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The phenomenon of exci tat ion of developed low-  and h igh- f requency  r e g u l a r  p r e s s u r e  f luctuations in 
the vor t ex  tube of energy  separa t ion  is exper imenta l ly  es tab l i shed .  

The vo r t ex  effect  of energy  separa t ion  of a gas  s t r e a m  is extens ive ly  used  in different  b ranches  of 
engineer ing [1]. A la rge  quantity of pape r s  [2] a re  devoted to i t s  invest igat ion,  where  different  a spec t s  of the 
flow of a hel ical  gas  s t r e a m  and the hea t -  and m a s s - t r a n s f e r  p r o c e s s e s  there in  a re  examined in detai l  in a 
s tat ic  formula t ion .  However ,  the physica l  na ture  of the vo r t ex  effect  has  st i l l  not r e c e i v e d  exhaust ive exp lana-  
tion. This  is  r e l a t ed  to the exceptional  complexi ty  of the energy  of m a s s  t r a n s f e r  p r o c e s s e s  occu r r ing  in a 
th ree -d imens iona l  hel ical  s t r e a m  with la rge  rad ia l  veloci ty  p r e s s u r e  grad ien ts .  In p rac t i ce ,  nothing is known 
about the dynamical  p r o p e r t i e s  of the flow in a vor t ex  tube, meanwhile  ro ta t ing  s t r e a m s  tend to a different  
kind of flow instabi l i ty  [3, 4], and the r egu l a r  p r e s s u r e  f luctuations being genera ted  he re  cannot exer t  influence 
on the t r an s f e r  p r o c e s s e s ,  and the re fo re ,  on the eff ic iency of energy  separa t ion  of the gas .  

An a t tempt  is  made  in this paper  to inves t igate  the condition for  the or iginat ion of unstable  flow modes  in 
vor tex  tubes,  and to s to re  and analyze  the exper imen ta l  m a t e r i a l  needed to c lar i fy ,  l a t e r ,  the ro l e  of the dynamic 
flow p r o p e r t i e s  in rea l i z ing  the vor t ex  effect .  

The invest igat ion was p e r f o r m e d  on adiabat ic  vo r t ex  tubes  (smooth and with a rec t i fy ing  spider  in the 
a r e a  of the choke) with the geome t r i c  dimensions:  d = 3 2  m m ,  dd = dd/d = 0.45, Fin = 4Fin/~d2= 0.1; I~ = L / d  = 
4-40. The tube length was m e a s u r e d  by a success ive  set  of sect ions of s e a m l e s s  b r a s s  tubes of di f ferent  
lengths.  A th r ee -nozz l e  vo r t ex  gene ra to r  with r ec t angu la r  tangential  channels  (9 x 3 mm) was used  for the a i r  
supply.  The condition for  adiabat ie i ty  of the p r o c e s s  was achieved by isolat ing the tube sect ions  and the cold 
a i r  plenum by using a s bes t o s  and g lass  fabr ic .  

The p r e s s u r e  f luctuat ions in the s t r e a m  were  m e a s u r e d  by using a p i ezo t ransduee r  whose senso r  (a 
plate of  lead z i reonate  of d = 10 m m  and b = 1 mm) was fas tened flush with the wall of the m e a s u r e d  sect ion 
of the tube. Cal ibra t ion of the t r ansduce r  in a powerful  sound field showed that i ts  a m p l i t u d e - f r e q u e n c y  c h a r -  
a c t e r i s t i c  is l inear ,  and the ca l ibra t ion fac tor  is 0.0405 m V / P a .  An a r r a y  of secondary  appara tus ,  cons i s t ingof  
a two-channel  osc i l loscope  C1-18, a mi l l i vo l tme te r  V3-28A~ a ha rmonic  ana lyzer  C5-3,  a PSG-101 r e c o r d e r  
f rom the f i rm  RFT (GDR), pe rmi t t ed  an a m p l i t u d e - f r e q u e n c y  analys is  of the signal f r o m  the p r e s s u r e  t r a n s -  
ducer in the 50-20,000-Hz band. 

Simultaneous m e a s u r e m e n t  of the hydrodynamic  and the rmodynamic  c h a r a c t e r i s t i c s  of the vor t ex  tubes  
i 

with the rec t i fy ing  sp ider  showed that the flow in the tube is unstable  in the whole r ange  of opera t ing  modes  
(Fig. 1). Analys is  of the p r e s s u r e  f luctuat ions s p e c t r a  p e r m i t s  the a s se r t a t i on  that  the p r e s e n c e  of th ree  kinds 
of f luctuations is c h a r a c t e r i s t i c  for  vor tex  tubes: white (wideband) background noise of turbulent  or igin,  low-  
f requency (/.f.) per iodic  p r e s s u r e  f luctuat ions at  the f requency f/ .f .  = 1000-2000 Hz, and h igh-f requency (h.f.) 
per iodic  p r e s s u r e  f luetuat ionswith  fh.f. = 12,000-18,000 Hz. The low-f~equeney fluctuations yield the main  

energy  s p e c t r u m  of the p r e s s u r e  pulsa t ions .  The i r  ampli tude (AP~.f.) grows monotonical ly  contribution to the 
as # i n c r e a s e s  to # = 0.9-0.95 and then jumps an o rde r  of magnitude and r e a c h e s  the m a x i m u m  value at # = 1 

Y 

{Fig. I ) .  The jump i nc r ea s e  in AP/ . f  is  accompanied  by a substant ia l  r i s e  (by 8-10%) in the hydraul ic  d rag  
of the vor tex  tube. A la rge  quantity ~f I.f. fluctuation subharmonics  hence appea r s  in the p r e s s u r e  fluctuation 
spec t rum,  which a lso  explains the significant  d i f ference  between the quantit ies AP ' / . f .  and AP'  Z at # > 0.9-0.95.  

High-f requency p r e s s u r e  f luctuations with l a rge  ampli tude a r e  obse rved  only a f te r  the jump in hydraul ic  
drag,  the h.f .  f luctuations a re  unstable  in the range  of values  # = 0.6-0.9 (the h.f. s ignal genera l ly  drops  out f r o m  
t ime  to t ime) and the i r  ampli tude is sma l l .  

Regular  low-  and h igh-f requency p r e s s u r e  f luctuat ions appear  in the vor t ex  tube for AP >_ 40 kPa .  As the 
p r e s s u r e  drops  grow, the fluctuation f requency r i s e s  continuously: an i nc r ea se  in AP of 40-400 k P a  co r r e sponds  
to a r i s e  in f/ .f .  of 1100-1850 Hz and in fhof. of 11,750-13,260 Hz (L = 9.5 and / t  = 1). 
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Fig .  1. Dependence  on the r e l a t i v e  m a s s  
flow r a t e  of  the cold a i r :  1) ATg,  ~ 2) 
AWx, ~ 3) #AWx, ~ 4) f l . f . ,  Hz; 5) fh.f . ,  
kHz; 6) A P ~ ,  kPa;  7) AP/ . f . ,  kPa;  8) A P ' h . f .  , 
kPa ;  I~ = 9.5; I~ d = 7.5; AP = 200 k P a .  
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Fig.  2 Change in ampl i tude  of  the l o w - f r e q u e n c y  (a) and 
h i g h - f r e q u e n c y  p r e s s u r e  f luc tuat ions  (kPa) a long 
the vo r t ex  tube length with I~ = 9.5 for  LiP = 200 KPa:  
1) # = 1; 2) 0.97; 3) 0.83; 4) 0.28. 

The quanti ty A P ' / . f .  is  p r a c t i c a l l y  unchanged  in the init ial  sec t ion  of the tube and s t a r t s  to r i s e  in tens ive ly  
in the choke d i rec t ion  only in the l a s t  3-4 ca l i be r s  (Fig.  2a). In the r a n g e  tt = 0.95-1 (i .e. ,  a f te r  the jump in the 
hydrau l ic  drag) ,  A P ' / . f .  and A P ' h . f .  have quite definite m a x i m u m s  shif ted 2 and 5 c a l i b e r s  deeply into the tube,  
r e s p e c t i v e l y  (Fig. 2a and b). The f r equenc i e s  of  both s igna ls  do not v a r y  a long the tube length.  

A change in the vo r t ex  tube length in the r a n g e  I~ = 4 .5-18 .5  e x e r t s  no inf luence on the  qual i ta t ive  na tu re  
of  the dependences  A P ' l . f . ,  APTh.f., f / . f ,  fh.f.  = f(#). The m a x i m u m  l.f. and h.f.  f luctuat ion in tens i ty  o c c u r s  at 
I~ = 9.5. Le t  us note that  the g r e a t e s t  cold p roduc t iv i ty  in a vo r t ex  tube of the type  under  cons ide ra t ion  is 
o b s e r v e d  at this  va lue  of  I~ [1]. An i n c r e a s e  in the v o r t e x  tube length has  p r a c t i c a l l y  no inf luence on the quanti ty 
fh.f. but r e s u l t s  in a subs tan t ia l  d rop  in f/ .f . .  Thus ,  for  # = 1 and AP = 200 kPa ,  an i n c r e a s e  in s f r o m  4.5 to 
18.5 c a l i b e r s  will r e d u c e  f/.f. f r o m  2000 to 1200 Hz. 

Most  c h a r a c t e r i s t i c  for  smooth  vo r t ex  tubes  (without r ec t i fy ing  sp iders )  a r c  the h.f. p r e s s u r e  f luc tua t ions .  
The appea rance  of in tens ive  h.f .  f luctuat ions  o c c u r s  in a jump and depends on L,  # and Ap;  the s m a l l e r  the va lues  
of I~ and #, the g r e a t e r  magn i tudes  of  AP needed to  develop a powerfu l  f luctuat ion p r o c e s s .  In our  e x p e r i m e n t s  
(AP = 100-300 kPa ,  I~ = 4-40),  the  t i m e  of the appea rance  of in tens ive  f luctuat ions  c o r r e s p o n d e d  to the va lues  
tt = 1.0-0.7. 
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Analysis  of the development p rocess  of h.f. instability in the example of a tube with I~ = 6.5 showed that 
for AP < 110 kPa, AP'h.f .  is at the turbulent noise level (AP' Z = 338 Pa,  AP'h . f .  = 50 Pa). For AP = 110 kPa  
a jump (40-fold) increase  in the h.f. signal amplitude occurs .  The main fraction of the p re s su re  fluctuation 
intensity is here  in the d iscre te  component with fh.f. = 17,450 Hz (AP'X = 2500 Pa, AP'17,450 = 2000 Pa) and 
a small  fraction is in the d iscre te  component with f = 12,350 Hz (AP'12,350 = 150 Pa). An increase  in Ap to 140 
kPa resu l t s  in a second jump (fourfold) in the r i se  of the fluctuation amplitude. Only one discrete  component 
with f = 12,650 Hz (AP' Z = 10.75 kPa,  API12,650 = 8.75 kPa) hence occurs  in the spect rum.  As the p res su re  
drop inc reases  further  to 400 kPa,  the quantities AP'h.f .and fh.f. grow monotonically.  Therefore ,  an insignif- 
icant increase  in Ap (100-140 kPa) resu l t s  in a two order -o f -magni tude  r i se  in the h.f. fluctuation amplitude. 
Growth of AP'h . f .  occurs  in two jumps with the presence  of an intermediate  fluctuation frequency (17,450 Hz) 
and is not accompanied by a change in the hydraulic drag of the tube. 

A jump change in Ap Z is shown in Fig. 3 for short  tubes of different length. In long tubes (I~ = 20-40), the 
p res su re  fluctuation intensity is an order  of magnitude lower than in short  tubes. Thus, for L = 32 we have 
AP'  x = 1600 Pa, whi le  APtl3,200 = 450 P a .  The p re s su re  fluctuation spec t rum becomes complex here and con-  
tains a large  number of discrete  components,  including low-frequency components.  

Measurements  of the p res su re  fluctuations at different sections of the vortex tubes showed that the 
frequency fluctuation is constant along the tube length, while the amplitude grows monotonically toward the 
choke, where the mos t  intensive growth of AP'h . f .  for any values of L and p is observed in the last  4-5 cal ibers .  

Analysis  of the frequency and amplitude dependences of the low-frequency fluctuations on Ap, I~ and I~ d 
exhibits their  total qualitative correspondence  with analogous dependences for the vortex sound generator  (VSG) 
[4, 5], which is a short  vor tex tube (L = 2-4) without a choke and with an endface wall instead of a diaphragm. 
This affords a foundation for assuming that the h.f. p r e s s u r e  fluctuations in a vortex tube with rect i fying spider 
are  a resul t  of a precess iona l  hydrodynamic instability of the three-dimensional  helical gas s t ream whose 
nature was established in investigating the VSG [5]. The crux of the mechanism of such a hydrodynamic flow 
instability is that during t ransfer  of the moment of momentum from a per ipheral  free vortex to a near-axia l  
countercurrent ,  the la t ter  deviates f rom the tube axis and s ta r t s  to p reces s  around it, periodical ly deforming 
the boundary of the per ipheral  vor tex and thereby causing regula r  velocity and p r e s s u r e  fluctuations therein. 
The frequency of these pulsations equals the p recess ion  frequency of the stimulated vortex and is determined 
by the volume m a s s  flow ra te  of the working body through the tube, the degree of twist of the s t ream (the ra t io  
of the moment of momentum to the momentum),  and the tube diameter .  As the tube length increases ,  the fluctua- 
tion frequency drops because of the r i s e  in the loss  of the moment  of momentum due to friction on the in te r -  
facial surface of the vor t ices .  The amplitude of the p re s su re  fluctuations in the tube is determined by the radius  
of p recess ion  (the magnitude of the shift) of the st imulated vor tex and the level of the absolute velocit ies in the 
free vortex.  

The distinctive feature of the precess iona l  instability i s  its nonsymmetr ic  (tangential) fluctuation mode; 
therefore ,  if two p r e s s u r e  t ransducers  are  set at d iametr ica l ly  opposite points of the tube, then their signals 
should be out of phase.  Confirmation showed that the l.f. instability in the vortex tube has prec ise ly  such a 
fluctuation mode. Computed values of f/.f., obtained by using formulas  to determine the audio frequency 
emitted by the VSG [4], d i f fer  by 10-30% f rom the experimental  r esu l t s .  This is evidently re la ted  to the s t ruc -  
tural  differences between the vortex tube and the VSG. 

A sharp increase  in the amplitude of the l.f. fluctuations for high values of # is apparently explained by 
reaching the optimal relat ionship between the free and st imulated vortex masse s  for development of the fluctua- 
tion p rocess .  This re la t ionship is achieved in the VSG for perfect ly  definite values of I~, to which the maximum 
rarefac t ion  of the tube axis, and therefore ,  the mos t  intensive countercurrent ,  will cor respond [5]. 

A jump increase  in the hydraulic drag during excitation of the developed low-frequency fluctuations also 
indicates the precess iona l  nature of the l.f. instability. It  is shown in [6] that sudden excitation of precess ional  
fluctuations in a vor tex tube (VSG) resu l t s  in a 10-20% upward jump in the tube hydraulic drag. Such an increase  
is mos t  often associa ted  with elevated losses  in the moment  of momentum of the per ipheral  s t ream,  whose 
kinetic energy is a source  of the energy sustaining the precess iona l  autooseil lat ions.  

The nature of the flow h.f. instability is less  c lear .  It is not a resul t  of acoustic resonance  since fh.f. 
depends quite weakly on the tube length (as I~ increases  f rom 6.5 to 18.5 ca l ibers ,  fh.f. drops by 3.5% from 
13,200 to 12,780 Hz for the case # = 1 and AP = 200 kPa),  and grows monotonically as AP increases .  The 
initial per turbat ions introduced into the flow because of the air supply to the tube through the d iscre te  nozzles 
also do not affect the excitation of the h.f. instability: the quantities AP'h . f .  and fh.f. do not change when the 
three-nozz le  vor tex  genera tor  is replaced by a four-nozzle  genera tor  with the same value of Fin. 
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Fig, 3. Dependence of the total pres- 
sure fluctuation level DP'~I, (kPa) on the 
pres su re  drop AP (kPa) in a vor tex tube 
for # = 0.63; 1) I~ = 4; 2) 6; 3) 9; 4) 11. 

The h.f. flow instability is apparently a resu l t  of the formation of l a rge - sca l e  coherent vor tex s t ruc tures  
of shear nature in the vor tex tube exactly as occurs  in plane turbulent jet mixing l ayers  with different flow 
velocit ies [7]. The p rocess  of l a rge - sca l e  vor tex s t ruc ture  formation in a helical flow can be represen ted  as 
follows. The charac te r i s t i c  feature of the flow in a vor tex  tube is the presence  of a discontinuity in the axial 
velocity component on the interface between the peripheral  and st imulated s t reams .  The maximum level of 
V z in both s t r eams  and therefore  the maximum value of the shear  s t r e s s e s  also a re  observed it, d i rect  p rox-  
imity to the nozzle section [1]. The formation of f ine-scale  shear  vortex s t ruc tures  also occurs  here,  which 
in the case of complete flow symmet ry  should be in the shape of a torus  encircl ing the stimulated s t ream and 
rotat ing together with it around the tube axis. In a rea l  turbulent s t ream,  the shear  vor tex s t ruc tures  ro ta te  
in spiral  vortex fi laments.  As they move toward the choke, they merge  in pairs  to form l a rge - s ca l e  vortex 
s t ruc tures  which are  enlarged in turn, etc. The acts  of pairwise enlargement  (merger)  of the vor t i ces  will 
occur  until a small  number of spiral  vor tex s t ruc tu res  (bunches) r emains  in the intermediate  layer  between 
the per ipheral  and stimulated s t reams ,  whose m e r g e r  is possible only in the case of disturbance of the 
c i rcumferent ia l  symmet ry  of their  a r rangement  around the near -ax is  flow. Such a s y m m e t r y  can be initiated 
by a r i se  in the magnitude of the shear s t r e s s  because of the inc rease  in AP or  #. 

Vortex s t ruc tures  regular ly  per turb the per ipheral  s t r eam in their  t r ans la t iona l - ro ta t iona l  motion. The 
p re s su re  t ransducer  mounted on the tube wall perce ives  these per turbat ions  as  p r e s s u r e  fluctuations of d is -  
crete  frequency. The amplitude of these pulsations will be determined by the size of the s t ruc tures ,  and the 
frequency by their quantity (n) and angular rotat ion (co) around the tube axis (fh.f. = nw/2~r). At the instant of 
merge r  of pai rs  of spiral  s t ruc tures ,  as Ap increases ,  say, a smal ler  quantity of l a r g e r - s c a l e  vor t ices  is 
formed, i .e. ,  the p r e s su re  t ransducer  should pick up a jump increase  in AP'h . f .  and a reduction in fh.f. as is 
indeed obtained in experiment.  

Interest ing resu l t s  were obtained in experimental  studies devoted to the s t ruc ture  of turbulent rotat ing 
s t r eams  [2]: the intensity of the radial  component of the turbulent fluctuation velocity exceeds the remaining  
components 5-10 t imes  in a major  par t  of the c ros s  section. On the basis of these data, many r e s e a r c h e r s  
assume [2] that turbulence,  which is an energy source of e lementary  cold cycles  per formed by turbulent elements ,  
underl ies the energy exchange mechanism in a vor tex tube. The resu l t s  of our r e s e a r c h  permi t  the asser t ion  
tha t la rge  values of the radial  velocity fluctuation component are  a resu l t  of regula r  radial  deformation of the 
free vor tex boundaries by a p recess ing  stimulated vortex and by spiral  vortex s t ruc tu res  of shear  nature,  i .e. ,  
namely the flow instability observed in the whole range of # and AP values applied in prac t ice  genera tes  a d i r ec -  
tional (radial) periodic pseudoturbulence,  and thereby contributes to the radial  energy exchange and the r e a l i z a -  
tion of the energy separat ion p roce s s  as a whole. To comprehend the physical  nature of the Ranque effect, a 
detailed investigation of the dynamic proper t ies  of the spiral  s t r eam in vortex tubes and a study of their  in-  
fluence on the energy separation p rocess  are  therefore  neces sa ry .  

1174 



NOTATION 

L, d, vortex tube length and diameter; dd, diaphragm diameter; Ld, distance between the tangential 
inlet channels and the location of the pressure,  t ransducer ;  Fin, a r ea  of the tangential inlet channels; AP, 
p r e s s u r e  drop in the vor tex  tube; AP'h.f . ,  AP/.I . ,  AP'  E, amplitudes of the low- and high-frequency p r e s s u r e  
fluctuations and the total  p r e s s u r e  fluctuation level;  f/.f.,  fh.f., low- and high-frequency p r e s s u r e  fluctuation 
frequencies;  p, r e la t ive  mass  flow ra t e  of the cooled air;  and ATx, ATg, a i r  cooling and heating effects  in 
the vor tex  tube. 
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TURBULENT FLUID FLOW IN A CIRCULAR PIPE WITH 

UNIFORM BLOWING THROUGH POROUS WALLS 

V. M. Eroshenko, A. V. Ershov, 
and L. I. Zaichik 

UDC 532.542 

The average  and fluctuating incompress ib le  fluid flow cha rac te r i s t i c s  in a c i rcu la r  pipe with blowing 
are  computed on the basis  of a t h r e e - p a r a m e t e r  model of turbulence.  

Investigations of flow in channels with permeable  walls  a re  of in te res t  for the analysis  of heat-  and m a s s -  
t r an s f e r  p r o c e s s e s  in heat pipes when using blowing in the in te res t  of heat shielding and in many other  appl ica-  
t ions.  Computations of the turbulent  flow in pipes with blowing have been pe r fo rmed  in [1, 2] on the basis  of 
mixing-path length models ,  in [3] for the t ransi t ion flow mode, and in [4] for  the hydrodynamical ly stabil ized 
s t r eam by using additional equations for the fluctuating motion.  Flow development along the pipe length is in-  
vest igated in this paper for r e la t ive ly  high Reynolds number of the main s t r e am  at the input for conditions that 
a re  a lmost  r ea l i zed  in exper iments  [5]. 

Solutions for the equations of average  and fluctuating motion have been obtained in the boundary- layer  
theory  approximation valid for m << 1. The fluctuating motion is descr ibed by a t h r e e - p a r a m e t e r  model of 
turbulence,  consist ing of the equations of fluctuating energy balance, turbulent  tangential s t r e s ses ,  and turbulent  
energy dissipation,  descr ibed  in a form close to the models  proposed ea r l i e r  in [6, 7]. The sys tem of equations 
used in the computations for  ax i symmet r i e  s ta t ionary incompress ib le  fluid flow in a c i r cu la r  pipe has the form 

0 (ru~) 0 (rut) 
~ - -  = 0 ,  (1) 

Ox Or 
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OE OE Ou~ cE 3/2; c,~vE 1 0 [ OE ] 
ux ~-x + Ur O---Z- -- ~ - -  L z -}--~ -~ -  r(v-f 'aEEI/2L) ~ , (3) 
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