
errors, while the  measurements of p ~ , / p ~ .  are  accu- 
rate to k 2  percent. 

Interpretation: Experiments  performed  at 32 
and  40 “C in  noncritically loaded samples showed 
that D a p - ’  in  the  range PC,/:! < p < 2 p ( , .  Thus 
D p  is rr function of temperature only in  this  density 
range far from the critical  point. A p l o t  of I n  ( D p )  
versus ln 7’ from just  above  the  melting point at 
89.9 to 333 O K  approximately 30 “K above the criti- 
cal point, is shown  in  figure 6. The results of 
Gaven,  Stockmayer,  and  Waugh [17] far from  the 
critical point are  included.  The  resulting  straight 
line  gives D p  a T2.’ i- ‘ ,I  . This  is  an  empirical 
relationship  which  does not necessarily hold for 
other  substances.  Figure  7  gives  a plot of D p  
versus T in the  temperature  region within a few 
degrees of TC,. A comparison with the results of 
figure 6, as given by the  solid  line of figure  7,  shows 
that D p  goes  through a pronounced  minimum  for  the 
liquid  near T(.  with its  minimum  value  about 20 
percent below the  solid  line. A similar  but  smaller 
effect  is  observed  for the  vapor  but,  unlike  the  data 
for the  liquid, we cannot  say  definitely  that the 
vapor  minimum  is  not  due  to a systematic  error, 
which  we  estimate  to be less  than 5 percent. A 
single  measurement of D for a  pure  sample at 24 “C, 
having  an  error of 2 10 percent  agrees  with D for 
the impure  sample. 

The  interpretation  which we propose for the  data 
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of figures 6 and  7 is that  whereas,  for  systems not 
too  close  to  the region of the  critical point D p  is 
a function of temperature  only,  the  diffusion  con- 
stant  decreases  anomalously  near  the  critical  point. 

In figures 6 and  7, Z‘,, for the  impure  sample 
used  has  been  nominally given as 31.9 “C as 
compared  with 32.32 O K .  This  actually represents 
an upper limit for Tc since i t  is the temperature at 
which p / , / p I . =  1.0 within  experimental  error. 
Since we do  not  know the equation of state for the 
impure  sample,  we  cannot  take  into  account  the 
influence of gravity  in  a  reliable  fashion,  but  an 
examination of figure 3 indicates  that  the  true 
value of T,, (or region of T(.)  is probably  close  to  thc 
temperature  at which D p  goes  through  its  mini- 
mum  value. 

As far as we know these  are  the first measure- 
ments of a self’ diffusion  constant  near  the  critical 
point.  Dr. B. Jacrot  has,  however,  drawn  our 
attention  to  some  published  measurements of  the 
diffusion  constant of Iodine  in CO,2 near  the  critical 
point [18], where i t  is found  that  the  diffusion  con- 
stant is practically  zero.  This  is  consistent with 
the  anomalous  decrease  observed by Noble  for 
D p  for  ethane  near Tc as shown b y  figures 6 and 7. 
Obviously, i t  would be  desirable  to  make  further 
measurements of D near  the  critical  point for 
samples  having  better  geometry  (flat,  horizontal 
samples)  and  a  higher  degree of‘ purity,  e.g., SF,; 
would be  a good system  to  study  since  the  relaxa- 
tion time T I  of pure SF6 is  reasonably  short  [Ill. 
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Ultrasonic  Investigation of Fluid  System in the 
Neighborhood of Critical Points 
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Instituto di Fisica, Facolta’ Ingegneria, University of Rome,  Rome, Italy 
I 

1. Introduction 

It is  the  intention c)f this  paper  to  examine the 
research that has been s o  far  carried o u t  i n  fluid 
critical  systems by means of sound waves. Since 
1940 several authors have attempted t o  study  thc 
propagation of sound waves in order t o  find infor- 
mation on the  nature and the  behavior of  these 
particular  media:  various  indications  and  sug- 
gestions  have been obtained, which  have con- 
tributed t o  a  better  definition of the problems 
concerning  critical  systems. The solution of these 
problems  is  however  far from complete. 

I he quantities  which are usually measured are 
the velocity and the sound  absorption  coeffcient: 
they may be  determined  as  functions of tempera- 
ture,  frequency  and, i n  the case of mixtures, of 
composition. I t  must be observed  that the infor- 

sound measurement have been performed, is only 
mation  available at present  for  the  systems i n  which 

quantities (i.e., velocity  or  absorption  coefficient 
partial because i t  usually refers t o  only one of these 

determined i n  a limited range of one of the  vari- 
ables, temperature,  frequency,  and  composition. 

Strong  similarities exist between  liquid-vapor 
and  liquid-liquid  critical  systems  as well as some 
dissimilarities. It is preferable for a clearer ex- 
position to review separately the work made o n  
each of the. two types of systems, though this 

procedure will require some  repetition. We 
consider first the case of liquid-vapor  critical 
media. 

2. Liquid-Vapor Critical Systems 

Table I ,  although i t  is not complete.1  indicates 
the substances  which  have  been  the  object of the 
more  extensive  experiments.  Together with pure 
liquids, few binary or ternary  mixtures  have  been 
investigated  in  the  liquid-vapor  critical re,’ gion. 
The experiments  have  been  performed  either at a 
single  frequency or in a rather  limited  frequency 
range.  Moreover  velocity  and  absorption coeffi- 
cient  determinations  have  usually not been  made on 
the  same  system. 

Figure 1 gives  the  results of Tielsch  and  Tanne- 
berger [5] for  the  sound  velocity  in  gaseous CO2 
as a function of pressure at constant  temperature. 
In  the  examined  frequency  range (0.4-1.2 Mc/s) 
and i n  the  limits of error (0.2%) no dispersion  has 
been  found.  The  same  conclusion  was  reached by 
Parbrook  and  Richardson [3] in  the  range 0.5-2 
Mc/s The velocity  goes  through  a  minimum  which 
becomes  sharper  and  sharper as the temperature 
approaches  the  critical  one:  the  minimum  velocity 

1 In particular much research of Russian authors is included in thesis not easily 
available; some results are reported i n  quotation [9] 
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measured  at 31 "C is about  one  half  of  the  value in 
normal  conditions. 

Figures 2 and 3 give  Schneider's  results (600 
kc/s)  on  velocity  and  absorption in sulfur  hexafluo- 
ride,  a  nonpolar  compound  with  spherically  sym- 
metric  molecules [12]: the  data  are in this  case 
available  for  the  liquid  phase  as  well  as  for  the  vapor 
on both  sides of critical  temperature (Tr) . z  The 
velocity  in the  liquid  and in the  gas  seems, in the 
limits of experimental  errors,  to  reach  a  common 
minimum  at  a  temperature  which  coincides  with 
Tc; the  absorption  coefficient in both  phases  in- 
creases  very  rapidly  approaching Tc.3 ,The  last 
circumstance  has  been  observed  in  all  systems 
examined  and  the  various  researchers  have  not 
succeeded in making  a  measurement  at T,. 

Figures 4 and 5 give the  results of Chynoweth 
and  Schneider in xenon [2]. The  absorption  co- 
efficient was  measured  at 250 kc/s  and it  shows  a 
behavior  similar  to  that  observed  in  sulfur  hexa- 
fluoride  when T approaches T,. The velocity  in- 
stead was measured in the  range 250 kc/s-1,250 
Mc/s:  a  dispersion  has  been  detected  whose  magni- 
tude is largely  higher  than  the  experimental  error 
(0.2+0.7%). We will discuss  the  inferences of 
this  result  shortly. At present  we  call  attention 
to  the  fact  that  Chynoweth  and  Schneider  have not 
noticed any tendency of velocity  towards  a  discon- 
tinuity or a  sudden  drop to zero  when T approaches 
T,. Until  recently,  this  has  been  a  general  con- 
clusion of experiments.  Nozdrev [ 8 ]  for  instance, 
who has  made  velocity  measurements  using light 
diffraction  by  sound  waves,  claims  to  have  been 
able  to  visually  follow  the  continuous  change of 
sound  velocity  through  the  critical  point. 

The  fact  that  the velocity of sound  remains finite 
at  the  critical  point is in agreement with standard 
thermodynamics [16]. In  this  state,  the  derivative 
of pressure  respect  to  volume  at  constant  tempera- 

ture  vanishes: ( $ ) T =  0. Consequently,  the  spe- 

cific heat  at  constant  pressure (C,) is  infinite  while 
C,, the  adiabatic  compressibility  and  the  sound 
velocity  stay  finite. 

It may be of some  interest,  at  this  point,  to  men- 
tion  some  results  that  have  been  obtained  by Noz- 
drev  [8, 9]  who has  performed  extensive  velocity 

) 2The full and  broken  lines  above Tc in figure 3 correspond  to  measurements in the 
supercritical gas performed  respectively  near  the  sound  source  and far  from it. 

cross at about 0.6 "C below T,. This  fact,  which has no  simple  explanation,  has not 
SThe velocity  and  absorption  curves for liquid  and  vapor as obtained  by  Schneider 

or been found in m y  other case although  some  systems  have  been  purposely investi- 
gated [8]. 
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measurement in  critical fluids along  the  saturation 
curve. He has found, in the limits of error of his 
instrument,  that  the velocity variation  along the 
saturation  curve in both  vapor  and  liquid  near  the 
critical  temperature  can  fairly well be  expressed 
by using van der  Waals  equation of state i n  the case 
of organic  unassociated  substances.  This  con- 
clusion is n o t  true  for  the liquid phase of associated 
liquids (e.g., e t h y l  alcohol) which  proves  that 
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associations may persist u p  to the  critical  point. 
Moreover, in the absence of dispersion  and i n  the. 
limits of experimental  errors, Nozdrev establishes 
an  empirical  simple  relation between t  he arit h- 
metical average of sound  velocities i n  the gas 
( c , )  and i n  the liquid (cL) and ( T -  Tc) 

Cr + CL - 

2 - Ccr + a( Tc - T )  (1) 

being Ccr the common velocity at Tc and ( I  a  constant. 
This  relation w o u l d  be  valid i n  the ragne  between 
Tc and  a  temperature  15 t o  30 "C: below. 

The standard  thermodynamical  treatment o f  
critical  state  from which the conclusion on Cp 
Cv and c have been  deduced,  derives  from  some 
assumptions on the  behavior of thermodynamical 
functions  near  the  critical  point: 4 in particular 
it is assumed  that  the  thermodynamical  quantities 
(as f u n c t i o n  of V and 7') do not show  mathematical 
singularities  along  the  curve which limits the region 
in which the  substance  can not exist as a  homo- 
geneous  phase  either in stable  or in metastable 
equilibrium. Only in such  case  the  above- 

mentioned limit curve is determined by (g) = O  at 

the  critical point alone. 
The  truth of this  treatment  has  been  seriously 

questioned  recently.  Some  experimental  results 
on C,. in  argon [17] and in  oxygen [18] have  been 
obtained which indicate  a  logarithmic  temperature 
dependence of such  a specific  heat  near  the  critical 
point. If this  behavior  remains  unchanged  up  to 
the  critical  point, C, .  and  the  adiabatic  compressi- 
bility would be c~ and c = 0 at T =  T,. [ 191. 

To  obtain  further  information,  Chase,  William- 
son,  and  Tisza [l]  have  performed  sound velocity 
measurements in helium  much  more  carefully 
and  precisely  than  used in previous  investigation 
near  the  critical point. The  temperature  was  reg- 
ulated  to -+ lo-4 O K  (instead  of? 2.10F "I< in Chyno- 
weth and  Schneider  measurements in Xenon). 
the  pressure  to 20.1 mm Hg: the velocity measure- 
ments  were  performed  with  a  phase  sensitive 
method  having  a  resolution of 0.01 percent  (the 
error in the  Chynoweth-Schneider  setup  was 2 0 . 2  
-0.7%). Figure 6 gives  the  results  obtained  for 
the velocity both  as  a  function of temperature (at 
a pressure p= 1718k 1 mm  Hg  practically  coinci- 

4 Quotation [ 161 p. 262. 

from  zero. The possibility  of a leveling  off at a 
much  lower  but finite  value has  not  yet  been 
excluded 

The behavior of velocity, Cr and  adiabatic com- 
pressibility  at  the  critical  point  remains  a  very 
interesting  and  exciting  problem, which  may  clarify 
in depth  the  nature of systems in the  critical  state: 
it r equ i r e  further  experimental  as well as  the- 
oretical  research. 

Closely  related to the  nature of liquid-vapor 
critical  systems is also  the  enormous  absorption 
that  these  media show. Two  mechanisms have 
been  proposed: 5 scattering  and  relaxation. 

A. G. Chynoweth  and W. G. Schneider [ 2 ]  have 
studied  sound  propagation in xenon in the  hope o f  
finding  out  which is the more  important  dissipative 
process.  On  the  basis of an  approximate  calcula- 
tion of scattering  losses  produced by inhomogenei- 
ties  due  to  density  fluctuations in the  medium,  they 
conclude  that  these losses do not  appear sufficiently 
large  to  explain  the  experiment.  They  believe 
therefore  that,  as  Schneider had already  suggested 
in the  case of sulfur  hexafluoride,  the  more  impor- 
tant  dissipative  mechanism  is  structural  relaxation 
caused by sound-induced  perturbation of equilib- 

dent  with pc) and  as  a  function of pressure  (at  tem- 
perature 5.200k 0.0002 O K  practically  coincident 
with Tc = 5.1994 O K ) .  The velocity decreases  rap- 
idly approaching  the  critical  point.  High  absorption 
has  not  allowed  measurements  over  a  region of 

rium  among  molecular  aggregates  (clusters)  present 
in the  medium. The sound  dispersion  found in 
xenon (fig. 4)  gives  support  to  this  explanation of 
high absorption.  The  relaxation  phenomena would 
be  characterized by a distribution of relaxation 

about 2.10-" O K  or 2.5 mm Hg. 
The  fast  decrease of c approaching  the  critical 

point  in the  range of temperature  or  pressure 
examined  makes  Chase, Williamson, and  Tisza 
think  the  limit  zero  for c at T,. to be possible. The 
adiabatic  compressibility K.S as a function  at T or p 
has  been  calculated  making  suitable  approxima- 
tions  for  density:  in  the  range  examined, K., seems 
to  have  a  logarithmic  singularity  similar  to  that 
found  for C,. in argon  and  oxygen. 

This  recent  research,  having  questioned  the 
standard  thermodynamical  treatment of critical 
states,  opens a new exciting field  of investigation. 
It  must  be  observed,  however,  that  the  experimental 
results so far  obtained,  although  they  have  caused 
serious  doubts  on  the  exactness of traditional  ther- 
modynamical  treatment  have  not  yet  definitely 
proved it wrong. The  measurement of c in helium 

times. 
Different conclusions  were  reached by H. D. 

Parbrook  and E. G. Richardson [3] studying CO2 
and by M. A. Breazeale [6] in  hydrogen  chloride. 
The  last  author  was  unable  to  detect  dispersion in 
the  range 1 to 3 Mc/s; the  absorption  results  could 
be  interpreted  as  produced by relaxation  processes 
with a wide distribution of  relaxation  times,  but it 
seems  also  possible  to  explain  them  on  the  basis 
of a scattering  mechanism if correlations  between 
density  fluctuations  in  adjacent  volumes are taken 
into  account.  To  evaluate  the  scattering  losses, 
Breazeale,  as  already  Chynoweth  and  Schneider 
had  indicated,  chooses  the  Libermann-Chernow 
[20, 211 formula,  which  was  developed  to  deal  with 
sound  absorption  caused by temperature  inhomoge- 
neities in the  ocean.  In  the  calculation of this 
formula  the  validity of an  exponential  autocorrela- 

for instance,  shows a fast  decrease of velocity 

from Tc the velocity has  still  a  value  quite  different nentially on the source-receiver distance. 

when 7' approaches Tc but  at a separation of 10-3 O K  5 It seems that losses due to finite amplitude of waves cannot have importance, as 
experiments have shown that the signal detected by a sound receiver depends expo- 
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tion function is assumed.  The  absorption coefficient 
due  to  scattering by inhomogeneities of diameter 
a is 

27-r Ac 
x C 

where k = -  and is the  fractional  change of 

sound velocity. In  order to make  a  numerical 
calculation a was  chosen 1O-4 cm,  i.e.,  approxi- 
mately 103 molecular  diameters  as  suggested by 
light scattering in various  substances  near  the  criti- 
cal  point;  moreover,  the  value 0.25 was used for 

Ac Figure  7  gives  Breazeale's  experimental  results 
C 

at  various  temperatures;  the flags indicate  the  limits 
of errors.  These  results  seem to depend upon  the 
square of the  frequency  (dotted  lines).  The solid 
line  on  the  same figure gives as calculated  from  (2) 

with above  mentioned  values of a and -; the  correct 

order of magnitude of a is obtained;  according  to 
Breazeale  the  deviation of the  experimental  curves 

Ac 
C 

from  the  Libermann-Chernow  curve,  which  essen- 
tially corresponds t o  a  dependence of a from v4, 
could  be  explained by using  an  adequate  correla- 
tion between  density  fluctuations in neighboring 
volumes.  Breazeale is therefore of the  opinion 
that, while  relaxation  may  be  important at lower 
frequencies,  scattering is most  likely  the  main 
source of absorption in the  range 1 to 9 Mc/s. 

3. Mixtures of Partially Soluble 
Liquids 

Table I1 indicates  the few systems which have 
been  studied in some way in  the  critical  region of 
solubility.  Almost  all  research  has  been  limited 
in each  system  to only one  mixture  with  a  composi- 
tion  close to that of the  maximum (or minimum) of 
the  solubility  curve. 

Figure 8 is  relative to a  mixture  having 47.6 wt 
percent of n-hexane  in  aniline [2]. The velocity 
was  measured  at 600 kc/s.  The  values of c in 
the two separate  phases  approach  each  other  as 
T tends  to T,. On  this  basis,  Chynoweth  and 
Schneider  formulated  the  tentative  conclusions 
that  the velocity in the  three  phases  gradually 
tends  to  the  same  value  as T approaches T, and 
that no anomalous  behavior is present. A dif- 
ferent  indication,  however,  emerges  from  the work 
of M. Cevolani  and S. Petralia [23] in the  aniline- 
cyclohexane  mixture (49 wt % of cyclohexane) 
(fig. 9). 

More research  is  needed  to  determine  the  exact 
behavior of velocity in the  three  phases in  the 
immediate proximity of T,; the  use of apparatus 
today  available  with  smaller  errors  than  those so 
far  used in this  kind of experiment  should allow 
precise  information. 

No great  effort, so far,  has  been  made  to  investi- 
gate  dispersion in the  critical region of solubility 
and  the  few  indications  available [26] do not  allow 
to  reach  any  conclusion on the  subject. 

A common experimental  finding is the high at- 
tenuation of sound  waves in the  critical  region. 
Figure 10 [22] shows  the  typical  behavior of the 
absorption coefficient per  wavelength ( a .  x )  as  a 
function of temperature  through  the  critical region 
of solubility: it refers t o  the  triethylamine-water 
system (44. 6 wt YO of amine) at 600 kc/s.  Figure 

11 [25] gives the  parameter T for mixtures / I -  

hexane-nitrobenzene  as  a  function of composition; 

a 
V 



3.1. Viscosity and Thermal Conductivity 

the  experiment  was  performed at 25 "(1, i.e.,  at  a 
temperature 4 "C higher  than  the  consolute  tem- 
perature.  The  comparison of the  results in figures 
10 and 11 with those  obtained in the  liquid-vapor 
critical region (figs. 3 and 5) shows  that in  the criti- 
cal  solubility  case  the  processes which  give rise 
to additional  losses  operate in  a wider range of 
temperature  around  the  critical  one.  This  fact 
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indicates  an  essential  difference  between  the 
two  types of systems. 

Various  attempts  have  been  made t o  find ou t  
what the  process  responsible for the  largest part 
of losses in these  systems is. The  dissipative 
causes which  have been  examined  are  viscosity, 
relaxation,  and  scattering.  Let us briefly review 
the  research  made on this  subject. 

Different from the  case o f  liquid-vapor  critical 
media,  the viscosity coefficient (q )  c ) f  mixtures 
formed by partially  soluble  liquids  undergoes  a 
large  increase when temperature  approaches  the 
critical  one.  However,  the  classical  losses  due t o  
this  fact,  i.e.,  calculated with Stokes'  formula 
for an  homogeneous  medium, would be  still  in- 
adequate to explain  the  experiment:  the  total 
viscosity  absorption coefficient would amount t o  
a few per mille of the  observed  value. 

The fluid however is not homogenous. R. Lucas 
[27] has  calculated  the  sound  absorption coefficient 
when density  fluctuations  are  present in the  liquid. 
Lucas  assumes  that the density  fluctuations  are 
time  independent  and  isotropic  and  that  the  sound 
velocity does not vary  along  the  direction of prop- 
agation.  Moreover  he  maintains  Stokes'  relation 
between  the two viscosity coefficients. The  ab- 
sorption  coefficient  then  results 

and p o  the average density; p the  local  density: 

m="; s, the  condensation, given by p = p o  ( l - t s ) :  

d ~ =  d x d y d ~  the volume element of the  liquid. A 
and B depend upon the  properties o f  the  liquid 
and  the  density  fluctuations in  it, bu t  they  are 
frequency-independent. As a  consequence of the 
presence of density  fluctuations,  the  expression 
of the  absorption coefficient has two  corrective 
terms for Stokes'  expression 

Po 
P 

The first corrective  term  has  the  same  frequency  de- 
pendence of the  Stokes'  term,  the  second  one  is  con- 

stant with frequency.  The  parameter  therefore 
at 
V* 

decreases with frequency.  Such  behavior is gen- 

erally  found in these  kinds of mixtures;  figure 12 
[25] gives  some  results  for  a  mixture  water-triethyl- 
amine with 44.6 wt percent of amine.  Unfortu- 

nately,  however,  a  similar  decrease of with 

frequency  can  be  expected  also in the  case of other 
dissipative  effects, mainly of the  relaxation  type. 

A calculation  using  the  Lucas'  formula  has  been 
carried  out for the  water  triethylamine  mixture 
for  which data  on  the  thermodynamic  behavior 
of the  system  are  available.  Rough  approxima- 
tions  were  introduced;  the  results  seem  to  indicate 
however  that,  though  the  viscosity  losses in the 
inhomogenous  medium  are  higher  than  those 
given by Stokes'  formula  and  may  become of some 
importance at low frequencies,  they  are  still  in- 
sufficient  to  explain  the  largest  part of the  observed 
attenuation. 

Another  cause of losses is the  existence of thermal 
conductivity.  The  corresponding  contribution  to 
absorption coefficient in normal  liquids is much 
smaller  than  the viscosity term.  Although  thermal 
conductivity  determinations in critical re,' gion are 
missing in the  literature, it seems unlikely  that 
thermal  conductivity  substantially  contributes  to 
the  large  absorption  found in the  critical  media. 

3.2. Scat ter ing  

a 
U 2  

A rough  description of the  medium is obtained 
by thinking of the  system  as  formed by a  mother 
phase in which  clusters of various  sizes  and  com- 
positions  are  dispersed.  The  presence of  in- 
homogeneities may lead,  as in the  case of liquid- 
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vapor  critical  systems,  to  scattering of sound 
energy.  On  the  importance of this  process  the 
opinions  do  not  entirely  agree. 

The  dimensions of individual  clusters  as  deter- 
mined by light scattering  experiments  are of the 
order of wavelength of visible light (0,5.10-6  m), i.e., 
much  smaller  than  the  sound  wavelength (-  10-3 m 
at 1 Mc/s) in the  frequency  range of experiments: 
if the  clusters  acted  as  individual  scatters  the  con- 
tribution of scattering to sound  energy  loss would 
be very small.  It  is  however  necessary  to  assume, 
as in the  case of liquid-vapor  critical  systems,  that 
there  actually  are  strong  correlations  between 
fluctuations in adjacent  volumes. If one  considers 
Liebermann's  theory in which an  exponential 
autorrelation is assumed  one  finds  a  dependence 
of a on frequency  which is not much  different  from 

proportionality  to the  fourth  power of v ,  i.e., 
lJ2 

should  increase  with  frequency.  This  is  con- 
trary  to  some  experiments  where  this  parameter 
has  been  found  decreasing  within  the  range  ex- 
amined:  figure 12 refers  to  water-triethylamine 
mixtures  and  similar  results  have  been  obtained 
in nitrobenzene-n-hexane  (5  to  95  Mc/s). 

Liebermann's  theory  therefore  does not seem 
satisfactory  for  an  explanation of the  experimental 
results,  and  it  is  at  the  present difficult to  see 
whether by using  an  adequate  correlation  function, 
it is  possible  to  explain  the  entire  increase of ab- 
sorption in the critical  mixture by means of 
scattering. 

Some  experiments  however  have  definitely  shown 
the  existence of scattered  energy in a  critical mix- 
ture  when  sound  goes  through it. Recently A. E. 
Brown and E. G. Richardson  [26]  have  shown  this 
effect in  aniline-cyclohexane  mixtures.  These 
authors  have  measured  the  energy  received by a 
probe  whose  axis  forms  an  angle 8 with the  sound 
beam  radiated  from  the  source. At 1.5 and 2.5 
Mc/s a  broadening (4 + 5" at 2.5 Mc/s) of the  beam 
radiated  has  been  observed  when  the  source is in 
the  critical  mixture. At 5  Mc/s, while the  intensity 
falls to zero  (first  minimum)  at  an  angle 8 of 1.5" if 
the  medium  does not contain  inhomogeneities  when 
the  radiation  takes  place in  a  critical  mixture  one 
obtains  patterns of relative  intensities  at  various 
angles 8 as  those  shown in figure 13. From  the 
position of maxima  and  minima  the  authors  cal- 
culate  dimensions of effective  scatters, which are 
of the  order of magnitude of 100 to 400p (compared 
with A =  500~) .  Table I11 gives the  experinwntal 
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absorption coefficient (a)  and  the  coefficient  that 
Brown and  Richardson  determine  as  due  to  scat- 
tering (a,) for mixtures of the  composition  examined 
and  at  the  frequencies  used.  These  results  in- 
dicate  a  substantial  contribution of scattering  to 
the  total in this  case,  scattering  appears  to  losses: 
be the most important  dissipative  process.  The 
authors  observe  however  that, in the  limits of ex- 
perimental  error,  scattering  does not seem  satis- 
factory  to  explain  the  totality of losses  experimen- 
tally found.  Using  the  roughly  approximate 
procedure of subtracting  the  scattering  absorption 
coefficient  from  the  experimental  one,  an  unex- 
plained  part  remains  which  has  the  same  order of 
magnitude  as  the  absorption  coefficient in pure 

liquids. (;= 50 X 10-17sec2 cm" in aniline  and 

200 lO"7 in cyclohexane ) . 
3.3. Relaxation Processes 

Various  researchers  have  thought  that  relaxation 
processes of various  kinds  may  be  involved in the 
propagation of sound  waves in  critical  mixtures  and 
could  be  responsible  for  the  large  absorption  experi- 
mentally  found. 

The  existence of clusters of various  compositions 
dispersed in a  mother  phase  induces  the  presence 
of a  great  number of equilibria  which  may  be  per- 
turbed by the  temperature  variations  due  to  the 
sound  wave. The  kinetics of the  system is to  be 
described by reactions  which  take  place  either 
among  clusters of different  kinds or between  clus- 
ters  and  molecules of the  mother  phase to generate 
clusters  having  a new  composition. The situation 
is  similar  to  the  one  found in binary  mixtures of 
the  water-alcohol  type  when  a  maximum of the 
absorption  coefficient  versus  composition is present: 
in such  case, most  of the  absorption  increase  seems 
connected with equilibria which  exist among  various 
molecular  associations of the two components,  and 
are  altered by temperature  changes  produced by 
sound  waves. 

The relaxation  processes which arise  are of the 
same kind  as  those  found in liquids  where  a low 
rate  chemical  equilibrium  is  present  and  can  be 
described by means of a  specific  heat  function of 
frequency.  Owing  to  the  great  number of equilibria 
present  among  clusters of various  sizes  and  compo- 
sitions,  a very broad  distribution of relaxation  times 
is  to  be  expected.  This  indication is in agreement 
with experimental findings: in the  case of the 

water-triethylamine  mixture  the  experimental 
results (fig. 12) when  interpreted on the  basis of the 
relaxation  theory,  clearly  show  this  fact;  a  very 
rough estimation of the  range of relaxation  frequen- 
cies  indicates  that it extends  at  least  from 2 to 30 
Mcls. 

M. Fixman [28, 29, 301 has  recently  considered 
in some  detail  the  manner in which the  charac- 
teristic  fluctuations of critical  mixtures  may Cause 
a  frequency  dependence of one  or more of the 
thermodynamical  quantities  which  are of impor- 
tance in sound  propagation; he too has  reached  the 
conclusion  that  the  specific  heat  is  the  quantity 
most  likely  to  be  involved  in  the  observed  behavior. 
In  an  early  attempt [28], he  considered  a  fluctuating 
heat  capacity  associated with density  fluctuations; 
adjacent  volumes of the  liquid  reach  different  tem- 
peratures  when  passed  through by a  sound wave: 
sound  energy  absorption would appear  as  a  conse- 
quence of the  heat flow in the  equalization of tem- 
perature  gradients.  Such  a  process  however  can 
produce  a  much  smaller  absorption  than  observed 
experimentally  and  therefore  can not be  responsible 
for  the high losses  observed.  The  dissipative 
effect  just  mentioned  is  described in the  nonlinear 
equation of motion and  energy  transport by a  term 
linear  both in the  temperature  variation  produced 
by the  sound wave and in the  density  or  composition 
fluctuations; in Fixman's  early  treatment  other 
terms which are  either  quadratic  or of higher  order 
in local  fluctuations,  were  neglected. 

In  a  later  study  Fixman  has  found  the way  to 
handle  the  quadratic  terms  and  he was able  to  show 
that  they  are  strongly  coupled with local  tempera- 
tures;  these  terms  originate  an  anomalous  static 
heat  capacity in agreement  with  experiment [31] 
and  a  frequency  dependent  heat  capacity  which 
could  be  responsible  for  the  sound  absorption  in- 
crease in the  critical  region.  In  this  calculation, 
the  composition  is  expressed as  a  function of posi- 
tion by means of a  Fourier  series or integral,  with 
suppression of all  Fourier  components  having  a 
wave number ( k )  greater  than  some k,,,. It  is 
then  possible  to  obtain  a  fluctuating  entropy  den- 
sity ( 6 s )  associated  with  critical  composition 
fluctuations  which is perturbed by the  temperature 
variation  produced  by  sound and gives  rise  to an 
excess  heat  capacity  per  unit  volume 



In  the  expression of (6s) enters  the  radial  distribu- 
tion function g(r) at  time t expressed by means of 
the  Fourier  components  up  to k,,,. The  dynamics 
of the  long  range  part of g(r) is  assumed  to  satisfy 
the diffusion equation 

being h a diffusion constant  which  may  be  related 
to  more  usual  parameters  and K the  reciprocal of 
an  "indirect"  correlation  length. For a  mixture 
at  the  critical  composition K can  be  expressed by 
means of a  short-range  correlation  length I 

Fixman's  analysis  led  him to conclude  that K~ is 
strongly  coupled  with  local  temperature  and  that 
this  circumstance  can  be  the  reason for both  the 
increase of static  heat  capacity  and  the  appearance 
of a  frequency  dependence of specific  heat.  There- 
fore  he  substitutes K' with 

and  supposes 6T to be  sinusoidal  function of time. 
Fixman  obtains for the  complex  dynamic  heat 
capacity  per  unit volume an  expression  and  fur- 
nishes  a  numerical  integration of the  real  and 
imaginary  part  close  to  the  critical  point.6 

This  expression  can  be  used  to  calculate  the 
complex  speed of sound  from which velocity and 
absorption  are  derived.  The  comparison of these 
theoretical  values with experiment  requires  the 
knowledge of: (1) the  correlation  distance 1; (2) a 
friction  constant, beta which enters in  the  expression 
of the diffusion constant; (3 )  the  specific  heat  per 
mole  in the  absence of fluctuation C;; (4) the  ratio 

of specific  heat yo= G in  the  same conditions. 

The  results of the  comparison  between  theory  and 
and  experiment in  the  case of the  mixture  n-hexane- 
aniline (47.6 wt % of hexane) studied by Chynoweth 
and  Schneider  are  indicated in figure 14. C: 
and yo were  approximately  evaluated by the  Author 
while /3= 9.1013 sec" and 1=4  A were  assumed 
as  reasonable  values. It appears  that  the  numerical 
values of the  observed  absorption  as well as  its 

C:! 

6 The function  bas  been tabulated by  Kendig, Bigelow, Edmunds,  and Pings [32). 
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variation  with  temperature  could  be  explained by 
Fixman's  theory. The  theory  should  be  tested 
for the  variation of absorption coefficient with 
frequency. 

Fixman's  calculation  predicts  a very small 
velocity dispersion  and  this  result  could  be in 
agreement with experiment  because no dispersion 
has  been so far  detected in the  limits of errors. 
The variation of velocity with temperature  indicated 
by the  theory (3% for  a  temperature  increase of 
5 "C above  the  critical  point)  is  about  twice  the 
change  observed.  Fixman's  theory, which  could 
be  extended  to  a  liquid-vapor  critical  system  sup- 
ports  the  idea  that  relaxation  processes may be  an 
important, if not the most important,  dissipation 
process in  the  critical  systems. 

4. Conclusions 

At the  present  status of research, most of the 
high absorption  found in liquid-vapor  and  liquid- 
liquid  critical  systems is most  likely due to one  or 
both of the two processes: (1) scattering by inhomo- 
geneities  due  to  density or composition  fluctuations, 
(2) relaxation in the  cluster  equilibria  perturbed by 
the  temperature  variations  induced by sound  waves. 
It  is not possible,  at  present,  to go much  further  in 
specifying  what  the  most  important  process may be 
in particular  cases. 

I t  is t o  be  mentioncd at this poin t  that  recently 
A. S. Sliwinski  and A. E. Brown (331 have stressed 
the  importance of a  strong  difference  existing be- 
tween  critical  mixtures  and  liquid-vapor  critical 
systems.  In  the first case, in fact,  the  equalization 
of composition  fluctuations  must  proceed  through  a 
diffusion mechanism which is particularly slow 
near  the  critical  point;  instead,  the  merging of two 
or  more  density  fluctuations  to  form  a  uniform 
region in a  liquid-vapor  critical  medium  does not 
require  diffusion.  Such  a  difference  could play 
an  important role when  the  sound  wavelength is 
either  smaller  or of the  same  magnitude  than  the 
linear  dimension of assemblies:  this is the  normal 
case  when  ultrasonic  waves  interact with critical 
systems.  The  sound wave produces  a  variation of 
the  pressure  and  temperature of assemblies  around 
values which are  near  the  critical  ones: in  the  case 
of liquid-liquid  system,  as  a  consequence of the 
slowness of diffusion in the  short  time in which the 
interface  between  assemblies  disappears,  the  pas- 
sage of sound  does not strongly affect the  form  and 
size of assemblies; in the  case of liquid-vapor  the 
assemblies  lose  their  identity  when  the  surface 
tension  disappears  and  they may reappear  suc- 
cessively in a form quite  different  from  the  original 

configurations.'  To  support  this  point of view, 
Sliwinski  and  Brown  have  considered Some other 
experiments which indicate  the  different ways of 
interaction of sound  waves  with  a  liquid-liquid 
critical  mixture  and  a  liquid-vapor  critical  system. 
The  striations which ran be observed with a 
Schlieren  setup in a  medium at rest  are not sig- 
nificantly changed  when  sound is applied in the 
liquid-liquid  case, while  they are  broken in liquid- 
vapor  systems  as  though  a  pulverization of assem- 
blies  had  taken  place. A similar  effect is evident 
when  one  follows  the light diffraction  patterns  pro- 
duced by a  sound wave i n  the  medium  with  time 
after  sound  application.  In  figure 15 the light dif- 
fraction  pattern in an  aniline-cyclohexane  mixture 
at 31 "C, in carbon dioxide at 3.5 "C and 72 atm, 
and in ethylene at 9.6 "C and 52 atm  are  shown  at 
1/12 sec  intervals from t h e  instant when sound (1 
Mc/s) is switched on (arrow). While the  patterns 
remain  unchanged in the  liquid-liquid  critical  mix- 
ture;  they  rapidly  become  blurred in the  liquid- 
vapor  case. 

critical systems is also s h o w n  by the temperature dependences of 01 experimentally 
7 The existence of substantial differences between assemblies i n  the t w o  types o f  

found (figs . 3, 5, and IO).  



It would seem  therefore  that  sound  has  a tre- 
mendous effect on the  structure of assemblies in 
the liquid  vapor case while it does not practically 
affect  the configuration of clusters i n  critical mix- 
tures. Sliwinski  and Brown think  that  this  could 
be  an  indication o f  the fact  that scattering is par- 
ticularly  important in  critical  mixtures while i t  
must  be  less  significant i n  liquid vapor  media: in 
the last case  structural relaxation  effects would 
be the main cause of absorption. 

The survey of the work so far  carried o u t  i n  
critical  systems  has shown how the problems 
associated with the propagation of sound  waves 
in critical  media  have not  yet been solved. At 
present, they seem t o  be  posed in clearer  terms 
than  some  years  ago, but much theoretical  and 
experimental research is needed.  The  important 
areas of research  are  essentially two: (a)  the low- 
frequency  sound velocity at the critical point: 
(b) the analysis of absorption  anti  possibly, o f  
dispersion of sound  waves. The progress of 
experimental techniques should  today allow more 
precise  determinations of sound velocity and o f  
the absorption coefficient; moreover, i t  is impor- 
tant t o  extend  the  ranges of temperature,  frequency 
and  composition i n  which the  measurements  are 
made. From the theoretical side, we expect 
progress i n  the  thermodynamical  treatment o f  
critical systems, i n  scattering  theories  adequately 
considering correlation between fluctuation i n  
adjacent  volumes, i n  separating t h e  contributions 
t o  absorption due t o  relaxation  and scattering  proc- 
esses when they are of comparable importance. 

I he profit of these  researches will  surely be re- 
warding i n  establishing  the  characteristics  and  the 
behavior of critical  systems  since  sound  propaga- 
t ion  is s o  intimately  connected with the particular 
nature of these  media. 
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Ultrasonic  Investigation of Helium Near  its  Critical  Point 

C. E. Chase*  and R. C. Williamson** 

Massachusetts Institute of Technology, Cambridge, Mass. 

The recent  discovery of a logarithmic  singularity 
in the specific  heat  at constant volume CV of fluids 
at the  critical point [l-31 has  stimulated  renewed 
interest in this  region. A consequence of this 
singularity that was soon demonstrated [4, 51 
is  that  the  adiabatic  compressibility K , ~  must  like- 
wise be singular  and  the velocity of sound, given by 
u2 = l/prc,, must go to zero. We  have accordingly 
measured  the  sound velocity in He4 at a  frequency 
of 1 Mc/s in the  critical region. Some of the  results 
of these  measurements  are  reported  herein. 

Figure 1 shows the velocity as  a  function of tem- 
perature along  an  isobar  and as  a function of pres- 
sure along  an  isotherm  passing  approximately 
through  the  critical point. These  measurements 
have  been  reported previously [5, 61 (together 
with a  description of the  experimental  techniques, 
which will not be repeated  here). However, we 
have  subsequently  found  that, as a result of slight 
hysteresis  and lack of reproducibility in the  pressure 
gauge  used in the  experiment,  the  pressure  and 
temperature o f  this  isobar  and  isotherm  should 
probably be  increased by about 4 mm Hg and 0.003 
O K ,  respectively.  We are  currently making meas- 
urements along  families of closely spaced  isotherms 
passing  through  the  critical  region,  and find that 
the  shape of an  isotherm is substantially  inde- 
pendent of its  temperature over a  range of several 
millidegrees.  We  therefore believe that  our  con- 
clusions will not be  seriously  affected by the  above- 
mentioned  correction, but final judgement  must be 
reserved  until  our  measurements  are  complete. 

It can be seen from figure 1 that  the general 
behavior is  in agreement wi th  expectation;  the 
velocity falls  rapidly as  the  critical point is ap- 
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**Department of Physics, 
Research. 

proached from any direction, and i t  is n o t  unreason- 
able t o  suppose that it goes to zero at the  critical 
point itself.  Unfortunately, the large attenuation 
in this region makes i t  impossible t o  approach  the 
critical point more  closely with the present  ap- 
paratus. We can  thus only draw inferences about 
the behavior  closer t o  the  critical p o i n t  by inter- 
pretation of the  data we have:  this is the  subject 
o f  the following paragraphs. 

We note first that  a plot of 1 / u z  as  a function of 
log IT- T,.I or log I P -  P,.I is very nearly  linear 
over  the  range of our  data:  there  thus  appears t o  be 
a logarithmic  singularity in this  quantity at the crit- 
ical point. This fact is of interest as an  experi- 
mental  result  independent of any theory.  However, 
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