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ABSTRACT

This study focuses on a numerical investigation of steady conjugated heat and mass transfer
by mixed convection in a finite vertical channel. The two channel walls are symmetrically
heated with uniform heat flux. One wall is partially wetted by an extremely thin water film,
while the other is dry and impermeable. The partially humid plate is divided into 2.n equal
regions which are alternately humid and dry zones. The effect of the number of wetted
zones and their positions on the flow and on the heat and mass transfer is analysed. The
results are reported in terms of axial distribution of wall temperature, relative heat fluxes
and evaporation rate for different wetted zone positions. It is observed that the change in the
wetted zone position has no significant effect on moist air flow. However, the heat and mass
transfer are extremely influenced by the presence of the wetted zones and their positions. In
fact, the evaporation rate is more intense when the wetted section is situated at the channel
exit. Finally, it is observed that the evaporation is intensified by increasing the number of
wetted zones. The importance of the studied system lies in the fact that it can describe sev-
eral desalination cells associated in series.
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1. Introduction

The combined heat and mass transfer over vertical
ducts has a wide range of applications in the field of sci-
ence and technology, such as desalting, cooling technol-
ogy, drying processes and air conditioning. Owing to
these widespread applications, several researches have
been investigated in these topics. Most of the previous
theoretical and experimental studies are concerned
with the boundary conditions of locally wall heat flux,
uniform wall heat flux, uniform mass flux, uniform
wall temperature and uniform wall concentration. Only
those related to this work are briefly reviewed here.

A vast amount of work is about the evaporation in
the case of local heating liquid films [1–9], local wetted

wall [10], of uniform wall temperature or uniform wall
concentration [11–16] and in the case of uniform wall
heat or mass fluxes [17–29]. Gatapova and Kabov [1]
have presented a study of the flow of a liquid film
sheared by gas flow in a channel with a heater placed
at the bottom wall. They have shown that the influence
of convective heat transfer mechanism is much more
prominent for relatively high values of the liquid Rey-
nolds number. The liquid–gas interface Biot number is
shown to be a sectional-hyperbolic function of a longi-
tudinal axis variable. They presented some qualitative
and quantitative comparisons with experimental
results. Frank [2] performed a direct three-dimensional
non-linear simulation of the flows in a locally heated
film using the particle method, and the numerical
results were in agreement with the experimental data.
A review of most of the results concerning the effect of*Corresponding author.
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non-uniform heating on film flow can be found in the
introduction of [3]. However, non-uniform heating
effects have been only partially understood for shear-
driven liquid film flows [4,5], and the influence of the
gas phase on the interfacial phenomena remains a
challenging issue for modelling. Marchuk and Kabov
[6] have studied the numerical modelling of thermo-
capillary reverse flow in thin liquid films under local
heating. Skotheim et al. [7] analysed the influence of
localised heating on the instability of a falling film.
Gatapova et al. [8] illustrated the thermo-capillary
deformation of a locally heated liquid film moving
under the action of a gas flow. Gatapova et al. [5]
studied the heat transfer and two-dimensional defor-
mations in a locally heated liquid film with co-current
gas flow. Lee [9] presented a numerical analysis to
investigate the effects of heat transfer in partially
heated vertical parallel plates. In that study, both
boundary conditions of uniform wall temperature/
uniform wall concentration and uniform heat flux/
uniform mass flux were considered. Their analysis
showed that the presence of unheated entry and
unheated exit severely affects the heat and mass trans-
fer. They present theoretical correlations for average
Nusselt number and Sherwood number. Mammou
et al. [10] presented a numerical study of laminar heat
and mass transfer from an inclined flat plate with a
dry zone inserted between two wet zones. They con-
cluded that the inclination angle has a small influence
on the local Nusselt and Sherwood numbers. Bau-
mann [11] studied the heat and mass transfer in two-
component film evaporation in a vertical tube. Wei-
Mon Yan [12] studied the convective heat and mass
transfer along an inclined heated plate with film evap-
oration. Debissi et al. [23], Baumann and Thiele [24],
Chow and Chung [25], Daif et al. [26], Yan [27], Lee
et al. [28] and Shembharkar and Pai [29] presented
numerical studies of finite liquid film evaporation on
laminar convection heat and mass transfer in a vertical
parallel plate channel with adiabatic wall. Salah El-
Din [30] has examined the effect of mass buoyancy
forces on the development of laminar mixed convec-
tion between vertical parallel plates with uniform wall
heat and mass fluxes. The author studied the effect of
the buoyancy ratio heat and mass transfer between
plates.

To our knowledge, the heat and mass transfer along
a partially wetted plate which is composed, respec-
tively, by an alternation of humid and dry zones has
not been studied yet. The main objective of this work is
to study the evaporation of water into mixed convec-
tion flow of humid air. Particular attention will be paid
to the effect of the wetted zones positions on the effec-
tiveness of water evaporation. The importance of the

studied system lies in the fact that it can describe
several desalination cells associated in series.

2. Analysis

This study presents a numerical analysis of heat
and mass transfer during water evaporation by mixed
convection in a finite vertical channel. The channel
studied is made up of two parallel plates symmetri-
cally heated with uniform heat fluxes. The left plate
(y= 0) is made with a succession of 2.n zones alter-
nately wet and dry, while the right plate (y= d) is dry.

At the channel entrances, the moist air flows
upward with the ambient conditions of temperature
T0, pressure p0, velocity u0 and water vapour concen-
tration c0. The geometry of the problem under consid-
eration (for n= 1) is shown in Fig. 1a. In this case
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Fig. 1. Schematic diagram of the physical system.
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(n= 1), the left plate is divided into two regions with
equal lengths (H/2) which are alternatively wet and
dry zones. Two configurations were considered in this
study: in the first case (wet exit), the wetted zone is at
the channel exit and the dry zone is at the first half of
the plate (x= 0); in the second case (dry exit), the con-
figuration is reversed.

In order to set the partial differential system of
equation describing momentum, heat and mass trans-
fer, few simplifying assumptions are taken into con-
sideration [19–21,30,31]:

• The fluid flow is steady and laminar.
• For wet zones, the moist air is assumed to be at ther-

modynamic equilibrium so that the wall tempera-
ture and water concentration can be related through
the saturated vapour pressure [1].

• The humid zone can be modelled by considering an
extremely thin liquid film. Thus, transport in the
liquid film can be replaced by approximate bound-
ary conditions for gas flow [12,13].

• The boundary layer approximations are generally
used to study the downward flow in the channel
induced by mixed convection.

• The viscous dissipation and the pressure work are
negligible.

• The Dufour and Soret effects are negligible.
• The thermal radiation is negligible.
• The vapour mixture behaves as an ideal gas.

From the above assumptions, the bi-dimensional
flow of the gas mixture is described in the (x, y)
coordinate system by the continuity equation and
the balances for momentum, heat and species con-
centration:

Continuity equation:
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Species diffusion equation:
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ðbgðT � T0Þ þ b�gðC� C0ÞÞ represents the momentum
transfer caused by the combined buoyancy forces.
Thermo-physical properties of gas mixture are consid-
ered as variable with temperature and concentration
of water vapour.

In this study of steady mixed channel flow, the
overall mass balance described by the following equa-
tion should be satisfied at every axial location:Z d

0

quðx; yÞdy ¼ dq0u0 þ
Z x

0

qvðx; 0Þdx ð5Þ

Boundary conditions:

• At x= 0 (inlet conditions):

�u ¼ u0;T ¼ T0;C ¼ C0 and P ¼ P0 ð6Þ

• At y= 0 (wet and dry zones):

u= 0;

The transverse velocity of gas is deduced by assum-
ing that the air-water interface is semi-permeable:

vðx; 0Þ ¼ e
�D
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@C
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����
y¼0

 !
ð7aÞ

where the value of e is zero for the case of dry zone
and unity for the case of wetted zone.

The energy balance at the interface (y= 0) is evalu-
ated by:

�k
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� �
¼ q ð7bÞ

It is clear that the imposed heat flux q is the sum
of a sensible (qs) and a latent (ql) component.

According to Dalton’s law and by assuming the
interface to be at thermodynamic equilibrium and the
air–vapour mixture is an ideal gas mixture, concentra-
tion of the vapour can be evaluated by [20,21]:

Cðx; 0Þ ¼ Mv=Ma

p=pvs þMv=Ma � 1
ð7cÞ
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where pvs is the equilibrium pressure of vapour given
by the following equation [19–21]:

log10 pvs ¼ 28; 59; 051� 8:2 logT þ 2; 4804:10�3T

� 3142:32=T

• At y= d (dry plate):

u ¼ 0; v ¼ 0;�k
@T

@y

����
y¼d

¼ q ð7dÞ

The impermeability of the dry plate (y= d) to the
water vapour can be described by:

@C

@y
¼ 0 ð7eÞ

In order to validate the numerical scheme adopted
in the present study, we have defined the following
dimensionless coefficients used by Debissi et al. [21]
and Shah and London [32].

The local Nusselt number is defined as:

Nux ¼ hx2d

k
¼ �2d½ð@T=@yÞy¼0�x

Tðx; 0Þ � Tm

ð8Þ

where hx is the local heat transfer coefficient. Tm is the
fluid bulk temperature at a cross section:

Tm¼
Z d

0

qu�T�dy
�Z d

0

qu�dy ð9Þ

The mean Nusselt number is defined as:

Num ¼ 1

x

Z x

0

Nuxdx ð10Þ

Similarly and for mass transfer, the local Sherwood
number is defined as:
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Fig. 2. Axial evolution of heat and mass coefficients.

Table 1
Comparison of the total evaporative rate of water at the
exit (case when the left plate (y= 0) is entirely wetted) for
various grid arrangements (T0 = 373.15K, Tw= 373.15K,
q= 0, p0 = 1, d/H= 0.015)

I� J grid point _mðHÞ:c0 = 0.005 _mðHÞ:c0 = 0.01

71� 51 5.152� 10�4 5.021� 10�4

71� 71 5.175� 10�4 5.043� 10�4

101� 71 5.167� 10�4 5.035� 10�4

101� 101 5.058� 10�4 5.032� 10�4
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Shx ¼ �2d½ð@C=@yÞy¼0�x
Cðx; 0Þ � Cm

ð11Þ

Cm is the fluid bulk concentration at a cross sec-
tion:

Cm ¼
Z d

0

qu�C�dy
Z d

0

qu�dy
�

The total average evaporated mass flux is given
by:

_m ¼ 1

H

Z H

0

qvðx; 0Þdx ð12Þ

The water evaporating rate, commonly used in the
previous studies [21,32–36], is expressed as:

Rev ¼ 104 _mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0u0=H

p ð13Þ

For the dry zone: In this region, the governing equa-
tions for flow and heat transfer were obtained by
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Fig. 3. Effect of the wetted zone position on the x-velocity
component profiles for n= 1: u0 = 1m/s; C0 = 0.005;
T0 = 283.15K; q= 500W/m; d/H= 0.015.
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adjusting the above equations (boundary conditions).
In this case, the left plate was considered to be imper-
meable.

3. Solution method

The presented system of Eqs. (1)–(5) is solved
numerically using finite difference method. The flow
area is divided into a regular mesh placed in axial
and transverse directions and a (71, 71) grid is
retained for computations. A fully implicit marching
scheme, where the axial convection terms were
approximated by the upstream difference and the

transverse convection, and diffusion terms by the cen-
tral difference, is employed to transform the govern-
ing equation into finite difference equations. The
resolution of the obtained algebraic equations was
marched in the downstream direction as the flow
under consideration is of a boundary-layer type. The
discrete equations are resolved line by line from the
inlet to the outlet of the channel. The solution proce-
dure is briefly outlined as follows:

1. Give the flow, thermal and mass boundary condi-
tions.

2. For the given axial location i, guess the wetted wall
temperature T⁄ and solve the finite difference form
of concentration equation of water vapour.

3. Solve the finite difference form of energy equation
and compare the new value T of wetted tempera-
ture to T⁄ by testing if:

Tði; 1Þ � T�ði; 1Þ
Tði; 1Þ

����
����\10�6

If this criterion is not satisfied, return to (2) and
modify the wetted wall temperature by using the
bisection method.

4. Guess a pressure P⁄ at the i axial location and
solve the momentum and continuity finite differ-
ence equations, then verify the satisfaction of the
overall conservation of mass expressed by the fol-
lowing criteria:

Z d

0

quðx; yÞdy� ðd:q0u0 þ
Z x

0

qvðx; 0ÞdxÞ
����

����=ðdq0u0Þ\10�6

If this condition is not satisfied, return to Step 4
and modify the pressure value P⁄.

5. For the dry plate, the concentration equation of
water vapour and the evaporative rate in the over-
all conservation of mass were omitted.

To ensure that the results were grid independent,
the solution was obtained for different grid sizes for
typical case program test. Table 1 shows that the dif-
ferences in the evaporative rate obtained using 71� 51
and 101� 101 grids are always less than 1%.

4. Results and discussion

To validate the numerical scheme adopted in the
present study, different limiting cases for laminar
mixed and free convection were considered. The
results for the case of mixed convective heat and mass
transfer inside a channel have been provided. The
channel wall is maintained isothermal: the first plate
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Fig. 5. Effect of the wetted zone position on the vapour
concentration profiles for n= 1: u0 = 1m/s; C0 = 0.005;
T0 = 283.15K; q= 500W/m; d/H= 0.015.
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is entirely wetted by an extremely thin water film and
the second one is dry and kept at the ambient temper-
ature T0. The procedure has been tested by comparing
the present results for mean and latent Nusselt num-
bers to those of Yan [13]. Fig. 2a shows a satisfactory
conformity between our results and those obtained by
Yan [13]. Furthermore, the numerical code has been
tested successfully by comparing the present results
for mean Nusselt number Num (Fig. 2b) at the iso-
thermal wall to the analytical solution obtained by
Mercier et al. found in Shah and London [32]. In the

case of forced convection, the procedure was tested by
comparing the present results of local Sherwood num-
ber to the experimental data found in [36] for the
problem of evaporation between two humid parallel
plates. The experimental results of Sherwood number
defined in [36] were obtained in the case of reduced
Reynolds number Re= 1.38. The results of this com-
parison, presented in Fig. 2c, show a good agreement.

All the results of this study have been carried out
for a channel plunged into an upward flow of humid
air with the ambient conditions: u0 = 1m/s; C0 = 0.005;
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T0 = 283.15K. The imposed wall heat flux is q= 500W/
m and the geometrical ratio is d/H= 0.015. The left
plate (y= 0) is divided along the channel into 2.n
equally wet and dry zones. The second plate is dry
and heated with uniform heat flux q. In order to study
the effect of the number of wet zones and their posi-
tions on the flow as well as on the effectiveness of
water evaporation along the partially wetted plate, the
cases of n= 1 and n= 2 are examined. The first part of
this investigation deals with the case n= 1, including
two configurations. For the first one (case 1), the dry
zone is located in the first half of the plate (x= 0),

whereas the wet zone is located at the channel exit.
For the second one (case 2), the configuration is
inverted.

For several channel sections, Figs. 3–5 present the
x-velocity component, temperature and concentration
profiles along the flow. From Fig. 3, we can see that
the axial velocity profile gradually develops from uni-
form distribution at the inlet to parabolic ones as the
flow goes upstream. By comparing the results of both
cases, it is obvious that the axial velocity profile keeps
decreasing at the centreline and is slightly affected by
the separation zone between the dry and the wet
regions. This can be justified by the difference in fluid
viscosities.

On the other hand, the temperature and vapour
concentration profiles are extremely influenced by the
inversion of the wetted zone position. As can be seen
from Fig. 4 and for the first case, the temperature pro-
files present a sudden decrease near the wetted zone
at the channel mid-section. Fig. 5 shows that, in the
first case, the water vapour concentration increases
along the wetted zone. But in the second case, the
concentration increases along the wetted zone and
decreases along the dry zone. This result can be
explained by the fact that in the dry zone, there is no
evaporation process.

It is clear in Fig. 6a and for the two studied cases
that near the left plate (y= 0), the parietal temperature
keeps increasing along the channel, but this increase
is much larger along the dry zone. The right plate
(y= d) is not affected by the presence of the wetted
zone and the parietal temperature evolution is contin-
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uous. In line with the above results and according to
the relation (7c), Fig. 6b shows that for both cases and
along the humid zones, the parietal vapour concentra-
tion increases since the parietal temperature in these
zones keeps increasing. But for the first case
and along the dry zone, the parietal water vapour
concentration is constant because the water vapour
concentration in the channel entrance is uniform. In
the second case, the parietal vapour concentration
along the dry zone decreases because the water
vapour concentration at the entrance of this zone (dry
zone) is not uniform.

To investigate the relative importance of the sensi-
ble and the latent heat exchange along the partially
wetted plates, Fig. 7 gives the reduced heat transfer
rates along the interface. This figure shows that for
the wetted zones, the most part of the imposed heat
flux serves for water evaporation. Thus, the heat
transfer at the humid interfaces is dominated by the
latent heat transport in association with the water
vaporisation. On the other hand, and according to the
imposed thermal boundary conditions, the figure
shows that the sensible and latent heat fluxes are sym-
metrical along the humid zone. By comparing the two
configurations, we can note that the latent heat at
humid regions is more effective in the second case,
especially at the entrance of the humid zone (x= 0.5).
This can be attributed to the fact that humid air
reaches this zone with a higher temperature allowing,
accordingly, more evaporation.

Fig. 8 presents the effect of the wetted zone posi-
tion on the local evaporative rate. This figure shows
that in accordance with the above result for latent heat
transfer, the evaporative rate at the channel exit is
more effective when the humid zone is located at the
channel exit (case 1). This result can be mainly justi-
fied by the fact that for this case, the air enters the
humid region at higher temperature. Also, the axial
velocity in the first case (wet exit) is more important
than the one in the second case (dry exit); this
tendency has the effect of activating the evaporation
process.

In order to compare the efficiency of the water
evaporation in the case of two wetted zones (n= 2) to
those of one wetted zone (n= 1) for the same wetted
length and to the case where the plate is entirely wet-
ted, the evaporation rate is represented in Fig. 9. From
the results given in Fig. 9a, we notice that, for the
same wetted length, the evaporation rate in the case
of dry exit is intensified by increasing the number of
wetted zones and approaches the one in the case
when the right plate (y= 0) is entirely wetted. In the
case when n= 2 (two wetted zones), Fig. 9b shows that
the evaporation rate is more pronounced for the case

where the humid zone is located at the channel exit.
In this case, the whole quantity of energy provided by
the heating contributes to liquid evaporation. It is
shown that when the number of wetted zones
increases, the evaporation rate approaches the one in
the case when the right plate (y= 0) is entirely wetted.

5. Conclusion

This work presents an analysis of the transfer cou-
pled of heat and mass during the evaporation by mixed
convection in a vertical channel. The two plates of the
channel are heated symmetrically with uniform heat
fluxes. One of the plates is divided into 2.n equal

0.1 0.3 0.5 0.7 0.90.0 0.2 0.4 0.6 0.8 1.0

0.1 0.3 0.5 0.7 0.90.0 0.2 0.4 0.6 0.8 1.0
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Fig. 9. Effect of the wetted zone position on the local
evaporative rate for n= 2: u0 = 1m/s; C0 = 0.001;
T0 = 283.15K; q=500W/m; d/H= 0.015.
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regions which are alternately humid and dry zones and
the other one is dry. The effect of the position of the
humid zone on the outflow and the transfers combined
of heat and mass have been analysed. It is observed
that the position of the humid zone does not have a
meaningful effect on the streamlined profile. On the
other hand, it is shown that the heat and mass transfer
is influenced strongly by the presence of the wetted
zone. This investigation also shows that the evapora-
tion is more efficient in the case where the humid zone
is situated at the channel exit. The study also shows
that, following an increase in the number of wetted
zones, the evaporation rate increases and approaches
the one in the case where the entire plate is wetted.

Notations

c –– mass fraction vapor

Cp –– specific heat at constant pressure, kJ kg�1 K�1

Cpa –– specific heat for air, kJ kg�1 K�1

Cpv –– specific heat for water vapour, kJ kg�1 K�1

D –– mass diffusivity, m2 s�1

d –– channel width, m

g –– gravitational acceleration, m s�2

H –– channel length, m

Lv –– latent heat per mass unit, kJ kg�1

Mv –– molar mass of vapour, kgmol�1

Ma –– molecular weight of air, kgmol�1

n –– number of wetted section

p –– pressure, Pa

m(x) –– local evaporation rate, kg s�1m�2

Rev –– average evaporating rate, [kgm�2 s�1]0.5

Re –– gas Reynolds number, 2d · u0/m0
Nux –– peripheral local Nusselt number

Nul –– local Nusselt number for latent heat transfer

T –– temperature, K

Tw –– dry wall temperature, K

u –– axial velocity, m s�1

v –– transversal velocity, m s�1

x –– axial coordinate, m

y –– transversal coordinate, m

Greek symbols

l –– dynamic viscosity, kgm�1 s�1

q –– density, kgm�3

k –– thermal conductivity, Wm�1 K�1

b –– thermal expansion coefficient �1=qð@q=@TÞp;c,
K�1

b⁄ –– mass expansion coefficient �1=qð@q=@cÞp;T

Subscripts

0 –– inlet condition

w –– wall
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