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EVALUATING THE SPECTRUM OF DIMENSIONS OF VAPOR OCCLUSIONS 

BY THE ELECTRIC PROBING METHOD 

E. P. Svistunov, V. P. Sevast'yanov, V. K. Shanin, 
and V. M. Kryukov 

UDC 531.733:532.529.5:621.i.013 

This article examines aspects of the use of conductimetric sensor-probes to 
study the structure of steam-water flows. 

One of the main parameters governing heat transfer and fluid dynamics in gas-liquid 
systems is the volume concentration of the lighter phase - the true volumetric gas or vapor 
content ~v" The value of ~v is measured empirically using various integral methods, such as 
from the reduction in the intensity of radioactive radiation or the change in the mass or 
relative electrical conductivity of a layer of the two-phase mixture. 

The distribution of occlusions of the light phase in the liquid can be characterized by 
the notion of the local probabilistic gas content ~. By this, we mean the probability of 
finding the light phase at a given control point. The value of ~ in a steady flow can be 
obtained by probing with a sensor having asensitive element whose dimensions are considerably 
smaller than the dimensions of occlusions of the components of the mixture. Knowing the 
total time the sensitive element is in the light phase ZT i during the chosen exposure T, we 
can find the probabilistic gas content from the relation 

= T ( 1 )  

For  a g i v e n  v e l o c i t y  o f  v a p o r  o c c l u s i o n s  w, t h e  t o t a l  t i m e  o v e r  which  t h e  s e n s i t i v e  
e l e m e n t  p a s s e s  t h r o u g h  t h e  b u b b l e  a l o n g  t h e  c h o s e n  s t r e a m l i n e  i s  d e t e r m i n e d  by t h e  c h o r d s  
o f  i n t e r a c t i o n .  With  a n o m i n a l  s p h e r i c a l  s h a p e ,  t h e  maximum l e n g t h  o f  i n t e r a c t i o n  c o r r e -  
sponds  t o  t h e  d i a m e t e r .  The a c t u a l  s p e c t r u m  o f  d i m e n s i o n s  o f  t h e  s p h e r i c a l  o r  s p h e r o i d a l  
o c c l u s i o n s  u n a m b i g u o u s l y  d e t e r m i n e s  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  t h e  d u r a t i o n  o f  
t h e  a b o v e  e v e n t s  p (~ )  [ 1 ] .  I f  t h e r e  i s  an e q u a l  p r o b a b i l i t y  t h a t  t h e  b u b b l e s  o f  t h e  a c t u a l  
d i m e n s i o n a l  s p e c t r u m  w i l l  be  d i s t r i b u t e d  o v e r  t h e  vo lume o f  t h e  m i x t u r e ,  t h e n  d a t a  o b t a i n e d  
by t h e  i n t e g r a l  method  w i l l  a g r e e  w i t h  t h e  v a l u e s  o f  ~ v  c a l c u l a t e d  f rom t h e  d i a g r a m  o f  ~ in  
t h e  c o n t r o l  s e c t i o n  [ 2 ] .  

I n  p r a c t i c e ,  t h e  v a l i d i t y  o f  t h e  i n t e g r a l  and l o c a l  me thods  o f  m e a s u r i n g  gas  c o n t e n t  i s  
o f t e n  q u e s t i o n a b l e  in  l a r g e  v o l u m e s ,  i n  d e n s e  t u b e  b u n d l e s ,  and in  c h a n n e l s  o f  complex  geome-  
t r y .  I n  t h e s e  c a s e s ,  t h e  a g r e e m e n t  j u s t  n o t e d  r a r e l y  o c c u r s ,  so  t h e  r e s u l t s  o f  p r o b i n g  t a k e  
on an i n d e p e n d e n t  v a l u e .  T h i s  i s  p a r t i c u l a r l y  so  in  t h e  s t u d y  o f  t h e  d i s p e r s i o n  and s t r u c -  
t u r e  o f  t w o - p h a s e  f l o w s .  The p r e s e n t  i n v e s t i g a t i o n  i s  d e v o t e d  t o  e v a l u a t i n g  t h e  a b o v e -  
m e n t i o n e d  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  f l o w s  in  p o w e r - p l a n t  e q u i p m e n t  a t  a p r e s s u r e  o f  
6 . 0 - 6 . 4  MPa. 
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Design Of probe sensor (a), interac- 
tion of sensor with a vapor occlusion upon 
"piercing" (b) and exit (c) of the probe into 
the liquid phase, and oscillogram of the sig- 
nal corresponding to the interaction process 
(d). 

We determined p(~) using a method which has proven most successful in studies of two- 
phase systems and which involves the use of an electric probe to determine the time of 
passage of nonconducting vapor occlusions through a conductimetric cell. The measurement 
cell we used was nearly ideal with regard to minimizing its effect on the flow. It includ- 
ed an electrode formed by the end of a microconductor insulated over its entire length and 
an electrode whose dimensions were considerably greater than the linear dimenisons of the 
bubbles [3]. This cell has practical value only for laboratory conditions, since its use 
is restricted to a limited range of gas contents for flow regimes in which the light phase 
is present in the liquid as individual occlusions. The usefulness of the cell is also lim- 
ited by the absence of electrical-insulation materials for use in hot water. Improvements 
currently being made in the design of two-electrode sensors and measurement system are 
expanding the range in which it is possible to reliably evaluate gas content. These improve- 
ments will also alleviate the requirement for insulation and make it possible to conduct 
long-term experiments in a high-temperature steam-water medium [4]. 

In the general case, it is difficult to use a sensor with a measurement section in the 
form of two microelectrodes to study the structural parameters of two-phase mixtures within 
a broad range of ~ (approximately from 0.05 to 0.95) because of the uncertainty in identify- 
ing the position of the electrodes in the liquid or vapor components of the flow from the 
change in the impedance of the measurement cell. When the sensor has been miniaturized to 
a certain point, the minimum electrical conduction between the microelectrodes is attribut- 
able to fluctuation of the thickness of the liquid film remaining on the surface of the 
structure at the moment the bubble passes under the probe. Here, the maximum conduction is 
attributable to the formation of drops from this film [4]. These extreme values are not 
stable and characterize the interaction of the flow and sensor at the stage after the bubble 
of the light phase is "pierced" by the microelectrodes. We can regard as relatively stable 
the intermediate value of electrical conductivity of the measurement section, corresponding 
to its position in the water. The method which is most convenient to use for commercial 
trials involves adjustment of the primary transducer. Here, the position of the probe in 
the light and heavy phases corresponds to stable maximum and minimum output values. Such a 
method is realized by using a transformer bridge with a grounded neutral conductor as the 
primary transducer [4], shielding the nonworking sections of the microelectrodes with metaljack- 
ets, and increasing the electrode spacing to i =~ while using microeleetrodes with a diameter 
of ~0.2 mm (Fig. la). During the movement of the vapor occlusions, the residual film acts 
as a resistance for leakage currents between the microelectrodes and their shields. Under 
the operating conditions of the bridge, the film does not affect the indication of disrup- 
tion of the electrical circuit of the sensor by the nonconducting bubble. Meanwhile, an 
increase in the electrode gap prevents the formation of drops on the measurement section at 
the moment the light phase passes through the probe. 

1268 



When a spheroidal occlusion with a minor axis 2a is "pierced," the equipment records 
the deformation of the shell of the occlusion and the reduction in the velocity w I of the 
phase boundary over the base 6 of the measurement section (Fig. ib). The subsequent entry 
of the microelectrodes into the liquid phase is characterized by their wetting by the liquid, 
which on the average increases the effective rate of motion w 2 of the phase boundary along 
the electrodes (Fig. ic). The output signal corresponding to this interaction is shown in 
Fig. Id. The maximum value of the signal U is reached when the microelectrodes are in the 
vapor bubble, while the minimumvalue U 0 is reached in the liquid. The time the measure- 
ment section is in the light phase ~i = ti+1 - ti is measured with a chosen level of dis- 
crimination U d with allowance for the effective values of the time constants corresponding 
to the rise of the signal from U 0 to U and its decay from U to U 0 [4]. 

Similar measurements were made by electric probing in [4, 5]. However, when the inves- 
tigators evaluated the spectrum of the dimensions of vapor occlusions in the pheripheral 
zone of the draft section of a bubbler with a diameter of ~2 m [4], they did so within a lim- 
ited range of vapor contents corresponding to the mean value of corrected vapor velocity. 
This made it impossible to make any kind of generalizations. In experiments conducted in 
[5] with vertical tube bundle, an equiprobable distribution of light-phase occlusions across 
the test section was precluded by the effect of the walls in conjunction with the fact that 
the probe was positioned in the central part of the inter-tube cell. Thus, the results ob- 
tained here could not be analyzed by the method proposed in [i]. If allowance is made for 
the geometric dimensions of the cross section of the nominal inter-tube cell, theoretical 
values of the bubble-sensor interaction length make it possible to estimate the transition 
from nucleate to plug flow of the ascending fluid. We conducted our measurements in a 
large volume. We also evaluated the possibility of analyzing the flow structure not only 
with values of Ti, but also with values of the time intervals between successive pulses e i 
(Fig. id). 

We measured the probability density functions p(t) and p(e) in the range of measurement 
of ~ 0.1-0.8. It was assumed that the functions obtained were distorted as a result of the 
independent interaction of the bubbles with each electrode (violation of the condition of 
pointedness of the probe) and deformation of the phase boundary in the interaction of the 
electrodes with the bubble [2]. The effect of the change in the shape of a surfacing bubble 
of fixed volume was neutralized by the choice of exposure (up to i00 sec). Special attention 
was given to the orientation of the probe relative to the direction of the flow, since the 
efficiency with which ~ can be monitored decreases markedly in the case of the opposite ori- 
entation [2]. On the sections where reversal of the circulation was anticipated, we moni- 
tored the flow direction with sensors with a mutually perpendicular orientation (Fig. la). 
The determination of descending motion required analysis of the results, since the spectrum 
of dimensions of the bubbles entrained by the descending motion differed from the spectrum 
for the ascending flow. The velocity of the light phase w, with a uniform feed into the 
section, was evaluated from theoretical values of local velocity that were corrected for the 
evaporation surface Wcr: 

=Wcr/% (2) 

while the velocity in the case of a nonuniform feed was evaluated from the velocity of the 
vapor-liquid boundary through microelectrodes of known length 8: 

w = 0.5 (~, + w~). (3) 

The corresponding values of w z and w 2 were calculated with allowance for the rate of rise of 
the front of the signal IAU/At I at the values of t i and ti+ z (Fig. id): 

6 / AU 
W1"2 -- U--U------~o t T " (4) 

The maximum length of sensor-bubble interaction for spheroidal bubbles is determined by 
the passage of the sensitive element along the minor axis of the spheroid 2a (Fig. ib). Mea- 
surement of the intervals ~i allowed us to use the values of w to calculate the interaction 
length s and construct the probability density function p(s for the lengths of interaction 
between the sensor and bubbles corresponding to an actual spectrum of dimensions. Figure 2 
shows a graphic interpretation of the subsequent analysis of measurements in accordance with 
the method described in [i]. By combining occlusions with minor axes from s to s we 
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Fig. 2. Probability density function of sensor-occlusion 
interaction paths in an actual flow. s mm. 

Fig. 3. Probability density function of the vapor occlu- 
sions regarding their contribution to the volumetric vapor 
content at a pressure of 6.4 MPa. 2a, n~n. 

Fig. 4. Probability density function of intervals between 
vapor occlusions. B, msec. 

find that the density distribution p(s of interaction length for them is located between 
straight lines drawn from the coordinate origin to the point of intersection with the curve 
p(s with the corresponding values of the abscissa s and s Nearly tangential contact 
(minimum interaction length) of the sensor with a spherical or spheroidal bubble also corre- 
sponds to the minimum value of the density function [i]. We calculated p(2a) from the rela- 
tion: 

F 
(2a) = ka [~ (I) - P 

where k is the normalization constant. 

I A~(t) ] 
At ' (5) 

After normalization with respect to unity, the density distributions obtained for the 
dimensions of the vapor occlusions in regard to the contribution toward true volumetric 
vapor content are as shown in Fig. 3. 

According to the measurement data, for the bubbling of vapor through the liquid on the 
section corresponding to the dynamic two-phase layer (using the terminology in [6]), occlu- 
sions with a characteristic size 2a from 4 to 8 nml (curves 1 and 2 in Fig. 3 for values of 

equal to 0.35 and 0.48, respectively) are most likely to contribute to the measured value 
of ~. The least likely values of 2a correspond to stable bubbling in a large volume, while 
the most likely values correspond to the stabilization section. On this section, the light 
phase is discharged as a jet from the tube bundle or holes in the submerged perforated plate 
and enters the large volume. Accordingly, an equilibrium spectrum of dimensions is formed 
in this volume. On the transitional section from the dynamic two-phase layer to the vapor- 
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drop flow (in front of the nominal evaporation surface), the vapor occlusions undergo asso- 
ciation - the curve p(2a) becomes simpler as the values of ~ increase from 0.55 (curve 3) 
to 0.78 (curve 4). Here, the most probable value of 2a remains almost unchanged. For most 
of the volume, the ordering of the structure of the mixture is determined by the distances 
between adjacent vapor occlusions. This distance can be evaluated from the probability 
density function p(8), with allowance for the value of w. It was established experimental- 
ly that for the range of ~ from 0.05 to 0.2 in air-water and steanr-water flows, the structure 
of the flows - with a random distribution of light-phase occlusions over the volume of the 
mixture (nucleate flow regime) - is described by an exponential law conforming to the Poisson 
distribution 

p (0) = ~ exp (-- X0), (6) 

where X is determined by the ratio of the number of recorded vapor occlusions N to the cor- 
rected exposure of the record (i - ~)T. Such a correction of the law of change in p(O) is 
needed to eliminate the effect of differences in the duration of each bubble-sensor inter- 
action along the chosen streamline. Deviations occur from the law wfth an increase in vapor 
content. However, these deviations have a sufficiently convincing physical interpretation. 
For example, the results of calculation of p(O) from Eq. (6) are shown in Fig. 4 (curve i) 
for a steam-water flow with a value of ~ of ~0.48. Also shown is the empirical relation 
(curve 2). The values of T in the calculation were in milliseconds. The repeated discon- 
tinuities of the empirical curve log p(O), with sections that can be extrapolated as straight 
lines in the chosen coordinates, indicates the beginning of restructuring of the two-phase 
flow relative to the case of an equiprobable bubble distribution over the volume. The sec- 
tion p(O) for the minimum values of 8, due to the passage of thin interlayers of liquid, 
begins with values of X that are markedly greater than those predicted by calculation. 
This is evidence of a tendency toward association of the vapor occlusions. The slope-deter- 
mining coefficient in the exponent is characterized not only by the law of distribution of 
the center-to-center distances between hypothetically associated bubbles, but also by the 
form of the vapor-liquid phase boundary. In the case of sufficiently dense packing of the 
light-phase spheroids, the form of the phase boundary determines the most probable interac- 
tion with the maximum length (~2a). If we allow for this, we can estimate the duration of 
the initial section 2a/w. The change in the relation after the first discontinuity is due 
to ordering in the group between bubbles which did not enter the associated core. The sub- 
sequent transformation of the empirical curve is connected with the intervals between the 
passage of isolated groups of bubbles in the flow. The increase in vapor content in the 
transitional section from the vapor-water mixture to the vapor-drop flow smooths the transi- 
tion between two adjacent sections of the experimental curve (coalescence of two groups of 
bubbles) and results in breakup of the liquid interlayers in the film that separate asso- 
ciated vapor occlusions. With an increase in the theoretical value of X, this situation 
leads to an even greater difference from the experimental result in the region of minimum 
intervals 0. Figure 4 also shows theoretical (curve 3) and experimental (curve 4) relations 
log p(O) for a vapor content of 0.78. In laboratory tests involving flow visualization, 
the flow was identified as foamy on the basis of an increase in the experimental values of 
X for the minimum intervals by a factor of 2.0-2.5 relative to the theoretical mean values. 
This increase, along with the change in the actual spectrum of dimensions of the vapor occlu- 
sions, can be used to estimate the transition from nucleate to foamy flow of a vapor-water 
mixture in a large volume. 

NOTATION 

~v, true volumetric vapor content; ~, local vapor content; i, subscript to designate 
the serial number of an event; T, residence time of the probe in the vapor bubble; 8, dura- 
tion of interval between successive vapor occlusions; T, exposure; 2a, minor axis of ellip- 
tical vapor occlusion; p, probability distribution function; 6, length of microelectrodes of 
the probe; wl and w 2, rate of movement of phase boundary past electrodes upon entry and exit 
of the probe from the vapor occlusion, respectively; w, velocity of vapor occlusion; Wcr , 
velocity of light phase corrected for the area of the evaporation surface; U and U0, maximum 
and minimum amplitudes of signal at the output of the primary transducer (sensor); Ud, level 
of discrimination of the output-signal envelope; t, time; s length of interaction of the 
sensor with a vapor occlusion; k normalization factor; N, number of recorded vapor occlusions; 
~, frequency of passage of vapor occlusions; 6, increment of a quantity; E, sum. 
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MAXIMUM THICKNESS OF A TWO-PHASE LAYER DURING BOILING 

ON A FLAT HORIZONTAL SURFACE TURNED DOWNWARD 

Yu. A. Kirichenko, K. V. Rusanov, and E. G. Tyurina UDC 536.248.2.001.5 

A study is made of the effect of the thermal load and pressure on the thick- 
ness of the two-phase layer in the boiling of water and nitrogen. 

The boiling of liquid on a flat heating surface turned downward is characterized by low 
values of the critical thermal load and the heat-transfer coefficient in the sheet boiling 
regime [i]. A theory of heat transfer for such a heater orientation has yet to be developed; 
to construct such a theory, it will be necessary to have information on the dynamics of the 
vapor phase during boiling. Eskin, Kirichenko et al. [2] obtained data on the form and dimensions 
individual bubbles; it was found in particular that their thickness 6 may not exceed a cer- 
tain limiting value 6s associated with the capillary constant b and the contact angle ~ (at 

+ 0~ ~s ~ 2b). In the nucleate boiling regime, growing and moving bubbles form a two- 
phase layer of the thickness 6tp. In sheet boiling, the thickness of the vapor film depends 
to a considerable extent on the heat-transfer rate. Data on the thickness of the two-phase 
layer or film is very valuable for constructing a model of the heat-transfer crisis during 
sheet boiling However, the literature does not contain any such data. 

The present study reports results of an investigation of the dependence of the maximum 
thickness of the two-phase layer 6tp on pressure, the type of liquid, and the heat flux q 
at different stages of boiling. TeNts were conducted with boiling water (atmospheric pres- 
sure) and nitrogen (pressure from 0.02 to 0.9 MPa) in the saturated state. The method used 
to photograph the process was described in detail in [2]. We took 3-5 photographs for each 
value of q. We used pictures enlarged fourfold to determine the maximum thickness of the 
vapor phase, i.e., the maximum distance of this phase from the heating surface. We then 
found the arithmetic mean of 6tp from individual frames and a series of frames. We also de- 
termined the standard deviation, which turned out to be equal to 10-15%. 

The error of determination of the maximum thickness by the simple method we employed 
was also no greater than 10% at acceptably low values of q. 

For clarity, Fig. i compares the data on heat flux in fractions of its critical value 
qcrz (qcrz = 2-87"i0s W/m2 for water and 6.07.104 W/m = for nitrogen). In the case of devel- 
oped boiling (q/qcrl z 0.1-0.2), the value of 6tp is nearly independent of q. It can be 
seen from the figure that the thickness of the two-phase layer even decreases somewhat with 
the onset of the crisis (q/qcrz = i). In the photographs, sheet boiling appears as a single 
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