
HAL Id: hal-03461879
https://uphf.hal.science/hal-03461879v1

Submitted on 18 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Liquid film evaporation inside an inclined channel:
Effect of the presence of a porous layer

Amine Terzi, Walid Foudhil, Souad Harmand, Sadok Ben Jabrallah

To cite this version:
Amine Terzi, Walid Foudhil, Souad Harmand, Sadok Ben Jabrallah. Liquid film evaporation inside an
inclined channel: Effect of the presence of a porous layer. International Journal of Thermal Sciences,
2016, 109, pp.136-147. �10.1016/j.ijthermalsci.2016.05.018�. �hal-03461879�

https://uphf.hal.science/hal-03461879v1
https://hal.archives-ouvertes.fr


International Journal of Thermal Sciences 109 (2016) 136-147
Liquid film evaporation inside an inclined channel: 

anar, 
Effect of the presence of a porous layer
A. Terzi a, b, *, W. Foudhil a, S. Harmand c, S. Ben Jabrallah a, b
a Laboratoire d’Energ�etique et des Transferts Thermique et Massique, Faculte� des Sciences de Tunis, Campus Universitaire, 1060 Tunis, Universite� El M
Tunisia
b Facult�e des Sciences de Bizerte, 7021, Bizerte, Universite� de Carthage, Tunisia
c Universit�e de Lille Nord de France, F-59000 Lille UVHC/TEMPO, F-59313 Valenciennes Cedex, France
Keywords:
Evaporation
Porous layer
Liquid film
Heat and mass transfer
* Corresponding author. Laboratoire d’Energ�etique e
Massique, Facult�e des Sciences de Tunis, Campus U
versit�e El Manar, Tunisia.

E-mail address: terziamine@hotmail.fr (A. Terzi).
A b s t r a c t

In this paper, we numerically investigate the improvement of the heat and mass transfer during the 
evaporation of a liquid film by introducing a liquid saturated porous layer inside an inclined channel. To 
achieve this, we solved the non linear partial differential equations that describe the physical system 
using the finite volume method in both phases (liquid saturated porous layer and gas). Compared to the 
liquid case, the use of the porous layer promotes the heat and mass transfer. This improvement is greater 
when we increase the air inlet velocity and we decrease the porosity and the thickness of the porous 
medium. We also propose correlations that allows us to relate the Nusselt and Sherwood numbers to the 
Reynolds and Biot numbers.
1. Introduction

The phenomena of heat and mass transfer during the flow of a
liquid film on a heated wall has a considerable interest in the en-
gineering field, which was translated into many applications, such
as in desalination, distillation, drying, and the cooling of electronic
components. In order to understand the heat and mass transfer
better, different geometries were studied. Firstly, the flow of a
liquid was examined on a horizontal flat plate [1]. We cite Siow
et al. [2], who studied the evaporation of a laminar model within a
horizontal channel. Yuan et al. [3] conducted a study on the coupled
transfer of heat and mass from a thin film of water subjected to a
flow of moist air.

Thereafter, several studies addressed the case of a vertical plate
in order to improve the flow of the liquid. Ben Jabrallah et al. [4]
studied the coupled heat and mass transfer in a rectangular cav-
ity that acts as a distillation cell. Cherif et al. [5] experimentally
studied the natural and forced convection evaporation of a thin
liquid film that flows on the inner faces of the plates of a vertical
t des Transferts Thermique et
niversitaire, 1060 Tunis, Uni-
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channel. Fahem et al. [6] numerically analyzed the heat and mass
transfer within a distillation cell. Debbissi et al. [7] studied the
evaporation of water by free and mixed convection into humid air
and superheated steam. Jingchun and Yicm [8] conducted a theo-
retical study to analyze the transient evaporation characteristics of
a water film attaching to an adiabatic solid wall.

Later on, other researchers have studied evaporation on an in-
clined plane [9e11], which affects gravitational forces and de-
creases the rate of fluid flow. We cite Zeghmati and Daguenet [12]
who realised a study of transient laminar free convection over an
inclined wet flat plate. Agunaoun and Daif [13] studied the evap-
oration of a thin film of water flowing on an inclined plane surface
at a constant temperature that is higher than the air temperature.

From the discussions above, it is clear that researchers have
studied different geometries and conducted parametric studies on
almost all input parameters that may influence the heat and mass
transfers.

On the other hand, alternative solutions, such as the use of bi-
nary fluids, have also been proposed to improve transfer. Cherif and
Daif [14] numerically studied the heat and mass transfer between
two vertical flat plates in the presence of a binary liquid film that
flows on one heated plate. Debbissi et al. [15] studied the evapo-
ration of a binary liquid film in a vertical channel.

However, obtaining a homogenous liquid film over the entire
malsci.2016.05.018 1



Nomenclature

Bi Biot number [�]
c mass fraction [�]
C inertia coefficient [�]
Cp heat capacity at constant pressure [J Kg�1 K�1]
d thickness of porous layer [m]
D mass diffusivity [m2 s�1]
Da Darcy number [�]
Fr Froude number [�]
g gravity acceleration [m s�2 ]
H channel width [m]
h heat transfer coefficient [W m�2 K�1]
k thermal conductivity of the fluid [W m�1 K�1]
K permeability [m2]
L length of the channel [m]
Le Lewis number [�]
Lv latent heat of water [J Kg�1]
mev evaporated flow rate [Kg s�1 m�2]
NuL Latent Nusselt number [�]
p pressure [Pa]
P* dimensionless pressure [�]
Pr Prandlt number [�]
Reg Reynolds number [�]
Sc Schmidt number [�]
Sh Sherwood number [�]
T Temperature [K]

u,v velocity components [m s�1]
U,V dimensionless velocity components [�]
W dimensionless mass fraction [�]
(x,y) cartesian coordinates [m]
(X,Y) dimensionless cartesian coordinates

Greek symbols
q dimensionless temperature [�]
3 porosity [�]
m dynamic viscosity [Pa s]
n kinematic viscosity [m2 s�1]
n* kinematic viscosity ratio of liquid to air [�]
r density [Kg m�3]
a thermal diffusivity [m2 s�1]
d dimensionless thickness of porous layer [�]
4 relative humidity at inlet [�]
f inclined angle [�]
t dimensionless inertia coefficient of porous medium

[�]

Subscripts
l liquid phase
g gas phase
e effective
i liquid gas interface
s solid
w wall
plate constitutes a major discrepancy between the theoretical and
experimental studies. Despite efforts in the field of modeling and
numerical simulation, we still see a difference between calculation
and experiment. In a previous work, Cherif et al. [16], have studied
the two aspects of evaporation film: experiment and simulation. A
difference was reported. They believe that this difference is caused
by the difficulty of making a falling film on a vertical plate. In fact,
the film cannot be controlled if it is directly adhered to the plate. To
analyze the effect of dry zones on the plate, Mammou et al. [17]
numerically studied the evaporation along an inclined plate. This
plate consists of two wet zones separated by dry zone. The results
of this study showed that the length of the dry zone plays an
important role.

More recent studies have explored various techniques to solve
this problem. For example, several researchers utilized rough sur-
faces, or interposed obstacles [18]. For example, Zheng and Worek
[19] numerically and experimentally studied the evaporation of a
liquid film inside an inclined channel. They fixed glass rods on the
plate to disrupt the flowof liquid, thus improving the heat andmass
transfer.

We believe that the best way to achieve a falling film on a flat
plate and control its characteristics is the application of a porous
layer that serves as a support for the liquid film. Few studies have
theoretically examined the effect of the presence of a porous me-
dium during evaporation [20,21]. Part of the reason for this is that
the coupled heat and mass transfer process in the presence of such
medium becomes more complicated.

As a result, this work focuses on the study of the evaporation of a
saturated porous layer inside an inclined airflow channel. The main
objective of this study is to evaluate the effect of introducing a
liquid saturated porous layer on the heat and mass transfer.
DOI : 10.1016/j.ijtherma
Specifically, this study examines the influence of parameters such
as the air inlet velocity and the structural properties of the porous
material (thickness, porosity), on the performance of the evapora-
tion. We also propose correlations that allows as to define the
Nusselt and Sherwood numbers based on the Reynolds and Biot
numbers.
2. Mathematical formulation

We studied the evaporation of a liquid film in an inclined
channel that consisted of two flat plates separated by a distance H.
The liquid flows onto the plate frombelow, which is maintained at a
constant temperature Tw and covered with a porous layer of
thickness d. The second plate is adiabatic. A laminar descending
flow of humid air flowed through the channel. At the entrance, the
temperature of the gas was T0g ¼ T0 l¼ Tamb, the humidity was 40
and the velocity was uniform at V0 (Fig. 1).

To simplify the problem, we will consider the following as-
sumptions [22]:

- The liquid and gas flows are laminar, stationary and two-
dimensional.

- There is no slip between the liquid and gas flows.
- Moist air is an ideal mixture of water vapor and dry air, which is
considered an ideal gas.

- The effect of surface tension is negligible.
- The liquid-vapor interface is free of waves, in local thermody-
namic equilibrium and impermeable to air-drying.

- The mass transfer induced by heat diffusion (Soret effect) and
the heat transfer induced by a concentration gradient (Dufour
effect) are negligible.
lsci.2016.05.018 2



Fig. 1. Schematic presentation of the physical domain.
- Radiation in the fluid, viscous dissipation and pressure work are
neglected in the energy balance equation.

- Local thermal equilibrium is assumed in the porous medium.
2.1. Governing equations

2.1.1. In the porous layer
The stationary equations describing the flow and the transfer in

the liquid saturated porous layer are based on the local volume
averaging technique [23]. They include the continuity equation, the
energy equation and the Darcy-Brinkman-Forchheimer equation.

continuity equation

vu
vx

þ vv

vy
¼ 0 (1)

u and v momentum equations

rlgsinf� ml
K
uþ ml

ε

v2u
vy2

þ v2u
vx2

!
� rlCu

2ffiffiffiffi
K

p ¼ 0 (2)

rlgcosf� ml
K
vþ ml

ε

v2v

vy2
þ v2v

vx2

!
� rlCv

2ffiffiffiffi
K

p ¼ 0 (3)

The permeability K, is expressed in terms of the porosity 3and
the particle diameter. It is defined as follows [24]:

K ¼ d2ε3

150ð1� εÞ2

energy equation

u
vT
vx

þ v
vT
vy

¼ ae
v2T
vx2

þ v2T
vy2

!
(4)
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The effective thermal diffusivity ae is expressed in terms of the
effective thermal conductivity ke. The two parameters are defined
as follows [25,26]: ae ¼ ke=rlcp;l with ke ¼ εkl þ ð1� εÞks
2.1.2. In the gas phase
In the gas phase, we consider the continuity equation, mo-

mentum equation, energy equation and species conservation
equation, described in the steady state.

continuity equation

vu
vx

þ vv

vy
¼ 0 (5)

u and v momentum equations

ru
vu
vx

þ rv
vu
vy

¼ �vp
vx

þ m
v2u
vx2

þ v2u
vy2

!
(6)

ru
vv

vx
þ rv

vv

vy
¼ �vp

vy
þ m

v2v

vx2
þ v2v

vy2

!
(7)

energy equation

u
vT
vx

þ v
vT
vy

¼ ag
v2T
vx2

þ v2T
vy2

!
(8)

Species conservation equation

u
vc
vx

þ v
vc
vy

¼ D
v2c
vx2

þ v2c
vy2

!
(9)
2.1.3. Boundary conditions
The boundary conditions associated to this problem, are given as

fellow.

� At the inlet, the liquid has the following characteristics:

at y ¼ 0; : Tl ¼ T0l; ul ¼ u0l; vl ¼ v0l (10)

T0l, u0l and v0l are respectively the temperature and the velocity
values at the inlet of the liquid domain.

� For the gas phase,

at y ¼ 0; : Tg ¼ T0g ; ug ¼ u0g ; vg ¼ v0g ; c ¼ c0 (11)

T0g, u0g and v0g are respectively the temperature and the velocity
values at the inlet of the gas phase. c0 represents the concentration
value at the inlet of the gas domain.

� At the walls,

at x ¼ 0; : T ¼ Tw; u ¼ 0; v ¼ 0 (12)

at x ¼ H; : u ¼ 0; v ¼ 0;
vT
vx

¼ 0;
vc
vx

¼ 0 (13)
� At the liquid air interface, for the u component of the velocity
malsci.2016.05.018 3



ui ¼ ul;i ¼ ug;i (14)

the transverse interface velocity is given by the following:

u ¼ �D
ð1� cÞi

�
vc
vx

�
i

(15)

for the v component of the velocity,

vi ¼ vl;i ¼ vg;i (16)

ml

�
vvl
vx

�
i
¼ mg

�
vvg
vx

�
i

(17)

for the temperature,

Ti ¼ Tl;i ¼ Tg;i (18)

Assuming thermodynamic equilibrium is established and the
vapor-air mixture is a perfect gas, the continuity of the heat flux is
given by the following:

�ke

�
vT
vx

�
i
¼ �kg

�
vT
vx

�
i
þmevLv (19)

mev is the evaporated flow rate, and it is calculated as following:

mev ¼
�rgD
ð1� cÞi

�
vc
vx

�
i

(20)
2.2. Modeling under dimensionless form

To derive the dimensionless numbers that describe the problem,
the equations of conservations should be recast in dimensionless
form. To this end, we adopt the following change of variables:

X ¼ x
H
; Y ¼ y

H
; d ¼ d

H
;U ¼ u

v0g
;V ¼ v

v0g
; q ¼ T � T0

Tw � T0
;W

¼ c� c0
ci � c0

; P� ¼ p� p0
rgv

2
0g

(21)
2.2.1. In the porous layer
Given the dimensionless variables adopted, all the variables in

the previous equations in the porous domain (1)e(4) take the
following form:

continuity equation

vU
vX

þ vV
vY

¼ 0 (22)

u and v momentum equation

Regd
2

n�Fr2
� 1
Da

U þ d2

ε

v2U
vX2 þ v2U

vY2

!
� tU2

Da
¼ 0 (23)

Regd
2

n�Fr2
� 1
Da

U þ d2

ε

v2U
vX2 þ v2U

vY2

!
� tU2

Da
¼ 0 (24)

energy equation
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U
vq

vX
þ V

vq

vY
¼ n�

PreReg

v2q

vX2 þ
v2q

vY2

!
(25)
2.2.2. In the gas phase
Given the dimensionless variables adopted, all the variables in

the previous equations in the gas phase (5)e(9) take the following
form:

continuity equation

vU
vX

þ vV
vY

¼ 0 (26)

u and v momentum equation

U
vU
vX

þ V
vU
vY

¼ �vP�

vX
þ 1
Reg

v2U
vX2 þ v2U

vY2

!
(27)

U
vV
vX

þ V
vV
vY

¼ �vP�

vY
þ 1
Reg

v2V
vX2 þ v2V

vY2

!
(28)

energy equation

U
vq

vX
þ V

vq

vY
¼ 1

RegPrg

v2q

vX2 þ
v2q

vY2

!
(29)

species conservation equation

U
vW
vX

þ V
vW
vY

¼ 1
RegPrgLe

v2W
vX2 þ v2W

vY2

!
(30)
2.2.3. Dimensionless boundary conditions
The corresponding dimensionless boundary conditions are

given by the following:

� At the inlet, the liquid has the following characteristics:

at Y ¼ 0; : ql ¼ q0l; Ul ¼ U0l; Vl ¼ V0l (31)
� For the gas phase,

at Y ¼ 0; : qg ¼ q0g ; Ug ¼ U0g ; Vg ¼ V0g (32)
� at the walls,

at X ¼ 0; : q ¼ 1; U ¼ 0; V ¼ 0 (33)

at X ¼ 1; : U ¼ 0; V ¼ 0;
vq

vX
¼ 0;

vW
vX

¼ 0 (34)
� at the liquid air interface,

for the U component of the velocity

Ui ¼ Ul;i ¼ Ug;i (35)
lsci.2016.05.018 4



Fig. 3. Evolution of the dimensionless temperature in both phases for different sec-
tions of the channel (Reg ¼ 500, ε ¼ 0:8, d ¼ 0.2).
U ¼ �ðci � c0Þ
RegScð1� cÞi

�
vW
vX

�
i

(36)

for the V component of the velocity,

Vi ¼ Vl;i ¼ Vg;i (37)

�
vVl

vX

�
i
¼ rg

n�rl

�
vVg

vX

�
i

(38)

for the temperature,

qi ¼ ql;i ¼ qg;i (39)

�
vq

vX

�
i
¼ kg

ke

�
vq

vX

�
i
þ rgDLvðci � c0Þ
keð1� cÞiðTw � T0Þ

�
vW
vX

�
i

(40)

2.2.4. Dimensionless number
The dimensionless numbers defined in Equations (22)e(40) are

defined by:

Reg ¼ rgv0gH
mg

; Pre ¼ nL
ae

; Fr ¼ v0gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gcosfH

p ; Prg ¼ ng
ae

; Le

¼ ae
D
; Sc ¼ LePrg

(41)

where Reg, Pr, Fr, Le and Sc are Reynolds, Prandlt, Froude, Lewis and
Fig. 2. Comparison of our results with those published by Yin Chou [21]: Variation of
the dimensionless temperature (a) and the dimensionless concentration (b) at the
liquid gas interface according to the dimensionless length (Reg ¼ 500, ε ¼ 0:4, d ¼ 0.2).

DOI : 10.1016/j.ijther
Schmidt numbers respectively.
To generalize our results, we characterized the heat and mass

transfer at the liquid gas interface using the dimensionless Nusselt
and Sherwood numbers. We adopted expressions similar to those
used byW.M.Yan [27], who studied the evaporation of a falling film
on a heated vertical air channel under airflow with a second
adiabatic plate:

NuLðyÞ ¼
mevðyÞLvH

kgðTiðyÞ � TðH; yÞÞ (42)

Sh yð Þ ¼ mevðyÞHð1� ciðyÞÞ
rgD ci yð Þ � c H; yð Þð Þ (43)

3. Numerical method

The non linear partial differential equations that describe the
problem were solved numerically using the finite volume method
[28,29]. The grid is non uniform in both directions, expanding far
from the boundaries, using a large number of meshes in the
neighborhood of the wall, at the inlet and outlet of the domain. The
mesh in the liquid porous layer was finer than the mesh in the gas
domain. The term coupling velocity and pressure is solved by the
algorithm SIMPLE [29] and a power law schema is adopted to
define the convective and diffusive terms in the partial differential
equations.

Our code was validated for the evaporation of a liquid film
Fig. 4. Evolution of the dimensionless concentration in the gas phase for different
sections of the channel (Reg ¼ 500, ε ¼ 0:8, d ¼ 0.2).

malsci.2016.05.018 5



Fig. 5. Evolution of the dimensionless velocity in both phases for different sections of
the channel (Reg ¼ 500, ε ¼ 0:8, d ¼ 0.2).
flowing on the lower wall of a vertical channel covered with a
porous layer. We compared our results to those found in the liter-
ature by Yin Chou [21] for an imposed constant temperature T ¼ Tw
at the wet plate. The other plate is thermally insulated. This com-
parison concerned a flow of water with an inlet temperature of T0
equal to that of the inlet gas. The spacing between the plates is H.
We performed a comparison with the results giving the variations
of the temperature and the concentration at the liquid gas interface.
Fig. 2 shows good agreement between our results and those of Yin
Chou [21], as the relative difference is less than 3%.
Fig. 6. Effect of introducing a liquid saturated porous layer on the variation of the
dimensionless interfacial temperature according to the dimensionless length (a.
Reg ¼ 500) (b. Reg ¼ 900).

DOI : 10.1016/j.ijtherma
4. Results and discussion

In this section, we present the results of the simulation. These
results are classified according to five components. We first
describe the thermal and dynamic fields within the channel, in
both liquid and gas phases. Thereafter, we present results showing
the effect of introducing the porous layer. This part will be followed
by a parametric study to examine the effect of the characteristics of
the porous layer. We provide summary tables and we finish the
work by the proposal of some correlations.
4.1. Distribution of the temperature, the concentration and the
velocity inside the channel

Fig. 3 describes the cross-sectional variation of the temperature
in both phases (liquid and gas). This description is made at several
heights of the channel. In the gaseous medium, the curves show
intense heat exchange near the liquid gas interface. Beyond half the
length of the channel ðX ¼ 0:6Þ, this exchange is substantially
reduced. To better understand this phenomenon, we present the
cross-sectional variations of the concentration at different heights of
the channel in Fig. 4. Intensemass transferwas observed in the same
area (0.2<X<0.6),which in turn consumesall of the energy.Wealso
note that these profiles are comparable to the temperature in the gas
phase. This similarity can be explained by the analogy between the
energy Equation (8) and the species conservation Equation (9).

Fig. 5 shows the evolution of the dimensionless longitudinal
velocity as a function of the dimensionless cross sections of the
Fig. 7. Effect of introducing a liquid saturated porous layer on the variation of the
dimensionless interfacial concentration according to the dimensionless length (a.
Reg ¼ 500) (b. Reg ¼ 900).

lsci.2016.05.018 6



Fig. 8. Effect of introducing a liquid saturated porous layer on the variation of the
evaporated flow rate at the liquid-gas interface according to the dimensionless length
(a. Reg ¼ 500) (b. Reg ¼ 900).

Fig. 9. Effect of introducing a liquid saturated porous layer on the variation of the
latent Nusselt number at the liquid-gas interface according to the dimensionless length
(a. Reg ¼ 500) (b. Reg ¼ 900).
channel distance. The velocity profile in the gas phase tends to be
symmetric and parabolic. The vapor creation velocity has been
taken into account. However, its effect on the dynamic field in the
gas phase is not visible because its value is relatively small
compared with the velocity of the gas. In addition, the interface
behaves as a rigid flat wall, which is in agreement with the results
of A. Agunaoun [13]. In the liquid, due to the low inlet flow and the
low permeability of the porous layer, the longitudinal velocity
varies slightly with the calculation position. This result validates
the often-used assumption that the liquid velocity receives a slight
variation according to the height.

4.2. Effect of the porous layer

In this section, we study the effect of introducing a liquid
saturated porous materiel on the heat and mass exchange. For this,
we represent in Fig. 6 the variation of the temperature at the
liquid gas interface for both configurations with and without a
porous layer. The results are shown for two Reynolds numbers.
Observing the curves of Fig. 6, we find that the temperature at the
liquid-gas interface is higher in the presence of the porous me-
dium. The effect of this increase in temperature affects the mass
exchange. We present in Fig. 7 the evolution of the concentration
at the liquid gas interface for the two configurations with and
without a porous layer. As for the interfacial temperature, con-
centrations are higher in the presence of the porous layer. We
DOI : 10.1016/j.ijther
conclude that introducing a liquid saturated porous material also
improves the mass exchange. This result is in agreement with the
results illustrated in Fig. 8. In fact in this figure we present the
evolution of the evaporated flow rate for both configurations with
and without porous medium, which increases when we use the
porous layer.

Figs. 9 and 10 describe the variation of the latent Nusselt
number NuL and Sherwood number Sh at the liquid-gas interface,
respectively. In this zone, the general shape of these figures is
similar to that of the evaporation flow rate (Fig. 8). Moreover, the
Equations (46) and (47) defined above show that the NuL and Sh
values depend on mev.
4.3. Parametric study

After comparing the two configurations with and without
porous layer, to ensure the efficacy of introducing a liquid saturated
porous materiel on the heat and mass exchange, it is interesting to
find the best configuration to use.

In the following, we will study the effect of the porosity of the
Reynolds number and the thickness of the porous layer.

Fig. 11 illustrates the variation of the dimensionless temperature
as a function of the length for different Reynolds numbers and
different porosity at the liquid-gas interface. It is found that the
value of the temperature reduces as the Reynolds number
malsci.2016.05.018 7



Fig. 10. Effect of introducing a liquid saturated porous layer on the variation of the
Sherwood number at the liquid-gas interface according to the dimensionless length (a.
Reg ¼ 500) (b. Reg ¼ 900).

Fig. 11. Evolution of the dimensionless interfacial temperature according to the
dimensionless length (a. Reg ¼ 500) (b. ε ¼ 0:8).
increases, which confirms the general concept that the heat
transfer is more important with higher Reynolds numbers. We also
note that the interfacial temperature decreases as the porosity in-
creases. The reason for this is that a decrease in the porosity
ameliorates the effective conductivity and therefore improves heat
transfer.

Fig. 12 shows the variation of the dimensionless concentration
according to the length for different Reynolds numbers and
different porosity at the liquid gas interface. The shapes of the
profiles are the same as that of the temperature profile (Fig. 11). As
for the temperature, it is observed that the concentration increases
with reducing Reynolds number and porosity.

Fig. 13 shows the variation of the dimensionless longitudinal
velocity as a function of the transverse distance in themiddle of the
channel for different porosity. In the liquid phase, the velocity de-
creases with reducing porosity. Indeed, increasing the porosity in-
creases the permeability of the porous medium, which allows the
liquid to permeate faster. In the gas phase, we note that the
decrease in porosity creates an acceleration of the air flow in the
channel. Indeed, as we have already mentioned, the decrease in
porosity improves evaporation. The air becomes more saturated
with vapor which has a lower density than dry air.

Fig. 14 shows the evaporated flow variation throughout the
liquid gas interface for different porosity and Reynolds numbers.
DOI : 10.1016/j.ijtherma
The evaporated flow is improved with the increase of the Reynolds
number which is in agreement with the general concept that the
mass transfer is enhanced in airstream with higher Reynolds
numbers. The results also show that the evaporated flow is
improved with reducing the porosity. This implies that the addition
of the porous layer ameliorate the mass transfer. The reason for this
is that the porous layer increases the heat transfer area of the liquid
film.

Figs. 15 and 16 describe the variation of the latent Nusselt
number NuL and Sherwood number Sh at the liquid-gas interface,
respectively. Similar to the evaporation flow, the latent Nusselt
number and the Sherwood number increases with the increase of
the Reynolds number and reducing the porosity.

Fig. 17 show the variation of the Nusselt and Sherwood numbers
for different thicknesses of the porous layers. The evaporated flow
is important for small values of d. A thick porous layer decreases the
interfacial temperature and thus reduces the heat and mass
transfer.

4.4. Tables of results comparison

In this section, tables gather the values of the mean Nusselt
numbers, the evaporated flow rate and the Sherwood numbers
with respect to Reynolds number and porosity. From the results of
Table 1, we find that for a fixed Reynolds number (Re ¼ 500) the
film with low porosity ðε ¼ 0:2Þ presents an amelioration of the
evaporated flow rate of 40%. This improvement decreases for a
lsci.2016.05.018 8



Fig. 12. Evolution of the dimensionless interfacial concentration according to the
dimensionless length (a. Reg ¼ 500) (b. ε ¼ 0:8).

Fig. 14. Variation of the evaporated flow rate at the liquid-gas interface according to
the dimensionless length (a. Reg ¼ 500) (b. ε ¼ 0:8).
porosity ε ¼ 0:8. Indeed, for this value, the porous medium ap-
proaches a fluid medium. On the other hand, and by fixing the
porosity, we notice an improvement of the evaporated flow rate
whenwe increase the velocity of the air flow (Reynolds number). To
highlight the role of the porous layer in improving the heat transfer
in the liquid gas interface, we grouped in Table 2 the values of
Fig. 13. Evolution of the dimensionless velocity in both phases in the middle of the
channel: Influence of porosity (Reg ¼ 500, d ¼ 0.2).

DOI : 10.1016/j.ijther
Nusselt and Sherwood numbers for both configurations without
and with the porous medium in place for both different porosity
and Reynolds number. The values provided in Table 2 confirm those
in Table 1.
4.5. Correlation

We represent in Figs. 18 and 19 the variations of the Nusselt and
Sherwood numbers as a function of the Reynolds number for
different Biot numbers, respectively. The values of the Reynolds
number are situated in the interval [100, 1000]. As a result, we
attempted to identify correlations that allow us to define each of
these variables (Nusselt number and Sherwood number) based on
the Reynolds number and the Biot number:

NuL ¼ 0:2198Re0:3498Bi�0:2494 (44)

Sh ¼ 0:0535Re0:1795Bi�0:2627 (45)

where the Biot number is expressed us follows:
malsci.2016.05.018 9



Fig. 15. Variation of the latent Nusselt number at the liquid gas interface according to
the dimensionless length (a. Reg ¼ 500) (b. ε ¼ 0:8).

Fig. 16. Variation of the Sherwood number at the liquid gas interface according to the
dimensionless length (a. Reg ¼ 500) (b. ε ¼ 0:8).

Fig. 17. Variation of the Nusselt and Sherwood numbers at the liquid gas interface ac-
cording to thedimensionless length fordifferent thicknessof theporous layer (a.Reg¼900)
(b. ε ¼ 0:2).
Bi ¼ hd
ke

(46)

and h is the heat transfer coefficient:

h ¼ �kgðvT=vyÞi
Ti � T0

(47)

The choice of a correlation type F ¼ aRebBic, is made for two
main reasons. Firstly, in the literature, to our connaissance, this type
of correlation has not been proposed in the case of the evaporation
of a liquid film in the presence of a porous medium for an inclined
plane. Secondly, the use of the Reynolds and Biot numbers includes
all parameters that can influence the variation of the Nusselt and
Sherwood numbers and therefore the heat and mass transfer in the
channel.

4.6. Conclusion

This work is aimed at the analysis of the influence of introducing
a liquid saturated porous medium on the heat and mass transfer
during the evaporation of a liquid film in an inclined channel. We
begin this study by describing the distribution of the temperature,
concentration and velocity in both phases (liquid saturated porous
layer and gas). Then we performed a comparison between the two
configurations (with and without porous medium) to highlight the
effect of its addition. We find that introducing the porous layer
improves heat and mass exchanges in the channel. More specif-
ically, and from the performed parametric study, we conclude that
DOI : 10.1016/j.ijthermalsci.2016.05.018 10



Table 1
Amelioration of the average evaporated flow rate with introducing a liquid saturated porous layer (effect of the porosity and Reynolds number).

Reg Without porous layer With porous layer %

Reg ¼ 500 Mev(Kg$s�1) ¼ 3.19.10�4
ε ¼ 0.2 Mev(Kg$s�1) ¼ 5.33$10�4 40.15
ε ¼ 0.8 Mev(Kg$s�1) ¼ 3.78$10�4 15.6

Reg ¼ 900 Mev(Kg$s�1) ¼ 3.24$10�4
ε ¼ 0.2 Mev(Kg$s�1) ¼ 6.55$10�4 50.53
ε ¼ 0.8 Mev(Kg$s�1) ¼ 4.64$10�4 30.17

Table 2
Amelioration of the average Nusselt and Sherwood numbers with introducing a
liquid saturated porous layer (effect of the porosity and Reynolds number).

Reg Without porous layer With porous layer %

Reg ¼ 500 NuL ¼ 10.06 ε ¼ 0.2 NuL ¼ 16.83 40.22
ε ¼ 0.8 Nu L¼ 11.94 15.74

Sh ¼ 0.37 ε ¼ 0.2 Sh ¼ 1.6 76
ε ¼ 0.8 Sh ¼ 1.11 66

Reg ¼ 900 NuL ¼ 10.22 ε ¼ 0.2 NuL ¼ 20.67 50.55
ε ¼ 0.8 NuL ¼ 14.63 30.14

Sh ¼ 0.39 ε ¼ 0.2 Sh ¼ 1.78 78
ε ¼ 0.8 Sh ¼ 1.24 68

Fig. 18. Nusselt number variation as a function of the Reynolds number for different
Biot numbers.

Fig. 19. Sherwood number variation as a function of the Reynolds number for different
Biot numbers.

DOI : 10.1016/j.ijther
the use of the porous medium is more efficient for high Reynolds
numbers, low porosity and low thickness. Finally, we present the
variation of the Nusselt and Sherwood numbers describing the heat
andmass exchanges within the channel depending on the Reynolds
and Biot numbers.
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