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Abstract 

This work deals with the theory of thin water film evaporation and numerical simulation of this phenomena. The theory focuses on 
the mass transfer of water vapor from the film to the bulk flow of air. As possible mass transfer mechanism is considered convection 
– natural and forced. To solve specific problem there is used the equation to evaluate mass flux of water vapor from the film to the 
bulk flow of air. In this equation there appears mass transfer coefficient. Essential part of this paper is devoted to evaluation of mass 
transfer coefficient. At first the problem is solved using criterion equations to determine mass transfer coefficient. In the next step the 
same problem is solved using analogy between heat and mass transfer. There is numerically determined heat transfer coefficient 
solving natural convection in the closed volume or solving forced convection in the model of experimental rig. Target of this work is 
to evaluate the time of evaporation of the thin water film of known thickness from the surface of the specific temperature by the 
specific moist air conditions. 
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1. Introduction 

Problem with thin water film creation and evaporation oc-
curs in many technical applications. In some applications 
creation of thin water film is desirable from the point of 
view of heat and mass transfer between the film and bulk 
flow of air. As an example could be mentioned heat ex-
changers such as cooling towers. On the other hand there 
are applications in which the creation of the water film is 
undesirable and there is an effort to determine the time of 
evaporation of the water from the film to the air. This 
work examines the second group of applications.  

Need of solution of thin water film evaporation proves 
number of papers devoted to this problem such as [1,2]. 
In most of this papers there is theoretical analysis of the 
evaporation process, numerical solution using different 
approaches and in some of them there is also experimental 
validation of the numerical solution [3,4]. This paper fo-
cuses mainly on the thin water film evaporation theory 
and the numerical solution on the specific geometry ap-
propriate the solved application. Part of this work is also 
devoted to the experimental validation of the numerical 
models which will be introduced on following pages. 

In [1] there is said that the evaporation process is led 
by the heat and mass transfer mechanism at the water-air 
interface but it is significantly influenced by surrounding 
conditions. Examining the real solved application and its 
working conditions, convective heat and mass transfer is 
considered. The theory focuses especially on the convec-
tive mass transfer respectively on the evaluation of mass 
flux of water vapor to the bulk flow of air. Convective 
mass transfer theory is well described in [5]. From the 
point of view of the solved application the natural convec-
tion is considered. Forced convection is considered in ex-
perimental setup.  

2. Theoretical model 

Theory deals with convective mass transfer respectively 
with evaluation of mass flux of water vapor from the film 
to the bulk flow of air. The scheme of the problem is 
shown in Fig. 1. There is a flat surface representing a plate 
of specified temperature on which is thin steady (meaning 
not falling) film of water. Plate with the water film is sur-
rounded by moist air of specified temperature and relative 
humidity. 

 

Fig. 1. Thin water film evaporation scheme. 

The theory assumes that on the water-air interface 
there is very thin layer of saturated moist air. Mass trans-
fer of water vapor takes place only between this layer and 
bulk flow of moist air. Another assumption is that the wa-
ter vapor is dilute in the moist air. It means that the water 
vapor density is much smaller that the density of the moist 
air at the same temperature. Considering mentioned as-
sumptions, mass flux of water vapor from the film to the 
air can be evaluated using following equation 

 �� ��,, � ������,, ���� 	 ���������� (1) 

where ����,,  is saturation density of water vapor at the wa-
ter-air interface and ���� is density of water vapor in the 
bulk flow of moist air. Eq. (1) is valid under condition of 
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constant values of ����,,  and ���� over entire water-air in-
terface. Symbol � denotes the average mass transfer coef-
ficient defined as  

 � =
�
� � ���� 

�  (2) 

where �� is local mass transfer coefficient at defined lo-
cation on the water-air interface.  

To determine values of water vapor densities ����,, , 
����, it is necessary to know the barometric pressure, rel-
ative humidity of the moist air flowing around the plate 
and temperatures of the moist air at the water-air interface 
and in the bulk flow of air [6]. Specific humidity of the 
moist air flowing around the plate is given by  

 � = 0.622
���
,,

(	��)∙

�����

,,

(	��)∙
 (3) 

where ���,,  is partial pressure of saturated water vapor de-
fined as [7] 

 ���,,
= 10� (4) 

where exponent � is a function of the temperature and it 
is defined as 
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Density of the moist air is given by  

 ��� =
�

�∙	��
∙

(���)∙��

�� ��

���
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 (6) 

where � is universal gas constant, �� is molecular weight 
of dry air and ��� is molecular weight of water vapor. 
Water vapor density in the bulk flow of moist air can be 
expressed as 

 ���� =
�

��� ���. (7) 

As was said the theory assumes that on the water-air 
interface there is very thin layer of saturated moist air. An-
other assumption is that the water film temperature as well 
as the temperature of the moist air at the interface is the 
same as the temperature of the plate 
�. Specific humidity 
of saturated moist air at the water-air interface is given by  

 � ,, = 0.622
���
,,

(	�)

�����
,,

(	�)
 (8) 

Density of saturated moist air is given by  

 ���,,
=

�
�∙	�

∙
(��� ,,)∙��

�� ��
���

∙� ,,
 (9) 

Saturation density of water vapor at the water-air interface 
can be expressed as 

 ����,,
=

� ,,
��� ,, ���

,,
. (10) 

To determine mass flux of water vapor from the film 
to the air using Eq. (1), it remains to evaluate mass trans-
fer coefficient �. Several methods how to determine mass 
transfer coefficient are introduced.  

3. Mass transfer coefficient evaluation 

methods 

Problem of evaluation of mass flux of water vapor from 
the film to the bulk flow of moist air is essentially the 
problem of determining mass transfer coefficient. As was 
said there are chosen several methods how to determine 
it. First method use criterion equations, second method in 
first step evaluate numerically heat transfer coefficient 
solving natural convection flow in appropriate fluid do-
main. Mass transfer coefficient is then determined using 
analogy between heat and mass transfer. Third method is 
experimental. Target of all three methods is to determine 
the time of evaporation of the water film of known thick-
ness. 

3.1. Mass transfer coefficient evaluation using 
criterion equations 

Method of evaluation of mass transfer coefficient using 
criterion equations is chosen to quickly evaluate mass flux 
of water vapor from the film to the air and then to deter-
mine the time of evaporation. This method is also good to 
find the parameters that most influence the total evapora-
tion time. Following calculations assumes constant value 
of mass transfer coefficient over the entire surface. 

Mass transfer coefficient is evaluated using following 
equation [5] 

 � =
��∙���

 . (11) 

Mass transfer coefficient requires calculation of Sher-
wood number �ℎ and calculation of diffusion coefficient 
of water vapor to the air ���. Diameter � is the diameter 
of the plate. Sherwood number is obtained using follow-
ing equation considering the plate, laminar flow and 
forced convection [5] 

 �ℎ = 0.664���/
 ∙ ���/� (12) 

where Reynolds and Schmidt numbers are given by  

 �� =
�∙ 
!  (13) 

 �� =
�

���
. (14) 

Diffusion coefficient of water vapor to the air ��� can be 
expressed as [5] 

 ��� =
".�
�
�∙�""" 	

	�.

	�
��
. (15) 

Mass flux of water vapor from the film to the air is 
then obtained using Eq. (1) with mass transfer coefficient 
obtained from Eq. (11) and water vapor densities are 
given by Eq. (7) and Eq. (10). Total time of evaporation 
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of the thin water film of known thickness can be expressed 
as  

 
 � 	��∙��
�� ��

,,  (16) 

where ��
 is the defined thickness of the water film and 
�� is the density of water. 

3.2. Mass transfer coefficient evaluation using 
analogy between heat and mass transfer 

This method of mass transfer coefficient evaluation works 
with the analogy between heat and mass transfer. Most 
expressions for convective mass transfer coefficient � are 
determined from expressions for the convective heat 
transfer coefficient � [5]. Heat transfer coefficient is nu-
merically evaluated solving the natural convection inside 
the closed volume. Closed volume is represented by the 
cube of dimensions to be 0,7x0,7x0,85m. Inside the cube 
there are three vertical flat discs of specified temperature. 
All of the cube walls are adiabatic except the right one 
which has specified uniform temperature. Fluid domain 
was designed to be appropriate the real solved application. 
Geometry of the fluid domain is shown in Fig. 2.  

 

Fig. 2. Geometry of the fluid domain. 

Flow inside the cube is caused only due to the different 
temperatures of the wall and plates. Moist air inside the 
cube is saturated, so in Eq. (7) to determine the water va-
por density of bulk flow of air ����, relative humidity 
 
is equal to 1.  

Natural convection flow is numerically solved in com-
mercial CFD software using Constant density equation of 
state, Boussinesq model of natural convection and viscous 
regime is set to be laminar according to the values of 
Grasshof and Prandtl number. 

Heat transfer coefficient is determined from the value 
of surface heat flux ��  which is evaluated using Standard 
wall functions [8]. With known value of surface heat flux, 
heat transfer coefficient can be expressed as 

 � � ��

�����������	
. (17) 

In the denominator of right side of Eq. (17) there is the 
temperature difference between the wall and fluid which 

flows around the wall. Problem is where to specify the 
fluid temperature. In used commercial CFD software 
there are available values of Local heat transfer coeffi-
cient �� and Local heat transfer reference tempera-
ture ���
. These values are determined in the first cell next 
to the wall so they account with local variations in fluid 
temperature. 

With known value of Local heat transfer coefficient, 
mass transfer coefficient is determined using the analogy 
between heat and mass transfer expressed as 

 ��
 � �

�����

. (18) 

where ��
 is Lewis factor,�� is specific heat of moist air 
at constant pressure and �̅ is average density of moist air 
given by  

 �̅ � �����
�����������

�
. (19) 

Lewis factor is the dimensionless number which can be 
found in equations that describe heat and mass transfer. 
According to [9] values of Lewis factor are in the range 
of 〈0.5,1.3〉. In following calculations Lewis factor is con-
sidered to be equal to 1 as the simplifying assumption. 
Then the mass transfer coefficient can be expressed as  

 � � �

����

. (20) 

With known value of mass transfer coefficient, mass flux 
of water vapor can be expressed as  

 �� ��,, � � �����,, ���� 	 ����,, ����
��. (21) 

All the equations to evaluate water vapor densities 
����,, , ����,,  and mass transfer coefficient � are imple-
mented to the commercial CFD software. Time of evapo-
ration of the film of known thickness can be determined 
using Eq. (16) or the evaporation rate of water vapor from 
the film to the air can be expressed as  

 ���� � �� ��
,,

��
 (22) 

Evaporation rate of water vapor ���� says how many me-
ters of water film are evaporated per second.  

3.3. Experimental evaluation of mass transfer co-
efficient  

To validate previous calculations experimental test rig 
was designed. Test rig design is shown in Fig. 3. The test 
rig consist of the duct of rectangular shape. In the bottom 
of this duct there is placed the water tank. Rectangular 
duct passed into circular and at the end there is suction fan 
which provides moist air flow inside the duct. 
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Fig. 3. Test rig design. 

Water in the water tank is heated on constant temperature. 
Below the upper edge of the container there is the alumi-
num plate. Bottom side of this plate is in touch with water, 
on the top side of the plate there is thin water film of con-
stant thickness. Keeping the constant water temperature in 
water tank provides constant temperature of the water 
film. There are installed temperature sensors on the bot-
tom side of the aluminum plate to check the temperature 
distribution  

From the water film evaporates water to the air. Meas-
uring the humidity change of the air, required evaporation 
rate of water vapor is evaluated. 
In Fig. 4 there is shown the control volume on which the 
conservation equations are solved. 

 

Fig. 4. Control volume. 

There are two conservation equations for the control vol-
ume, continuity equation and energy conservation equa-
tion. Continuity conservation equation can be expressed 
as  

 �� ��1 �  ��� � �� �� � �� ��1 �  ���� (23) 

where �� �is mass flow rate of dry air, �� �� is mass flow 
rate of water vapor from the film to the air and  ��,  ��� 
is inlet, outlet specific humidity. Test rig dimensions were 
designed with respect to specific humidity change to aim 
measurable humidity change but avoid the saturation of 
the air. With known value of outlet specific humidity, 
mass flow rate of water vapor can be expressed as  

 �� �� � �� �� ��� 	  ��� (24) 

Energy conservation equation can be expressed as  

 !� 	 "� � �� ��� �!������ ��1 �  ��� ���
�

�
	

�� ��� �!���� 	�� ��1 �  ���� ����
�

�
� 	�� ��������� � 0 

  (25) 

where !�  is heat flux from water to the air, �� �!���, 
�� �!���� is moist air inlet, outlet enthalpy and ������� 

is enthalpy of water vapor at water temperature. Outlet ve-
locity $��� is measured using orifice plate and inlet veloc-
ity $�� is determined using continuity equation and know 
change in duct cross section area. Moist air enthalpies are 
given by 

 �� �!��� � ���� �  ���������� �  ��%" (26) 

 �� �!���� � ���� �  ������������ �  ���%" (27) 

where %" is specific latent heat of water vaporization.  
In the energy conservation equation also appears fan 

performance "� . It can be seen that the outlet temperature 
and outlet humidity are measured behind the fan because 
the fan provides mixing of the air so behind the fan there 
is uniform temperature and humidity field so the outlet 
values can be measured in one point of the duct cross sec-
tion. Knowing the outlet temperature and using Eq. (25), 
heat flux !�  can be determined. With known value of heat 
flux can be determined heat transfer coefficient using fol-
lowing equation 

 � � #�

$��%�������&
 (28) 

where &�'is the water surface area. Mass transfer coeffi-
cient is then evaluated using Eq. (20).  

Test rig has been built and stands in the laboratories of 
Department of Fluid dynamics and thermodynamics. Cur-
rently the test rig is under testing. Picture of the test rig is 
shown in Fig. 5. 

 

Fig. 5. Picture of the test rig. 

4. Results 

In this section are shown the results of evaluation of time 
of evaporation of water from the film to the air. At first 
there are shown the results using criterion equations then 
the result using analogy between heat and mass transfer 
and numerical simulation of natural convection. Results 
from the experiment are not yet available because the test 
rig is under testing. 
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4.1. Mass transfer coefficient evaluation using 
criterion equations results 

As was said this calculation was done to find the parame-
ters which influence the total evaporation time the most. 
In Fig. 6 there is shown how the time of evaporation de-
pends on the specific humidity of the moist air flowing 
around the flat disc for different values of the moist air 
velocity. Values of moist are velocities were chosen to be 
appropriate the velocity of the flow inside the real solved 
application.  

 

Fig. 6. Time of evaporation dependency on specific humidity for 

different values of moist air velocity 

From the Fig. 6 can be seen that the time of evaporation 
rapidly increases with increasing specific humidity of the 
moist air. For this case temperature of the moist air re-
mains the same so the relative humidity must also increase 
and moist air become saturated. 

Other parameter which influence the total evaporation 
time is the temperature of the surface respectively the tem-
perature of the flat disc. Theory assumes that the water 
film temperature and temperature of the layer of saturated 
moist air at the water-air interface have the same temper-
ature as the surface. In Fig. 7 there is shown how the time 
of evaporation depends on the temperature of the flat disc. 

 

Fig. 7.Time of evaporation dependency on the surface tempera-

ture for different values of moist air velocity. 

From the Fig. 7 can be seen that the time of evaporation 
decreases significantly with increasing the plate tempera-
ture. The plate temperature range was chosen to be equal 
to the surface temperature inside the real solved applica-
tion. Total time of evaporation is adequate to the time of 
evaporation in the real application. 

4.2. Mass transfer coefficient evaluation using 
analogy between heat and mass transfer results 

In this section are shown the results solving numerically 
natural convection in the fluid domain shown in Fig. 2. 
Natural convection was solved using Boussinesq model in 
commercial CFD software In the post processing was 
evaluated mass transfer coefficient using analogy between 
heat and mass transfer, time of evaporation of the film of 
known thickness and evaporation rate of water vapor to 
the air.  

Temperature of the flat discs was set to be 330 K 
(57°C), initial moist air temperature was set to be 293,15 
K (20°C), moist air inside the volume is saturated so the 
relative humidity is equal to 1. At first were evaluated Lo-
cal heat transfer coefficient and Local heat transfer refer-
ence temperature on the surface. These values are shown 
in Fig. 8 and Fig. 9.  

 

Fig. 8.Values of Local heat transfer coefficient. 

 

Fig. 9.Values of Local heat transfer reference temperature. 

Values of mass transfer coefficient from water film to the 
air are shown in Fig. 10. 
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Fig. 10.Values of mass transfer coefficient. 

Evaporation rate of water from water film to the air 
was evaluated using Eq. (22). Values of evaporation rate 
of water are evaluated in more relevant unit which say 
how many tenths of millimeters of water film are evapo-
rated per hour.  

 

Fig. 11.Evaporation rate of water from water film to the air. 

Using Eq. (16) was evaluated total time of evaporation 
of the water film of known thickness. Thickness of the 
water film was set to be 0,1 mm.  

 

Fig. 12.Total time of evaporation of water film of 0,1mm thick-

ness. 

Values of mass transfer coefficient, local heat transfer 
reference temperature and total evaporation time were av-
eraged per plate surface and compared with the values de-
termined using criterion equations. These values were 
compared using the same conditions which are shown in 
Tab. 1.  

 

 

Tab 1. Conditions set for comparison. 

 

Comparison of the values of mass transfer coefficient and 
total time of evaporation is shown in Tab. 2. In first row 
there are values determined using criterion equations, in 
second row there are values determined using analogy be-
tween heat and mass transfer. In the last column there are 
values of fluid temperature. These values are used in 
Eq. (1) as the moist air temperature respectively in 
Eq. (21) as the local heat transfer reference temperature. 

Tab 2. Comparison of mass transfer coefficient, total evapora-

tion time and fluid temperature. 

 

Despite the fact that the values of mass transfer coefficient 
are different in order of magnitude, values of total time of 
evaporation are almost the same. Mass transfer coefficient 
evaluated using criterion equations is determined for fluid 
temperature to be equal to the moist air temperature. Mass 
transfer coefficient evaluated using analogy is determined 
using Local heat transfer coefficient and local heat trans-
fer reference temperature (=fluid temperature). These val-
ues are evaluated in first cell next to the surface so value 
of local heat transfer reference temperature is effected by 
the flat discs temperature and it is different from moist air 
temperature. Difference in these two values of fluid tem-
peratures blurs the difference in mass transfer coefficient 
and then the values of total time of evaporation for both 
solutions are almost the same. 

5. Conclusions 

Mass transfer coefficient evaluation using criterion equa-
tions and using analogy between heat and mass transfer 
was done in this work. Using the values of determined 
mass transfer coefficients, mass flux of water vapor from 
the water film to the air was evaluated. Specifying the 
value of water film thickness was determined the total 
time of evaporation of the water film. Values of the total 
time of evaporation are adequate to the real solved appli-
cation.  

The test rig to experimentally evaluate mass transfer 
coefficient was introduced. Governing equation to deter-
mine the mass flow rate of water and mass transfer coef-
ficient were shown. Experimental results are not yet avail-
able because the test rig is still under testing. 
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Nomenclature 

� area (m2) 
�� specific heat at constant pressure (J⋅kg-1 K-1) 
� diameter (m) 
� diffusion coefficient (m2

⋅s-1) 
ℎ specific enthalpy (J⋅kg-1) 
ℎ�# water film thickness (m) 

ℎ�  evaporation rate (m⋅s-1) 
�" specific latent heat of vaporization (J⋅kg-1) 
��# Lewis factor (1) 
��  mass flow rate (kg⋅s-1) 
�� ,, mass flux (kg m-2

⋅s-1) 
� pressure (Pa) 
��  heat flux density (J s-1⋅m-2) 
��  heat flux (J s-1) 
�� Schmidt number (1) 
�ℎ Sherwood number (1) 
� universal gas constant (J kmol-1⋅K-1) 
�� Reynolds number (1) 
� time (s) 

 temperature (K) 
� velocity (m s-1) 
��  performance (J s-1) 

� heat transfer coefficient (J s-1⋅m-2K-1) 
� mass transfer coefficient (m⋅s-1) 
� density (kg⋅m-3) 
� relative humidity (1) 
� kinematic viscosity (m2

⋅s-1) 

� dry air 
�  inlet 
�� moist air 
!"� outlet 
#�$ reference 
% water 
%� water vapor 
�� water surface 
" saturation state 
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