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The interface between liquid and gas in a two-phase stream, constantly varying in space, leads to the 
fact that the local values of the velocities of the phases, the pressure, the gas content, and other characteristics 

have a significant dependence on the spatial variables and time. In this connection it is very important to in- 

vestigate the statistical structure of a two-phase stream both in space and in time. An important part of such 
investigations is the study of the spatial and temporal correlations of pressure pulsations. The correlation and 
spectral functions allow one to determine the frequency of velocity pulsations and to estimate the connection 
between pulsations at different times in different pipe cross sections, from which one can determine the scales 
of turbulent disturbances in a gas-liquid stream, which carry a large part of the energy of the pulsatingmotion. 

Measurements of the pulsating pressure in a gas-liquid stream [I] showed that the amplitude and fre- 
quency of pressure pulsations vary with variation of the stream velocity and gas content and depend on the mode 
of flow of the mixture. In [2] an attempt was made to create a method of classification of modes of flow of two- 
phase mixtures on the basis of the spectral density distribution of wall pressure pulsations. Measurement of 
the propagation rate and intensity of pressure pulsations in an ascending bubble stream of Freon-12 was the 
subject of [3]. In [4] oscillograms of pressure pulsations in a vertical ascending air-water stream were used 
to calculate such statistical characteristics as the spatial correlations, spectral distribution, and intensity of 
pressure pulsations. The authors propose to represent the pulsation component of the pressure in the form of 
a nlocalW component, the spatial correlation function of which rapidly approaches zero, and a "structttral n 
component with a spatial correlation function having an almost periodic character. 

The behavior of the statistical characteristics of pressure pulsations in horizontal pipes is of particular 
interest. The point is that a horizontal two-phase stream, in contrast to a vertical one, is asymmetric rela- 
tive to the pipe axis, considerably longer plug lengths occur here, and a layered flow structure can exist for 
which a nonlinear connnectlon between the true and the flow-rate gas content is characteristic. 

Since a two-phase stream can be treated as a statistically steady process [4, 5], the start of the mea- 
surements can be Chosen arbitrarily, with the condition that the measurement time is long enough (considerably 
longer than the characteristic period of the pulsations). By using the property of ergodieity one can measure 
such characteristics as the intensity of pressure pulsations in a given cross section, (p'(L)), and the space- 

time, spatial, and autoc orrelation coeffieients R (L, ~-), R (L), and R (~-). 

The measurement of these characteristics in a horizontal pipe was carried out on an experimental instal- 
lation for which a schematic diagram is shown in Fig. i. Air from a compressor and water from the water 
main were supplied through valves 14 to a mixer 12, built in the form of an ordinary tee. Particular attention 
was paid to the organization of the exit of the mixture from the experimental section 13. The construction of 
the exit was chosen so as to eliminate pressure pulsations caused by hydraulic shocks upon the exit of the mix- 
ture from the experimental section into the separator 16. After passing through the experimental section the 
mixhlre drained freely into the separator, mounted directly on the working section. The chosen scheme also 
made it possible to avoid pulsations due to the rotation of the pump and to various bends at the entrance to and 
exit from the experimental section. Such pulsations were noted in i3] ; the spectra of pressure pulsations ob- 

tained there had maxima at frequencies corresponding to the pump rotation frequency and multiples of it. 

Rotameters i0 of the RS-3A and RS-3 type for air and of the RS-5 and RS-7 type for water were used to 
measure the flow rates of the components of the mixture. The experimental section 6 m long was built of pipes 
with an inner diameter of 15.2 ram. The pressure detectors 1 were located along the length of the pipe atinter- 
vals of 0.05, 0.05, 0.I, 0.15, 0.3, and 0.4 m. The first detector along the direction of flow was at a distance of 
2.7 m from the pipe entrance. Membrane strain gauges, whose sensitivity was 2 mm of water column per 
millimeter of scale of the oscillograph 8, were used as the pressure sensors. A counterpressure was applied 
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to the sensor  membranes ,  the amount  of which was selected with a manometer  11 so that the sensors  operated 
on the l inear section of the charac te r i s t i c  curve.  The signals f rom the p r e s s u r e  sensors  were amplified by 
s t ra in  stations 2 of type TA-9. 

A se t  of apparatus of the Disa Elec t ronics  Company was used to measure  the s tat is t ical  charac te r i s t i cs  
of the p r e s s u r e  pulsat ions.  The signal f rom a s t ra in  stat ion was fed to a matching unit 3 (unit 55D25), per -  
mitt ing var ia t ion of the signal level;  f rom the matching unit the signal was fed to unit 4, measur ing  the r m s  
deviation of the signal f rom its mean value. In the zone of low and moderate gas content (/3 < 0.7), where the 
pulsation periods a re  short ,  the r m s  deviation was measured in an averaging interval of 3 see,  while in the 
zone of high gas content (/3>0.7) it was measured  with averaging over 10 see,  since the pulsation periods a re  
considerably longer here .  

Signals of equal amplitude f rom two detectors  were  fed through matching units to the input of a co r re la to r  
6 (unit 55D75) to measu re  the cor re la t ion  functions. The coa r se  regulation of the levels was per formed at the 
s t ra in  stations while the fine regulat ion was per formed on the matching units and the co r re l a to r .  The signal 
f rom the co r re la to r  output was fed to the Y input of a r e c o r d e r  7. The signal f rom a t ime-delay unit 9 (unit 
55D75+55VO1) was fed to the X input of the r e c o r d e r .  In all the tests the integration t ime was 10 see and the 
maximum time shift of the cor re la t ion  functions was 100 msec.  

The intensity of the p r e s s u r e  pulsations was measured  at Froude numbers Fr  of the mixture of 0.4, 1, 2, 
4, 8, 10, 16, and 20 and the f low-rate  gas content was varied f rom ze ro  to one with an interval of 0.05 for each 
Fr .  The tests resul ts  a re  presented in Fig. 2. 

At  a fixed Froude number the intensity of the p r e s s u r e  pulsations f i r s t  grows with an increase  in the 
f low-ra te  gas content, reaching  a maximum at/3 = 0.7-0.9,  and then fails sharply.  This is evidently connected 
with a change in the mode of flow of the mixture.  At/3 > 0.9 the success ion  frequency of liquid connectors 
decreases  and the flow becomes  strat if ied.  To determine the boundaries of the transi t ion f rom plug to s t ra t i -  
fied flow we used tes t  functions on the t rue gas content obtained by the cutoff method [6]. The transi t ion to 
strat if ied flow is cha rac te r i zed  by disruption of the l inear dependence between the f low-rate  and true gas con- 
tent and was determined f rom the location of the bend in the curve  of ~0 = ~o(/3). The maximum intensity of the 
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p r e s s u r e  pulsations occurs in the region of plug ftow adjacent to the boundary separat ing plug and stratified 
s t ruc tu res .  Such flow is charac te r ized  by long lengths and low success ion  frequencies of the gas - l i qu id  plugs. 

With an inc rease  in the veloci ty of the mixture (the Froude number) the pulsation intensity grows, the 
curves  of <p'> = f(#) become s teeper ,  and the maxima shift into the zone of higher gas content. Se l f -s imi lar i ty  
of the intensity of p r e s s u r e  pulsations re la t ive  to the Froude number of the mixture sets in at  values of Fr  ~ 10. 
In this connection it is also interest ing to note the se l f - s imi la r i ty  of the t rue  gas content re la t ive  to the Froude 
number at  Fr  > 4, observed by many authors [6]. 

The intensity of p r e s s u r e  pulsations in plug flow is connected with such charac te r i s t i c s  as the velocity of 
the liquid plugs and their length. The veloci ty c of the liquid plugs was measured  with two electr ic  probes 15 
placed in the s t r eam.  The probes were made of e lectr ical ly  insulated copper wire  0.5 mm in diameter .  The 
uninsulated ends were inserted into the s t r eam at a distance of 1-1.5 m m  f rom the upper generat r ix  of thepipe;  
the working liquid served as the r e tu rn  electrode.  A constant voltage was applied to the electrodes f rom a gal-  
vanic element 18 of type 165U, which was regulated by potent iometers  17. The cu r r en t  in the circui ts  of the 
electr ic  probes was recorded  on an N-700 loop oscil lograph 19. The passage  of a liquid plug was determined 
f rom the sharp r i s e  in cur rent .  The veloci ty  c = W L ~  of a plug could be calculated f rom osci l lograms of the 
r ecord ing  of cur ren t s  f rom two electr ic  probes located at a dis tance L f rom each other (x is the distance on the 
tape between pulses in the c i rcui ts  of the electr ic  probes upon the passage of one and the same plug and W is 
the tape winding speed). The length of a liquid plug was calculated f rom the equation li = cy /W (y is the dis-  
tance on the tape where a sharp r i s e  in cu r r en t  is observed).  

The distance between the electr ic  probes was varied f rom 0.15 m when measur ing  the veloci ty and length 
of shor t  plugs q3 = 0.3-0.4) to 1 m when the plugs had a long length q3 = 0.85-0.9). in all tests where a plug 
flow s t ruc tu re  occurred the plug veloci ty proved to be c lose  to the t rue gas velocity averaged over a c ross  sec -  
tion. In [7] a s imi lar  r e su l t  was obtained by measur ing  the velocity of gas project i les in a ver t ica l  pipe, with 
the e lect rodes  being placed at the pipe axis. 

in the region of t ransi t ion f rom plug flow to stratif ied flow with a wavy phase interface the plug velocity 
proved to be less than the gas veloci ty in a lmost  all the tests .  This is explained by the fact  that considerable  
"slippage" of gas above the wave sur face  occurs in such a fo rm of flow. 

A study of the spatial and temporal  corre la t ions  of the p r e s s u r e  pulsations provides valuable information 
about the flow s t ruc tu re  of a two-phase mixture .  S p a c e - t i m e  corre la t ions  of p r e s su re  pulsations in the 
experimental  sect ion a re  presented in Fig. 3 for three values of the Froude numbers with/3 = 0.5. On the 
recordings  obtained the absc i ssa  of each point cor responds  to the t~me shift  T while the ordinate corresponds  
to the cor re la t ion  coefficient  IR(L, T), the value of which is averageJ  over a t ime of 10 sec.  It was established 
in the tests that at  smal l  values of the mixture veloci ty the curves  of R(L, T) have c lear ly  defined maxima 
for all distances between sensors .  This permits  a r a the r  s imple determinat ion of the optimum delay t ime for 
different sensor  posit ions.  Here it is interest ing to note that the temporal  radi i  of these functions grow with 
an inc rease  in the Froude number,  while the absolute values of the maximum cor re la t ion  coefficients decrease  
with an inc rease  in F t .  

The propagation ra te  of the p r e s s u r e  pulsations was determined f rom the location of the maxima of the 
s p a c e -  t ime corre la t ions  through the equation 

wp = L/Tmax, (!) 

where Tma x is the t ime shift  for which R(L, T) reaches  the maximum value; L is the distance between sensors .  
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Fig. 4 

The propagation ra te  of the p r e s s u r e  pulsations calculated f rom Eq. (1) (Fig. 4) proved to be higher than 
the speed of sound for i so thermal  flow of the mixture ,  obtained theoret ical ly and measured in [6, 8] (solid line), 
for all Froude numbers  and values of the gas content. 

The speed of sound in a ver t ica l  a i r - w a t e r  s t r e a m  was measured in [9] and it was concluded that the 
propagation of sound signals takes place through the core  of the s t r eam and the speed of sound depends to a 
considerable  extent on the distr ibution of the phases over the c ross  section of the pipe. A compar ison of our 
tes t  data with the resu l t s  of [8, 9] is presented in Fig. 4. The considerable  d i sagreement  with the data of [9] 
(dashed line) can be explained by the fact  that in our tests  the measurements  were made with a plug flow s t ruc -  
ture  of the mixture ,  while in [9] they were  made with a d ispersed-annular  s t ruc ture ,  when the distribution of 
the phases is less  uniform and therefore  sound waves propagated fas te r  than in plug flow. 

In [8] the speed of sound was determined with low-iner t ia  membrane  manometers  as the propagation ra te  
of an elast ic wave generated as a r e su l t  of the instantaneous stopping of the flow. In the process  the s t r eam 
s t ruc tu re  was disrupted,  the profile of local concentrat ion became more  uniform, and sound waves propagated 
slower than in our tes ts .  

Typical spatial  cor re la t ion  functions R(L) of the p r e s s u r e  pulsations for Fr  = 1, 4, and 8 a re  presented in 
Fig. 5. The quantity R(L) was determined f rom the co r re l a to r  readings at  a zero  t ime delay. In these tests the 
averaging t ime was 10 or 30 sec.  The coefficients R(L) dec rease  with an increase  in distance.  In the general  
case  the functions R(L) do not become equal to ze ro  but gradually approach some value Rsy s or oscillate about 
it. The data obtained conf i rm the tests  of [5], where it was established that the t ime-var iab le  component of the 
stat ic  p r e s s u r e  consis ts  of two elements ' Psys and Ploc" It is assumed that the component P~ys acts over the 
ent ire  length of the pipe and is probably due to the general  level of p r e s s u r e  pulsations at  the given values of 
Fr  and ft. The quantity Ploc is manifested in a c ross  sect ion of the pipe and is caused by local depar tures  of 
the p r e s s u r e  f rom the average  pulsation level. 

It mus t  be noted that all the spatial  cor re la t ion  functions obtained are  charac te r ized  by severa l  peaks 
with maximum values of R(L). It is seen that the curves  for/3 = 0.1 have a la rger  number of peaks than for 
other values of the f low-ra te  gas content. This is explained by the fact  that when fl = 0.1 the lengths of the 
liquid plugs a re  smal l  and there  are  as many of them distributed over the distance of the maximum shift of the 
sensors  as there a re  peaks on the curve  of R(L). A dec rease  in the absolute value of R(L) with an increase  in 
the s t r eam velocity was also noted in the tests .  It must  also be noted that the values of R(L) dec rease  sharply 
with an increase  in the f low-ra te  gas content, when the plug flow degenerates  and a t ransi t ion to a stratified 
s t ruc ture  is observed.  

In order  to obtain a r ecord ing  of the autocorre la t ion  function of the p re s su re  pulsations,  the signal f rom 
one sensor  was fed to the inputs of both channels A and B of the co r re l a to r .  The autocorre la t ion coefficient has 
the proper ty  of approaching ze ro  with an inc rease  in the delay t ime T, 

With Fr  = const  the temporal  radius of the au tocorre la t ion  functions increases  with an increase  in the 
f low-ra te  gas content. The amplitude of the periodic component of the p r e s s u r e  pulsations in the region of 
la rge  t ime shifts grows simultaneously.  

The measurements  made of the cor re la t ion  functions of the p r e s s u r e  pulsations allow us to determine the 
outer scales  of the turbulence of gas - l i qu id  plug flow. 

By definition, the outer or integral  sca le  

(2) 
A -~ S R (L) dL 

o 

of the turbulence cha rac te r i zes  the l a rges t  dis turbances in the s t ream.  
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Fig. 5 

However ,  a ca lcula t ion by Eq. (2) gives infinitely l a rge  values of A, s ince  with an i nc rea se  in the dis tance 
between the s enso r s  the spat ia l  co r re l a t ions  approach  some  value Rsys ,  not equal to zero  in genera l  (see 
Fig. 5). 

The values  of A were  calculated f r o m  the equation 

A = .1 [R (L) --  Rsy~] dL. (3) 
0 

On the other hand, the outer sca le  of the turbulence  can be found by in tegra t ion  of the au tocor re la t ion  
function 

r 

A -- Wp ~ R (~) d~, (4) 
o 

where  Wp is de te rmined  f r o m  Eq. (1). 

The method of graphic  in tegrat ion was used to ca lcu la te  the in tegra ls  in Eqs.  (3) and (4) ; the :results of 
the c a l c u l a t i o n s a r e p r e s e n t e d  in Fig. 6: 1) F r  = 10; 2) F r  = 4; 3) F r  = 16, ca lcula t ion by (3); 4) F r  = 1; 5) 
F r  = 4; 6) F r  = 16, ca lcula t ion by (4) ; 7, 8) f r o m  data of [4]. 

Calculat ions by Eqs.  (3) and (4) give app rox ima te ly  the s a m e  r e su l t s .  The values of the integral  sca les  A 
calcula ted f r o m  the r e s u l t s  of the m e a s u r e m e n t s  of [4] and f r o m  Eq. (3) a r e  in s a t i s f ac to ry  a g r e e m e n t  with our 
data.  

In Fig. 6 the outer sca les  of turbulence a r e  compared  with the measu red  values of the lengths I l of liquid 
plugs (solid l ines).  The c o m p a r i s o n  shows that the in tegra l  or outer sca les  of turbulence of a g a s - l i q u i d  
s t r e a m  (the s izes  of the l a r g e s t  d is turbances)  a r e  on the order  of the length of a liquid plug. 

An analys is  of the r e s u l t s  obtained allows us to es tabl i sh  the exis tence  of an in te r re la t ionship  in the laws 
of va r i a t ion  of the in tegra l  sca les  A of turbulence  of a g a s - l i q u i d  s t r e a m ,  the lengths l l of the liquid plugs,  
the intensi ty  of the p r e s s u r e  pulsa t ions ,  and the t rue  gas content  e on the de termining  c r i t e r i a  of a two-phase  
s t r e a m  (the Froude  number  and the f l ow- ra t e  gas content).  

F i r s t  of all ,  we mus t  ment ion the s e l f - s i m i l a r i t y  of these  quantit ies with r e s p e c t  to the Froude number  of 
the mix ture ,  se t t ing  in at  about the s a m e  values of F r  ~ 4-10. 

F r o m  the physica l  point of view this can be explained by the fac t  that  with an  inc rease  in the Froude 
number ,  iner t ia l  fo rces  play an ever  l a r g e r  r o l e  in c o m p a r i s o n  with gravi ta t ional  fo rces  and finally far  exceed 
them when F r  > 10 [5]. F r o m  this t ime gravi ta t ional  forces  have a l m o s t  no effect  on the flow s t ruc tu re  (on the 
shape  of the in ter face) ,  and this leads to s tab i l iza t ion  of the turbulence  sca les  of a g a s - l i q u i d  s t r e a m .  

The quantit ies A, l l ,  and (p~ r e a c h  their  m a x i m u m  values in the zone of t rans i t ion  to s t ra t i f ied  flow of 
the mix tu re  (see F{g. 6) and then d e c r e a s e  sharp ly .  

The invest igat ion conducted allows us to give a quali tat ive descr ip t ion  of the m e c h a n i s m  of p r e s s u r e  pul- 
sat ions in a g a s - l i q u i d  s t r e a m .  A pulsat ion in concent ra t ion  developing due to the instabi l i ty  of the in ter face  
genera tes  a p r e s s u r e  pulsation,  which p ropaga tes  in the s t r e a m  with the speed of sound. The expe r imen t  shows 
that  the sca les  of the ene rgy -bea r i ng  pulsat ions a r e  cons iderab ly  g r ea t e r  than the sca les  of the turbulence of a 
one-phase  s t r e a m  [10] and a re  c lose  in va lue  to the length of the liquid p a r t  of a plug. 

Thus,  one can speak with comple te  jus t i f icat ion of the ex is tence  of two types of pulsat ions on the hydro-  
dynamic quantit ies in two-phase  s t r e a m s :  f i ne - sca l e  pulsa t ions ,  analogous to those of a one-phase  s t r e a m ,  
and l a r g e - s c a l e  pulsa t ions ,  due to pulsat ions of concentra t ion,  having sca les  c lose  to the length of the liquid 
p a r t  of a plug (the c h a r a c t e r i s t i c  s ize  of an inhomogenei ty  of the s t r e a m ) .  
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The character is t ics  of p ressure  pulsations essentially depend on the structure of the gas-l iquid plugs. 
In our tests the plug flow was character ized by a sharp phase interface and an almost periodic succession of 
liquid and gas plugs, which is inherent to pipes of small diameters.  Because of this the values of Rsy s were 
higher for the same Froude numbers and values of the gas content than those obtained in [4] for less stable 
gas-saturated plugs character is t ic  of pipes with a diameter of more  than 30 ram. 
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