
interest. W i t h  this  assumption  and  eqs ( 3 )  and (4), 
we find that 

for the  relaxation  time  associated  with  long-range 
ordering,  where AT= IT-TAI and  the  constant A 
has  different  values  above  and  below Ti.  Accord- 
ing t o  eq (5), T S I .  will have  a finite  maximum  value 
at TA and if‘ this  value  is  reasonably  small  (i.e., 
w2r2 < 1) the  attenuation will have  its  maximum 

For  a  mechanism  involving  a  single  relaxation 
at TA. 

time, we have  the  usual  expression 

Unfortunately  the  variation of (ch - c’jl)/2UclI with 
temperature is not known, bu t  i t  is  unlikely  that 
this  could  be  an  important  factor in determining 
the  temperature  dependence of a. One  would 
probably  expect on ly  a  small  and  slowly  varying 
dependence of c11 -cy1 on temperature.  We  shall 
assume (as did Chase in his  analysis of helium  [28]) 
that (CTI -cVl)/2UclI has  a  constant  value  through- 
out the  transition  region.  We  shall  also  assume 
(and  can  subsequently  justify)  that W ~ T ~ , , .  G 1  for  all 
temperatures  near TA. With  these  assumptions 
and rq (5), we can  rewrite  eq (6)  i n  the form 

If all  our  assumptions  are  valid,  then w 2 / a  should 
be  independent of  frequency  and  should vary  lin- 
early with the  temperature on  both sides of TA. 

Figure 10 shows  a plot of d / a ,  in units of’ cps2 
N” cm, versus temperature for  all of our  data  close 
t o  Ti. Various  details  concerning  the  correction 
for  background  attenuation  and  the  justification 
of w 2 9  < 1  are given elsewhere [14],  but in  a  gen- 
eral way the  data  shown in figure 10 seem t o  agree 
with eq (7).  The value of w2/a  at its minimum 
(at - 242.0 O K )  is 0.52 X l O I 6 :  the  slope  above TA 
is  0.46 X 10l6 and  the  slope  below T,+ is  0.66 X 1016. 
These  slopes give a  ratio A+/A- = 1.43, as  cornpared 
t o  - 1.6  expected on the  basis of Kikuchi’s  model. 

When  the  analysis is extended t o  data  obtained 
at  higher  frequencies  and  at  temperatures  further 
away  from TA, the  deviations  from  eq ( 7 )  are not 
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quite  what  one  would  expect [14] and  new  experi- 
mental work along  these  lines  is  currently in prog- 
ress. Also if NHACl undergoes  a  first-order 
transition  very  close t o  the “lambda  point,”  then 
one would expect T t o  undergo a  discontinuous 
change  between two finite  values.  This  may 
supersede the explanation  given  above  for  the 
behavior of a [29]. 
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Discussion 

E .  H .  IV. Schmidt presented  some  experimental  observations  on 
convective  heat  transfer  near  the  critical  point of CO2 [lI  empha- 
sizing  the  difficulties  which  arise in measuring  the  thermal  con- 
ductivity  in  the  critical  region. 

J .  J .  M .  Beenakker: I have  a  problem  concerning  the  dimensions 
of the  apparatus in  which  one  tries  to  measure  the  transport 
properties  near  the  critical  point. As soon as  one  expects  that 
any  anomaly in viscosity or thermal  conductivity is related  to 
the long  range  correlations or fluctuations,  care  has  to  be  taken 
that  the  dimensions  are  large  compared  to  the  magnitude of the 
correlation  length. 

M .  E .  Fisher: It seems  to  me  there  is  no  need  to worry  about 
the  dimensions  relative  to  the  correlation  length  because  all 
the light scattering  and  neutron  scattering  experiments  show 
that  even  when you have  what you call  long  range  correlations, 
they are  still of the  order of lo00 A when you come  very  close 
to  the  critical  point.  And  that  is  for  the  pair  correlation  function. 
Most of these  transport  coefficients  involve  higher  order  correla- 
tion  functions  which  one  would  expect  to  die  out  more  rapidly. 
Thus although i n  principle one could get difficulties very close t o  
the  critical  point, 1 don’t think  one  has  to  worry  about  this  in 
practice. 

J .  J .  M .  Beenakker: In  the  case of an  oscillating  disk  viscometer 
one  has  to  consider  a  penetration  depth  between  oscillating  plates 
and  the  gas  layer. As in the  critical  region  the  density  is  chang- 
ing  rapidly  with  height, I wonder  whether you can  make  a  state- 
ment  of  the  absence of an  anomaly i n  the viscosity  close  to  the 
critical  point. 

J .  V .  Sengers: That  was  one of the  reasons why I made  the  state- 

‘ more  than  1  percent  away  from  the  critical  temperature. At 
ment  that  any  anomaly  in  the  viscosity is absent  at  temperatures 

of the viscosity  closer  to  the  critical  point. 
present I would rather  leave  open  the  question of the  behavior 

J .  S. Rowlingson: I would like  to  raise  the  question  whether  the 
C,. of a  binary  mixture  has  an  anomaly  near  the  critical  mixing 
point. There is certainly  an  anomaly in cp, but as  far  as I know 
there is no  anomaly in C,. in this  case. 

J .  V .  Sengers: I don’t  know. I looked  for  experimental  data  for 
C,. near  the  critical  mixing  point of binary  mixtures  in  the  litera- 
ture,  but l did not find any. 

C .  J .  Pings: Dr. Sengers,  did you not also  run  your  experiments 
with  two  different  distances  between  the  plates?  You  seem  to 
get  the  same  results which  proves  the  absence of an  effect  from 
convection. 

J .  V .  Sengers: At the  isotherms  close  to  the  critical  temperature 
(31.2. 32.1. 34.8 “C) measurements  were  taken  using  only  one 
plate  distance,  because it is difficult to  do  those  measurements 
with  a  larger  plate  distance.  However.  the  anomalous  behavior 
is already  present  at  higher  temperatures  where  measurements 
with  two  different  plate  distances  were  indeed  carried  out,  which 
give an  additional proof of the  reality of the  anomaly. 

M .  S. Green: I want  to  point  out  that the difference in behavior 
between  viscosity  and  thermal  conductivity  is  theoretically  very 

can  be  expressed  as  the  time  average  correlation of relevant 
surprising.  Both  the  viscosity  and  the  thermal  conductivity 

fluxes. As the flux  for  the  thermal  conductivity  and  the flux 
fur the viscosity  have  a  similar  form, it is  hard  to  imagine why 
there would be  any  difference  in  behavior. 

K .  Zwanzig: If you analyze  these  correlation  function  formulas 
for  fluids  which  have  internal  degrees of freedom  interacting 
weakly with the  translational  degrees. i t  turns out that  the  shear 
viscosity  does not show  any  particular  effect  from  the  internal 
degrees of freedom.  On  the  other  hand  the  thermal  conductivity 

Thus  there  exists  a  counter  example  to Dr.  Green’s  suggestion 
shows  some  effect  and  the  bulk  viscosity  even  a  bigger  effect [21. 

that  the  correlation  function  formulas  should  show  roughly  the 
same  behavior. 

E .  Helfand: I think  the  anomaly  in  the  thermal  conductivity 
arises  from  the  thermodynamic  force  involved. Any molecular 

the  thermal  conductivity  is  related  to  a  temperature  gradient. 
model  would speak in terms of energy  transport.  However, 

Therefore  to go from  the  energy  gradient  to  the  temperature 
gradient  one  has  tu  introduce  the  specific  heat.  This is similar 
to  the  case of the diffusion  coefficient  where  one  has  to  transform 
a  gradient of the  chemical  potential  into  a  concentration  gradient. 
For this  reason  a  connection  between  the  anomaly in the  thermal 
conductivity  and  in  the C,. is not surprising. 

K .  Zwanzig: I would  suggest  to  the  experimentalists  to  study 
the  dependence of the  friction  on  the  frequency  with  the  oscil- 
lating  disk  viscometer  as well as  observing slow oscillations. 
If there  were  nonlocal  effects  involving  a  penetration  length 

the  frequency  dependence of the  friction  whether  any peculiar 
and  a  correlation  length.  one  would  perhaps  be  able  to  see  from 

behavior  would  occur. 

J .  Kestin: One  can  regard all these  experiments  as  having  been 

frequencies,  one  must  consider the possibility that  hydrodynamic 
performed  at  zero  frequency.  When  one  wants to g o  to  higher 

instabilities will be  encountered. 
As Dr. Sengers  pointed  out, 1 think  one  should  measure  the 

two  quantities:  density  and  viscosity o r  density  and  thermal 
conductivity,  simultaneously.  This  does not seem  to  be  im- 
possible. 

N .  J .  Trappeniers presented  experimental  data  for  the  spin- 
lattice relaxation time of deuterated methanes 13). 

N .  J .  Trappeniers: We  have  also  made  diffusion  measurements 
in the  critical  region,  but I did not present  those,  because  one 
has to be  extremely  careful t o  find the density. I think  that  one 
cannot  say  much, if one  does not  have  accurate  density  measure- 
ments.  In  the  critical  region  the  density  varies  extremely 
rapidly.  Therefore I would like  to  ask Dr. Bloom the following: 
You make  your  measurements of the diffusion  coefficients  with 
an  accuracy of about 5 percent in the  critical  region. If you 
would  make  an  error in density of 5  percent o r  even IO percent, 
which is easily  made if one  does not have  accurate P - V - T  data. 
would it not be  possible to accumulate  the  errors by plotting  the 
product D p  so that  the  scattering in your  points  thus  obtained 
would  explain  the  anomaly  which you think  to  detect  in  the 
critical  region? 

M .  Bloom: I agree  with you that it is  dangerous.  We  have  made 
density  measurements in three  different  samples  (these  were 
the  impure  samples)  and I showed  the  ratio p ~ . / p r  of the liquid 
and  gas  densities.  These  were  obtained by making  measure- 
ments  at  the  top  end of the  tube  and  at  the  bottom  end of the  tube, 
while the  density  gradient  was in the  middle of the  tube.  We 

coefficient was measured within  approximately 2 percent. An 
measured the ratio p I , / p ~ .  to within 2 percent. The diffusion 

error of 5 percent  has  been  assigned  to D to  take  into  account 
systematic  errors  and  that is a  conservative  estimate.  The 
anomalous  decrease in D p  which  we  observed is about 20 per- 
cent. But I agree  with you that it is  dangerous. I think  one 
should  do  measurements with  a flat horizontal  sample  to  elim- 
inate  gravitational  effects. 

C .  J .  Pings presented  experimental  data  for  the  sound  absorption 
in the  nitrobenzene-iso-octane  system [41. 
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L .  Tisza: To  Drs.  Chase  and  Williamson  should go the  credit  for 
their  experiments.  However, I have  to  assume  the  responsi- 
bility  for  the  prediction  that  the  sound  velocity  tends to zero a s  
the  critical point is  approached.  The  argument is based  on 
thermostatics  and  can  be  applied only  to the  real  part of the  sound 

sound  need  not  decrease,  one  can  expect  that  the  sound velocity 
velocity in the low frequency  limit.  Since  the  absorption of 

would  drop  until  the  signal is lost. This  seems  to  be  the  experi- 
mental  finding. 

K .  Zwanzig: I would  like to  make  one  remark  about  the  general 
interpretation of ultrasonic  data.  Many  years  ago  Dr.  Tisza 
pointed  out  that  ultrasonic absorption data  could  be  explained 
formally by the  introduction of a volume  viscosity o r  bulk  vis- 
cosity  into  the  hydrodynamic  equations [SI. However,  as  far  as 
I know.  nobody  ever  does  this in connection  with  ultrasonic 
relaxation,  especially  near  the  critical  point.  There  is  one  good 
reason  for  this,  namely  that  there is hardly  any  way of meas- 
uring  the  bulk  viscosity.  The  only  way you do it nowadays  is  to 
measure  the  sound  absorption, so that it seems  redundant. At 

viscosity (derived first,  in  fact, by Dr. Green)  and  there is at  least 
present, however, there  are  theoretical  expressions  for  the  bulk 

a  handle  by  which  one  can  investigate  theoretically  what  the 
magnitude of the  bulk  viscosity  ought  to  be.  Very  little is known 
about  this  either,  but  one  does  not  have as yet  a  good  reason  to 
disregard  the  classical  hydrodynamics with the  bulk  viscosity. 

K .  F .  Herzfeld: The  situation is not so simple.  It  is  completely 
correct, of’ course,  that  one  can  formally  describe  the  sound 
absorption via a  bulk  viscosity.  In  a  polyatomic  gas  the  bulk 
viscosity is arising  mainly  from  the  relaxation of the  internal 
degrees of freedom  to  their  equilibrium  distribution.  In  liquids. 
however,  there  are  more  processes  contributing  to  a  bulk  vis- 
cosity. At low frequencies  one  can  describe  the  relaxation of 
the  different  processes  with  one  “bulk  viscosity  constant.” 
However,  at  higher  frequencies  one  has t o  take  into  account 
the  fact  that  the different processes  relax with different relaxa- 
tion times and show resonances at different frequencies. Conse- 
quently  the  bulk  viscosity IS dependent  on  the  frequencies  and 
one  has  to  analyze  the  different  processes  involved.  The  situa- 
tion  is  analogous  to  that  regarding the dielectric  constant  which 
only  can  be  considered  constant  at low frequencies. 

R .  Zwanzig: That  is  right.  The only reason why I raised  the 
point is the  fact  that  there  are presumably rigorous  statistical  me- 
chanical  expressions  for  the  frequency  dependent  viscosity. 
The  question  arises  whether  the  ultrasonic  absorption  can  be 
described by these  formulas  or  whether  the  ultrasonic  absorption 
is  due  to  something  more  complicated  like  scattering by density 
fluctuations. 

0. K .  Rice: In connection  with  the  paper of Dr. Garland  and 

in  which I showed by purely  thermodynamical  means  that  for 
Dr. Renard, I might say  that  about 12 years  ago I wrote  a  paper 

order  transition [61. 
a  compressible  lattice  the  transition will change  into  a  first- 

C. W. Garland: We  agree  that  this  can  be  proved  in  a  phenom- 
enological  way,  but  we  considered  that  doing it for  an  explicit 
model,  in  which  the  shape of the  curve is given  analytically  by 

the  problem with  which  people  who  like  models  can  perhaps 
the  Onsager  solution,  provided  an  additional way of looking  at 

feel  more  confident. 

M .  E .  Fisher: In  this  connection I would  also  like  to  draw  atten- 
tion to the work of Domb 171. Bean  and  Rodbell 181 and  Mattis 
and  Schultz [9] who  reach  similar  conclusions  to  those  first 
d i scussed  by  Dr.  Rice  but  from  a  more  microscopic view 
point. It seems  to  me  that  the  general  validity of all these 
treatments is open  to  doubt in respect of the  conclusions  drawn 
about  the  changed  nature of the  transition  point.  The  physical 
reason is the  neglect of the  fluctuations in the  lattice  expansion 

responsible  for  the phase  transition. This difficulty can  be  seen 
and  the  consequent “renormalization” of the  original  interaction 

explicitly in the case of a linear chain model which never has a 
phase  transition  (as  shown  by  an  exact  solution)  but  for  which 
the  treatments referred to would predict a first order transition 
for  certain  parameter  values.  This  has  been  demonstrated 
by Mattis  and  Schultz 191 (although  the  arguments  they  give  as 
to  why  this  might  not  matter  in  three  dimensions  are 
unconvincing). 

N .  j .  Trappeniers presented  experimental  data  for  the C,. of 
ammonium  chloride  as  a  function of pressure  along  the A-line. 
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