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The acoustical properties of a gas-solids suspension are investigated. 
A combined (mechanical, thermodynamic) approach to the study of 
the propagation of small perturbations in mixtures is adopted. 

The theory of sound absorpt ion in d i sperse  sys tems ,  
due to S. M. Rytov, V. V. Vladimirski i ,  and M. D. 
Galanin [1], a s sumes  that the medium is barot ropic .  

In [2] P. P. Zolotarev introduced t empera tu re  ef-  
fects and, taking into cons idera t ion  the compre s s i b i l -  
ity of the suspended component,  obtained ve ry  c lumsy 
formulas  for the d i spers ion  of the speed and absorp -  
tion of sound at low frequencies .  

The p re sen t  paper  analyzes the effects accompany-  
ing the propagat ion of acoust ical  d i s turbances  in a 
monodisperse  g a s - p a r t i c l e s y s t e m .  Simplified re la t ions  
for the speed of sound and the attenuation constant  are  
then derived.  

w When smal l  low-frequency per turba t ions  are  
generated in a gas -so l ids  suspension,  the d is turbed 
mix ture  will be essen t ia l ly  in equi l ibr ium.  In the l i m -  
i t ing case of smal l  f requencies  the suspended par t i c les  
can follow the acoust ic  wave with respec t  to both d i s -  
p lacement  and t empera tu re  var ia t ion .  '~Macroscopically," 
the propagation process  will be adiabatic,  but at smal l  
f requencies  the t empera tu re  differences between the 
par t ic les  and the gas will be able to ad jus t themse lves ,  
and "microscopica l ly"  the process  will be i so thermal  
[3]. Knowing the mechanica l  and thermodynamic  con-  
s tants  of the components,  one can eas i ly  calculate the 
values  of the compress ib i l i ty  and the speed of sound in 
the mixture  cor responding  to this case. 

For  the adiabatic compress ib i l i ty  we have the fol-  
lowing re la t ion  [4]: 

= ~ - -  T~ (1) 
Y Po cp 

Hence, by v i r tue  of the additivity of the quant i t ies  a v, 
fl, and pep, the a d i a b a t i c - i s . t h e r m a l  value of the com-  
p ress ib i l i t y  can be represen ted  in the form* 

*We note that in [3] some of the definit ions are  in -  
accura te .  The co r rec t  formula  for the a d i a b a t i c - i s . -  
t he rmal  compress ib i l i ty  of the emuls ion  (p. 908) has 
the form 
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or, us ing  the known thermodynamic  re la t ion  Cp - c v = 

= T0~v2/p0~, 

where 
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The quantity V0 may be called the equi l ibr ium adiabatic 
exponent. 

F r o m  (2) we obtain an express ion  for the equi l ib-  
r i um speed of sound: 

I 

L ~0 

AS the frequency of the per tu rba t ions  i nc reases ,  the 
pa r t i c l e s  are less  and less  able to follow the resu l t ing  
motions and t empera tu re  changes of the gas. In the 
h igh-f requency l imi t  the gas t empera tu re  f luctuations 
take place so rapidly that any heat t r ans fe r  between the 
components is excluded. The compress ions  and expan- 
s ions in the mixture  will be adiabat ic  even on the "mi -  
croscopic"  level.  However, the effective densi ty of the 
mixture  approaches the densi ty  of the gas. Its value 
was found in [2] and is r ep resen ted  by the following 
relat ion:  

1 So + 1 - - S o  

P~ Pm P0 

Now, the adiabat ic-adiabat ic  compress ib i l i ty  of the 
mix ture  is  de te rmined  f rom (1) in the form 

and for the pi~ase veloci ty of propagation of the acoust ic  
wave we have 

1 

The quantity ~r is usual ly  called the "frozen" speed of 
sound. In both l imit ing cases  the speed of sound and 
hence the wave number  k = w / c  are  real ,  i . e . ,  there  
a re  no absorpt ions  and phase shifts.  
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In the i n t e r m e d i a t e  f requency r eg ion  f r i c t ion ,  which 
tends to equal ize  the p a r t i c l e  and gas ve loc i t i e s ,  and 
the pe r iod i c  i r r e v e r s i b l e  hea t  t r a n s f e r  f rom the gas to 
the p a r t i c l e s  and back  lead  to s igni f icant  ene rgy  d i s s i -  
pat ion.  As a r e s u l t  of the r e l a t i v e  s lowness  of the en-  
t r a i n m e n t  of the p a r t i c l e s  by the gas and the e q u a l i z a -  
t ion of the i r  t e m p e r a t u r e s  d i s p e r s i o n  of the sound 
occu r s  c o m p a r a t i v e l y  ea r ly .  

w We wil l  examine  the behav ior  of the d i s p e r s i o n  
curve between the asympto t i c  va lues  obtained for  the 
ve loc i ty .  

Assuming  that  v i s c o s i t y  and t h e r m a l  conduct ivi ty  
effects  a r e  impor t an t  only in the g a s - p a r t i c l e  i n t e r a c -  
t ion p r o c e s s e s ,  we can wr i t e  the s y s t e m  of a cous t i c a l  
equat ions of conse rva t ion  of m a s s ,  momentum,  and 
energy  in the following fo rm [2, 1]: 
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In Eq. (9) we have taken the Stokes value  of the p a r t i -  
cle d r a g  coeff ic ient ,  which is  va l id  only for  waves that  
do not exhibi t  v e r y  high f requency.  However ,  in the 
case  of a Stokes approx ima t ion  of the law of p a r t i c l e  
en t r a inmen t  the Nusse l t  number  can be taken equal  to 
two. Then for  the hea t  t r a n s f e r  coeff ic ient  in heat  
t r a n s f e r  equation (11) we have (~ = X/r .  

To c lose  s y s t e m  (6)-(11)  we add the acous t i ca l  
equation of s ta te  for  the gas: 

9 - - [ ~ p - - % T .  (12) 
Po 

We wil l  find the solut ion of s y s t e m  (6)-(12)  in the 
fo rm of a ha rmon ic  plane wave, wr i t ing  a l l  the depen-  
dent  v a r i a b l e s  in the fo rm 

f = f* exp [-- i (r t - -  kx)]. (13) 

As a r e s u l t  we obtain the fol lowing d i s p e r s i o n  re la t ion :  

Here, 
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F o r  m o s t  gases  and m e t a l  p a r t i c l e s  the t e r m  
1 / 3 ( P e m / X )  is  equal to 2/9,  and hence the t ime  c h a r -  
a c t e r i s t i c s  of t h e r m a l  and dynamic  p a r t i c l e  r e l axa t ion  
a r e  ef fec t ive ly  equal.  

As }p - -  0 and ~;~ ~ 0, Bp and B X tend to uni ty and 
(14) g ives  the e x p r e s s i o n  for  the equ i l ib r ium ve loc i ty  
of sound (3). 

Exac t ly  as  in [1, 2], i t  can be shown that  our f inal  
f o r m u l a s  (14)-(17) a r e  va l id  up to wTp : 1 and w~-x = 1. 
However ,  i t  is  ea sy  to a r r i v e  at  the conclus ion tha t the  
l a t t e r  r e l a t i ons  should also give the c o r r e c t  l imi t ing  
value  of the phase  speed  of sound as  }t~ - -  ~ and }X 
-- ~(or wTp~, WT x ~ ) .  

In the l imi t  f r om (14) we obtain the f rozen  speed of 
sound (5). 

The f requency  at  which the pe r iod  of the genera ted  
wave is  equal  to the p a r t i c l e  r e l axa t ion  t ime is the 
c r i t i c a l  frequency~ Trans i t i on  through this  f requency  
c o r r e s p o n d s  to t r ans i t i on  f r o m  the equ i l ib r ium to the 
f rozen  speed of sound. 

In the case  of low d i spe r s ion ,  f r om (14) fo r the  c o m -  
p lex  wave number  we have app rox ima te ly  

1 
k =  =-r176 l + - - x  

c o 2 '  

% (7 - -  ] ) 6 CmCv 
1-- % 

( c ; +  1-- % % 5 c ~ ' ) ( c ~ ' + 1 -  s~ o6cm) (B~--1)+ 

+21 eo(l--so)(6--1)l+%(6_l) (B~--I)]. (18) 

Keeping the real and imaginary parts separate, we 
obtain the law of dispersion of velocity and the attenu- 
ation constant: 
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F o r  suf f ic ient ly  r a r e f i e d  s y s t e m s ,  when i t  is  p o s -  
s ib le  to neg lec t  not only the volume but a l so  the m a s s  
p a r t i c l e  concent ra t ion  as  compared  with unity, (20) 
r e d u c e s  to the fo rm 

6 ~r 

= V V E0(~ - -  1)65 4 ~2 ( C m / 2 ~  
~cp / 1§  -~  \cp / 

2 8o(6__1)2 ~ ] (21) �9 

And, f inal ly ,  in the ease  ~p << 1 we have the following 
r e l a t i on  for  the r e l a t i v e  sound attenuation: 

cr 26" 

80~' 

= ( 6 _ 1 ) 2 + _ :  ( v _ l ) 6 ~  2 
\ c ,  / 

The r e s u l t s  of the theory  a r e  in s a t i s f a c t o r y  a g r e e -  
men t  with the e x p e r i m e n t a l  da ta  of [5]. 

the spec i f i c  hea t  of the p a r t i c l e  m a t e r i a l ;  c v and Cp 
a r e  the spec i f ic  hea ts  of the gas at  constant  volume 
and p r e s s u r e ;  f *  is  the ampli tude;  k is  the wave num-  
ber ;  p is  the sound p r e s s u r e ;  r is  the p a r t i c l e  rad ius ;  
t is  the t ime;  T is the pe r tu rba t ion  of gas t empera tu re ;  
u is  the gas veloci ty;  V is  the p a r t i c l e  volume; w is  the 
p a r t i c l e  veloci ty;  (~ is  the heat  t r a n s f e r  coeff icient;  ~v 
is the coeff ic ient  of volume expansion of the gas; fi is  
the i s o t h e r m a l  gas c o m p r e s s i b i l i t y ;  y = c p / e v  is the 
r a t io  of spec i f i c  heats;  Yeff is  the effect ive ad iaba t ic  
exponent; 6 = Pm/Po is  the dens i ty  ra t io ;  e is  the p e r -  
tu rba t ion  of p a r t i c l e  volume concentra t ion;  | is  the 
devia t ion  of p a r t i c l e  t e m p e r a t u r e  f rom i ts  value in the 
und is tu rbed  s ta te ;  X is  the t h e r m a l  conductivity;  #, u 
denote the dynamic  and k inemat ic  v i s c o s i t i e s  of gas;  
p is  the devia t ion  of gas dens i ty  f rom i ts  value in the 
undis tu rbed  medium; Pm is the dens i ty  of the p a r t i c l e  
ma te r i a l ;  P0 = e0Pm + (1 - e0)P0; T). = 1/3(CmPmr2/X) 
and Tp = 2 /9 (Pmr~ /u )a r e  the t h e r m a l  and dynamic  
p a r t i c l e  r e l axa t ion  t imes ;  }X = w r 2 / 2 a  and ~# = wr~/2u 
a r e  p a r a m e t e r s ;  w is  the cyc l i c  f requency;  B x = | 
Bp = w/u is the ve loc i ty  ra t io ;  Nu = 2 a r / X  is the Nus-  
se l f  number;  P r  = v/a  is  the P rand t l  number;  (-)  is  the 
mean over  the volume "of the mix ture ;  ( )0 is  the un-  
d i s tu rbed  value; iow-f requency  value;  ( )oo is the high-  
f requency  value.  
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NOTATION 

a = k/PoC p is  the t h e r m a l  d i f fus ivi ty  of the gas; c is  
the speed  of sound in the gas; c0 is  the equ i l ib r ium 
speed  of sound; cr is  the f rozen  speed of sound; c m is  
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