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Abstract 

 

The humid air generator developed at LNE-CETIAT has been designed in 2001 and 

underwent different upgrade in order to reduce uncertainties. This paper reports the 

development at the LNE-CETIAT of a software tool for modelling evaporation-condensation 

phenomena and other heat and mass transport associated with the humid air generator. The 

tool, based around a commercial computational fluid dynamics package, will be used to 

increase the efficiency of the LNE-CETIAT primary humidity generator and design new 

generator as well. The numerical simulations have been done with the general finite volume 

code PHOENICS with customization in order to tackle the evaporation/condensation process. 

Basically, the first step of this numerical work has been to solve the coupled conservation 

equations for mass, momentum and energy applied to a cylindrical geometry. In addition as 

the humid air may be considered like a binary mixture between dry air and water vapor, a 

specie equation is also solved in order to describe the advection-diffusion of water vapor. At 

last, as the main purpose deals with humidity, fundamental scalar equations of humidity are 

also computed. The system studied is a water pool inside a cylinder, the main part of heat and 

mass exchange appear at the interface level between air and water. Thus an original work has 

been done about the boundary conditions at the interface to account for the evaporation and/or 

condensation occurring at this interface in terms of mass and energy sinks and/or sources. 
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1. Introduction 

In order to understand the physics of condensation/evaporation processes in humid air 

generators, a numerical work has been undertaken. This work deals explicitly with 

understanding the mechanisms of heat and mass transfer between an air volume and a sheet of 

water in a cylindrical vessel as shown in Fig. 1a. For the purpose of our study, it is not 

necessary to consider the full water volume but only the water surface as shown in Fig. 1b. 

This interface is taken to be non deformable in this study. Let us say that this assumption is 

well justified in view of the low amplitude velocities generated at this particular interface. The 

mass transfer due to evaporation/condensation is considered occurring only through the water 

/ air (w/a) interface and neglected at the rigid walls. Whereas for the thermal transfer, all 

boundaries are considered.. Both mass and heat transfer are expressed with ad hoc boundary 

conditions expressed in the next paragraph. The equilibrium in this system is the result of a 

complex interplay between mass and heat transfer. Mass transfer is essentially governed by 

water vapor partial pressure gradient which is the leading boundary condition in the water 

vapor molecules motion described by a specific specie equation. The interfacial heat transfer 

and the resulting latent heat exchange are directly linked with the water to vapor interfacial 

phase change. The interfacial water vapor partial pressure is established by the system 

temperature. The presence of a partial pressure gradient in the vicinity of the interface and of 

the air bulk leads to evaporation if airOHerfaceOH pp ,,int 22
 (condensation will occur in case of 

the inverse inequality). These phenomena (evaporation and condensation processes) are 

simultaneously present, evaporation may be considered as the driving force and condensation 

considered as a consequence [1]. 

The first part of this work has been oriented towards the validation of a case dealing with a 

pure diffusion model. The case consists of a closed vessel without thermal or forced 

convections, and where a thermal step is imposed at the boundary.  The transition and the 

equilibrium state, reached by the system, are studied and compared to humid air table [12]. 

For the second part of this work an eccentric circular airflow inlet and a similar outlet have 

been opened at the top of the cylinder as shown in Fig. 1b. In this second case the vessel being 

open, mass and heat transfer could also occur through these opening. A thorough parametric 



study has been done by varying temperature difference, inlet mass flow rate and humid air 

concentration. 

2. About the model 

 

This work established the basis of the equations which will be used, in further works, in 

comparison with some experiences. 

The geometry considered is presented in Fig. 2 and we may define the following 

characteristics for the problem under consideration: 

 

- Internal domain:      ;Zπ;;RΩ 0200   with m0350.R   and m070.Z   

- Boundary domain: in.terfacewalltop ΓΓΓΓ   

- Surface normal: n  
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- Initial conditions: 

  00tX,V   velocity (m s-1) 

  iniTX,tT  0  temperature (°C) 

  inipX,tp  0  pressure (Pa) 

  iniρX,tρ  0  density (kg m-3) 

   iniini TqX,tq  0  mass fraction defines as 
vaporair

vapor

mm

m
q


  

with vaporm  the mass of vapor and 
airm  the mass of air 

Boundary conditions will be explained before each studied cases. 

2.1. Mathematical model 

The local forms of the conservation equations solved are the following: 

Continuity equation: 

 

 
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
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t
V


.  (1) 

Where 


m  have the dimensions of (kg m-3 s-1) and corresponds to the net rate of mass entering 

in phase i (e.g. air) from phase j (e.g. liquid water); it may be considered as a sink or source 

due to phase change. 

 

 



Momentum equations: 
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Where 
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f


 represents external forces such as gravity and  
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2
  T  the viscous stress tensor 

Energy equation: 
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where   is the thermal conductivity.   

Viscous dissipation can be neglected from equation (3) under the assumption of the low Mach 

number of the flow considered in this work. 

Specie equation: 
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t
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where MD  is the Fickian diffusion coefficient, and q  is the mass fraction. 

2.2. Scalar quantities related to humid air  

We list in this paragraph all the laws and values we have used for humid air. 

The density of humid air, ..ah  (kg m-3), is derived from the assumption that the gas mixture 

behaves as perfect gas, as expressed in [3]: 
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Where the molar mass, from [4], are 
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'e  is the water vapor partial pressure, totp  is the total pressure, R  is the perfect gas constant 

and T  is the temperature,   is molar mass ratio between vapor and air. 

The Fickian diffusion coefficient MD  -12 s m  of water vapor in air [2] is: 

  475.16 101076.11   TDM
  (6) 



The thermal conductivity of humid air ..ah  -1-1 K mW [6] is: 

tah  5

.. 10590.702397.0   (7) 

The dynamic viscosity of humid air ..ah  s Pa  is: 

  6

.. 100429.019.17  tah   (8) 

The calorific capacity 

- Dry air, .., adpc   -1-1 K kg J , in the temperature range 15.93 °C 85.176 t °C and 

510totp Pa, from [8], is: 
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- Water vapor, vapOHpc 2,   -1-1 K kg J , in the temperature range 

CtC  10015 [8] is 
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- The mixing law of dry air and vapor pressure, hapc .,  -1-1 K kg J  [6] is: 

 ..,2,..,., adpvapOHpadphap ccqcc    (11) 

The latent heat vl   -1K J  [10] is: 
48362 1094.410055.5641.1273.2002.2500 ttttlv     (12) 

2.3. Features 

In this work we make the assumption that the temperature in liquid volume of water is 

completely homogeneous and does not have temperature gradient in its bulk. This hypothesis 

is justified due to the low rate of evaporation in this kind of set up. 

In each case, the grid spacing has been chosen in order to refine the mesh in the area where 

the strongest gradients of mass and/or temperature may occur, i.e. near the wall and near the 

interface. The CFD software, PHOENICS, has been used recently in similar topics [11] about 

the condensation of the water vapor present in the atmosphere. 

3. Cases studies 

3.1. Closed system 

In this case the system starts initially at equilibrium (humid air being fully saturated), and then 

it underwent a thermal disturbance until the system reaches a second fully saturated state. The 

thermal disturbance is applied on the top and lateral walls of the domain such as: 



 
 
 














finalwalltop

iniwalltop

iniwalltop

TstT

tATstsT

TstT

50,

505,

5,

  

In the above boundary conditions, the coefficient A represents the amplitude of the slope of 

the heating ramp and t the time in s. 

This disturbance has been chosen in order to represent the temperature change which may be 

applied by a thermostatic bath. The details of the geometry studied are those presented in Fig. 

2 with the inlet and outlet fully replaced by walls. That is to say that the system is fully closed 

and exchange only thermal energy through top , wall  and erfaceint  and mass through erfaceint . 

The other boundary conditions may be written such as: 
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where m is the mass evaporated or condensed in the system. 

The interface is located at 0z  and the top of the vessel at m07,0z . 

Initial conditions are summarized in the table 1 and the results for this closed case are 

presented in Fig. 3 and 4. These graphics show the profile along the cylinder axis, i.e. z 

coordinate, of the temperature T  and the mass fraction q . In both cases as expected the 

temperature increase faster in the vicinity of the wall where the temperature is imposed. The 

temperature diffuses and is convected in the internal domain   where it reaches the opposite 

face: .i.e. the liquid-humid air interface. Due to evaporation, an exchange of latent heat occurs 

at the interface, where the heat flux is modified accordingly leading to the slope seen in the 

temperature profile of figs 3 & 4. The mass fraction starts to increase in the vicinity of the 

interface directly related to the evaporation process due to the temperature increase at the 

interface through the source term of water vapor. The water vapor, similarly to the 

temperature field, diffuses and is convected in the whole domain until equilibrium is reached. 

In other words, the air temperature near the interface increases, net evaporation occurs which 

is reflected in a vapor mole fraction gradient developing from the interface and relaxing as 

equilibrium is reached at the new temperature. 



3.2. Open system 

The geometry of this case is exactly the same as the closed case above, except that now the 

system may exchange heat and mass with the outside through the openings in the top of the 

domain (see Fig. 2). 

3.2.1. Thermal and concentration disturbance 

In this case the system starts initially at equilibrium, the humid air is fully saturated, and the 

flow entering is set to different values, in terms of a temperature and mass fraction, than the 

internal domain. A thermal disturbance is then applied to the wall system. The system is 

solved under the assumption of steady state. Thus, the conditions are: 

For initials values of dependent and independent variables: 

  0, XV  

  00, TtXT   

   00 TqXq   

   000 ,qTX    

 

For the inlet: 

  minletinletm QQ ,  

  inletinlet TtT  ,  

   inletinletinlet TqXq   

   inletinletinletinlet qTX ,   

 

As expressed in the equations just above, the wall and the domain are set to a constant 

temperature and to a fixed mass fraction. The inlet conditions in terms of flow, temperature 

and mass fraction are time independent. The case presented here has an inlet flow rate set to 

5

, 1067.1 inletmQ  kg s-1, 10inletT °C,   31061.710 Cq  200 T °C, 

  2

0 1046.120 Cq . 

Fig. 5 shows the results obtained in such configuration and presented on a slice located in a 

plane “r-z”. Fig. 5a shows the velocity profile where we can observe that the forced flow 

through the inlet is convected normal to the interface. The temperature profile seen in Fig. 5b, 

exhibit the same shape than the velocity contours in the vicinity of the inlet showing that 

forced convection dominates natural convection. Note also that the entering mass fraction, in 

Fig. 5c, is lower than the internal one. In Fig 5c, if one follows a control volume from inlet to 

outlet, we can notice that there is an increase in volume fraction of the vapor, thanks to the 

inter-diffusion from richer regions to poorer ones. 



In table 2 are reported the synthesis results for different temperature levels in terms of flow 

rate, mass fraction and efficiency. For efficiency, as mentioned in [5] and [9], we propose to 

define it based on the mass fraction: 
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
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where thq  is the mass fraction we are supposed to get at interface at steady state. The 

efficiency function defines whether or not the outlet air is fully saturated with vapor at the 

interface final equilibrium temperature. When having a constant inflow, in the evaporation 

configuration, the efficiency is a decreasing function of temperature.  

3.2.2. Concentration disturbance 

For the same open system as above, we consider now that the temperature at wall and inlet is 

the same initially as the one in the internal domain, and that the inlet mass fraction is still 

lower than its bulk value. 

 

  0, XV  

  00, TtXT   

   00 TqXq   

   000 ,qTX    

 

Conditions at the inlet are: 

  minletinletm QQ ,  

  0, TtT inlet   

  inletinletinlet qXq   

   inletinletinlet qTX ,0   

 

The case presented here has an inlet flow rate set to 
5

, 1067.1 inletmQ kg s-1, 100 T °C, 

31040.5 inletq . 

Fig. 6 is an example of the results we may have in such configuration. The results are 

presented similarly as in Fig. 5. Fig. 6a shows the velocity profile and where the main 

noticeable difference is seen on the velocity magnitude. This difference is due to density 

fields which are not the same between the two cases. Indeed, the density is computed thanks 

to a perfect gas law, thus the density is close to 2.1  kg.m-3 in one case and close to 24.1 kg.m-3 

in the other case which lead to higher velocity in the case where the density is lower. 



Similarly, the temperature profile reported in Fig. 6b reveals a slight decrease in temperature. 

Considering the global mass fraction repartition, it appears that the mass fraction is higher in 

the interface vicinity (Fig. 6c). It creates a concentration gradient which induces the 

evaporation and thus the latent heat exchange. 

In table 3 is reported the results of some tests carried out. As in the previous case the 

efficiency is calculated and we notice that when imposing a constant inflow, in the 

evaporation configuration, this efficiency is a decreasing function of the temperature. 

4. Conclusion 

 

This work presented the modeling tool which is under development at LNE-CETIAT. The 

aim followed is to reinforce the understanding of the phenomena at stake in humid air 

generator. The model presented here is limited at the humid air part in 3D. The coupled 

conversation equations of momentum, mass, energy and specie are solved. Thermo physical 

properties varying with temperature are implemented as well as scalar quantity dedicated to 

humid air. An original treatment of the boundary conditions allowed us to account for the 

latent heat exchange and the evaporation process in the temperature range between 0°C and 

100°C. The cases studied are divided in close and open systems. Thanks to the closed system 

the pure diffusion model has been established as well as specific humid air quantity. With the 

open systems the saturator efficiency may be computed and may give confidence in the 

design of humid air generator. 

Further this model will be developed in order to take into account the condensation 

phenomenon and to implement a more realistic geometry which fit more closely the real 

humid air generator. 
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Table 1 Initial conditions in the internal domain – closed system configuration 

Case 1 Case 2 

  100, tXT °C   500, tXT °C 

  1013250, tXp  Pa   1013250, tXp  Pa 

  241.10, tX  kg m-3   041.10, tX  kg m-3 

  310606.70, tXq    210995.70, tXq  

 

 



Table 2 Open system configuration – Thermal and Concentration disturbances 

 
Case 1 

T0 =20 °C 

Case 2 

T0 =30 °C 

Case 3 

T0 =40 °C 

Case 4 

T0 =50 °C 

Case 5 

T0 =60 °C 

 inletinletmQ ,  (kg s-1) 51067.1   51067.1   51067.1   51067.1   51067.1   

 inletXq   31061.7   21046.1   21066.2   21069.4   21000.8   

 outletXq   21032.1   21042.2   21026.4   21026.7   11020.1   

inletth

inletoutlet

qq

qq




  11009.8   11001.8   11090.7   11076.7   11062.7   

 



Table 3 Open system configuration – Concentration disturbance  

 
Case 1 

T0 =20 °C 

Case 2 

T0 =30 °C 

Case 3 

T0 =40 °C 

Case 4 

T0 =50 °C 

Case 5 

T0 =60 °C 

 inletinletmQ ,  (kg s-1) 51067.1   51067.1   51067.1   51067.1   51067.1   

 inletXq   31040.5   31040.5   31040.5   31040.5   31040.5   

 outletXq   21031.1   21030.2   21094.3   21052.6   11005.1   

inletth

inletoutlet

qq

qq




  11040.8   11031.8   11019.8   11003.8   11083.7   

 

 



Figure Captions 

 

Fig. 1 Schematic principle of the cylindrical vessel 

Fig. 2 Effective geometry modeled 

Fig. 3 Closed system (thermal disturbance), mass fraction profiles results for temperature step 

from 10 °C to 20 °C. Profiles are presented at different time steps 

Fig. 4 Closed system (thermal disturbance), mass fraction profiles results for temperature step 

from 50 °C to 60 °C. Profiles are presented at different time steps 

Fig. 5 Open system (thermal and concentration disturbance), velocity, temperature and mass 

fraction contours for temperature step from 10 °C to 20 °C 

Fig. 6 Open system (mass fraction disturbance), velocity, temperature and mass fraction 

contours 
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