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D I A G N O S T I C S  O F  S U P E R S O N I C  T W O - P H A S E  S T R E A M S  

F R O M  S C A T T E R E D  L A S E R  R A D I A T I O N  

A.  P .  A l k h i m o v ,  V. M. B o i k o ,  UDC532.57+532.137§ 
A.  N. P a p y r i n ,  a n d  R.  t .  S o l o u k h i n  

Fur the r  development  of the exper imenta l  r e s e a r c h  technique is r equ i red  for  the solution of a wide c i r c l e  
of p rob l ems  a r i s ing  in the invest igat ion of h igh-veloci ty  two-phase  flows and connected with the study of the 
physica l  p r o c e s s e s  of the in te rac t ion  between pa r t i c l e s  and a nonequi l ibr ium gas s t r e a m  [1], such as in the 
nozzle  of a sol id-fuel  rocke t  engine [2] ( invest igation of the effects  of the veloci ty  lag and t he rma l  lag of the 
pa r t i c l e s ,  de te rmina t ion  of the i r  s i zes  and coeff ic ient  of aerodynamic  r e s i s t a n c e ,  etc.). He re  the mos t  p r o m -  
ising a r e  noncontact  opt ical  methods of d iagnost ics ,  the intensi ty of whose  development  in recen t  y e a r s  has 
been p romoted  by the extens ive  appl icat ion of l a s e r s .  The l a s e r  Doppler  veloci ty  m e t e r  (LDVM), the d e t e r -  
minat ion of the d i s p e r s e  compos i t ion  and pa r t i c l e  concent ra t ion  f rom the at tenuat ion and sca t t e r ing  of a l a s e r  
beam,  and holographic  and other methods have now been success fu l ly  incorpora ted  into gasdynamic  expe r i -  
menta l  p rac t ice .  

The p r e sen t  r e p o r t  is devoted to the development  of the l a s e r  Doppler  veloci ty  m e t e r  and the method of 
pulsed l a s e r  v i sua l iza t ion  for  the invest igat ion of h igh-veloci ty  two-phase  s t r e a m s .  

T h e  L a s e r  D o p p l e r  V e l o c i t y  M e t e r  

It is known that LDVM s y s t e m s  can be divided into two main  groups  with r e s p e c t  to the means of m e a -  
s u r e m e n t  of the Doppler  f requency shift  of the s c a t t e r e d  l a se r  radiat ion.  The f i r s t  includes the mos t  studied 
and widely d is t r ibuted  s y s t e m s ,  in which the d i f fe rence  f requency is de te rmined  with the help of photodetectors  
(the photographic  mixing method). A ma jo r  cycle  of r e s e a r c h  on the development  of the theory  and on the p rob-  
l ems  of the technical  cons t ruc t ion  of such s y s t e m s  [the work  of B. S. Rinkevichyus (Moscow Power  Institute),  
V. S. Sobolev (Institute of Atomic Energy ,  Siber ian  Branch,  Academy of Sciences of the USSR), G. L. Grod-  
zovski i  (Central  Aerohydrodynamic  Institute) and col leagues ,  and others]  has contr ibuted to the cons iderable  
p r o g r e s s  in this field and has led to the c rea t ion  of exper imenta l  models  of ins t ruments  which have been used 
success fu l ly  in gasdynamic  r e s e a r c h .  It should be noted, however ,  that f r o m  the point of view of p rac t i ca l  
rea l iza t ion  these  LDVM a re  s imp le  enough in the m e a s u r e m e n t  of re la t ive ly  low veloci t ies  v -< 10 2 m / s e c  
and a re  used mos t  extens ive ly  and success fu l ly  in the s tudy of subsonic  s t r e a m s ,  whe reas  the m e a s u r e m e n t  
of veloci t ies  v >_ 10 3 m / s e c  b y  such a method p resen t s  cons iderab le  technical  diff icult ies.  

Of m a j o r  in te res t  on these  grounds a re  the l a s e r  Doppler  s y s t e m s  of the second c lass  [3-9], which ac-  
compl i sh  the d i r ec t  m e a s u r e m e n t  of the Doppler  f requency shif t  with the help of h igh- reso lu t ion  spec t ra l  in-  
s t r u m e n t s  (such as the F a b r y - P e r o t  i n t e r f e rome te r ) ;  at p r e sen t  they a re  s t i l l  inadequately studied and are  
used cons iderab ly  less  often in gasdynamic  r e s e a r c h .  These  LDVM s y s t e m s  pe rmi t  the p rac t i ca l ly  unlimited 
expansion of the m e a s u r e m e n t  range into the region of higher  veloci t ies  and evidently a r e  m o r e  p romis ing  for 
the invest igat ion of superson ic  and espec ia l ly  of hypersonic  s t r e a m s ,  s ince for the spec t r a l  record ing  method 
the re l iab i l i ty  and accuracy  of the m e a s u r e m e n t s  only i nc rea se  with an i nc rea se  in velocity.  

In this connection it s e em ed  des i r ab le  to conduct fu r ther  r e s e a r c h  d i rec ted  toward the development  of 
l a s e r  Doppler  s y s t e m s  of this type and, in pa r t i cu la r ,  toward  the c rea t ion  of a scanning s p e c t r o m e t e r  having 
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a high resolut ion and t ransmiss ion .  The main demands imposed on the spec t rome te r  in an LDVM sys tem are  
formulated below, and a descr ip t ion is given of the LDVM sys t em which is the resul t  of the continuation of 
work [3-5] on the development of the method of velocity measurement  based on the spect ra l  means of r e c o r d -  
ing and which is designed for conducting experiments  on the investigation of the effect of the velocity lag of 
par t ic les  in supersonic  gas s t reams .  

As noted in [3], to conduct experiments  of this kind one must  measure  the velocities of the gas and the 
par t ic les  at the same time. Because of the complexity of the use of the tradit ional methods of measur ing gas 
velocity (with a Pitot tube, for example) in a two-phase s t r eam,  however,  one can use the LDVM method for 
this purpose,  but in doing so one must  also introduce aerosols  into the s t r e a m  along with the par t ic les  being 
studied; the aerosols  follow the s t r e a m  with high accuracy  (Av/v  --< 0.01) and therefore  they c a r r y  information 
on the gas velocity. Pa r t i c l e s  with a s ize  d _< 0.1-1 t~m fully sa t i s fy this  demand onthe data of a number  of in- 
vestigations.  However, the necess i ty  of the simultaneous record ing  of the l ase r  radiat ion sca t te red  on p a r -  
t icles of different types requi res  the crea t ion of an LDVM sys t em possess ing  high sensi t ivi ty and providing 
for the record ing  of Doppler frequency shifts in a wide spec t ra l  range,  since in this case  it is necessa ry ,  on 
the one hand, to m easu re  the "absolute" velocit ies in the range of v = 102 -103  m / s e e  and higher and, on the 
other hand, to measu re  the relat ive veloci t ies  Av of par t ic les  of two (o r more) sor t s  introduced simultaneously 
into the s t r eam,  for which one must  dec rea se  the lower l imit  Vmi n <_ 10 m / s e c  of the measured  velocity and 
increase  the measu remen t  accuracy.  In this case one can formulate  the main demands imposed on the laser  
in the LDVM sys t em - minimum spect ra l  width of the emiss ion  line, high frequency stabili ty,  and sufficiently 
high emiss ion  power - and on the spec t rome te r  - high spect ra l  resolut ion and sufficient speed and sensitivity. 

Let us consider  some  questions connected with the choice of the pa r ame te r s  of the scanning spec t rom-  
eter ,  which de termines  the main cha rac t e r i s t i c s  of the LDVM sys t em (when a l ase r  source  with given p a r a m -  
e te rs  is used): the measuremen t  range and accuracy ,  its sensit ivi ty,  and the spec t rum record ing  t ime ~p. 

As shown by tes ts  conducted ea r l i e r  [3], with the use of F a b r y - P e r o t  in te r ferometers  with plane m i r -  
r o r s  [3, 6, 7], which a re  usually used in the photoelectr ic  recording  of the spect rum,  the LDVM sensit ivity 
did not provide re l iable  record ing  of the sca t te red  signal,  s ince it was neces sa ry  to isolate a narrow sect ion 
of the spec t rum (using a smal l  diaphragm),  which led to large  light losses .  A considerable  gain in t r a n s m i s -  
s ion can be obtained by a change to a confocal (spherical) resona tor  in the LDVM sys tem [8, 9], permit t ing 
the use of a r ece ive r  having a considerably  l a rge r  angular aper ture  for record ing  a. cer ta in  wavelength without 
a loss of spec t ra l  resolut ion [10]. 

To cha rac te r i ze  the efficiency of the spec t rome te r  in an LDVM s y s t e m  it is convenient to use the p a r a m -  
eter  P = UR, where  U and R are  the t r ansmiss ion  and resolut ion of the in ter ferometer .  Comparing the ex- 
p ress ions  P = UR for a spher ica l  in te r fe romete r  (Ps) and a F a b r y - P e r o t  etalon with plane m i r r o r s  (Ppl), we 

obtain [10] 

K = P, /Ppl = 8(nL) 2/D', 

where  nL is the optical length of the in te r fe rometer ;  D is the plate d iameter  (the coefficients of t r ansmiss ion  
of the two in te r fe romete r s  a re  assumed to be the same).  Taking the d iameters  D of the etalon plates as 3 cm, 
we find that for nL = 10 and 1 cm the rat io Ps / Ppl equals 90 and 0.9, respect ively.  In order  to assure  the 
measu remen t  of a velocity Vmi n < 10 m / s e c  one must  use in te r fe romete r s  with a high resolut ion at nL - 5-  
10 cm. In this case  the efficiency of the use of a confocal spec t rome te r ,  as seen f rom the example considered 
above, is much higher than that for a plane F a b r y - P e r o t  etalon, with the pa rame te r  K = Ps / Ppl growing as 
~ L  2 with an inc rease  in L. We note also that a eonf0cal spec t rome te r  is m o r e  convenient in operation,  since 
the demands on the accu racy  of adjustment of the confocal m i r r o r s  a re  considerably lower, which is important  
f rom the point of view of the adjustment and operat ion of the in te r fe romete r  at the high level of vibrations and 
acoustic noise under the conditions of a gasdynamic installation. 

The high speed of an LDVM sys tem,  which de termines  the record ing  t ime Tp of the spec t rum of the 
sca t te red  signal,  also acquires  importance in the investigation of two-phase flows with different concent ra-  
tions of foreign par t ic les ,  as well as in the measurement  of the velocity in nonsteady s t reams .  

It is known that the format ion of the signal of a Doppler par t ic le -ve loc i ty  me te r  is influenced by a whole 
se r i e s  of fac tors ,  determined both by the proper t ies  of the par t ic les  sca t ter ing the radiat ion and by the p a r a m -  
e ters  of the measuremen t  sys tem.  In par t icu la r ,  such factors  include the amplitude U and duration t 1 of the 
pulses f rom individual par t ic les ,  which depend on the d i sperse  composi t ion of the aerosols  and their  velocit ies,  
and the ra t io  between the repeti t ion frequency v~ = 1 / t  2 = v / l  of these pulses (l is the mean distance between 
par t ic les  in the s t r e a m  and v is their  velocity) and the record ing  t ime Zp of the spec t rum of the sca t te red  
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signal,  determined by the spec t rum scanning rate ,  other experimental  conditions being equal (particle size 
spect rum,  instrumental  width, etc.). The t ime of luminescence of an individual par t ic le  while c ross ing  the 
detection volume ( t ransverse  size d ~ 1 0 0 ~ m ) i n a  supersonic  s t r e a m  is t 1 << rp  (t~ s 10 -G sec for v = 500 m /  
s e c a n d d = 1 0 0 # m ) ,  so that to r ecord  the profi le  of the sca t te red  signal one must  a s su re  the passage of a large 
enough number of par t ic les  through the experimental  volume during the measuremen t  t ime, i.e., sat isfy the 
condition rp  >> t 2. For  measurements  in a s t r e a m  with a low dust content th{s leads to an increase  in the r e -  
quired value of rp. For  example, tests  conducted in an investigation of the effect of the velocity lag of "single" 
par t ic les  in a supersonic  nozzle [12] (P0 = 8 atm, T O = 260~ M = 2.8), i . e . ,  under conditions when the d is-  
tance between par t ic les  in the s t r e a m  exceeded their  mean s ize  by two or more  orders  of magnitude (l _>. 
102dr), showed that rp  must  be in the range of 0.1-1 sec. 

On the other hand, in the investigation of pulsed p rocesses  and in the measuremen t  of velocity under the 
conditions of s t r e a m  pulsations one must  dec rease  the measuremen t  t ime so that rp  << r (the charac te r i s t i c  
t ime of the process) .  For  example, to r eco rd  the "instantaneous" velocity in the p resence  of s t r e a m  pulsa-  
tions with a f requency of ~103 Hz the value of rp must  be <10 -4 sec. Thus, the solution of the various prob-  
lems of aerophysieal  experimentat ion requi res  the crea t ion of an LDVM scanning sys t em providing for va r i a -  
tion of rp in the range of rp = 10-10 -4 sec or less.  

Tests  on the investigation of var ious sys tems  of photoelectr ic  recording  (through var iat ion in the p r e s -  
sure ,  using p i ezoce ramics ,  and using a dual image converter)  showed that the most  acceptable (from the point 
of view of sensi t ivi ty and t ime resolution,  as well as s implici ty and convenience in operation) is an LDVM s y s -  
tem based on a confocal in te r fe romete r  in which the spec t ra l  scanning is accomplished with the help of piezo-  
ce ramics .  In this case  the sect ion of the spec t rum corresponding to the region Ak 0 = k2/4L of free d ispers ion 
of the etalon can be r ecorded  in a t ime t _< 10 -a see,  which cor responds  to the t ime of record ing  the ins t ru-  
mental profi le  7~ _< 10 -4 sec,  where  Tp can be varied in the range f rom 10 -4 to 10 sec or  more.  

The main drawback of the method of photoelectr ic  record ing  of the spec t rum through variat ion of the 
p r e s s u r e  in the in te r fe romete r  chamber ,  which is the most  common in high-resolut ion spec t roscopy,  is the 
low speed. For  example,  when this scanning method is used in an LDV1VI sys t em it is hard to obtain a value 

I of r p _  < 0.1 sec [6]. A high t ime resolut ion (T~ ~ 10 -7 sec) can be obtained using a scanning device based on a 
combinat ion of a s ta t ionary mult ibeam in te r fe romete r  and a dual image conver te r  (DIC), f i r s t  suggested for 
record ing  the spec t rum of sca t te red  laser  radiat ion in an LDVM sys t em in [3]. As shown by the tests  con- 
ducted, however,  for the successful  application of a DIC in a gasdynamic experiment  one must  use more  pow- 
erful l a se r s  (W ~ 0.1-1 W), since the sensi t ivi ty of such an installat ion (a F a b r y - P e r o t  in te r fe romete r  in c o n -  
junction with a DIC), which employs only par t  of the light flux (isolated in some order  of interference) ,  is 
considerably less  than the sensit ivity of a sy s t em in which a scanning confocal in te r fe romete r  is used with 
subsequent record ing  of the spec t rum with a photomultiplier.  

A d iagram of the LDVM is presented in Fig. 1. An LG-159 h e l i u m - n e o n  laser  1 with a wavelength k = 
6328 A, an emiss ion  power W = 5 roW, and a frequency stability of 108 operating in the one-frequency mode 
was used as the radiat ion source.  The lase r  radiation,  passing through the diaphragm 2 and the p lane-para l le l  
plate 3, intended for obtaining two beams,  one of which plays the ro le  of the re fe rence  beam, was focused by 
the lens 4 through the entrance window into the experimental  region of the s t r e a m  8 (5 is a filter). The rad ia -  
tion sca t te red  by the par t ic les  was recorded  at an angle a = 31~ '. In this case  the Doppler shift Au, defined 
in the general  case  as 

~v = (~/2n)v(R, --  R0) 

(where K 0 and Ks are  the wave vectors  of the incident and sca t te red  radiat ion,  respect ively ,  and v is the veloc-  
ity vector  of the moving par t ic les) ,  for a = 31~ and a l a se r  wavelength ), = 6328 A, was 

Av (see "l) = 8.7. i05v (m/sec). (1) 

The Doppler frequency shift was recorded  with the help of the scanning in te r fe rometer  on the piezo-  
ce ramic  6. When the var iable  scanning voltage (block 9) is applied to the p iezoceramic  element of the etalon 
its length var ies  within the l imits of severa l  wavelengths. The resonance  frequency of the in te r fe rometer  
var ies  in the p rocess ,  and it success ive ly  r ecords  the frequency spec t rum of the incident radiation. A type 
FI~U-79 photomult ipl ier  7 (10 is the power-supply unit), a U2-4 ampli f ier  11, and an osci l lograph 12, 
the sweep of which is synchronized by the scanning voltage, a re  used to r eco rd  this spectrum. In this case 
the t ime axis on the osci l lograph s c r een  cor responds  to the frequency axis of the spec t rum being studied. 

The scanning in te r fe romete r  consis ts  of a confocal resonator  with a length L = 10 cm formed by m i r -  
r o r s  with radi i  of curva ture  R ::= 10 cm onto which mult i layered dielectr ic  coatings with a coefficient of reflection 
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r = 95% for the wavelength k = 6328 ~- a re  deposited. The main cha rac te r i s t i c s  of this spec t romete r  are  as 
follows: region of f ree  d i spers ion  Av 0 = 750 MItz, ins t rumental  width 5v - 10 MHz; f rom (1) this gives a value 
of vmi n ~ 10 m / s e e  for the min imum measurab le  velocity. The spec t rum scanning rate ,  and hence the vaiue 
of r~ = 10-10 .4 see,  can be varied within wide l imits with the help of the sweep genera tor  9. 

As an i l lustrat ion of the operat ion of the given' LDVlVl on a gasdynamie installat ion (Fig. 2) we present  
typical  ose i l Iograms  obtained with light sca t te r ing  on different par t ic les  (bronze par t ic les  with day = 80 ~m and 
Or = 8.6 g / e m  3 and par t ic les  of club moss  with day = 25 ~m and p r  = 0.5 g / c m  3) acce le ra ted  in a supersonic  
nozzle (P0 = 8 atm, T o = 260~ Maeh number at cut M = 2.8). The two signals cor responding  to the different 
velocit ies of these two components introduced s imultaneously into the s t r e a m  (v 1 = 130, v2 = 350 m / s e e )  are  
welI seen; with an inc rease  in concentra t ion thei r  in teract ion begins,  leading to a change in the spec t rum of 
the finer par t ic les .  

In noting the advantages of the given mete r ,  one must  mention f i rs t  of all its Mgh resolut ion,  assur ing  
a wide range of measurements  of velocit ies at v ~ 10 re~see, the possibil i ty of conducting measurements  at 
different  concentrat ions of dust par t ic les ,  and the high rel iabil i ty in operation. The ra the r  high speed (the t ime 
of record ing  a line profi le  is r ~ m i n  ~ 10 -4 see) makes it possible to use it to study t rans ient  p rocess ,  in con-  
t r a s t  to LDVM sys tems  in which a p r e s s u r e - s c a n n e d  F a b r y - P e r o t  in te r fe rometer  iw used to scan the spec t rum 

[6]. 

Thus, the given sys tem,  c rea ted  on the basis of a one-f requency l a se r  and a h igh-resolut ion eonfoeal 
spec t rome te r  with photoelectr ic  r ecord ing  of the spec t rum,  is evidently optimal f rom the point of view of spec-  
t ra l  and t ime resolut ion and can be used successful ly  to study d iverse  p rocesses  in supersonic  multiphase 
s t r eams .  The fur ther  improvement  of the sys tem,  as shown by the experiments  conducted, should be ca r r i ed  
out in the di rect ion of an inc rease  in the LDVM sensi t ivi ty,  since for weakly sca t te r ing  par t ic les  at a low con-  
centra t ion it was difficult to obtain rel iable resul ts  for analysis ,  s ince the s igna l - to -no ise  ra t io  was <1 under 
these  conditions. It is c l ea r  that  in this case  one can follow both the path of the use of more  powerful l a se r s  
and that of an inc rease  in the sensi t ivi ty of the record ing  system.  

On the basis  of the previous LDVM sys t em we developed and tested a more  sensi t ive installation LDVM-2 
(Fig. 3a), in which the method of synchronous detect ion [11] was used to inc rease  the s igna l - to -no ise  ratio. In 
this case  the l a se r  beam was modulated in amplitude with an ML-4 optical  modulator  or  a mechanical  modula-  
tor  2 (modulation frequency 18 kHz) and par t  of it was direeted to a photomultiplier  10, the signal f rom which 
was used as the r e fe rence  signal for the V9-2 synchronous detector  15, whose minimum time constant of 0.5 
see was reduced to 10 -2 s e c .  The main signal,  modulated in amplitude with the same  frequency,  was sent to 
the detec tor  f rom the output of the U2-6 select ive amplif ier  11 and was r eco rded  on an $1-19B Oscillograph or  
a type KSP r e c o r d e r  16. 1) LG-159 laser ;  3) splitting plate; 4) focusing lens; 5) plane conical nozzle; 6, 9, 14) 
collecting lenses  with d iaphragms;  7) adjusting lens; 8) scanning in te r fe rometer ;  12) sweep unit; 13) deflecting 
m i r r o r ;  15) synchronous detector .  The p a r a m e t e r s  of the F a b r y - P e r o t  in t e r fe romete r  a re  as follows, region 
of f ree  d i spers ion  Av 0 = 750 MHz; inst rumental  width 6v = 10 MHz. 

Tes ts  conducted on an aerodynamic installat ion showed that this sys t em can r e c o r d  the signal f rom sca t -  
t e red  rad ia t ion  when its s igna l - to -no ise  ra t io  is >0.1 and it can be used to obtain a signal sufficient for analysis 
when the par t ic le  concentrat ion is c lose  to the conditions of natural  a i r  dust iness.  As an i l lustrat ion,  in Fig. 3 
we presen t  signals of radiat ion sca t te red  on aluminum par t ic les  (d r = 1-25 p) obtained with and without the use 
of the method of synchronous detect ion (Fig. 3b and c, respect ively) .  The use of the given sys t em appears to 
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be espec ia l ly  effect ive in expe r imen t s  with a high level  of background i l lumination,  such as in the motion of 
pa r t i c l e s  in a s t r e a m  of radia t ing gas ,  in measu r ing  the veloci t ies  of hot pa r t i c l e s ,  etc. 

On t h e  M e t h o d  o f  H i g h - S p e e d  P h o t o g r a p h i c  R e c o r d i n g  o f  

P a r t i c l e s  i n  a G a s  S t r e a m  

The use  of the method of h igh-speed  visual iza t ion,  which under ce r t a in  conditions p e r m i t s  the d e t e r -  
minat ion of the s ize  as well  as the concent ra t ion  d is t r ibut ion  of pa r t i c l e s  in a gas s t r e a m ,  together  with the 
LDVM s e e m s  ve ry  p romis ing  in the invest igat ion of two-phase  s t r e a m s .  The bas ic  s cheme  for  the v i sua l i za -  
t ion of gas s t r e a m s  containing l i gh t - sca t t e r ing  pa r t i c l e s  is well  known and cons i s t s  in the following. A p lane ,  
pa ra l l e l  l ight b e a m  (a light "knife"}, which is introduced into the expe r imen ta l  region of the s t r e a m ,  is fo rmed  
with the help of a spec ia l  optical  sys t em.  By record ing  the radia t ion  s c a t t e r e d  by the pa r t i c l e s  {at a 90 ~ angle 
to the plane of the beam,  for example} one can  obtain in format ion  on the flow s t r u c t u r e  in any given plane. By 
using powerful  pulsed l a s e r s  and optical  s y s t e m s  and photographic  m a t e r i a l s  with high reso lu t ion  one can con-  
s iderab ly  expand the potent ia l i t ies  of the v isual iza t ion  method,  inc reas ing  its sens i t iv i ty  and its spat ia l  and 
t ime  resolut ion.  

Let  us b r ie f ly  d i scuss  some  p r o p e r t i e s  connected with the use  of this method for  the photographic  r e -  
cording of pa r t i c l e s  in a supersonic  gas s t r e a m .  The mode of opera t ion  of the ins ta l la t ion which allows one to 
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r eco rd  the laser  radiat ion sca t te red  f rom individual par t ic les  is of the grea tes t  in teres t  f rom the point of view 
of obtaining information on the par t ic le  s izes  and their  concentra t ion distr ibution in a given region of the 
s t ream.  In this case  the main pa rame te r s  of the optical sys t em must  be chosen with allowance for the follow- 
ing simple considerat ions.  

The minimum par t ic le  size d recorded  in an experiment determines  the required  resolut ion of the optics 
t ransmi t t ing  the image and of the photographic mater ia l :  R 0 ~ 1 / d m i  n. In this case  the pulse duration Tpu of 
the l ase r  radiat ion must  be - < r r / v  (rr is the radius of a par t ic le  and v is its velocity), so that the movement 
of a par t ic le  during the exposure does not exceed ~ r  r. The condition of the resolut ion of individual par t ic les  
moving in a s t r eam and having a cer ta in  concentrat ion n o ( 1 / c m  3) also leads to a l imit on the t r ansve r se  s ize  t 
(thickness) of the light beam. Since the total number N of par t ic les  lying in the illumination plane and recorded  
with the condition of the absence of superposi t ion of the images f rom individual par t ic les  must  be N < S / S  o 
(S is the surface  area  of the light "knife ~ lying in the field of view of the objective and S 0 = ~r2r is the mean 
c ros s - sec t iona l  a rea  of one part icle) ,  at a cer ta in  concentrat ion n o this leads to the condition N = notS _< S/~r2r 
and, consequently,  

t ~ l /~r2no . 

It is also obvious that to obtain a sharp  image of the par t ic les  falling into the region of the light ~knife' it is 
neces sa ry  that its t r a n s v e r s e  size t be less than the depth F of sharpness  of the objective: t < F ~- 2/5/DoM0, 
where  5 is the attainable value of the c i rc le  of confusion; M 0 and D O are the magnification and the diameter  of 
the aper ture  d iaphragm of the objective, respect ively;  l is the distance f rom the entrance pupil of the objective 
to  the aiming plane. With allowance for the factors  d iscussed above, one must,  in accordance  with the con-  
c re te  requi rements  of the experiment  (the s ize  and Concentration of the par t ic les ,  their  velocity, etc.), select  
the appropria te  values of the resolut ion and magnification, the depth of sharpness  and aper ture  rat io of the 
optical record ing  sys tem,  and the t r a n s v e r s e  s ize  t of the l ase r  beam. 

An optical d iagram of an installation designed for the visualizat ion of a supersonic  two-phase s t r eam in 
a nozzle is presented in Fig. 4: 1) ruby laser ;  2) diaphragm; 3-6) elements of focusing optics; 7) deflecting 
m i r r o r ;  8) entrance window; 9) window for exit of sca t te red  radiation; 10) objective; 11) photographic appara-  
tus. The main elements of this installation are  as follows: a ruby laser  with a power of ~ 108 W per pulse, an 
adjustable quar t e r -wave  Kerr  cell of ni trobenzene (Tpu --~ 30 nsec),  a te lescope sys t em (lenses of f3 = 30 mm 
and f4 .... 180 ram) designed to increase  the c ross  sect ion of the laser  beam to the required size and to dec rease  
the angle of d ivergence ~ -~ 5 �9 10 -4, and a sys t em for forming the plane-paral le l  beam (a spherical  lens f5 = 
1600 mm and a negative cyl indrical  lens fG = 400 ram). 

Figures  5 and 6 i l lustrate  some possibil i t ies of the method of high-speed photographic recording in ex- 
per iments  on the investigation of a supersonic  two-phase s t r e a m  produced with a plane profiled nozzle. The 
dimensions of cr i t ica l  c ro s s  sect ion are  as follows: height H = 14.5 ram; width l : 30 ram. The plane of the 
laser  beam, whose t r a n s v e r s e  s ize  was -1 .5  ram, passed through the nozzle axis paral lel  to the glass side 
walls through which the observat ion was ca r r i ed  out. A charac te r i s t i c  photograph obtained in the mode of the 
observat ion of individual par t ic les  (polydisperse bronze par t ic les  of d r .= 20-200 #m) is presented in Fig. 5. The 
durat ion of the radiat ion pulse of the ruby laser  was ~pu = 30 �9 10 -9 sec and the resolut ion of the receiving op- 
t ics  (R 0 ~ 50 l i n e s / r a m )  assured  the record ing  of par t ic les  of dmi n ~- 20 pro. By analyzing such photographs 
one can obtain the par t ic le  s izes  and concentrat ion,  as well as the concentrat ion distr ibution in the detection 
region. With the choice of the approximate magnification and the use of h igh-resolut ion optics and photographic 
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Fig. 6 

materials, the measurement of particle sizes d = 1-2 p in a gas stream is quite realistic. 

Using a series of laser pulses following with a certain frequency, or, in the simplest case, with the 
laser operating in the mode of "spike" generation, one can measure the velocity of the particles and study 
their trajectories (see Fig. 6, spherical bronze particles of day -~ 80 ~m), which is of considerable interest, 
particularly for the observation of the limiting streamlines during the motion of particles in a nozzle. 

Thus, the tests conducted show that the method of high-speed laser photographic recording, permitting 
the determination of a number of parameters such as the particle size and concentration, can be used success- 
fully in conjunction with a laser Doppler velocity meter to solve a wide range of problems connected with the 
investigation of the dynamics of particles in high-velocity two-phase streams. The results of the experiments 
on the gasdynamic installation and, in particular, the data pertaining to the study of the effect of the velocity 
lag of fine particles in a supersonic gas stream by the LDVM method are presented in [12]. 

The authors thank E. G. Zaulichnyi for useful discussions and A. L. Predein for help in conducting the 
studies. 
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R O L E  O F  V I B R A T I O N A L  R E L A X A T I O N  IN T H E  

N O N E Q U I L I B R I U M  F L O W  O F  A I R  IN  N O Z Z L E S  

V. N. K o m a r o v  UDC 533.6.011.8 

As is known, the nonequi l ibr ium exci ta t ion of v ibra t ional  degrees  of f r eedom occurs  along with chemica l  
reac t ions  in a high-enthalpy a i r  s t r e a m  in a nozzle. The ro le  of v ibra t ional  nonequi l ibr ium has been studied 
insufficiently,  and in calcula t ions  it is a s sumed ,  as a ru le ,  that  the vibrat ional  deg rees  of f r eedom a r e  excited 
in equi l ibr ium [1-4]. 

The nonequi l ibr ium a i r  flow in a nozzle  of hyperbol ic  prof i le  is analyzed in the p resen t  r e p o r t  for  the 
, T 

r anges  of t e m p e r a t u r e s  and s tagnat ion p r e s s u r e s  of 3000 _<_ T O _< 5000~ and 1 __ P0 -< 100 a tm c h a r a c t e r i s t i c  
of the exis t ing hyperson ic  exper imenta l  instal lat ions.  The dependence of the f rozen - in  in ternal  energy  on the 
mode of flow is analyzed on the bas i s  of the calculat ions conducted. Conclusions a r e  drawn about the influence 
of v ibra t ional  re laxa t ion  on the gasdynamic  p a r a m e t e r s  of a s t r e am.  

G a s - K i n e t i c  M o d e l  

The following s y s t e m  of chemica l  reac t ions  [4] is taken as bas ic  for  a i r  in the range  of t e m p e r a t u r e s  and 
p r e s s u r e s  under considerat ion:  

02 ~ - M ~ _ 2 0  + M ,  N 2 ~ - M ~ _ 2 N - P M ,  
NO - ~ M ~ N  -t-O ~-M,  O Jr N ~ N O  + N, 

N O - ~ 0 2 ~ _ N - ~ 0 2  , N 2 - ~ 0 2 ~ 2 N O ,  

where  M is any of the molecules  02, N 2, O, NO, or  N. 

It is a s sumed  that  the v ibra t ional  t e m p e r a t u r e  of ni t r ic  oxide is in equi l ibr ium with the t rans la t ional  
t e m p e r a t u r e .  The kinetic equations of [3] desc r ib ing  the v ibra t ional  re laxa t ion  in a mix tu re  of polyatomic gases  
w e r e  used to ca lcula te  the v ibra t ional  energy of the N 2 and 02 molecules .*  The s y s t e m  of one-d imens iona l  ga s -  
dynamic  equations is desc r ibed  in detai l  in [1-5]. The expres s ions  for  the v ibra t ional  re laxa t ion  t imes  and the 
reac t ion  r a t e  constants  a r e  taken f r o m  [6-8]. 

*As calculat ions show, in this case  the influence of d i s soc ia t ion  on the exci tat ion of the vibrat ional  deg rees  of 
f r eedom of the molecules  is slight. 
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