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ABSTRACT: The present work is a theoretical study of the heat and mass transfer in a vertical 
channel with isothermal plates. The first plate is covered with an extremely thin binary film of water 
and ethylene glycol. The second one is dry. Due to the heating effects and the forced (mixed) 
convection flow of air containing the respective vapors of film constituents, phase change can 
occur. The mathematical formulation of the problem is based on the conservation equations of mass, 
momentum, energy and species subjected to the appropriate boundary conditions. The variability of 
the thermo physical properties of the liquid and the gas mixtures as well as the effect of the 
buoyancy forces in the momentum equations were taken into account. A numerical model using the 
finite difference method was developed and tested systematically. A detailed parametric analysis on 
the effects of several operating variables such as the temperatures of the plates and the inlet 
conditions of the gas mixture on the phase change process and on the heat and mass transfers was 
conducted. 
 
Key-Words: Binary liquid mixture; inversion temperature; free convection; evaporation; heat and 
mass transfer. 
 
NOMENCLATURE 
ci             mass fraction vapour for species i 
cLi              mass fraction liquid for species i  
XLi           molar concentrations for species i  
Cp     specific heat for constant pressure [kJ.kg-1K-1] 
Cpa     specific heat for air [kJ.kg-1.K-1] 
Cpv     specific heat for water vapour [kJ.kg-1.K-1] 
M i             molar mass of species i vapour 
D       mass diffusivity [m2/s] 
d       channel width  [m]  
g       gravitational acceleration [m/s2] 
H       channel length [m] 
Lv       latent heat per mass unit, [kJ/kg] 
mevap,condt(X)  total evaporation (condensation) rate [kg/ms] 
 
1.  INTRODUCTION 
The phase change of a binary or a multi component liquid film flowing on an isothermal or heated 
solid surface is a very interesting research subject due to its several industrial applications. We cite 
the heavy chemistry, the thermal desalting and the mixture separation processes in general. Despite 
the main importance of the binary film current utilization, only a few studies were conducted to 
investigate the phase change phenomena and the heat and mass exchanges. For example, Baumann 
and Thiele [1] studied a mixture of methanol and benzene flowing in the internal surface of a tube. 
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The forecast of the evaporation of a benzene/methanol mixture in a turbulent jet of hot air shows the 
influence of the phase equilibrium and its interaction with the transfers. Hoke et al. [2] supposed 
that the shear stress, at the liquid-gas interface, is negligible during the evaporation of a binary 
liquid film of water-ethylene glycol. Minkowyz and Sparrow [3] presented a theoretical 
investigation of laminar film condensation by natural convection on an isothermal vertical plate. 
Results corresponding to a pure liquid film are obtained for a wide range of governing parameters 
such as ambient pressure, concentration and temperature. They show in particular that the influence 
of non condensable gas is accented at lower pressure levels. Concerning the theoretical treatment of 
flows with multi component mixtures, Kotake [4] carried out a numerical study on film 
condensation of a binary mixture inside a cylindrical duct with variable section. The author used the 
integral method for gas flow and the Nusselt model for the film one. He analysed the effects of 
several important parameters such as the geometry of the cylinder on the condensation process.  
The objective of this work is to perform a numerical study on the evaporation (or the condensation) 
of an extremely thin binary liquid film in a vertical channel. The attention is addressed to analyze 
the effect of the film plate temperature on the rate of the phase change.  
 

2. ANALYSIS 
The studied physical model (figure 1) shows the flow and transfers in a vertical channel of height H 
and width d. The humid plate is maintained at two different temperatures: Tp1 on its higher part and 
Tp2 on its lower one. The second plate is isothermal and dry. The gas mixture enters the channel 
with a temperature T0, a water vapour concentration c01, an ethylene glycol vapour concentration 
c02, a pressure p0 and a velocity u0.  
 
     For the mathematical formulation of the problem, the following simplifying assumptions were 
taking into consideration: 

  
i. Liquid and gas flows are laminar, steady and two dimensional. 
ii.  The liquid film is supposed to be extremely thin.   
iii.  Boundary layer approximations are supposed valuable for the gas stream. 
iv. Humid air is an ideal mixture of water and ethylene glycol vapours and dry air. It is 

considered as an ideal gas. 
v. The gas-liquid interface is in the thermodynamic equilibrium. 
vi. The effect of surface tension is neglected. The Soret and Duffour effects are also 

ignored.  
vii.  Radiation heat transfer, viscous dissipation and pressure work terms are neglected in 

the energy equation. 
  
2.1 Governing equations 
 
 Following the above approximations, the governing equations in the gas mixture are: 
Continuity equation: 
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Energy equation: 
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Diffusion equations: 
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Global mass balance at each section:  
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2.2 Boundary conditions 
Channel entry: 
T=T0; p=p0; c1=c01; c2=c02; u=u0                                (7) 
 
Dry plate: 
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c1(x,0) and c2(x,0) are given by [1]: 
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Where p*vs,1 and p*vs,2 are the saturation pressures respectively for water and ethylene glycol. They 

are expressed as:  
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( )( )499T/510978.8/16.44exp6894.8Pvs,2 −−=                      (12)   

The units used in equations (11 and 12) are Pa for the pressure and K for the temperature [3].  
In order to describe the mass and energy magnitude transported between the channel walls and the 
moist air, the following dimensionless coefficients are used: 
-The local Sherwood number defined as:  
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-The total evaporation (condensation) rate given by [2]: 
         ( ) ∫=

x
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The thermo-physical properties of the gas and the liquid mixtures are considered as variable with 
temperature and composition. The correlations used in this study are given in [1].  
 
3. SOLUTION METHOD 
The present problem defined by the governing equations and the boundary conditions is solved 
numerically using a finite difference marching procedure in the downstream direction. A fully 
implicit scheme where the axial convection terms are approximated by the upstream difference and 
the transverse convection and diffusion terms by the central difference is employed. The discrete 
equations are resolved line by line from the inlet to the outlet of the channel.  
Several grid sizes have been tested to ensure that the results are grid independent (table 1). The grid 
distribution adopted in this study consists of 100*31 nodes respectively in the axial and transverse 
direction of the gas region. Moreover, and in order to verify the validity of the numerical model, we 
conducted several comparison tests. In particular, the present results were compared to those of [9] 
for the case of the evaporation of a binary film mixture by mixed convection in a vertical heated 
channel. A good agreement was found (see figure 2). 

 
4. RESULTS AND DISCUSSION 
In this theoretical study, we analyze the binary film (mixture of water and ethylene glycol) 
evaporation-condensation phenomenon by mixed convection of a gas mixture in a vertical channel. 
We investigate the influence of the humid wall temperature on the phase change process.  
Four cases are considered:  

1. case 1 (Tp1=20°C, Tp2=40°C)  
2. case 2 (Tp1=40°C, Tp2=20°C)  
3. case 3 (Tp1=20°C, Tp2=60°C) 
4. case 4 (Tp1=60°C, Tp2=20°C) 

Results concern an air-water/ethylene glycol system with d/H=0.02, T0 =25°C, c01=0, c02=0, 
cL1=cL2=0.5, p0= 1 atm, Tw=25°C and u0=1 m/s.  
Figure 2a illustrates the axial variation of the total evaporating (condensing) rate for cases 1 and 2. 
For case 1, it is observed as mentioned earlier that only evaporation takes place; however, 
condensation occurs on the second part of the plate for case 2.  It is of interest also to note that the 
total evaporating rate (at the channel exit) is higher for case 1 than that for case 2. Figure 2.b which 
presents a similar behaviour shows a striking improvement of the condensation in case 4 and of the 
evaporation in case 3.  It is seen that the rate of phase change is enhanced for cases 3 and 4. 
Figures 3, 4, and 5 analyze for cases 1 and 2 the influence of the inlet gas parameters (temperature, 
concentrations c01 and c02).   
Figure 3 shows that the total condensation (evaporation) rate is enhanced for higher values of the 
inlet temperature of the gas, T0. Figure 4 indicates that the condensation (evaporation) rate becomes 
more important for the lower values of c01. Figure 5 illustrates that when one increases the 
concentration of ethylene glycol vapour c02, the total condensation (evaporation) rate decreases. 
 

5. CONCLUSION 
The problem of condensation (evaporation) by mixed convection heat and mass transfer in a vertical 
channel has been numerically analyzed for an air water/ethylene glycol system. On plate is covered 
by a binary film (water and ethylene glycol) and the second is dry. The two plates are isothermal. 
The effects of the temperatures of the plates on the phase change process and on the heat and mass 
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transfers are analyzed. The influence of the inlet conditions of the gas mixture on the total 
condensation (evaporation) rate is also investigated.  
It is observed that the nature of the phase change (condensation or evaporation) is directly 
dependent on the values of the wall temperatures.  
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Figure 1: Physical model 

      
Figure 2: Axial distribution of the rate of condensation (evaporation) for cases: 1, 2, 3 and 4. 
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Figure 3: Effect of the inlet gas temperature on the rate of condensation (evaporation); 

(case 1 and case 2) 

    
Figure 4: Effect of the inlet gas water concentration on the rate of condensation (evaporation); 

(case 1 and case 2) 

   
 

Figure 5: Effect of the inlet gas ethylene glycol concentration on the rate of condensation 
(evaporation);(case 1 and case 2) 
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