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E X P E R I M E N T A L  S T U D Y  O F  L A M I N A R - T O - T U R B U L E N T  

F L O W  T R A N S I T I O N  U N D E R  T H E  A C T I O N  O F  

A C O U S T I C  O S C I L L A T I O N S  

A .  N .  S h e l ' p y a k o v  a n d  G .  P .  I s u p o v  UDC 532.517 

Expe r imen ta l  data a r e  given on the effects  of acoust ic  osci l la t ions  at  f requencies  up to 100 kHz on 
�9 f r ee  l a m i n a r  flow. 

Acoust ic  agitat ion of a f r ee  l am i na r  je t  p romote s  the t rans i t ion  to turbulent  flow for  smal l  Reynolds num-  
be r s  Re [1]. When the acoust ic  source  is r emoved ,  the je t  r e tu rns  to the l amina r  s tate.  

The r e su l t s  of expe r imen ta l  invest igat ions of the effect  of acoust ic  osci l la t ions on a f r ee  je t  at  a m a x i -  
mum frequency of 10 kHz a re  given in [1]. 

Here  we d i scuss  the resu l t s  of expe r imen t s  on the ef fec t  of acoust ic  osci l la t ions on a f r ee  jet  at  f r e -  
quencies  up to 100 kHz. 

The expe r imen t s  Were conducted with n o z z l e - n o z z l e  j e t  e lements  having cap i l l a ry  d i a m e t e r s  of 0.4 to 
0.9 ram. 

A typical  curve of the p r e s s u r e  var ia t ion  in the r ecep to r  duct as a function of the p r e s s u r e  in the in jec-  
tor  duct is given in Fig. 1 (curve 2). The three  main  flow r e g i m e s  ( laminar ,  t r ans i t ion ,  and turbulent) c o r -  
respond to the th ree  in te rva ls  0a, ab ,  and bc of curve  2 in Fig. 1. 

Theore t i ca l  and exper imenta l  studies of the l a m i n a r - t o - t u r b u l e n t  t rans i t ion [2] have shown that  at the 
initial instant  one or  m o r e  sma l l - ampl i tude  osci l la t ions  a r i s e  in the flow in a single phase  (Tollmien waves ) ,  
subsequently evolving into more  complex th ree -d imens iona l  modes  ( B e n n e y - L i n  waves) .  These  waves  a re  
broken up by v igorous ly  growing s m a l l - s c a l e  pulsat ions (zone of secondary  instabil i ty) ,  which e m e r g e  as 
Emmons  spots ,  continue to develop downs t r eam,  and induce turbulence throughout the en t i re  flow. 

A definite analogy ex is t s  between the development  of acoust ic  emi s s ion  f r o m  a je t  and the t rans i t ion  of 
the l a t t e r  f r o m  l a m i n a r  to turbulent  flow. 

A pure  l a m i n a r  je t  (lower half  of in te rva l  0a) does not emi t  sound. As the injection p r e s s u r e  is in-  
c r ea sed  (toward the end of in terva l  0a) the je t  begins to emi t  sound with a dis t inct  single f requency (in our 
si tuation 5.3 kHz). A fu r the r  i nc rease  in the injection p r e s s u r e  ( interval  ab) causes  an inc rease  in the total 
noise level  of the je t ,  and the 5.3-kHz d i sc re t e  component  vanishes .  We m e a s u r e d  the acoust ic  cha r ac t e r i s t i c s  
of the je t  with a microphone and analyzed them on the sc reen  of an $1-19B osci l loscope.  

The action of acoust ic  waves  emit ted  by a je t  on the flow reg ime  of the l a t t e r  is conf i rmed by the e x p e r i -  
ment  desc r ibed  below. The object ive of the exper imen ta l  was  to de te rmine  the acoust ic  emi s s ion  component  
exer t ing  the g rea t e s t  influence on the evolution f r o m  l amina r  to turbulent  flow. 

The exper imenta l  a r r a n g e m e n t  is shown schemat ica l ly  in the inset  of Fig. 1. I t  cons is ts  of the cap i l la -  
r i e s  sepa ra ted  by a dis tance l. One capi l la ry  is the in jec tor ,  and the other  the r ecep to r .  A ref lec t ing  sur face  
in the f o r m  of an a luminum plate with an a rea  of 55 • 25 m m  2, thickness of i m m ,  and mic ro roughnes s  height 
Rz = 3.2 is se t  up at  a d is tance L f r o m  the common axis of the cap i l l a r ies .  The exper imen ta l  r e su l t s  a re  
r ep re sen t ed  by curves  1 and 3 in Fig. 1 and the curve in Fig. 2. 
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Fig. 2 

Fig. 1. Typical curve of p r e s s u r e  in the receptor  capil lary versus  p res su re  in the injec-  
tor capil lary;  1) L = 2, 10, 18 ram; 2) without reflect ing surface;  3) L = 6, 14, 22 mm. 

Fig. 2. P r e s s u r e  Pr  (kPa) in receptor  capil lary versus  distance L (mm) of reflect ing 
surface f rom the jet  axis; d = 0.76 mm,  l = 10 ram. 

In the laminar  regime the reflecting surface does not have any effect on the nature of the flow. If the in- 
jection p re s su re  is increased until the flow corresponds  to the beginning of the transit ion interval ab,  the d i s -  
tance at which the ref lect ing surface is situated determines  the type of flow. 

The stability of laminar  flow increases  (curve 1 in Fig. 1) or  decreases  (curve 3) as the reflecting s u r -  
face is moved fur ther  or  c loser  to the jet. The variat ion of the p res su re  in the receptor  capillary as a func- 
tion of the distance L of the reflect ing surface f rom the jet is shown in Fig. 2 (the horizontal dashed line gives 
the p res su re  P r - m a x  = 20- 102 Pa without the ref lec tor  in the vicinity of the flow). 

The alternation of laminar  and turbulent regimes  (crests  and troughs of the curve in Fig. 2) indicates 
interaction of the acoust ic  waves emitted by the jet with the reflected waves. The wavelength of the acoustic 
oscil lat ions responsible for variat ion of the flow regime is equal to 16 mm,  corresponding to a frequency of 
21.2 kHz. Especial ly noteworthy is the fact that his frequency is a multiple of the previously generated f r e -  
quency of 5.3 kHz. The distinct relat ionship between the initial disturbances and the geometry of the bodies 
surrounding the flow enable us to account for the divers i ty  of l aminar - to - tu rbulen t  transit ion forms observed 
by many r e s ea r che r s .  Thus, in o rder  to compare the numerous experimental  data pertaining to the initial 
stage of evolution f rom laminar  to turbulent flow it is necessa ry  to have acoustic as well as hydrodynamic 
s imi lar i ty ,  along with s imilar i ty  of the initial dis turbances (the initial turbulence factor) [2]. 

The mechanism of interaction of acoust ic  emiss ion with a jet is por t rayed as follows. The initial s ec -  
merit of the jet emits  acoust ic  waves in the form of a narrow frequency spect rum,  which propagate into the 
surrounding space,  reaching the surface and being ref lected f rom it. If the dis turbances existing in the flow 
and reflected f rom the surface are  in phase,  the wave energy is additive, and the jet breaks up; if they are  in 
antiphase,  the development of the dis turbances is self-sustaining.  

As the jet flows f rom the injector to the receptor  capil lary the number of harmonics  in the jet  increases ,  
their frequencies both increas ing and decreasing.  Smal l -scale  disturbances have the dominant influence on 
breakup of the jet. The mechanism of interaction of smal l - sca le  disturbances is demonstrated in [3]. The 
interaction condition stipulates equality between the phase velocity of l a rge - sca le  disturbances and the group 
velocity of smal l - sca le  dis turbances.  

For  a more  detailed analysis  of the influence of acoustic oscil lat ions on the laminar - to- turbulen t  t r ans i -  
tion we subjected the jet between the capil lar ies  to the action of acoustic osci l la t ions,  varying their  frequency 
from 0 to 100 kHz. The choice of a free jet  as  the object for investigation of the phenomenon was dictated by 
the need to impar t  a cer tain "purity" to the experiment.  The experimental  a r rangement  eliminated the in- 
fluence of the mic rogeomet ry  of any f low-obs t ac l e  flow surface as is usually experienced in the case of a 
boundary layer ,  to which the major i ty  of the data on laminar - to - tu rbulen t  flow transit ion re fe rs .  For  the 
same reason we used glass capil lar ies  to minimize surface roughness.  The acoustic source was a barium 
titanate p iezoelect r ic  c rys ta l ,  to the faceplates of which was applied an alternating voltage f rom an oscil lator .  
The generated frequency was varied smoothly at a definite rate by means of an e lectr ic  motor ,  whose shaft 
was coupled to the tuning knob of the osci l la tor .  The p rocess  was recorded on an N-700 loop oscillograph. 
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Fig. 3. Typical oscillogram of the action of acoustic oscillations 
on the turbulence promot ion  of a l amina ry  jet ,  d = 0.4 r am,  co in kHz. 
1) l = 6 m m ,  P0 = P0max = 3.15- 104 Pa; 2) 8 m m ,  2.32.104 Pa;  3) 12 
ram,  2.05" 104 Pa; 4) 18 ram,  1.6.104 Pa. 
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Fig. 4. Influence of l, P0, and d on the spec -  
t r um of acoust ic  osci l la t ions p romot ing  je t  
turbulence.  I) stabil i ty zone; II) instabi l i ty 
zone; a) influence of injection p r e s s u r e  for  
l = 12 ram;  b) influence of i n j e c t o r - r e c e p t o r  
capi l la ry  spacing for  P0 = P0max; 1) d = 0.40 
ram;  2) 0.75; 3) 0.90. 

The p r e s s u r e  in the r e cep t o r  cap i l l a ry  was measu red  by means  of a l o w - p r e s s u r e  s t r a in  gauge. The signal 
f r o m  the l a t t e r  was  ampl i f ied  by a TA-5 s t r a in -ampl i f i ca t ion  station. Typical  o sc i l l og rams  a re  shown in 
Fig. 3. It  was  found that  a l a m i n a r  je t  r e ac t s  to acoust ic  osci l la t ions having a definite f requency s p e c t r u m ,  
which depends on the values  of the v a r i a b l e s  d, P0, and l (Fig. 4). These  va r i ab l e s  can be grouped into two 
d imens ion less  c r i t e r i a :  Re and St. 

With an inc rease  in the spacing l the initial f requency of the spec t rum shifts  toward lower  f requencies .  
An inc rease  in the injection p r e s s u r e ,  on the o ther  hand, broadens  the spec t rum toward the h igh-f requency 
end. A dec r ea se  in the je t  d i a m e t e r  a l so  broadens the spec t rum toward higher  f requencies .  The e x p e r i m e n -  
tal data in Fig. 4 a r e  p re sen ted  in the same coordinates  as those used for  the actual  exper iment .  

The use  of the d imens ion less  c r i t e r i a  Re and St in the given case  does not add any qual i ta t ively new r e l a -  
t ions.  

Thus ,  the expe r imen t s  desc r ibed  he re  exhibit  the apprec iab le  influence of acoust ic  osci l la t ions on the 
flow reg ime  in the t rans i t ion  zone, providing a means  of explanation of the d ive rs i ty  of r esu l t s  obtained by dif -  
fe ren t  r e s e a r c h e r s .  Bes ides  the initial turbulence fac to r ,  it is a lso  n e c e s s a r y  to take account of acoust ic  
d is turbance of the flow in the analys is  of the t rans i t ion zone. Moreove r ,  by i r rad ia t ing  a flow with acoust ic  
waves  having definite p a r a m e t e r s  it is poss ib le  to exe r c i s e  r emo te  control  ove r  the l a m i n a r - t o - t u r b u l e n t  flow 
t ransi t ion.  
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is the injection p r e s s u r e  in in jec tor  capi l lary;  
Is  the p r e s s u r e  at exi t  f r o m  recep to r  capi l la ry ;  
is the p r e s s u r e  in in jec tor  capi l la ry  with je t  at  the s tabi l i ty  threshold;  
Is the p r e s s u r e  in r e cep t o r  capi l la ry  with je t  at the stabil i ty threshold;  
is  the dis tance between or i f i ces  of in jector  and r ecep to r  cap i l l a r ies ;  
~s the dis tance f r o m  capi l la ry  axis to ref lec t ing  sur face ;  
is the inside d i am e t e r  of capi l la ry ;  
Is the acoust ic  f requency;  
is the Reynolds number ;  
is the ave rage  flow velocity;  
is the k inemat ic  viscosity; 
ms the Strouhal number .  
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FRICTION AND THE VELOCITY AND GAS-CONTENT 

PROFILES OF A TURBULENT GAS - LIQUID FLOW 

A.  V .  G o r i n  UDC 532.529.5 

The l imit ing re la t ive  f r ic t ion law is used to der ive  analyt ical  express ions  for the f r ic t ional  s t r e s s  
as well  as the veloci ty  and gas -con ten t  dis t r ibut ions in the c r o s s  sect ion of a boundary l aye r  and a 
pipe. 

Only a l imited number  of theore t ica l  pape r s  to date has any a t tempt  been made to solve the p rob lem of 
calculat ing the hydrodynamic  c h a r a c t e r i s t i c s  assoc ia ted  with the turbulent  flow of g a s - l i q u i d  mix tu res .  In the 
major i ty  of those pape r s  the two-phase  s y s t e m  is r ega rded  as a local ly homogeneous med ium amenable  to the 
methods and assumpt ions  commonly used in the theory of s ing le-phase  turbulent  flows. For  example ,  Bankoff 
[1] pos tu la tes  that the tangential  s t r e s s  is uni form throughout the channel c ros s  sect ion and the mixing length 
is the s ame  as for  s ing le -phase  turbulent  flow. Brown and Kranich [2] use a logar i thmic  dis tr ibut ion function 
for  the veloci ty  of the mix tu re  in the bubble-flow r eg ime ,  neglect ing the re la t ive  veloci ty  between the phases .  
Beattie [3] t r e a t s  the bubbles as cavi t ies  d is t r ibuted in propor t ion  to the veloci ty  dis tr ibut ion of the liquid and 
adopts the same  assumpt ions  as in [1]. Levy [4] has der ived dis t r ibut ions of the veloci ty  and density of the 
mix tu re  and the p r e s s u r e  drop on the basis  of Van D r i e s t ' s  modificat ion of mixing-length theory.  Here  the 
turbulent  constants  a re  considered to be the same  as  for  s ing le-phase  liquid flow. Sato and Sekoguchi [5] r e -  
gard the bubbles as cavi t ies ,  the p r e sence  of which has the ef fec t  of c rea t ing  fluctuations of the liquid veloci ty 
(over and above the independently exis t ing  s ing le -phase  turbulent  f luctuations of the liquid velocity) due to flow 
around bubbles.  This  p r o c e s s  induces additional turbulent  s t r e s s e s .  The bubble function is considered to be 
a given quantity. Kashcheev and Muranov [6] have calculated the veloci ty prof i le  of a mix ture  for  annula r -  
m i s t  flow, rep lac ing  the two-phase  core  by a homogeneous flow and invoking the basic  assumpt ions  of s e m i -  
emp i r i ca l  turbulence theor ies .  

The fundamental  p rob lem that a r i s e s  in the rea l iza t ion of a local ly homogeneous model is whether  or not 
it  is just if ied to use  the turbulence constants  for  s ing le-phase  flow. Tong [7], for  example ,  concludes on the 
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