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S P E E D  A N D  A T T E N U A T I O N  O F  S O U N D  IN G A S -  V A P O R -  L I Q U I D  

S Y S T E M S .  R O L E  O F  H E A T  AND M A S S  E X C H A N G E  

D.  A .  G u b a i d u l l i n  a n d  A .  I .  I v a n d a e v  UDC 534.2:532.529 

Seve ra l  t h e o r e t i c a l  and expe r imen ta l  p a p e r s  have been devoted to the study of the propaga t ion  of acous t ic  
exc i t a t ions  in one and two-component ,  two-phase  media  of the gas suspens ion  type [1-13]. The propagat ion  of 
s m a l l - a m p l i t u d e  acoust ic  exc i ta t ions  in a mix tu re  of vapor  or  gas  with l iquid drops  was cons ide red  in [1-3]. 
Exc i ta t ions  of f ini te  ampl i tude  were  cons ide red  in [4, 5]. The d i s p e r s i o n  and absorp t ion  of weak sound waves 
was s tudied in [6-12] fo r  a mix tu re  of an i n e r t  gas  with l iquid drops  and wa te r  vapor .  The propaga t ion  of f in i te -  
ampl i tude  exc i ta t ions  in fog was analyzed in [13]. The effect  of the unsteady in t e rac t ion  of the phases  on the 
p ropaga t ion  of h igh - f r equency  exc i ta t ions  was s tudied ia  [2, 3] for  s ing le -componen t  mix tu re s  of vapor and 
liquid d rops .  In the p r e s e n t  pape r  we s tudy the d i s p e r s i o n  and at tenuat ion of sound in one and two-component  
g a s - l i q u i d  m i x t u r e s .  

1. Basic; Equations of Motion and Equat ions  of State.  We cons ide r  monod i spe r sed  m i x t u r e s  and a s s u m e  
acous t ic  homogenei ty .  In o r d e r  to s tudy the phenomena,  we use the model  of a two-ve loc i ty  and t h r e e - t e m -  
p e r a t u r e  continuum [14]. We cons ide r  the l i ne a r i z e d  equations of motion in the plane,  one -d imens iona l  case  
in the p r e s e n c e  of phase  t r a n s i t i o n s .  In a coord ina te  s y s t e m  in which the unper turbed  mix ture  i s  at  r e s t ,  the 
conse rva t ion  equations of m a s s  and momentum for  the phases  a r e  

r i s t ' , p op~ O~, 1 OPv or 1 . op, 0% 
o--/- + Pie ~ -  = - -  n ] w ,  -gi- + Pv~ = - -  hive,  ~-( + P2o-~'z = n]~, 

t r r 

Ov t Opl 0% 
Pie - ~  + ~-~ + n / =  O, P2o "g/" = nL  (1.1) 

o o = t ,  4 3 
PlO = 05101910, 020 = O~2oP'~o, 0~1o -1- 0~o g2o = ~" ha on, 

9 1 =  9v + 9a, Pl = Pv  + P~,. 

where  p and p0 a r e  the reduced  and t rue  dens i t i e s ;  v and p a re  the veloci ty  and p r e s s u r e ;  a is  the volume con-  
tent;  n is  the number  of p a r t i c l e s  p e r  unit  volume; f is  the fo rce  on an individual  liquid drop due to the c a r r i e r  
phase;  JVZ is  the diffusive flux of vapor  to the s u r f a c e  Z of a drop; JZ is  the r a t e  of condensat ion onto the s u r -  
face  of an individual  drop.  Here  and below the s u b s c r i p t s  1 and 2 r e f e r  to the gaseous  phase  and the suspended 
phase ,  V and G r e f e r  to the vapor  and gas  components  of the c a r r i e r  phase ,  and the p r i m e s  denote s m a l l  p e r -  
tu rba t ions ,  while the s u b s c r i p t  0 denotes  the in i t i a l  unper turbed  s ta te .  

The equat ions governing  the supply of heat  to the  gaseous  phase ,  to the d rops ,  and to the su r face  of an in-  
d ividual  drop  can be wr i t t en  as 

P , t t 

Oi v Oi G Op 1 au 2 
Pro ~ + P~o"i[" = 0:1o ~ - -  nqlz, P2o -~- = --  nq~z, (1.2) 

ql~ + q2,~ = - -]z l ,  

Moscow. T r a n s l a t e d  f r o m  Zhurnal  P r ik ladno i  Mekhaniki  i Tekhnicheskoi  F iz ik i ,  No. 3, pp. 115-123, May-  
June,  1987. Or ig ina l  a r t i c l e  submi t ted  Apr i l  7, 1986. 
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where i, u, l a re  the specific enthalpy, internal energy,  and heat of vaporization; q jz  is the intensity of heat ex- 
change between the j- th phase and the surface  of a drop (j = 1, 2). We will assume ~hat the thermal  and physical  
p a r a m e t e r s  of the gaseous phase (consisting of vapor and gas) can be determined f rom the corresponding pa-  
r a m e t e r s  of the vapor and the gas: 

RI = k v R v  -t- koRa,  cpl = kvcpw + kocpG~ 
~ = k~-~,v ' t -  kaY, a, P~- = k~.~tv ~ + k~ta. (1.3) 

Here  R, Cp, k ,  and p are,  respect ively ,  the universal  gas constant, the heat capacity at constant p r e s su re ,  the 
thermal  conductivity, and the dynamical viscosity;  k V and k G are the concentrat ions of vapor and gas in the 
c a r r i e r  phase of the mixture: 

kv ---- Pv/Pl, ka = PJPl, kv ~- k~ = t. (1.4) 

It is assumed that the components of the gaseous phase are  ideal gases .*  Then the l inearized equations of state 
of the vapor and the gas mixture  as a whole can be wri t ten in the form: 

J' 0 t t 
P_v.v ~- Pv__., + T_L ., 
Pro P~o to,, tv = cpvT1, 

Plo p~ "~o R~o 

(1.5) 

(T is  the tempera ture) .  The equation of state of the incompress ib le  d ispersed phase is 

O t ,, t I 
P3 =,0,,: U s = c2T 2 ,  U2 = o2T ~ 

(c 2 is the specific heat of the condensed phase). 

The C l a u s i u s - C l a p e y r o n  equation holds along the phase equilibrium curve [14] 

(1 .6 )  

0 0 
~T s (p~______~) = r s  (p~) (l - p~/p~) (1.7) 

dp V lp~ 

(the subscr ip t  S re fe r s  to p a r a m e t e r s  on the saturat ion curve).  

We will consider  solutions of the sys tem of l inear  equations (1.1) through (1.7) in the form of t ravel ing 
waves for  the per turbat ion r  

lp' N exp i ( K , x  -- o)t) = exp (-- K**x) exp i (Kx - -  cot) (1.8) 

( K ,  = K § iK**, C v -= co~K, Cg = dco/dK, a =- 2~K**/K),  

where i is the imaginary  unit; K.  is the complex wave number; K , .  is  the l inear  attenuation factor;  Cp and Cg 
are  the phase and group velocit ies;  a is the attenuation decrement  per  wavelength. 

2 .  Unsteady Effects.Due to Interact ions between the Phases .  In the p resence  of a propagating sound wave, 
the thermodynamic  equil ibrium between the phases  of the mixture is periodical ly disrupted in the regions of 
compress ion  and expansion. Unsteady exchange of mass ,  momentum, and energy can occur  between the phases.  

Analysis  of the resul ts  of [2] shows that when o~20 << 1, p0 >> p0 (a dilute suspension at moderate  p r e s -  
sure) the most  important  forces  acting on an individual par t ic le  of the dispersed phase are  the Stokes and Bassi  
fo rces .  For  an excitation of the type (1.8), the total force  f can be writ ten as 

t e 

~ - . . . - - -$ - . -~  z't) -~- "t'v + (o%'tu_ 1 /~  ,; 
1 

{)20 ~ v  

0 2 0 0 2 
2 P2o a 2 P'~o P l o a  t . .  0 0 \ 

t~"l = ~ ~ "r~l' "r~l --= t'1"7- Uv~, >> "r~l, P~o >> 01o/. 9 Plo 

(2 .i) 

Here Tp 1 is the charac te r i s t i c  t ime to establish a quasisteady velocity distr ibution in the gaseous phase; TV 
is the Stokes velocity relaxation t ime for  the phases;  T* is its complex analog. The difference between T~ and 

$ We emphasize  that when R V ~ R G and when there  are  phase t rans i t ions  in the mixture,  the vapor and gas are  
not ideal gases  in view of the dependence of R I on kv, as given in (1.3}. 
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-- 93 
the Stokes relaxat ion t ime becomes important  for  f requencies  %11 < ~<< ~ (~  : = ~ a s o n C ~ / a  is  the c h a r a c t e r -  
istic osci l lat ion frequency of an excitation whose wavelength is comparable  to the distance between the inclu- 
sions, C is the speed of sound). 

The Prandt l  number of the gaseous phase sat isf ies  P r  ~ 1, hence unsteady heat exchange effects appear 
for  the same osci l lat ion frequencies  as unsteady effects associated with the interaction force between the 
phases.  The fluxes q jz  (J = 1, 2) depend on the frequency co in the f o r m  [15] 

r p 

~--- - - - W - ' - - ,  ~ ,  

Pl0cpl TT1 ~)20C2 TT2 

(2.2) 

~ (z,) ~ ~q~ (z~)= : .-z ~ ~ - -  , 
= + (th - 

P~ci 

where T~j is the complex t empera tu re  relaxation t ime in the j - th  phase, and is determined by the c h a r a c t e r i s t i c  
t ime T~j and by the frequency co; >t is the the rmal  diffusivity. 

The Schrnidt number Sc ~ Pr ,  and therefore  when the unsteady effects d iscussed above need to be taken 
into account, it is  n e c e s s a r y  to take into account unsteady mass  exchange as well. According to [15], the co- 
dependence of the diffusive flux JVZ of vapor to the interracial  surface  can be obtained f rom the solution of a 
spher ica l ly  s y m m e t r i c  p rob lem for  the mass  diffusion between an individual drop and the v a p o r - g a s  mixture 
in the p resence  of a weak monochromatic  wave [6]: 

r t 
n]v.___Z_z = I Pv - -  Pv:~ (2.3) 
ce20p~ Tp P i e  

Here  T~ is the complex relaxation t ime for the par t ia l  p r e s su re  of the vapor, which i s  de te rmined  by the char -  
ac ter i s t ic  t ime 7 d and by co: 

�9 t ' R v  . .  _ kvo) "~p (Y), 
~'v = -~/~i--~41 (2.4) 

a 2 / t - -  ~ . "I"2 t '~.  
] 

�9 is close to its quasi-steady real part rp =(RV/3Ri0)(l - kv0) r d for frequencies satisfying cot d < The time Tp 
10 -2 . 

If the phase transition on the boundary between the phases proceeds out of equilibrium, then the vapor 
pressure PVZ on the boundary will differ from the saturation pressure Pvs(TE) [or equivalently, the temper- 
ature TZ of the surface of the drop will differ from the saturation temperature TS(PVE)]. The rate of nonequi- 
librium condensation on the surface can be written with the help of the Hertz-Knudsen-Langmuir formula [14] 

' ' i . / ' T I  % c v ~  
n]__~ _ I P v z -  p~rs % = Y V ~ ~c~ ' (2.5) 

0C20P~O ~i PI0 ' 

where T 3 is the characteristic time to equalize the partial pressures of the vapor on the interphase boundary 

and depends on the value of the coefficient of accomodation 3; V is the adiabatic index. From the mass balance 
condition on the surface of the drop we have 

]vz = ]z. (2.6) 

The sys tem of equations (1.1) through (1.7), and (2.1) through (2.6) is a closed sys tem and can be used to study 
the propagation of acoustic excitations in a mixture of an iner t  gas and liquid drops,  plus vapor.  

3. Es t imates  of the P r e s s u r e  and Tempera tu re  Differences.  F r o m  (2.3), (2.5), and (2.6), we find an equa- 
tion relat ing the part ia l  p r e s s u r e s  of the vapor PV, PV~., PVS: 

PV - -  P V Z  _ P v z - -  P v s  
. ( 3 . 1 )  
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We use  (3.1) to  c o m p a r e  the c h a r a c t e r i s t i c  p r e s s u r e  d i f f e r ences  I PV - PVZ { and { PVZ - PVS { which  
o c c u r  when an acous t i c  exc i ta t ion  p r o p a g a t e s  in the  v a p o r - g a s  suspens ion .  Using (2.4) and (2.5) we have  

(L ~ D1/C 1 is  the m e a n  f r e e  path  of  a m o l e c u l e  in the g a s e o u s  phase) .  F o r  a t m o s p h e r i c  fog with L ~ 10-8, 
kv0 << 1, and a d rop  s i ze  of a ~ 10 -s m, a s s u m i n g  the usua l ly  accep ted  o r d e r  of magni tude  of  the  coef f ic ien t  
of  a c c o m o d a t i o n  fl ~ 10 -2, we have Tfl / I T~ I -- 1 f o r  all f r e q u e n c i e s .  Hence o v e r  the f r e q u e n c y  r ange  0 < 
r << w c the p r e s s u r e  d i f f e rence  I PVZ - PVS { i s  a lways  g r e a t e r  than o r  equal to the p r e s s u r e  d i f f e rence  
[ PV - PVZ I �9 T h e r e f o r e  the d e p a r t u r e  f r o m  equ i l i b r ium of the i n t e r p h a s e  boundary ,  which is  r e l a t ed  to the 
d i f f e rence  be tween PVS and PV~,, should be s ign i f i can t  f o r  all f r equenc i e s .  We note  tha t  if  fl ~ 1 d e p a r t u r e  
f r o m  equ i l i b r ium will appea r  only  at high f r equenc ie s ,  when  1 ~o(Y)l ~ 10-2. 

In o r d e r  to c o m p a r e  the c h a r a c t e r i s t i c  t e m p e r a t u r e  d i f f e r ences  I Ti - T~ }, [ T2 - T ~ I ,  I T$ - T S I ,  we 
use  ano the r  f o r m  of the  H e r t z - K n u d s e n - L a n g m u i r  r e l a t ion  [14]: 

(i ,0 /p0 ~ / r  aCvC ~ n]zl Ts ~ rz ~ - -  ~ v o /  ~o~ "~" ( 3 . 2 )  

o = "  ~ ' ~ = " a ~ )  V ~ f % 0 ' :  ~20PlOCpl 

where  T~ is  the  t e m p e r a t u r e  r e l axa t ion  t ime  on the i n t e r p h a s e  s u r f a c e ,  and is r e l a t ed  to the p r e s s u r e  r e l a x a -  
t ion  t i m e  rfl by 

(i -- p~0/P~ C~ ~- (3.3) 
~ -- (71 -- I) ?112kvo 

Using (2.2) and (3.2), the equat ion f o r  the supply  of hea t  to the s u r f a c e  of the d rop  [ compare  (1.2)] can  be w r i t -  
t en  in the  f o r m  

T I -- T~ T~ -- T~ T~. T s 

TZ I T~ 2 
(3.4) 

.--- ~ . T T  1 
P2o02 

* 
The fo l lowing e s t i m a t e  will  n o r m a l l y  be valid f o r  the ra t io  of the absolu te  values  of TZi and T~2 g 

I y (l  l<l ll, (3.5) 

The r a t i o  of the c h a r a c t e r i s t i c  t i m e s  T Z and I T~2 I in a v a p o r - g a s - l i q u i d  m i x t u r e  (unlike the case  of  a 
o n e - c o m p o n e n t  vapo r  suspens ion  s tudied in [3]) depends  not  only  on the t h e r m a l  and phys i ca l  p a r a m e t e r s  of  the  
p h a s e s ,  but a l so  depends  on the ini t ia l  c o n c e n t r a t i o n s  of  the phase s :  

F o r  a t m o s p h e r i c  fog, which is  a m i x t u r e  of a i r  with wa te r  vapor  and d rop l e t s  of d imens ion  a ~ 10 -6 m, at n o r -  . $ 
mal  p r e s s u r e  and t e m p e r a t u r e ,  when k z / X  I ~ 20, l/C21 ,.. 25, L ~ 10 -8 m,  and kv0 ~ 10 -2, the r a t i o  ~ / [ ~ 1  
10-!/~ ('{2)- T h e r e f o r e  when /3 ~ 10 -2 we have ~r ~.~ { >>,i f o r  any f r equency .  Thus in a t w o - c o m p o n e n t ,  two-  
phase  m i x t u r e  the fo l lowing inequal i ty ,  obtained f r o m  (3.4), (3.5), and (3.6), holds:  

ITs - -  rz] << [T~ - -  r s ]  < {7, --  Tz{. 

Hence  we concluded  tha t  f o r  a t m o s p h e r i c  fog (a m i x t u r e  of a i r  with vapor  and d rop le t s  of water)  the  nonun i -  
f o r m i t y  of t e m p e r a t u r e  ins ide  a d rop le t  (the d i f f e rence  be tween T 2 and T Z) i s  usua l ly  s m a l l  c o m p a r e d  to  the  
t e m p e r a t u r e  nonun i fo rmi ty  in the  g a s e o u s  p h a s e  (the d i f f e rence  between T I and T~) and in c o n t r a s t  to  the c a s e  
of  a o n e - c o m p o n e n t  vapor  suspens ion ,  i t  can  be sma l l  in c o m p a r i s o n  to the d e p a r t u r e  f r o m  equ i l ib r ium of the 
i n t e r p h a s e  s u r f a c e  (the d i f f e rence  be tween T~. and TS). 
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4. D i spe r s ion  Relat ion.  We use the following d imens ion less  p a r a m e t e r s  fo r  the composi t ion of the m i x -  
tu re  and the phys ica l  p r o p e r t i e s  of the phases :  

pc i~l~176 c~ %1 = 1 % r ~ P2o rti.o 2o. , ' - - ,  = - 5 " - ,  r = 7 ,  = ( ~ - i ) *  c~ - -  Plo P l o  9~o "l 'xRao 7 1 B l o  ' 

l Rv {Rv--Ro~. 

F r o m  the condition that  t he re  ex is t s  a nontr ivia l  solution of the s y s t e m  of l inea r  equations [(1.1) through 
(1.7) and (2.1) through (2.6)] of the fo rm (1.8), one can obtain the d i spers ion  re la t ion  between the wavenumber  
and the exci tat ion frequency:  

(C,K./r ~ = V ((o) D ((o), 

F~ --F~ Y:tG1 + (7~ -- t) a~ (4.1) 
V (o)) = t -~- ra Fa + raF2,. D ((o) --- t -+ ra G3 _ rnG1 

H e r e  V(w) and D(w) a re  complex functions descr ib ing  the d i spe r s ion  and d iss ipa t ive  effects  due to exchange 
of momen tum :between the phases  and heat  and m a s s  exchange,  r e spec t ive ly .  When the re  a r e  no pa r t i c l e s  
(m = 0) we have V(w) = D(w) = 1, i .e. ,  d i spe r s ion  and absorpt ion a re  absent  in a gas without pa r t i c l e s .  The 
functions V{w) and D(w) depend on f requency  and on the t h e r m a l  and physical  p a r a m e t e r s  of the phases  through 
the functions Fj, Gj (j = 1, 3), and W i (i = 1, 4): 

F~ = l - -  ~. F~ = r [~ - -  ~ ( ~ r  F~ = ~ - -  (~*), 
Gi = bkvo(hWa - -  "[W~), 

7:~)~~ (~-  hs3 w~ - m~ G 2 = it - -  (r + h) kvo] brn~.,. + Y1 (i -" ~"k'vo) 
(4.2) 

[ ~kv~ ] 
G3 ~ m (1 -- rkvo) bWs - -  b k v f l W  2 + 71 (t_--7)7v0) W I W ~  - -  m ~  

w ,  = ~ - ( , o ~ J ,  w ~  , - (~ ) ,  
w~ = m;~W~ + ~ w . ,  w ,  = ~ ( , ;  + ,~) .  

In the l imi t  kv0 ~ 1, the d i spe r s ion  re la t ion  (4.1), (4.2) r educes  to that  of [2], cor responding  to the case  of a 
s ing le -component  mix tu re  of vapor  and liquid drops.* The d i spe r s ion  re la t ion  for  a mix tu re  of gas  and p a r -  
t i e les  in the absence  of phase  t rans i t ions  [3] can be obtained f rom (4.1) and (4.2) by taking the l imit  kv0 -* 0. 

It  follow.,; f r o m  (4.1), (4.2), and the e s t i m a t e s  (3.5) and (3.6) that  depar tu re  f r o m  equi l ibr ium of the phase  
t rans i t ion  begins to become impor tan t  for  f requenc ies  such that  

w l ~ l < l ,  w = - i - s - -  ~ ~ ]  -~ -L-" 

The c h a r a c t e r i s t i c  osci l la t ion f requenc ies  sa t i s fying the condition (4.3) on [ 72 [ can be es t imated  by using the 
asympto t ic  f o rmu l a s  of [15]. Then fo r  low f requenc ies  ( ~ 2  < 10), when ] ~2] ~ 1, the condition (4.3) t akes  
the torlii *# _< :l. F o r  high f requencies  (~0~2 > 503) we have the asymptot ic  f o r m  ]q2[ N t0(~x2)-1/2 and then 
(4.3) gives (~.~)1/2 ~ SOW. 

Hence,  the p r o c e s s e s  of evapGT~tion and condensat ion in two-component  mix tu res  (kv0 < 1) will depar t  
f r o m  equi l ibr ium for  lower f requenc ies  tha5 ~'. the case  of one-component  mix tu res  (kv0 = 1). We note that if  

'-*~n f r o m  (4.1) and (4.2) a s i m p l e r  d i spers ion  relat ion,  we fo rma l ly  take the l imi t  F -~ co (zr sz -~ 0) one can o~ . . . . .  
which, accord ing  to (4.3), is appl icable  to the propagat ion  of excitati6~5 with f requencies  fo r  which W I 72 [ > 1, 
i .e . ,  m a s s  exchange between the phases  is a quas iequi l ibr ium p r o c e s s .  

E x p r e s s i o n s  for  the equi l ibr ium Ce and f rozen  Cf speeds  of sound in a v a p o r - g a s - l i q u i d  mixture can be 
obtained f r o m  the d i spe r s ion  re la t ion  (4.1), (4.2) in the l imi t  w -* 0 and ~o ~ ~o, respec t ive ly :  

*Equat ions (4.i) and (4.2) reduce  to the dependence of [2] w h e n  Tfl iS replaced  with TE and use  is  made of 
(3.3). 
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Express ions  for C e in a one-component  mixture with phase t ransi t ions  (vapor and liquid) and in a mixture with- 
out phase t ransi t ions  (gas with solid part icles)  follow f rom (4.4) by taking the l imits  kv0 -* 1 and 0, r e spec -  
tively. In the case m = 0 and kv0 = 0, when the d ispersed  phase and the vapor component of the gaseous phase 
are  both absent, Ce = C 1. 

5. Resul t s .  Di:sper:sion ~urves ,  calculated w i ~  the help of (4.1) and (4.2) for a mixture of a i r  with water 
droplets  and water  ~apor t { w ~ r  ~trople~s :of radius  a = 2 �9 10 -6 m and p r e s s u r e  of the gaseous phase P,0 = 0.1 
MPa) are  shown in Figs.  1 through 15. The cu rves  of Figs.  1 through 3 correspond to a vapor concentrat ion in 
the c a r r i e r  phase of kv~ = 0.i8 ~ ~1,0 -a IT 0 = Ts(kv0) = 280 K]. The ~umbers  labelling the curves  indicate the val-  
ue of the mass  content m of drops in the mixture:  

Figure  1 shows the effect of the mass  content of the drops :on ~ e  ~t~rmati~n dec remen t  p e r  wavelength 
as a function of the dimensionless  frequency ~ r v. The dashed and ~}i@ ~c'urves correspond to ~ a s i - e q u i l i b -  
r ium (fl = ~ ,  Tfl  = 0) and nonequilibrium (fi = 0.04) mass  exchange. It is evident that  for a given vapor  con-  
centration,  depar ture  of the phase t ransi t ion f rom equilibrium occurs  when wrv < 1.* ~ effect of  depar ture  
of the mass  exchange f rom equilibrium depends on m. For  m = 0.006 it leads to a marked sMI* ia  the extrema~a 
of the curve a(wrv)  into the low-frequency region.  For  m = 0.2 the contribution of nonequlllbrium e~fects is 
less  important.  For  small  mass  content of the d ispersed phase the maximum value of the coefficient a depends 
weakly on m. For  example, as m var ies  f rom 0.006 to 0.075 (i.e., by about an o r d e r  of magnitude) there  is 
prac t ica l ly  no change in a m a  x. 

A charac te r i s t i c  feature of one and two-component  g a s - l i q u i d  mixtures  with phase t ransi t ions is that the 
dependence of the attenuation decrement  a on w T v can have two maxima (Fig. 1). One of them is due to d i s s i -  
pation because of interphase fr ict ion and occurs  for ~ r v ~ 1, while the other  is observed for w r  v ~ m  and is due 
to the dissipative effects of nonequilibrium heat and mass  exchange between the phases.  We consider  the in- 
dividual contributions of interphase fr ict ion and heat and m a s s  exchange to the dispers ion and dissipation. The 
contributions of fr ict ion (dash-dotted curves) and heat and mass  exchange (dashed curves) to the total at tenua- 
tion coefficient a ,  phase velocity Cp, and l inear coefficient K** (given by the solid curves) are  shown in Figs.  
2 and 3. It is evident that when the mass  content of drops is smal l  (m = 0.006) the den~"~.,~noe- a(w r v) is de t e r -  
mined by heat and mass  exchange between the phases  (when ~0 r v ~ lu - ,-~u ~ashed curves  ap:l~t~ach the solid 
curves ,  see Fig. 2). As m increases ,  the effect  of fr ict ion on tb~ ~]spers ion and d i s ~ l p ~ A ~ I { t h e  excitations 
inc reases  (Figs. 2 and 3). However, there  always e.~-" :...o~s a region of moderat~ v ~ l ~  ~ % ~ h o s e  s ize  depe~l~ 
on kv0 and on the thermal  and physlcai  ~Y0perties of the phame~) for  v~hi~!~ $~e ~ 2 f ~ h q ~ f  low-frequency ~i~-  
nals (r v << 1) is determined ~ l n l y  by heat and m a ~  ~ l ~ e h ~  ~ k ~  ~h~ ~h~a~e~. 

* In cor respondence  with the e s t i m a ~  ~ ~ ~ t ~ s  Of nonequilibrium mass  ~ h a l i g e  must  appear far  any 
frequency. However f%~m ~ o .  1 ~t :is seen that they are important  only when ~Vv~ ~ 1. This is because at l~gY/~r 
frequencies  the ~relative contribution of mass  exchange to the dissipation is sr~&~i in compar i son  with,41ieCe6n - 
t r ibut ion of interphase friction. 

428 



Cp./Cl 

f t "  

./ ~ 0.075 

0,9o i >  

I0-~ 

- i  ~..7 TM 

707 PO ~ co cv 
F ig .  3 

0,3 

0,2 

o,l 

o 

/ i~1t x 

IC~ 1j~ a 10 ~ "C v 

Fig.  4 

m - i  

0,2 

�9 ~,0~ 
0,1 

io-3 ;if2 

I 
i 
I 

i, <,7 

Fig .  5 

A n a l y s i s  of the  i n t e r a c t i o n  be tween  the p h a s e s  in  v a p o r - g a s - l i q u i d  m i x t u r e s  with s m a l l  p a r t i c l e  m a s s  
con t en t s  (m << 1) shows tha t  i n  addi t ion  to  the  c h a r a c t e r i s t i c  t i m e  T v [Eq. (2.1)] t h e r e  e x i s t s  ano the r  c h a r a c -  
t e r i s t i c  t i m e  for  hea t  and m a s s  exchange  be tween  the p h a s e s  

_ 2~ I ~ ] 
3 ~ "h?%oe~ + (I - %~ b~,~ so + ~ (5.1) 

The c o n t r i b u t i o n  of heat  and m a s s  exchange  to the d i s p e r s i o n  and d i s s i p a t i o n  of exc i t a t i ons  beg ins  to ap -  
p e a r  for  wT m ~ 10 -1, and the c o n t r i b u t i o n  of i n t e r p h a s e  f r i c t i on  for  w T v ~ 10 -<  Usua l ly  P r ,  Sc N ! ,  then,  a c -  

co rd ing  to (5.1), when T~ = 0 we have ~m ~ 7 v / m ,  i .e . ,  T m >> Tv. When r m ~ i the v a p o r - g a s - l i q u i d  m i x -  
t u r e  i s  in  e q u i l i b r i u m  with r e s p e c t  to ve loc i ty  (v 1 ~ v 2) but out  of e q u i l i b r i u m  both with r e s p e c t  to o h a r a c t e r -  
i s t i c  t e m p e r a t u r e  (T 1 ~ T 2 ~ TZ) and with r e s p e c t  to vapor  c o n c e n t r a t i o n  in the v a p o r - g a s  m i x t u r e  ( k v z  g kv) .  
The i m p o r t a n t  effect  on the d i s p e r s i o n  and d i s s i p a t i o n  of exc i t a t ions  at these  f r e q u e n c i e s  is  heat  and m a s s  ex -  
change  be tween  the  p h a s e s .  As the f r e q u e n c y  i n c r e a s e s ,  the r e l a t i v e  c o n t r i b u t i o n  of heat  and m a s s  exchange  
d i m i n i s h e s .  When r T v ~ 1, the  i m p o r t a n t  c o n t r i b u t i o n  is  i n t e r p h a s e  f r i c t ion .  

The effect  of a d e p a r t u r e  f r o m  e q u i l i b r i u m  of the phase  t r a n s i t i o n s  on the dependence  a(w T v) i s  shown in  

F ig .  4 for d i f f e ren t  va lues  of kv0 and m.  C u r v e s  I and II c o r r e s p o n d  to kv0 = 0.1 and 1, T o = 327 and 373~ 
The dashed  and so l id  c u r v e s  c o r r e s p o n d  to e q u i l i b r i u m  (fl = ~ ) and n o n e q u i l i b r i u m  (fi = 0.04) phase  t r a n s i t i o n s .  
The da sh -do t t ed  c u r v e s  c o r r e s p o n d  to the ca se  of f rozen  m a s s  exchange  [for kv0 = 0.1 (T o = 327~ It i s  ev i -  
den t  that  the n o n e q u i l i b r i u m  n a t u r e  of the m a s s  exchange  ( m e a s u r e d  by the d i f f e r ence  be tween  T Z and  TS) on 

the  func t ion  o(w r v) d e c r e a s e s  as  kv0 i n c r e a s e s .  In the ca se  of a o n e - c o m p o n e n t  m e d i u m  (kv0 = 1, c u r v e  II), 
the effect  of n o n e q u i l i b r i u m  m a s s  exchange  on the func t ion  a ( ~  Tv) i s  weake r .  We note  tha t  when m ~ 0.01 the  
m a x i m u m  value of the coe f f i c i en t  a is  roughly  the s a m e  for  kv0 = 1 and 0.8 �9 10-2: a m a  x N 0.2 (see F ig .  1). 

Th i s  i s  b e c a u s e  when m = 0.01 the cu rve  ~(kv0) has an e x t r e m u m  a m a  x N 0.3 c o r r e s p o n d i n g  to kv0 ~- 0.1 

(T O = 327~ 

The typ ica l  dependence  of K . ,  on w T v i s  shown in  Fig .  5 for  kv0 = 0.1. The sol id  c u r v e s  a r e  for fl = 0.04 
and the da sh -do t t ed  c u r v e s  c o r r e s p o n d  to /3 = 0. I t  i s  ev iden t  tha t  when wT v ~ 10-3-10 -2, exc i t a t i ons  in  a m e d i -  
u m  with m = 10 -2 a r e  a t t enua ted  much  m o r e  s t r o n g l y  than in  a m i x t u r e  with a s i gn i f i can t ly  h igher  m a s s  conten t  

of the d i s p e r s e d  phase  (m ~ 0 .1-1) .  A m o r e  c a r e f u l  ana ly s i s  shows tha t  in  the p r e s e n c e  of phase  t r a n s i t i o n s  
the a t t enua t ion  coef f ic ien t  for  l o w - f r e q u e n c y  exc i t a t i ons  (c0T v << 1) depends  on m in  a nonmonoton ic  way.  F o r  
example ,  K** (m) has a m a x i m u m  for  m = 10 -2 when w 7v ~ 10-3-10 -2 (m = 0, K . .  = 0; m = 1, K . .  ~. 0-0 .005) .  
When wT v ~ 10 -2 the a t t enua t i on  in a s u s p e n s i o n  with phase  t r a n s i t i o n s  can  be s e v e r a l  o r d e r s  of magn i tude  
l a r g e r  than  that  i n  a gas  with so l id  p a r t i c l e s ,  where  phase  t r a n s i t i o n s  a re  absen t  (Fig.  5). 
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The very  numerous investigations of the gas dynamics  of underexpanded jets that have been made up to 
now have made it possible to find the determining pa rame te r s  and the main laws of outflow [1-3]. The charac te r  
of flow in the mixing layer  of the initial section of a supersonic  underexpanded jet is determined by the Reynolds 
number Re L calculated f rom the distance to the central  compress ion  shock, the maximum outflow velocity, and 
the p a r a m e t e r s  of the flooded space [1]. A turbulent flow reg ime is observed for Re L > 104. Because of the 
fact that the velocity drop over  the thickness of the mixing layer  has the o rde r  of magnitude of the speed of 
sound, turbulent gas mixing can lead to considerable pulsations of the gas-dynamic  pa rame te r s .  A study of 
the fluctuation quantities in such flows is associated with a number  of difficulties. At the experimental  level 
the problem consis ts  in the necess i ty  of using diagnostic methods with high tempora l  and spatial resolution.  

In the present  paper '  we investigate density pulsations in the initial sect ion of a supersonic  underexpanded 
jet escaping f rom a sonic nozzle.  It proved possible to formulate  this  work in connection with the crea t ion of 
a pulsed local method of density measurement ,  based on Rayleigh scat ter ing of light [4] .  

D i a g n o s t i c  M e t h o d  a n d  E x p e r i m e n t a l  S e t u p  

The use of the method of Rayleigh sca t te r ing  to measure  the concentrat ions of molecules  in gas s t r eams  
has a number  of advantages over  other  methods [5]: the nonce, tac t  nature and the high localization of the mea-  
surements .  But the drawbacks limit i ts wide application. F i rs t ,  the sca t ter ing c ros s  section is ra ther  small ,  
and the tradit ional  use of continuous l a se r s  as the radiat ion source  requires  the use of s torage  sys tems  to i so -  
late the signal against the noise background. Therefore ,  investigations with a high t ime resolut ion are  im-  
possible .  Second, the c ross  section for  sca t ter ing on dust par t ic les  is proport ional  to the s ixth power of the i r  
size,  so that the use of the method in actual flows is hindered (in air  under standard conditions, for  example, 
the total number of dust par t ic les  is 104-105 cm -3 [6]). 
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