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Abstrakt: Criteria derived in case of thin liquid wall film atomization are presented. The criteria are 

distinguished according to a leading variable in the criteria depending on the film thickness 

and the criteria whose control variable is a wavelength of waves on the film surface.  

 

1. Introduction 

The issue of liquid wall film atomization have 

been studied mostly in the context of the 

annular type of flow in pipeline. The  subject of 

this paper is to present basic approaches to 

the description of atomization conditions and to 

summarize selected criteria derived in case of 

flat wall films. This option allows using of 

standard procedures used in the prediction of 

hydrodynamic instability preceding the 

atomization and is also better adapted to 

applications, where wall curvature with respect 

to low film thickness can be neglected. 

Nevertheless criteria based primarily on the 

piping systems are also given for comparison. 

  

For clarity, the criteria are distinguished into 

two types. The criteria of the first group depend 

on the wavelength of the waves from the top of 

which the fragments of fluid are atomized. The 

criteria of the second group take into account 

the thickness of the liquid film. In the first case, 

the basic principle of the theory of Kelvin-

Helmholtz instability is used and the latter 

criteria are derived from the definition of Weber 

number. 

 

2. Criteria depending on 

wavelength 

The fundamental basis for the derivation of 

criteria of the liquid surface atomization is the 

theory of Kelvin-Helmholtz instability. The 

power balance of stabilizing and destabilizing 

forces leads to a condition of neutral stability  

 
 ̂               (1) 

where ρL and σ is the density and surface 

tension respectively, g is the gravitational 

acceleration and k=2π/λ is the wavenumber of 

wave with wavelength λ. Quantity  ̂   is 

defined via the pressure fluctuation on the 

wave surface 

 

          [ ̂      (     )

  ̂      (     )]   
(2) 

where    is the amplitude of the wave 

described by a relation for the interface 

displacement 

 

        (     ) (3) 

from the equilibrium  ̅       depending on 

the time-space coordinates (x,t) and  phase 

velocity CR, see Hanratty (1983). 

 

From equation (2) and the physical nature of 

the problem is obvious, that the quantity  ̂   

has the meaning of the amplitude of pressure 

fluctuation over the wavy surface and its value 

is dependent on the geometric configuration, 

i.e. the ratio of wavelength to wave amplitude 

     and thickness of the considered channel 

B, and also on the air velocity.  

 

Theory of the Kelvin-Helmholtz instability 

assumes a uniform velocity profile of the gas 

flow, which by Hanratty (1983) leads to a 

formula 
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 ̂  
    (     )       (4) 

where UG and ρG is the average air velocity 

and gas density respectively. Form the 

configuration of the considered phenomena, it 

is clear that the assumption of uniform profile is 

not entirely adequate and therefore it can be 

assumed that real values of   ̂    will differ 

from the course defined by the equation (4). 

 

Authors in [9] give the relation for  ̂    

assuming real velocity profile and solving Orr-

Sommerfeld equation, for details see [4]. The 

resulting relationship has the form 

 ̂            
  (

  

 
)
      

   
       (5) 

where             is Reynolds number of 

air flow and B is height of air space above the 

liquid surface.  

 

In the following we give a criteria derived from 

the first condition (1) by substituting for  ̂   

from relations (4) and (5). 

 

By substituting (4) into (1) and assuming 

UL≈CR the neutral stability condition is obtained  

 

      (
       

   
)

   

  (6) 

Note that the derivation according to the 

classical theory of Kelvin-Helmholtz instability, 

see [6], leads to the condition 

     

 (
     (     )  (     )

     
)

   

  
(7) 

Evidently, the criterion (6) follows from (7) for 

ρL>> ρG. 

 

By substituting (5) into (1) the criterion (8) is 

obtained. 

   

[
 
 
 (       ) (

 
  

)
     

       ( 
 
 
)
      

]
 
 
 

 
     

 
(8) 

 

 
Figure 1: Comparison of criteria (6) and (8) with 

experimental data [9]. 

 

As is shown in the figure 1, classical criterion 

of the Kelvin-Helmholtz instability (6) 

significantly underestimates the critical 

velocities. This directly corresponds with the 

pressure amplitude formula (4) used to derive 

the criterion (8) which is not particularly good 

approximation for short wavelengths. 

 

At the end of the paragraph note that so far 

mentioned criteria define the critical velocity in 

dependence on the wavelength of the 

expected waves. However, this parameter is 

not a priori known in the real case and it can 

be expected, see [1], that the wavelength 

depends on the liquid film thickness. Authors in 

the article [9], on the basis of experiments, 

assume a wavelength λ = 5hp, where hp is the 

height of a solitary wave from the top of which 

atomization occurs. So in this case, the 

problem of critical velocity is dependent on the 

prediction of parameter hp, but this is not a 

trivial task and the article does not give any 

solution. Therefore, these criteria represent 

only a partial solution of the atomization 

problem and moreover do not reflect the 

influence of the film thickness. Therefore, 

further we shall examine the criteria without 

these deficiencies. 
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3. Criteria depending on film 

thickness 

The basic parameter which can quantify the 

affinity for the atomization depending on the 

film thickness is the Weber number 

 

   
    

 
 

(9) 

where ρ and U is the density and the film 

surface velocity respectively, see [6], or the 

gas density and  relative velocity of the gas to 

the film surface respectively, see [9]. 

 

In the latter case, the criterion of atomization 

can be easily derived in the form  

 

      √
     

   
   (10) 

The problem of quantification of the critical 

velocity is now moved to determination of the 

critical Weber number Wecr. Authors in [9], 

according to experiments, distinguish the 

critical Weber number calculated for the basic 

film thickness, Wecr≈1.5, and for the height of a 

solitary wave, Wecr≈5.5. 

 

For Weber numbers defined by the surface 

velocity of the film, see [6], the authors derive 

the condition of atomization on the basis of 

equality of shear stress on the film surface 

 

     
  

 
  

     

  

 
   (11) 

where fi and Ui is the shear stress coefficient 

and liquid surface velocity respectively. By 

eliminating Ui using (10), the criterion can be   

derived from (8) 

 

   (
 √    

  

  

   
√

 

   
 )

 
 

   
(12) 

where the authors consider the value Wecr=3, 

which identified Miles, see [7], from conditions 

for hydrodynamic stability. The values of 

critical velocity defined by equation (12) are 

now dependent on the determination of shear 

stress coefficient. The authors used the 

relationship for the annular flows in pipelines 

with hydraulic diameter Dh: 

 

        (     
 

  
)   (13) 

In case of film over the flat wall the 

dependence  

     

                   (14) 

can be used according to [8]. ReL=hua/νL is 

Reynolds number of liquid flow. By substituting 

the formula for liquid surface velocity  

     

   (
  

    
)

 
 
(
   

 
)

 
    

  
  

(15) 

derived in [5] into (11) and by approximation 

ua= Ui/2 in (14) the criterion   

   

[
 
 
 
 
   

   
 

    
 

√
     
   

    (
 

    )

 
 
(
   
 )

 
 

]
 
 
 
 

 
  

 (16) 

can be derived based on (9).  

 

Another criterion can be derived directly from 

the definition of Weber number (9) by putting 

the film surface velocity from equation (15): 

      

       (
       

      
)

 
 
(

 

   
)

 
 
   

(17) 

 

In Figure 6 are plotted the critical velocities of 

the gas depending on the liquid film thickness 

according to the criteria (10), (12) for shear 

stress coefficient defined by (13), (16) and (17) 

for the height of the channel, eventually the 

hydraulic diameter, B = 0.025 m. The 

comparison of these criteria results in relatively 

good agreement between the two discussed 

approaches especially for low film thickness. 

The derived criteria (16) and (17) give not so 

good prediction in comparison with criterion 

(12) although the shear stress coefficient (14) 
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should be more appropriate then (13) in the 

case of flat wall.  

 

As was discussed in the preceding section 

other criterion may be obtained from some 

criterion depending on wavelength by choosing 

the ratio between the film thickness and 

wavelength. According to experimental data, 

see [9], hp≅3-5 h0, where h0 is the basic film 

thickness. Then for λ = 5hp, according to [9], 

we obtain an approximate value λ/h0 ≅ 15-25. 

Thus, the last criterion is constructed from (8) 

for λ/h0 = 20 and depicted in figure 2 numbered 

as criterion (18). It seems that this give the 

best fit of experimental data among all 

discussed criteria especially for longer 

wavelength i.e. greater film thickness. 

 
Figure 2: Comparison of criteria (10), (12), (13), 

(16), (17) and (18) with experimental data [9]. 

 

4. Conclusion 

The aim of the article was the presentation of 

two basic approaches to the design of 

atomization criteria of liquid film forming on the 

wall of negligible curvature. These criteria are 

derived from the power balance based on the 

theory of Kelvin-Helmholtz instability and on 

the definition of a critical Weber number. In the 

former case, the criteria are dependent on the 

wavelength of the waves occurring on the film 

surface. This attitude requires the addition of 

empirical or computational models of the 

expected wavelengths, depending on the 

thickness of the liquid film thickness and air 

stream velocity. Criteria for the latter type do 

not require information about wavelength and 

also reflect the effect of the film thickness. The 

problem of the adequacy of these criteria 

depends on determining the critical Weber 

number or shear stress or velocity of liquid on 

the film surface. The comparison of different 

criteria results in relatively good agreement 

between the two discussed approaches and 

also between the criteria derived from the 

definition of Weber's relationship with the 

additional models mentioned above. More 

detailed evaluation of presented criteria is 

limited by the insufficient number of 

experimental data, which motivates the basis 

for further study of the discussed issue. 
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