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Data was obtained on the distribution of the thickness of a film and the amplitude 
of waves on its surface. 

Information can be obtained on wave formation on the surface of a liquid film in a 
dispersed-annular flow by analyzing oscillograms of the instantaneous thickness of the film. 
One of the analytical methods currently being used is calculation of the autocovariation 
function and power spectrum of the wave process, with determination of the frequencies of 
harmonic oscillation. Another method consists of constructing the film-thickness distribu- 
tion function, which makes it possible to determine the amplitude characteristics of the 
surface of the liquid. 

The study [i] presented a description of a unit and method of measurement and examined 
results of the use of spectral analysis to interpret experimental data on the thickness of a 
liquid film in a dispersed-annular flow. Oscillograms of instantaneous film thickness were 
obtained for an air-water flow ascending in a vertical pipe 16 mm in diameter. The investi- 
gators used electrical conductivity sensors to obtain their data. The regime parameters 
were varied within the range: water flow rate Gq = (4-35)-10 -3 kg/sec, air flow rate Wg = 
15-43 m/sec. The pressure in the loop was close to atmospheric. 

Here we report results of analysis of oscillograms of film thickness performed with 
histograms. The initial material was a sample of 1000 values of the instantaneous thickness 
of the film h determined at time intervals of 0.5 msec. Here, the number of intervals for 
one grouping k was chosen so that the incidence of the data in each interval would be at 
least two (except for the extreme intervals) [2]. It is evident that the value of k depends 
on the range and the error of the characteristic being determined (film thickness in the 
present case). The mean thickness of the film changed in the tests from 0.055 to 0.3 mm, 
depending on the regime parameters. The error of the determination of instantaneous film 
thickness with electrical conductivity sensors depends on the parameters of the sensor, the 
amplification scheme, and the choice of rate when recording the signal from the sensor on the 
photographic paper of the oscillograph. Also playing an important role is the calibration 
curve, which determines the relationship between the electrical signal of the sensor and the 
film thickness. The error of the film-thickness determination did not exceed 15% for 
instantaneous film-thickness values h > 0.8 ram, while it ranged from 6 to 9% at h < 0.8 and 
was the criterion for the selection of-the grouping interval (this interval should not be 
less than the error of h). In the analysis of the tests, k took values of 8-15. 

The distribution functions of film thickness constructed from histograms generally 
turned out to be nonsymmetrical relative to the abscissa of the maximum, as is apparent from 
Fig. i. The functions also travelled a smoother path in the region of large thicknesses. As 
is known, the surface of a film of liquid in a dispersed-annular flow is covered by a complex 
system of waves. Two main types of waves with fundamentally different characteristics 
(formed by different mechanisms) can be distinguished: frequent ripples of relatively low 
amplitude having a three-dimensional structure; relatively infrequent shock waves with a 
large amplitude and a two-dimensional structure. The study [3] proposed a method of deter- 
mining the mean thickness of the film without allowing for the shock waves. We used this 
method to analyze our data. The method is based on the assumption that the film-thickness 
distribution function should be symmetrical without allowance for the shock waves, and the 
abscissa of the maximum will be the mean thickness of the film if the film contains only 
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Fig. 2. Dependence of the ratio <hr/h> on the 
dimensionless velocity of liquid in the flow for 
different valeus of Reg (the boundary of the 
shock waves on the film surface according to the 
data in [8] is indicated by *): i) Reg = 1.5"104; 
2) 3.0"104; 3) 4.0"104 . 

ripples <hr>. The distribution function of film thickness at the crests of the shock waves 
is obtained by geometric subtraction of the curve symmetrical relative to <hr> from the 
distribution function obtained from the histogram. These functions are shown in Fig. i. 

It is evident from the curves in Fig. 1 that with a constant gas velocity, the maximum 
of the distribution function is shifted to the region of greater film thicknesses with an 
increase in the velocity of the liquid in the film. This is accompanied by an increase in the 
range of h and the most probable film thickness at the crests of the shock waves. A similar 
pattern is seen with a constant liquid velocity in the film when gas velocity decreases. 

Values of <hr> found from the graphs were compared with the mean film thickness calcu- 
lated from the relation 

N 
1 ~h~, 

5= N,=I 
where N = i00. 

In all of the regimes investigated, the values of <hr> were less than h. Meanwhile, the 
difference was greater, the greater the mean thickness of the film. This is evidently 
connected with the more complex structure of the surface of thick liquid films, expressed in 
greater asymmetry of the distribution curves of the data relative to <hr>. The character of 
the dependence of <hr> on liquid velocity in the film and gas velocity is similar to that 
established in [4, 5, etc.], although the absolute values of <hr> in our tests were lower 
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Fig. 3. Distribution function of the relative amplitude 
of waves on the film surface in relation to the regime 
parameters: a) W~ = 15 m/sec; i) Gfi = 15"10 -3 kg/sec; 2) 
25"10-3; b) Gfi =-15"10 -3 kg/sec; i) Wg = 15 m/sec; 2) 28. 

due to the lower velocities of the film liquid. It can be seen from Fig. 2 that the ratio 
<hr>/h decreases with an increase in the dimensionlessvelocity of the film liquid in the 
flow Req for different values of the Reynolds number Reg, which is evidence of the increasing 
contribdtion of shock waves to the wave-formation process. 

In connection with the fact that the absolute height of the perturbations on the film 
change within a fairly broad range, we can obtain more reliable data on the type of waves 
that cover its surface by using the concept of the relative amplitude of the waves: 

hma x - -  hmi n A 

-- hma x -}- hmi n ~ h  

Figure 3 shows the effect of regime parameters on the form of the distribution function 
of relative wave amplitude. The curves have distinct maxima, these maxima being two or 
three in number. There are three maxima in the regimes in which liquid velocity in the film 
is greater for the same given gas velocity. The first maximum corresponds to the values of 
the relative amplitude of the ripples ~r, which in our experiments lie within the range 
0.05-0.2 (=r = 0.1-0.2 [3], ar = 0.25 [6]). 

Some studies which have examined wave formation on the surface of thin liquid films [6] 
have detected not only shock waves and ripples, but also so-called large waves. These waves 
are transitional between the ripples and the shock waves. They are distinguished by an ampli- 
tude considerably greater than the amplitude of the ripples. However, theystill have a 
three-dimensional structure. The merging of several large waves may lead to the formation 
of a shock wave, which occupies the entire perimeter of the channel. Since the sensors 
recording the instantaneous thickness of the film were located along one generatrix of the 
channel, we were not able to distinguish between large waves and shock waves in our study. 

The presence of the second and third maxima of the distribution function of relative 
amplitude can be explained by the existence of both two- and three-dimensional waves of large 
amplitude. Also, in [7] for example, ~nvestigators noted the multimodal character of shock 
waves on the surface of a flowing film at Reynolds numbers for the liquid greater than 700. 
These factors, along with the possible effect of gravity on wave formation in thick films 
with relatively low air velocities (Wg m 15-20 m/sec), explain the appreciable scatter of the 
data on thickness and the amplitude of the shock waves. For instance, the ratio <hcs>/<hr 5 
(see Fig. i) lies within the range 1.5-3.0. The ratio of the wave amplitude corresponding to 
the second maximum of the relative-amplitude distribution function to the amplitude of the 
ripples (first maximum) ranges from 1.5 to 6.0 (in [7], this ratio was equal to about 3.0). 

The data obtained agrees well qualitatively with the results of spectral analysis of the 
film-thickness oscillograms [i]. The two methods of analyzing oscillograms complement each 
other and make it possible to obtain complete information on the amplitude-frequency charac- 
teristics of a liquid film in a dispersed-annular flow. 

NOTATION 

__ Gq, velocity of liquid (water); Wg, velocity of gas (air); h, thickness of liquid film; 
h, mean film thickness; <hr>, mean thickness of film in the presence of ripples on the film; 
<hcs>, mean thickness of film at crests of shock waves; hma x, hmi n, film thickness at crests 
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and troughs of the waves, respectively; k, number of intervals of grouping in the histogram 
construction; N, number of values of instantaneous film thickness recorded on the oscillogram; 
p(h), film-thickness distribution function; p(~), relative-wave-amplitude distribution func- 
tion; Gfi, film velocity in the film; Refi = Gfi/(~d~), dimensionless velocity of liquid in 
the film; Re~ = 4Gq/(~dD), dimensionless velocity of liquid in the flow; D, absolute vis- 
cosity; d, channel diameter; Reg = Wgd/~g, Reynolds number of gas; Vg, kinematic viscosity of 
gas. 
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