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New experimental  resul ts  on the study of a turbulent gas - sa tu ra ted  s t r eam in a t u b e  using 
a l a se r  Doppler velocity me te r  and a t he rmoanemomete r  are  discussed.  The distributions 
of the volumetr ic  gas  content over  the c ross  sect ion of the tube and prof i les  of the average 
velocit ies and average and pulsation charac te r i s t i c s  of the shear  s t r e s s  at the wall in the 
s t r eam under investigation are obtained. The experimental  apparatus and the method of 
the measurements  are  described.  

Gas saturat ion as a method of reducing hydrodynamic res is tance  has at t racted the attention of inves-  
t igators  [1, 2]. The decrease  in fr ict ion with gas saturat ion of the turbulent boundary layer  is explained by 
a change in the physical  constants of the gas - sa tu ra ted  liquid. 

The dependence of the relative (apparent) viscosi ty of different liquids on the volumetr ic  concent ra-  
tion of small  gas bubbles Is studied experimental ly  in [3, 4]. The resul ts  of the studies showed that the 
viscosi ty of a bubbly liquid is g r ea t e r  than the viscosi ty  of a s ingle-phase liquid. The relative increase  
in viscosi ty upon gas saturat ion of a liquid depends not only on the volumetr ic  gas content, but also on the 
size of the gas bubbles. 

In a theoret ical  study [5] the real  bubbly medium is replaced by a cer ta in  homogeneous s ingle-phase 
medium having physical  constants which depend on the volumetric gas content. The resul ts  of the solution 
of the problem showed that the relative decrease  in the hydrodynamic res is tance upon gas saturat ion of the 
turbulent boundary l ayer  is a function of a single p a r a m e t e r  - the density of the gas - sa tu ra ted  liquid at the 
permeable  wall. 

A considerable change in the physical  constants of a gas - sa tu ra ted  liquid must  affect the proper t ies  
of the boundary turbulence and the fine s t ructure  of the s t ream.  The hypothesis that the gas bubbles can 
decrease  the intensity of turbulent momentum exchange owing to the separat ion of adjacent l ayers  of liquid 
in the boundary l ayer  and through deformation of the bubbles was advanced in [6]. 

The experimental  studies in the presen t  work were per formed on a hydrodynamic apparatus of g r av -  
itational operation. 

The working section consisted of a horizontal tube with a rectangular  c r o s s  section of 30 • 40 mm 2. 
A permeable  l ayer  250 mm long was set in the bottom of the working section flush with it. The width of 
the permeable  layer  was less  than the width of the working section (24 and 40 ram, respectively).  Thegas  
saturat ion of the turbulent s t r eam in the tube was accomplished by blowing the gas through the permeable  
layer .  

The permeable  layer  consisted of a set of closely p ressed  together  sheets of plast ic  each 1 mm thick. 
Grooves were made by mechanical  means on both sides of each sheet. Tests  showed that owing to the 
grooves the slits between the closely p res sed  sheets represent  a collection of pores  with good uniformity 
of size.  The pore s izes were determined f rom the separat ion diameter  of the bubbles through a calcula-  
tion by the equation of [7]. According to the es t imates  the mean pore size of the permeable  l ayer  was 2- 
4 p. The surface poros i ty  of the layer  was ~1%. 
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Fig. 1 

Let us look at the measurement  method. The 
attenuation of a l a se r  beam when passed through the 
bubbly turbulent s t r eam was used to determine the 
gas content in the experiment .  

The relative attenuation of the l a se r  beamunder  
the indicated conditions can be represented in the 
fo rm 

AI=](l ,  -C, D,~), 

where I is the path length of the beam in the two- 
phase medium, C is the volumetr ic  gas content of the medium, and Dn is the diameter  of the bubbles which 
sca t t e r  the ligiht. 

To determine this dependence special  studies were conducted on a cal ibrat ion apparatus which con- 
sisted of a vessel  with a porous  bottom. 

To exclude the f i rs t  and third fac tors  during the cal ibrat ions the path lengths of the l a se r  beam in 
the two-phase medium of the test  s t r eam in the tube and in the cal ibrat ion vessel  were chosen as equal. 
In addition, to decrease  the d iameters  of the bubbles generated by the permeable  layer  during the blowing 
of gas in the cal ibrat ion vessel  a 1~o solution of ethyl alcohol was used instead of water .  The mean 
bubble size was 150/z. 

The volumetr ic  gas content in the two-phase s t r eam being studied was determined f rom the results  
of the calibrat ion.  

A l a s e r  Doppler velocity me te r  (LDVM) developed at the Institute of Atomic Energy, Siberian Branch, 
Academy of Sciences of the USSR was used to study the average velocity field in s ingle-phase and two- 
phase turbulent s t r eams  in a tube. 

A d iagram of the measuremen t  apparatus is presented in Fig. 1. The optical par t  contains the se-  
quential a r rangement  of a l a se r  1, a quar te r -wave  phase plate 2, an objective 3, a polar izat ion spl i t ter  
(a Wollaston pr i sm)  4, an objective 5, diaphragms 6 and 7, a focusing objective 8, a r ece ive r  objective 9, 
a field diaphragm 10, a Wollaston p r i s m  11, and photorece ivers  12 and 13 whose outputs are connected 
through a differential ampl i f ier  14 to the e lec t r ica l  c i rcui t  for  analyzing the Doppler signal. TheWollaston 
p r i s m  4 is placed in the common focal plane of objectives 3 and 5 which form an afocal sys tem.  

The beam of the l a s e r  1 af ter  pass ing through the quar te r -wave  phase plate 2 is split by the po la r -  
i z a t i o n p r i s m 4  into two orthogonally polar ized beams having the same intensity-. Since the objectives 3 
and 5 form an afocal system, the split beams are  para l le l  upon emergence  f rom the objective 5. The 
opaque sc reen  containing the diaphragms 6 and 7 se rves  to free the light beams f rom the noncoherent 
aureole.  The split beams are focused by the objective 8 onto the tes t  region of the s t ream.  

In the region of in tersect ion of the incident beams one can distinguish two orthogonal axes (x and y) 
which are  turned by 45 ~ angles relative to the orthogonal polar izat ion vectors  of the incident beams.  The 
relat ive phase shift between the project ions  of the field vectors  on the x axis and on the y axis will be 
charac te r i zed  by r .  The resul tant  light field can be represented  as the superposit ion of two orthogonally 
polar ized and spatially matched interference fields in which the bands are paral le l  and are out of phase 
while the envelopes are  in phase.  

The image of the probing field in the orthogonally polar ized scat tered beams is formed by the ob- 
jective 9 and the p r i s m  11 on the l ight-sensi t ive surfaces  of the photorece ivers  12 and 13. The axes of 
the Wollaston p r i s m  11 are  turned by 45 ~ relative to the polar izat ion vectors  of the incident beams.  In 
this case the images of the in terference fields with antiphase in terference a r r ays  in the scat tered beams 
are separa ted  and each is formed at its own photorece iver .  The light scat tered f rom a part icle  passing 
through the probing region is modulated in intensity with a frequency inversely  proport ional  to the period 
of the a r r ay .  

One can show that the modulation frequency is equal to Doppler difference frequency [8] 

]D = U2 Sin r (1) 

where U is the measured  projec t ion of the velocity, 2r is the angle between the direct ions of the in ter fer -  
ing beams,  and ~ is the wavelength of the l a s e r  radiation. The spat ial-phase distr ibution of the intensity 
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in the probing in te r fe rence  field is t r a n s f o r m e d  into the p h a s e - t i m e  dis tr ibut ion by the moving sca t t e r ing  
pa r t i c le .  The re fo re ,  the output cu r r en t s  in each  of the two pho to rece ive r s  a re  desc r ibed  by the respec t ive  
equations 

I i=I ,~ ( t )@ID( t  ) COS o)t, (2) 
I , . ~ I , ( t )  - -  tD (t) COS (0t, 

where  w= 2rf  D, In is the additive component  of the signal, and I D is the ampli tude of the Dopplercomponent .  

The resul tan t  cu r r en t  at the output of the differential  ampl i f i e r  14 is de te rmined  as the difference 
between the output s ignals  of the f i r s t  and second pho to r ece ive r s  [9]. 

Total  suppres s ion  of the additive component  of the signal and of the noise is not achieved in p rac t i ce  
because  of the depolar iz ing effect  of the sca t t e r ing  p a r t i c l e s .  

Smooth regulat ion of the t r a n s m i s s i o n  coefficient  is provided to make the output s ignals  in each 
channel of the different ia l  ampl i f i e r  s y m m e t r i c a l .  The subsequent  p roces s ing  of the Doppler signal is 
p e r f o r m e d  by the e lec t ronic  a s sembly ,  which puts out the digital value of the veloci ty  averaged  over  a 
given t ime  and an analog voltage propor t iona l  to the instantaneous velocity.  A s impl i f ied block d iag ram 
of the e lec t ron ic  pa r t  of the LDVM is shown in Fig. 1. 

After  p r e l i m i n a r y  ampl i f ica t ion  the signal en te r s  an automatic  f i l t e r  unit 15 which automat ical ly  
follows the m a x i m u m  of the cu r ren t  s pec t rum of the Doppler signal.  The f i l te red  signal,  which has the 
f o r m  of a random sequence of radio pulses  s y m m e t r i c a l  re la t ive  to zero,  en te r s  two threshold amp l i f i e r -  
l i m i t e r s  16 and 17. F r o m  the output s ignals  of these ampl i f i e r s  the s e r i e s  of peaked counting pulses  and 
the gate pulses  whose durat ion co r re sponds  to the duration of these  s e r i e s  a re  fo rmed  by units 18, 19, and 
20. The counting pulses  and gate pulses  en te r  a specia l  counter  22 with a p reas s igned  counting t ime.  The 
counter  gives  d ig i ta l  readings d i rec t ly  in units of velocity.  The counting t ime  (averaged) can be var ied  in 
the range f r o m  0.01 to 10 sec .  The counter  is provided with an output for  sending the informat ion to an 
e lec t ron ic  compu te r  27. 

To obtain informat ion  on the " ins tantaneous"  s t r e a m  veloci ty the Doppler  f requency is t r a n s f o r m e d  
into an analog signal by a f requency de tec tor  21 with a m e m o r y ,  to which the same  counting pulses  and 
gate pulses  are  supplied. The fluctuations in the output voltage of the f requency de tec tor  are  propor t iona l  
to the deviat ions in the Doppler f requency and consequently to the veloci ty  pulsa t ions .  The spec t ru m of 
the voltage pulsat ions  co r r e sponds  to the spec t rum of velocity pulsat ions .  By feeding this voltage to in- 
s t rument s  23-26 one can de te rmine  the requi red  s ta t i s t ica l  c h a r a c t e r i s t i c s  of the t es t  s t r eam,  pa r t i cu la r ly  
the intensi ty and s p e c t r u m  of the turbulence,  the au tocor re la t ion  function of the pulses ,  e tc .  

�9 The e lec t ronic  a s sembly  fo r  p r o c e s s i n g  the Doppler  signal has three  working subranges :  10-100 
m m / s e c ,  100 m m / s e c -  1 m / s e c ,  and 1-10 m / s e c .  The cor responding  bands of reproducible  velocity 
pulsat ion f requencies  a re  0-10, 0-100, and 0-1000 Hz. The re la t ive  noise level  at the analog output of 
the ins t rument  does not exceed 0.01, which co r r e sponds  to a turbulent  intensity of 1%. 

An SK4-13 s p e c t r u m  analyzer ,  which made it poss ib le  to evaluate the spec t rum of the Doppler  s ig-  
nal, was connected to the output of the different ia l  ampl i f i e r  in pa ra l l e l  with the e lec t ronic  p roces s ing  
a s sembly .  Since the Doppler  spec t rum is broadened because  of modulation in te r fe rence  when the con-  
cent ra t ion  of the gaseous  phase  is inc reased  in the exper imenta l  region of the s t r e a m ,  the exact  m e a s u r e -  
ment  of the mean  Doppler f requency (the velocity) is difficult. In this case  an approx imate  es t ima te  (with 
an e r r o r  of ~- 5%) of the mean  f requency of the spec t rum at high concentra t ions  was made f r o m  the spec -  
t r u m  ana lyzer .  

The average  and pulsat ion c h a r a c t e r i s t i c s  of the hydrodynamic f r ic t ion  at the bot tom wall of the 
tube beyond the site of gas  blowing were  measu red  by a t h e r m o a n e m o m e t e r  of the RTPS type [10] with an 
end de tec tor  mounted flush with the wall.  A pla t inum f i lm with a size (x x z) of 0.2 x 2.5 m m  2, deposited 
by the braz ing  method on a subs t ra te  of hard g lass ,  s e rved  as the detector .  The signal f r o m  the de tec tor  
according to [11] is propor t iona l  to the average  veloci ty gradient  at the wall, i .e. ,  to the shea r  s t r e s s  of 
the viscous fr ic t ion.  

The pulsat ion component  of the signal f r o m  the de tec tor  went to the input of a spec t r a l  ana lyzer  of 
type 2112 of the Bruhl and Kie r  Company with t h r ee -oc t ave  band-pass  f i l te rs  and was recorded  on a 2305 
type r e c o r d e r .  
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The di f ferent  c h a r a c t e r i s t i c s  of the two-phase  s t r e a m  were  m e a s u r e d  in a c r o s s  sec t ion  of the work-  
ing p a r t  of the tube loca ted  50 mm beyond the p e r m e a b l e  l a y e r .  All  the m e a s u r e m e n t s  were  conducted at 
a s t r e a m  veloci ty  of Urn=8.3  m / s e c  at the axis  of the tube. The Reynolds number ,  de te rmined  f rom the 
hydraul ic  d i a m e t e r  of the tube,  was ~2.2" 105. 

The d i s t r ibu t ion  of the vo lume t r i c  gas  content over  the c r o s s  sec t ion  of the working pa r t  of the tube 
fo r  d i f ferent  modes  of gas s a tu ra t i on  of the s t r e a m  is shown in Fig.  2. 

The d imens ion l e s s  d i s tance  f r o m  the bot tom wall  of the tube y = 2y/H, where  H = 30 mm is the  height 
of the working sec t ion  of the tube, is  l a id  out along the a b s c i s s a ,  while the vo lumet r i c  gas content C is  
l a id  out along the ord ina te .  Here Cq =Q/UrnS 1 is  the d imens ion les s  coeff ic ient  of the gas flow ra te ,  Q is  
the vo lume t r i c  gas  flow ra te ,  and S 1 is  wetted a r e a  of the p e r m e a b l e  l aye r .  The values  of Cq for  points  
1-4 a r e  (0.29, 1.72, 2.60, 4.3) �9 10 -3, r e s p e c t i v e l y .  

We can m~te th ree  of the p r i n c i p a l  f ea tu re s  of the d i s t r ibu t ion  of the vo lumet r i c  gas content in a 
turbulent  s t r e a m  beyond the s i te  of gas  blowing: f i r s t ,  in the immedia t e  vic ini ty  of the bot tom wall  of the 
tube (in the v i scous  sub layer )  the vo lume t r i c  gas  concent ra t ion  is equal to zero;  second, the m a x i mum of 
the vo lume t r i c  gas  content occur s  at y =0.1; th i rd ,  as one moves  toward the axis  of the tube the vo lumet r i c  
gas  content d e c r e a s e s  smoothly  to  ze ro .  

The r e a s o n  for  the ex i s t ence  of a zone of pure  l iquid in the immedia te  vic ini ty  of the bot tom wall  
and for  the com~entration of s m a l l  gas  bubbles  at some dis tance  f rom it evident ly  is  the Zhukovskii  force ,  
connected with the cons ide r ab l e  c i r cu l a t i on  of the veloci ty  around the gas bubbles  which have jus t  s epa ra t ed  
f rom the p e r m e a b l e  l a y e r ,  and the buoyant fo rce  of the bubbles .  

The average  ve loc i ty  p ro f i l e s  for  the modes  of gas s a tu ra t ion  co r r e spond ing  to Fig.  2 a re  shown in 
Fig .  3. 

The ave rage  ve loc i ty  p ro f i l e  in a s i ng l e -phase  s t r e a m  is  shown in Fig .  3 by a solid l ine.  It c o r r e -  
sponds well  to a 1/7 power  law for  a tu rbulen t  s t r e a m  in a tube.  The veloci ty  p rof i l e  in the two-phase  
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with the film end detector,  is shown in Fig. 4. 

s t r eam was not measured  completely since at volumetric  
concentrat ions g r ea t e r  than 3~ the l a se r  beam was so 
attenuated that the Doppler signal could not be distin- 
guished f rom the noise. 

It is seen f rom the graph that the l a rge r  the vol- 
umetr ic  gas content in the turbulent s t ream,  the smal le r  
the average velocity gradient at the bottom wall of the 
tube. 

It must  be taken into account that becasue of the 
large velocity gradient in the zone near  the bottom wall 
the la rgesf  cr i t ical  dimension of the region of spatial 
resolut ion of the LDVM was the component along the y 
axis, which in the experiment equalled 30 ~. The entire 
region of spatial resolution comprised a volume x x y x z 
of (0.03 x 0.6 x 3 mm3), respect ively.  

The dependence of the relative hydrodynamic r e -  
sistance Av =~'8/v on the gas flow rate,  obtained f rom 
the resul ts  of the the rmoanemomet r ic  measurements  

It follows f rom the graph that the l a rge r  the volumetric  
gas content of the s t ream,  the smal le r  the s h e a r  s t r e ss  at the bottom wall of the tube. The presence  of 
an optimum gas flow rate at which the reduction in fr ict ion is maximal  is charac te r i s t i c .  

The results  of the thermoanemomet r ic  measurement  can be compared with the data on the measu re -  
ment of the velocity profile in Fig. 3. On the assumption that the liquid in the viscous sublayer  is New- 
tonian (C =0) the es t imates  of the reduction in local fr ict ion based on the data of Figs. 3 and 4 coincide 
with the accuracy  of the measurement  e r r o r .  

The rms  spec t ra  of the pulsations in fr ict ion in a s ingle-phase s t r eam (1) and at the optimum gas 
saturat ion (2) are  shown in Fig. 5. 

The pulsation frequencies  (Hz) are  laid out along the absc issa  and the rms  value of the fr ict ion 
pulsations A in a logari thmic scale along the ordinate. The greates t  change in the intensity of fr ict ion 
pulsations with gas saturat ion of a turbulent s t r eam in a tube occurs  in the region of frequencies f rom 
200 to 4000 Hz and compr i ses  5 dB at the opt imum gas content of the s t ream,  i.e., the intensity of the 
fr ict ion pulsations is decreased  by almost  1.5 t imes .  This indicates the distinctive stabilization of the 
flow in the boundary zone caused by small gas bubbles at high volumetric  gas contents.  

The resul ts  of the experimental  studies indicate that a considerable reduction in the local hydro-  
dynamic res is tance takes place upon the gas saturat ion of a turbulent s t r eam in a tube. With the reduc-  
tion in the hydrodynamic res is tance  the average velocity gradient at the wall over  which the flow occurs  
is reduced by the same value. The spectra l  charac te r i s t i cs  of the pulsations in hydrodynamic frict ion 
show that the reduction in fr ict ion produced by small  gas bubbles at high volumetric  concentrat ions is 
connected with stabilization of the flow in the boundary zone. The distribution of the volumetr ic  gas con- 
centrat ion in the turbulent s t r eam is distinctive: its maximum occurs  at 9 =0.1, while in the immediate 
vicinity of the wall over  which the flow Occurs (in the viscous sublayer) gas bubbles are  absent. 

I. 

2. 

3. 

4. 

5. 

LITERATURE CITED 

L. G. Loitsyanskii, "On changing the resistance of bodies by filling the boundary layer with liquids 
having other physical constants," Prikl. Matem. i Mekhan., 6, No. 1 (1942). 
K. K. Fedyaevskii, "Decrease in frictional resistance through a change in the physical constants 
of the liquid at the wall," Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, Nos. 9-10, (1943). 
V. N. Isachenkov, "Viscosity of a gas-saturated liquid," in: Proceedings of the Institute of Hydro- 
dynamics, Siberian Branch, Academy of Sciences of the USSR [in Russian], Novosibirsk (1963), pp. 
16-23. 
H. Shigeru and O. Morimatsu, "The relationship between the apparent viscosity and the void fraction 
intwo-phase flow," Bull. Japan. Soc. Mech. Eng., 14, No. 75 (1971). 
A. M. Basin, A. I. Korotkin, and L. F. Kozlov, Control of the Boundary Layer of a Ship [in Russian], 
Sudostroenie, Leningrad (1968). 

118 



6. L. Tong, Boiling Heat Transfer  and Two-Phase Flow, Wiley (1965). 
7. S.S.  Kutateladze and A. M. Styrikovich, Hydraulics of Gas-Liquid Systems [in Russian], GosSner- 

goizdat, Moscow-Leningrad (1958). 
8. G.A.  Barill, Yu. G. Vasilenko, Yu. N. Dubnishchev, and V. P. Koronkevieh, "Four ier  analysis of 

laser  Doppler devices," Avtometriya, No. 5, 41-47 (1973). 
9. Yu. G. Vasilenko, Yu. N. Dubnishehev, and E. N. Utkin, "On reducing the level of additive inter- 

ference in the output signal of a laser  velocity meter ,"  Opt. i Spektr., 3_5, No. 2, 366-369 (1973). 
10. A.A.  Stolpovskii, N. I. Tkachev, and E. N. Utkin, "Self-compensating devices for measuring the 

parameters  of s treams of liquids and gases," in: Devices and Elements of Systems for the Auto- 
marion of Scientific Experiments [in Russian], Nauka, Novosibirsk (1970). 

11. B . J .  Bellhouse and D. L. Schultz, "Determination of mean and dynamic skin friction, separation 
and transit ion in low-speed flow with a thin-film heated element," J. Fluid Mechan., 2~4, Part 2 
(1966). 

k 

119 


