualous-Louahlia, and Yan
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(2007). It was found that the thermal dispersion has a significant effect on the heat
transfer enhancement. Moreover, a numerical study of laminar vapor condensation
along a porous wall was presented later by El-Hammami, Feddaoui, Mediouni,
Mir, and Mir (2010). The simulation results show the effects of the inlet values of
temperature, pressure, Reynolds number and the porous layer thickness on the heat
and mass transfer performance.

All the above studies are restricted to the case of pure isothermal steam without
considering transfers in the vapor phase. So, the objective of this paper is to study
the problem of laminar film condensation of a vapor flowing in the presence of
non-condensable gas in an inclined channel with a lower wall coated with a thin
porous layer. A more accurate approach is developed to improve previous models
taking into account the coupled transfers in the three regions: porous layer, liquid
film and vapor-gas mixture. The Darcy-Brinkman-Forchheimer model is used for
the fluid flow in the porous medium. Transfers in the steam-air mixture and the
liquid film are described by a set of complete boundary layer equations. The study
is conducted for wide ranges of the governing parameters taking into account the
inertia and convection terms, the axial pressure gradient, the shear stresses at the
liquid-steam/air mixture and at the liquid-porous layer interfaces.

2 Physical model

The physical configuration under consideration is shown schematically in Fig. 1a. It
is composed of two parallel plates separated by a distance R and inclined at an angle
θ from the horizontal. The upper wall is insulated while the lower wall is coated
with a thin porous layer of thickness H. A mixture of steam and non-condensable
gas enters the channel with uniform values of velocity, temperature, pressure and
vapor mass fraction. During the flow, vapor condensation occurs on the lower plate
creating three distinct regions in the channel: the saturated porous coating, the
condensate liquid film and the vapor-gas mixture. A Cartesian coordinates system
(Oxy) is chosen as shown in Fig. 1a and the following assumptions are made:

- Fluid flows are steady, laminar and two-dimensional,

- Boundary layer approximations are valid for the liquid film and the mixture,

- The vapor-gas mixture is composed of two ideal gases,

- The pressure is uniform in the y direction,

- The saturated porous coating is completely covered by the condensate from
the channel inlet,
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- Viscous dissipation, radiative heat transfer, Dufour and Soret effects are neg-
ligible.

 

 

Figure 1: Schematic representation (a) Physical model and coordinate system
(b) Numerical domain and discretization grid
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3 Governing equations

Since the film thickness δ−H varies along the wall, the following coordinate trans-
formation is applied:

ηp =
y
H
,ηL = 1+

y−H
δ −H

,ηM = 2+
y−δ

R−δ
,x
′
= x (1a-d)

This transformation leads to additional terms in the governing equations but en-
ables to define clearly the liquid-mixture interface along the solution domain. The
positions of the lower wall, the liquid-porous layer interface, the liquid-mixture
interface and the upper wall are respectively defined by η = 0,1,2,3 (Fig. 1b).

Transfers in the liquid film and the mixture are governed by mass, momentum,
energy and diffusion equations. In the porous layer, the fluid flow is described by
the Darcy-Brinkman-Forchheimer model including the influence of viscous effects,
flow inertia and pressure gradient. Due to the above assumptions, the governing
equations are written for each phase as follows:

- Continuity equations:

∂Up

∂x′
+

1
H

∂Vp

∂ηp
= 0 (2)

∂UL

∂x′
+

δ
′
(1−ηL)

(δ −H)

∂UL

∂ηL
+

1
(δ −H)

∂VL

∂ηL
= 0 (3)

∂UM

∂x′
+

δ
′
(ηM−3)
(R−δ )

∂UM

∂ηM
+

1
(R−δ )

∂VM

∂ηM
= 0 (4)

where

δ
′
= dδ/dx (5)

- Momentum, energy and mass diffusion equations:

Up
∂ψp

∂x′
+

Vp

H
∂ψp

∂ηk
=

Γψp

H2
∂ 2ψp
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p
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where ψk = (Uk,Tk,C), Γψk are the diffusion coefficients and Sψk are the
source terms for each phase. Expressions of Γψk , Sψk are reported in Table 1.

Table 1: List of coefficients Γψk and terms Sψk in transfer equations (6-8)

Equation ψk Γψk Sψk

Momentum Up µ∗e ε2υL
−ε2

ρL

dP
dx + ε2g.sinθ

(k = P,L,M) −ε2υLUpK−1− ε2FU2
p K−1/2

UL υL g.sinθ − 1
ρL

dP
dx

UM υM g.sinθ − 1
ρM

dP
dx

Equation Tp λ ∗e αL 0
TL αL 0
TM αM

Dv(cpv−cpa)

cpM(R−δ )2
∂TM
∂ηM

∂C
∂ηM

Mass diffusion C Dv 0
(k = M)

- Mass flow rate equations:

1∫
0

HρLUp dηp +

2∫
1

(δ −H)ρLUL dηL +

3∫
2

(R−δ )ρMUM dηM = q0 (9a)

qC =

x∫
0

Jv dx (9b)

where qC is the flow rate produced by condensation along the lower wall and
q0 the inlet flow rate per unit width.

The boundary conditions for equations (2-8) are:

- At the channel inlet (x = 0), velocity, pressure, temperature and vapor con-
centration of the steam-gas mixture are assumed uniform:

UM =U0,TM = T0,C =C0,P = P0 (10a-d)

- At the lower plate (η = 0), no slip and constant temperature are imposed:

Up = 0, (11a)

Tp = Tw (11b)
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- At the interface between liquid and porous layer (η = 1), continuity of ve-
locity, shear stress, temperature and heat flux are imposed:

UL =Up, (12a)
µL

(δ −H)

∂UL

∂ηL
=

µe

H
∂Up

∂ηp
(12b)

TL = Tp, (13a)
λL

(δ −H)

∂TL

∂ηL
=

λe

H
∂Tp

∂ηp
(13b)

- At the interface between liquid and steam-air mixture (η = 2), equations of
both phases are connected by the continuity conditions:

UL =UM, (14a)
µL

(δ −H)

∂UL

∂ηL
=

µM

(R−δ )

∂UM

∂ηM
(14b)

TL = TM, (15a)

− λL

(δ −H)

∂TL

∂ηL
= JvLc−

λM

(R−δ )

∂TM

∂ηM
(15b)

Jv = ρL(VL +ULδ
′
)i = ρM(VM +UMδ

′
)i (16a-b)

The saturated vapor concentration is calculated using the following relation:

Ci =
γPvs(Ti)

(γ−1)Pvs(Ti)+Pi
(17)

The Bertrand’s relation is used to calculate the partial pressure of the satu-
rated vapor Pvs (in bars):

log10(Pvs) = 17.443−2795/Ti−3.868× log10(Ti) (18)

- At the upper plate (η = 3), no-slip conditions, insulated and impermeable
wall are considered:

UM = 0,
∂TM

∂ηM
= 0,

∂C
∂ηM = 0

(19a-c)
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The equations (2-9) and the boundary conditions (10-19) are then adimen-
sionalized by using the following reduced variables:

(x∗,δ ∗) =
(x,δ )

R
,(U∗k ,V

∗
k ) =

(Uk,Vk)√
gR

, (20a-b)

T ∗k =
Tk−Tw

T0−Tw
,P∗ =

P−P0

ρ0gR
,q∗k =

qk

µL
(20c-e)

As a result, the following non-dimensional parameters appear in the trans-
formed equations:

Da = K/R2,H∗ = H/R,γ = Mv/Ma, (21a-c)

Re0 =U0(R−H)/υ0,µ
∗
e = µe/µL,λ

∗
e = λe/λL (21d-f)

Moreover, the local Nusselt number Nu at the lower plate and the overall
heat flux φ ∗ generated by the condensation process are defined below:

Nu =

(
Rλ ∗e

(T0−Tw)H
∂Tp

∂ηp

)
w
, (22a)

φ
∗ =

∫ x∗

0
Nu.dx∗ (22b)

4 Numerical procedure

The dimensionless equations are discretized on a Cartesian structured grid using an
implicit finite difference method. Fig. 1b represents the numerical mesh with three
space steps ∆ηp, ∆ηL, ∆ηM in each domain (porous layer, liquid film, mixture).
Each grid node is characterized by two integers i, j representing its transverse and
axial coordinates. The mesh is refined in the entrance zone where the first axial
space step ∆x1 is relatively fine on a length for which j varies from 0 to M′. Beyond
this distance, we use a coarser grid where ∆x2 is significantly greater than ∆x1
and j varies from M′ to M. The derivatives are approximated using the central
differences for internal nodes, and backward or forward differences of second order
for boundary conditions. The discretization process leads to algebraic equations
that can be written as follows:

aW ψ(W )+aPψ(P)+aEψ(E)+aNψ(N) = sψk(P) (23)

where aW , aE , aP, aN are the coefficients of the variables ψ = (U∗k ,T
∗

k ,C) at the
nodes W , E, P, N (Fig. 1b). These non-linear equations are solved by Gauss and
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Thomas algorithms using an iterative method and a transverse line by line proce-
dure. Moreover, under-relaxation coefficients are used to enable smooth evolutions
of variables between two successive iterations:

ψp,new = ψ
′
p +α(ψp−ψ

′
p) (24)

where ψ
′
p represents the value of ψp at the previous iteration. In this work, the

following values of the under-relaxation factors α are used:

- α = 0.4 for axial velocity, pressure gradient, temperature, vapor mass frac-
tion,

- α = 0.2 for transverse velocity.

At each axial position, the convergence of the iterative process is supposed achieved
when the following criterion between two successive iterations (K− 1) and (K) is
verified for all variables:

max
∣∣∣∣ψK(i, j)−ψK−1(i, j)

ψK(i, j)

∣∣∣∣< 10−5 (25)

5 Solution algorithm

A computer code was developed to implement the numerical procedure described
above. Calculations are performed line by line according to the following steps:

1. At the inlet of the channel, initial values of mixture parameters are given and
physical properties of fluids are calculated.

2. An arbitrary value δ1 of the condensate thickness is imposed at the current
location j.

3. The momentum equations in the three phases associated with the overall
mass conservation are solved using the Gauss algorithm to obtain the ve-
locity field and the axial pressure gradient.

4. The values of transverse velocity are calculated from the continuity equation
in the three media.

5. The equations of energy in the three media and mass diffusion in the mixture
are solved using the Thomas algorithm, to obtain the temperature and the
vapor mass fraction fields.
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6. If the criterion (25) is verified for all nodes in the line j, then we move to the
next step. Otherwise, steps 3-6 are repeated.

7. A second arbitrary value δ2 of the condensate thickness is imposed (δ2 6= δ1).
Steps 3-6 are repeated until the criterion (25) is verified.

8. The relative error E of the liquid flow rate is calculated:

E = 1− qL +qP

qC
(26)

If |E|> 10−5, then a better value of δ is calculated by the secant method:

δit = δit−1−Eit−1

(
δit−1−δit−2

Eit−1−Eit−2

)
(27)

where it is the iteration number and steps 3-6 are repeated until the criterion
(25) is verified. Otherwise, the last value of δ is retained and we move to the
next line.

9. The physical properties of fluids are revalued from the interface temperature
and mass fraction values obtained in the previous line.

10. Steps 2-8 are repeated for the new line until convergence.

11. The calculations are stopped when the end of the channel is reached.

6 Validation of the numerical model

The computer code was validated by comparison with the most clearly related
numerical solutions of Siow (2001) for a forced convection condensation of a
saturated steam-ai in a horizontal channel with non-porous walls. Calculations
are performed for Re0 = 1000, P0 = 1atm, C0 = 0.9. Fig. 2 shows the dimen-
sionless thickness of the liquid film for two values of the temperature difference
(T0− Tw = 5,10◦C). As it can be seen, there is a good agreement between our
results and those of Siow since the discrepancies are less than 3%.

Moreover, the influence of the mesh size on the average Nusselt number Num was
also analyzed. Several grid sizes were tested for typical conditions (indicated in
the next section). We noted that an increase of the grid size from (2500× 48)
to(5125×96) leads to a maximum variation of Num about 4%. As the relative error
obtained with the grid (M

′
,M) = (1000,2500), (NP,NL,NM) = (10,10,40) was

within 1% compared to the finest mesh, it was considered sufficiently accurate.
Thus, all calculations presented in this work have been performed using this grid.
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Figure 2: Axial evolution of film thickness in a horizontal channel with non-porous
walls. Comparison with results of Siow (2001)

7 Results and discussion

Calculations are firstly conducted for the following typical conditions:

- channel: L = 3m, R = 1cm, θ = 5◦,

- vapor-gas mixture: P0 = 1atm, T0 = 98.2◦C, ϕ0 = 1, C0 = 0.9, Re0 = 700,

- porous layer: ∆T = 10◦C, H∗ = 0.01, Da = 10−4, λ ∗e = 1, µ∗e = 1.

Results are presented as:

- local profiles of velocity, temperature and vapor mass fraction for various
axial positions,

- axial evolutions of the liquid mass flow rate and the heat flux on the lower
wall.

The end of condensation is considered achieved when all the axial flow parameters
become steady along the channel.

7.1 Local field profiles

Fig. 3a shows the axial velocity profiles at different axial positions x∗ varying from
1 to 300 in the three media. At the inlet of the system, a vapor-gas mixture enters
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the channel with uniform velocity and a high vapor concentration. A liquid film
condensation occurs in the cooled porous layer. Because of its small thickness and
high inlet condensation rate, it is completely covered by the liquid condensate. In
the mixture region, velocity profiles decrease quickly near the leading edge, result-
ing in high velocity gradients along the walls. They are progressively deformed
under the effect of steam removal along the flow and are described from a distance
x∗ = 5 by quasi parabolic profiles with a maximum value near the middle of the
channel. Then, they still decrease and become practically invariant from a distance
x∗ = 250.

In the liquid film and the porous layer, the velocity values of the condensate in-
crease progressively along the flow under the effect of gravity and shear stresses
at the interfaces. The condensate velocity in the porous layer remains significantly
lower than that of the liquid film. At the liquid-porous layer and liquid-mixture
interfaces, the limit values of velocity are respectively U∗ = 0.75, 0.162 reached in
steady state. In the three phases, the velocity profiles have no significant difference
from x∗ = 250 corresponding to the end of condensation.

Fig. 3b and 3c represent the temperature and vapor concentration profiles at the
same axial positions. The temperature of the lower wall is maintained constant
TW . At the channel inlet, temperature and vapor mass fraction of the mixture are
supposed uniform. They decrease suddenly at the porous layer interface and more
slowly in the mixture. The maximum values of temperature and vapor concen-
tration are found on the upper wall assumed adiabatic and impermeable and de-
crease up to the interface between liquid and steam-air mixture with imposed sat-
uration conditions. In the liquid film and the porous layer, temperature variations
are smaller and their profiles are quasi linear, due to the negligible effect of convec-
tive terms in the energy equations of these media. In the three phases, the profiles
tend progressively to uniform values corresponding to isothermal saturation at the
prescribed wall conditions reached at the end of condensation. A residual quantity
of steam corresponding to saturation at the wall temperature remains in the mixture
(C f = 0.53)

7.2 Axial evolutions of flow parameters

Fig. 4 shows the axial variation of the condensate mass flow rate at the cooled wall.
As it can be seen, the increase of flow rate has a large axial slope near the leading
edge. This evolution is due to the important vapor concentration gradient leading
to a simultaneous increase of the film thickness and the liquid velocity. After a
long distance from the inlet (x∗ = 250), it tends asymptotically to its limit value
corresponding to the end of condensation process.

Fig. 4 shows also the evolution of the heat flux transferred to the lower wall. This
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Figure 3: Local dimensionless profiles at various sections: (a) velocity, (b) temper-
ature, (c) vapor concentration
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Figure 4: Axial evolutions of condensate mass flow rate and heat flux at the lower
wall

heat transfer is closely related to the thermal gradients in the porous layer which
are very large in the inlet region leading to high heat flux. Indeed, we find that
half of the total heat flux is transmitted over a very short distance in the entrance
region (x∗ < 50). In the porous layer, the interface temperature and the thermal
gradients decrease along the flow, resulting in a significant reduction in heat flux.
Moreover, as the upper wall is adiabatic, the heat flux is fully transmitted to the
lower wall across the liquid film and the porous layer, resulting from both the latent
heat of condensation and the sensible cooling of the mixture. At the exit of the
channel, the end of condensation is practically reached. Heat and mass transfer
processes tend to disappear because the whole system approaches progressively an
uniform temperature Tw and the mixture has also a uniform vapor concentration
corresponding to the final saturation C f .

7.3 Effect of the operating conditions

The effects of various operating conditions on the condensation process are also
examined. All the results presented here concern the evolutions of the condensate
flow rate and the heat flux along the condensation path.

7.3.1 Effect of the inlet Reynolds number

Fig. 5 shows the effect of Re0 on the evolutions of the condensate flow rate and
the heat flux for P0 = 1atm, T0 = 98.2◦C, ∆T = 10◦C, θ = 5◦. Calculations are
performed for Re0 varying between 350 and 1300 corresponding to a laminar flow.
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As the wall temperature Tw is maintained constant, the final vapor concentration
of the mixture has the same value C f = 0.53, representing the mass fraction of the
non-condensed vapor in all cases. The inlet steam flow rate increases with Re0
leading to higher condensation rate. It follows a significant enhancement in the
liquid flow rate and the film thickness.

 
Figure 5: Effect of Re0 on the condensation process

The same figure shows also that the axial slopes of the liquid flow rate increase
with Re0. So, the wall length required for the complete condensation increases
with Re0. Moreover, the heat flux also increases with Re0, due to higher values of
the interface temperature and the thermal gradients in the porous layer.

7.3.2 Effect of the inlet relative humidity

The effect of the relative humidity of the mixture was investigated by varying ϕ0
from 0.85 to 1 corresponding to vapor concentrations C0 between 0.7 and 0.9 for
P0 = 1atm, T0 = 98.2◦C, Re0 = 700, ∆T = 10◦C, θ = 5◦.

Results presented in Fig. 6 show the important effect of ϕ0 on the condensation
process. An increase in ϕ0 affects the thermophysical properties of the mixture at
the channel inlet, leading to an increase in the partial vapor pressure, the steam mass
flow rate and the inlet vapor mass fraction C0 while the final vapor concentration
C f remains constant. Therefore, the vapor concentration gradient at the interface
increases significantly with ϕ0. It follows a large increase of the condensation and
the liquid flow rate. We also note a significant increase of the axial slopes of the
curves in the entrance region, resulting in a sharp reduction of the distance required
for the end of condensation. Moreover, the increase in the liquid flow rate with ϕ0
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Figure 6: Effect of the inlet relative humidity on the condensation process

promotes an important enhancement of thermal flux and heat transfer at the lower
cooled wall.

7.3.3 Effect of the inclination angle

The effect of the inclination angle was also analyzed for θ varying between 2 and
90◦ for P0 = 1atm, T0 = 98.2◦C, ϕ0 = 1, C0 = 0.9, Re0 = 700, Tw = 88.2◦C.

Figure 7: Effect of the inclination angle on the condensation process

From Fig. 7, we note that an increase in θ leads to an enhancement of the conden-
sate flow rate due to an increase of liquid velocity under the effect of gravity. It
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also enhances the heat flux through the wall due to a quick decrease of the interface
temperature. Consequently, the wall length required for the end of condensation
decreases and reaches its minimal value for the vertical case. However, the values
of liquid flow rate and heat flux converge to the same final limits, because of the
same initial and final state of fluids regardless of the inclination angle.

7.3.4 Effect of the porous layer properties

The effects of the porous layer properties are analyzed by varying its main proper-
ties (thickness, Darcy number, effective viscosity and effective thermal conductiv-
ity) in the following ranges: 0.0025≤H∗ ≤ 0.015, 5×10−6 ≤Da≤ 10−3, 0.75≤
µ∗e ≤ 20, 0.5 ≤ λ ∗e ≤ 5. The calculations are performed for θ = 5◦, P0 = 1atm,
T0 = 98.2◦C, ϕ0 = 1, C0 = 0.9, Re0 = 700, TW = 88.2◦C. The study presented here
is limited to low values of thickness H to verify the assumption that the porous
layer is completely covered by the condensate at the channel inlet.

 

 
Figure 8: Effect of the porous layer thickness on the condensation process

Figures 8 and 9 represent respectively the effect of the thickness and the permeabil-
ity of the porous layer on the axial developments of the condensate flow rate and
the heat flux transmitted to the lower wall. These properties characterize the hydro-
dynamic behavior of the porous medium. Indeed, an increase in the thickness of
the porous layer leads to a slight increase in the total condensate flow rate and the
heat flux. These results are due to the increase in the internal pore volume in which
the fluid flow occurs, leading to enhance the condensate transfer through the porous
medium. Similar evolutions are also obtained with the effect of the permeability.
We note that an increase in Da leads to relatively small changes on the evolutions
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Figure 9: Effect of the Darcy number on the condensation process

of liquid flow and heat flux in the operating conditions used in this study.

 
Figure 10: Effect of the effective viscosity on the condensation process

Figure 10 shows the influence of the effective viscosity of the condensate flow-
ing in the porous layer. In fact, a major difficulty in using the Darcy-Brinkman-
Forchheimer model is the evaluation of µe which is often assimilated to that of the
fluid by most authors. Results presented in Fig. 10 show that an increase of µe

leads to a slight decrease of the liquid flow rate and the heat flux. These evolutions
can be explained by the effects of the complex geometry of porous structure and
the small pore size which may hamper the liquid flow. Therefore, it behaves like a
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fluid with higher effective viscosity resulting in a reduction of condensate velocity
and liquid flow rate. In addition, it can be seen that the channel distance up to the
end of condensation increases with µe.

p

Figure 11: Effect of the effective thermal conductivity on the condensation process

Finally, Fig. 11 shows the influence of λ ∗e (representing the ratio of the thermal con-
ductivities of the porous layer and the liquid) on the evolutions of the condensate
flow rate and the heat flux. We note that its increase leads to a significant augmen-
tation of the condensation rate, the liquid flow rate and the heat flux. Indeed, in
this case, the temperature of the inner face of the porous layer decreases, resulting
in an increase of concentration gradients at the liquid-mixture interface. Moreover,
the heat flux produced by the condensation process is transferred by conduction
through the porous wall. It follows an important effect on the evolutions of the
condensation rate and the heat flux and a decrease in the wall length required for
the end of condensation. However, in all cases, the limit values of the condensate
flow rate and the total heat flux at the lower wall remain unchanged regardless of
the porous wall properties.

8 Conclusion

We have presented a numerical study focusing on the phenomenon of laminar film
condensation induced by forced convection of a steam-air mixture in an inclined
channel with a saturated porous layer. The related mathematical model has been
based on the proper consideration of heat and mass transport in the different phases
involved. In particular, transfers in the porous layer have been modeled in the
framework of the Darcy-Brinkman-Forchheimer approximation.
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The resulting equations, coupled via the continuity of shear stress, heat and mass
flux at the porous layer-liquid and liquid-mixture interfaces, have been solved nu-
merically by a finite difference method based on an implicit scheme.

The calculations have been carried out over a wide range of operating conditions.

The following main conclusions have been obtained:

- The velocity in the porous layer and the liquid film increases progressively
along the flow but remains much lower than that of the mixture at the end of
condensation.

- In all regions of the system, the temperature and the vapor mass fraction
distributions decrease gradually along the channel and tend to final values
corresponding to isothermal saturation at the cooling wall temperature.

- The condensate flow rate and the wall heat flux increase significantly with
the inlet Reynolds number, the inlet relative humidity and the inclination
angle of the channel. However, their enhancement with the thickness, the
permeability and the effective thermal conductivity of the porous layer is
much smaller.

- Under the operating conditions used in this study, the wall length required to
reach the end of condensation decreases with an increase in the inlet mixture
relative humidity, the inclination angle of the channel and the porous layer
properties.
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Appendix A: Nomenclature

cp specific heat (J.kg−1.K−1)

C vapor mass fraction

Dv diffusion coefficient (m2.s−1)

F Forchheimer coefficient

g gravitational acceleration (m.s−2)

G pressure gradient = dP/dx(Pa.m−1)

H thickness of porous layer (m)

Jv local mass flux (kg.m−2.s−1)

K permeability of porous coating (m2)
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L channel length (m)

Lc latent heat of condensation (J.kg−1)

Nk number of nodes along η direction

M
′
,M number of nodes along x direction

Mk molar mass of fluid k (kg.mol−1)

P pressure (Pa)

q mass flow rate per unit width (kg.m−1.s−1)

R plate spacing (m)

T temperature (K)

U velocity in the x direction (m.s−1)

V velocity in the y direction (m.s−1)

x coordinate along the channel (m)

y coordinate across the channel (m)

Greek symbols

αk thermal diffusivity of fluid k (m2.s−1)

δ condensate thickness (m) (porous layer and liquid film)

∆ηk transverse grid spacing in fluid k

∆xi axial grid spacing (i = 1,2)

∆T temperature difference= T0−Tw(K)

ηk transformed transverse coordinate

ε porosity of porous coating

λ thermal conductivity (W.m−1.K−1)

µ dynamic viscosity (kg.m−1.s−1)

υ kinematic viscosity (m2.s−1)
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ρ density (kg.m−3)

θ angle of declination (rad)

ϕ relative humidity

Dimensionless parameters

Da Darcy number

Nu Nusselt number

Re Reynolds number

γ ratio of molar masses

λ ∗e ratio of thermal conductivities

µ∗e ratio of dynamic viscosities

φ ∗ total heat flux at the wall

Subscripts and superscripts

∗ dimensionless quantity

0 at the inlet (x = 0)

a air

c condensate

e effective (porous layer)

f end of condensation process

i liquid-mixture interface

k phase (liquid, mixture, porous layer)

L liquid

M vapor-gas mixture

P porous layer

v vapor

w at the lower wall


