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Abstract. The paper presents the experimental results on the mass 
evaporation rate from the moving liquid layer surface streamlined by the 
gas flow for different layer thicknesses. The maximum value of the mass 
evaporation rate was observed for a 5 mm liquid layer. Further increase in 
the thickness of the liquid layer causes a decrease in the mass evaporation 
rate. The assumption about the change in the balance of forces was made. 
A self-organized structure of the square-shaped spatial cells is found to 
form in the moving liquid layer streamlined by the gas flow. This structure 
has the most visible form at the maximum possible velocity of the air.  

1 Introduction  
Convective motion in a liquid layer arising due to turning up a liquid with higher density is 
known as Rayleigh-Bénard convection. Rayleigh-Bénard convection has been studied 
mainly in a horizontal liquid layer between solid walls [1]. Convection caused by the 
surface tension (Marangoni convection) has been studied in [2]. At the same time, the 
convection in a liquid layer with free boundary (the phase boundary between the liquid and 
the gas or vapor located above) is still less studied. 

There are two basic mechanisms affecting the instability in systems with a free 
boundary. The mechanism of the instability arising due to the buoyancy force is more 
important for relatively thick liquid layers. While the instability caused by thermocapillary 
effect is dominant in thin liquid layer. Many works are devoted to the determination of the 
boundary of so-called "pure convection" caused by turning up a liquid with higher density 
(Rayleigh–Bénard convection). In systems with a free boundary there are two kinds of 
instability: stationary [3] and periodic [4]. In the case of Marangoni convection in systems 
with free boundary it was found that there are many kinds of instabilities. They are cells 
[5], free surface deformation leading to the appearance of dry spots [6], longitudinal [7], 
and transverse [8, 9] periodic instabilities. But the most common cases are in which there 
are two mechanisms of instability formation simultaneously.  

Convection in the liquid layers which are continuously heated from below with a 
constant temperature gradient and excluding evaporation is most often studied [10]. There 
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is a lack of studies devoted to evaporating liquid layers since evaporation greatly 
complicates the problem. Experimental studies devoted to research of evaporating single-
component liquid layer and observation of the convective flows formation in small amount 
of liquid have been conducted in [11]. Four basic modes of convection for the single-
component liquids have been analyzed in the work. For all liquids with 2 mm or less 
thickness, the dominant mode of convection is a mode with formation of cells. For 
moderately volatile liquids, such as alcohols, there is a pseudo stable flow pattern, 
temporary cells. There is either growth or reduction of cells or accidental movement of cells 
due to interaction with neighboring cells. For intensively evaporating liquids (for example, 
different types of ether), unstable state of liquid can be observed.  

The influence of non-linear temperature profiles before convection on the order of the 
critical Marangoni number in the case of the flow caused by the surface tension in the 
evaporating liquid layer was analyzed using the linear stability theory [12]. It is found that 
in case of a strong non-linearity of the temperature profile, the critical Marangoni number 
may be much higher than for the corresponding linear temperature profile. 

The evaporation in the liquid layer is mainly considered only as a means of cooling the 
surface layer. The role of evaporation is ignored in the problem of convective stability. 
There are very small numbers of experimental studies on the comparative analysis of the 
instability with a short-wave nature that may arise in volatile liquid layers. There are 
experimental results on the effect of the evaporation on the thermocapillary convection in 
thin liquid layer [13]. The evaporation was found to affect not only the cooling of the 
surface layer but also to be the driving force influencing the development of convective 
instability. 

The dynamics of instabilities caused by the action of surface tension and interfacial 
phenomena of convection in two-layer system was studied in [14]. The analysis of the 
interaction between the natural convection, thermo-capillary convection and convection 
caused by the shear stress [15] was conducted. The analytical and numerical solution of a 
liquid flow in an open horizontal space under the influence of the gas flow was obtained. 
The topology of convective flows with non-deformable interphase boundary due to the 
impact of the inert gas flow is presented. The effect of the stress tangential component 
caused by the action of the gas flow was studied. The exact solutions of the stationary 
problem of convective flow with thermo capillary interfacial boundary in a horizontal 
liquid layer under the influence of the inert gas flow were obtained. It demonstrated the 
presence of a reverse flow with respect to the direction of gas flow near the interface. 

It was shown theoretically and experimentally that the structural changes in the flow 
resulting to backward movement of the liquid film can occur under the action of thermo-
capillary forces arising due to the temperature gradient at the interface between liquid and 
gas [16]. 

Thermocapillary convection has a significant effect on the motion of the liquid in two-
phase systems [17]. Significant temperature differences at the interface cause waves, vortex 
and reversal flows, and can lead to rupture of the film [18]. 

It can be concluded based on the analysis of scientific publications [19-25] that the 
evaporation of the liquid film under the influence of the gas flow has not been studied at a 
level that would allow for predictive modeling of high-technology equipment with mini- 
and micro-channels. 

The dynamics of evaporation depending on the temperature of the two-phase system, 
gas flow velocity, liquid layer thickness, and, in addition, the influence of normal and shear 
stresses, thermocapillary effect, instabilities forming in the liquid on evaporation were 
studied in [26]. It is noted that the viscosity and surface tension depend on the temperature 
and lead to a change in the evaporation rate; by increasing the thickness of the liquid film, 
thermocapillary effect becomes the main factor of evaporation. In this case, causes of 
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changes in the evaporation rate at different parameters cannot be explained from a physical 
point of view. 

In view of the above, the study of the heat exchange processes in the interaction of the 
moving liquid film with a parallel gas flow is relevant. 

The purpose of this study was to determine the dependence of the mass evaporation rate 
on the liquid layer thickness moving in minichannel under the action of the following gas 
flow. 

2 Experimental apparatus  

Experimental studies were conducted on the setup [27, 28] for the study of the dynamics of 
evaporation and convective flows in minichannel. 

The conception of the experiment includes the application of previously tested methods 
[27] for studying heat and mass transfer across the interface between liquid and gas. 

The experiments have been conducted under the atmospheric pressure in the test cell. 
The thickness of moving liquid layer was varied from 1 to 8 mm. As a working liquid we 
used ethanol (95% ppb mass). The evaporation surface blown by a gas flow (air) was 
100mm2 with 10х10 mm cut in the plate. The gas flow rate was ranged from 100 to 1000 
ml/min with a 100 ml/min step, which corresponds to an average gas velocity from 0.014 
m/sec to 0.125 m/sec. The main influencing factors are summarized in Table 1. 

Table 1. The main influencing factors. 

Factors Values 
Gas velocity, m/sec 0.014 – 0.125  
Interface area, mm2 100 

Velocity of the moving liquid layer, m/sec 8.3·10-5 

Pressure in the circuit atmospheric 
Liquid in the system ethanol (95% ppb mass) 

Gas in the system air 

3 Results and discussion  

When conducting the experiment, the temperatures of the liquid and gas were kept constant. 
Figure 1 presents the dependence of the mass evaporation rate on the liquid layer thickness 
at the ethanol/air system temperature of Т=20°С in the gas velocity range from 0.014 to 
0.125 m/sec. The value of the mass flow rate is found to have a local maximum. An 
increase in the evaporation liquid layer thickness from 1 to 5 mm leads to an increase in the 
intensity of evaporation, which reaches a maximum at a 5 mm layer thickness. A further 
increase in the liquid layer thickness causes a decrease in the mass evaporation rate.  

3

EPJ Web of Conferences 159, 00033 (2017) DOI: 10.1051/epjconf/201715900033
AVTFG2016



 
Fig. 1. Mass evaporation rate versus liquid layer thickness at the ethanol/air system temperature of 
Т=20°С. 

Experimental dependences of the mass evaporation rate on the liquid layer thickness in 
the gas flow velocity range from 0.028 to 0.139 m/sec at the ethanol/air system 
temperatures of Т=30°С, Т=40°С, Т=50°С are presented in Fig. 2-4.  

 
Fig. 2. Mass evaporation rate versus liquid layer thickness at the ethanol/air system temperature of 
Т=30°С. 

According to analyses of presented dependences (Fig. 1-4) W is found to increase 
reaching a maximum value at a 5 mm liquid layer thickness. Further increase in the 
thickness of the liquid layer causes a decrease in the mass evaporation rate.  

Most likely, it is due to the change in the balance of forces caused by thermocapillary 
effect, shear stresses, which appear because of the gas flow and natural convection. Natural 
convection is dependent on the liquid layer thickness. Possibly, there is some convection 
mode with the maximum evaporation rate for each liquid layer thickness and temperature of 
the liquid and gas. It should be noted that the geometrical dimensions of the rectangular 
channel through which the gas and liquid is transported can significantly affect the 
convection mode.  
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Fig. 3. Mass evaporation rate versus liquid layer thickness at the ethanol/air system temperature of 
Т=40°С. 

 
Fig. 4. Mass evaporation rate versus liquid layer thickness at the ethanol/air system temperature of 
Т=50°С. 

The most common method for visualizing convective flows is the shadow method based 
on the temperature dependence of the refractive index. Cold downflows focus the light and 
look bright projected on the screen. And warm upward flows act dissipating and appear 
dark.  

Photographic images of experimental studies obtained using the shadow method are 
shown in Table 2-3. 

According to analyses of the photographic images a self-organized structure of the 
square-shaped spatial cells is found to form in the moving liquid layer streamlined by the 
gas flow. Formation of cells occurs in proportion to the average velocity of the air flow; at 
the maximum possible velocity of the air cells have the most visible form. 
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Table 2. Photographic images of the interface at Т=50°С (H=1÷3 mm). 

Table 3. Photographic images of the interface at Т=50°С (H=4÷8 mm). 

 Vg=0.014 m/sec Vg=0.042m/sec Vg=0.069m/sec Vg=0.097m/sec Vg=0.125m/sec 

4mm 

     

5mm 

     

8mm 

     

Also it is worth noting that at the 5 mm liquid layer thickness a regular structure in the 
form of liquid roller occurs from the side of the gas inlet. This structure becomes more 
visible with increasing gas flow velocity. Further increase in the liquid layer thickness up to 
8 mm results in the disappearance of the structure, while the convective cells form at the 
interface.  

In earlier work [29] the effect of the film structure on the evaporation intensity was 
studied. It was noted that various types of instabilities can increase the mass evaporation 
rate. Thus, the occurrence of the maximum evaporation rate of liquid layer with a 5 mm 

 Vg=0.014 m/sec Vg=0.042m/sec Vg=0.069m/sec Vg=0.097m/sec Vg=0.125m/sec 

1mm 

     

2mm 

     

3mm 
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thickness, and reduce in the evaporation rate when further increase in the liquid layer 
thickness can be caused by a regular structure, which is formed at a 5 mm layer thickness. 
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