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1. Introduction 

This  paper  reviews  the  experimental  information 
on the  behavior of the viscosity and  thermal  con- 
ductivity of fluids near  the  critical  point.  Section 
2 presents  some  general  remarks  on  experimental 
complications  associated  with  the  measurement 
of these  properties in the  critical  region.  Ex- 
perimental work  on the viscosity of one  component 
fluids near  the liquid-vapor  critical point is  reviewed 
in section 3. The  thermal  conductivity of one 
component fluids is  considered  in  section 4. The 
behavior of the viscosity and  thermal  conductivity 
in  binary  liquid  mixtures  near  the  critical  mixing 
point is  discussed in sections 5 and 6, respectively. 
Section 7 is a  summary of conclusions  based  on 
these  experimental  results. 

2. Some General Remarks 

In  addition  to  the  usual difficulties associated 
with experiments in the  critical  region,  measure- 
ments of the  transport  coefficients  are  hampered 
by the fact that  they  are  nonequilibrium  quantities. 
Most accurate  measurements  have  been  carried 
out by introducing  macroscopic  gradients  into  the 
system.  In  order  to  obtain  the  transport coeffi- 
cients  the  hydrodynamic  equations  must  be  solved 
under  certain  imposed  boundary  conditions. 
Exact  solutions of these  equations  are  known  only 
for  fluids wi th  constant  properties in idealized 
geometrical  situations.  However, in the  critical 
region  a number of physical  properties  like local 
density  and  specific heat vary appreciably with 
position as a result of the  gradients.  This  com- 
plicates  the  analysis  considerably.  Close t o  t h e  
critical point even  the validity of the  Navier-Stokes 

.equations [41] and of the  linear  laws  has  been 
questioned [38, 42, 591. 

If in a fluid near  the liquid-vapor  critical point 
the  temperature  is not uniform,  gravity  can easily 
generate  convection  currents  and  convective 
heat flow which must  be  distinguished  from  the 

irreversible fluxes associated with the  thermody- 
namic  forces by the  linear  laws.  This  is  the  most 
serious difficulty encountered in measuring  the 
thermal  conductivity  and will be  further  discussed 
in  section 4. As is well known,  equilibrium  or a 
steady  state  is  approached  very slowly  by  a physical 
system  near  a  critical  point.  Consequently,  some 
authors  have  observed  hysteresis  effects in their 
experimental  observations of the viscosity [2, 6, 501. 

A prerequisite for the  study of the  behavior of 
any  physical  property in the  critical  region  is a 
knowledge of the  values of the  appropriate  thermo- 
dynamic  variables  at  which  the  property  is  meas- 
ured. Near the liquid-vapor  critical  point  the  tem- 
perature  and  density  and  near  the  critical  mixing 
point of a  binary  liquid  mixture  the  temperature  and 
concentration  should be known. If a P-V-T re- 
lationship  is  known,  one  can  calculate  the  density 
from the  measured  pressure  and  temperature. 
Close  to  the  critical  point,  where  the  isotherms 
become  very flat, this  procedure  becomes  inac- 
curate.  This  inaccuracy  is  greatly  increased by 
uncertainties in the  absolute  value of the  tempera- 
tures  at  which  either  the  transport  coefficients  or 
the  isotherm  data  were  measured.  Uncertainties 
in the  temperature  also  hamper a  comparison  with 
other  properties  near  the  critical  point.  Such  a 
comparison  for  a  binary  liquid  mixture  is  com- 
plicated by the  fact  that  the  critical  parameters 
are very  sensitive  to  impurities. 

If one  measures  the  transport coefficients as a 
function of pressure  and  temperature,  care  should 
be  taken to work at  small  enough  pressure  and 
temperature  intervals as otherwise  the whole critical 
region is easily  overlooked.  In  experimental work 
on  transport  coefficients  this  has  led  to  considerable 
confusion,  which will be discussed  further in sec- 
tion  4 in connection  with  thermal  conductivity 
measurements.  It is equally  important for the 
study of any  other  property  near  the  liquid-vapor 
critical point. 

Another  procedure  consists in  following an iso- 
choric  method  where  the  temperature is varied 
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while the total  amount of gas  is  kept  constant. 
However,  this  method  also has  its pitfalls. First, 
if one  lowers  the temperature  at  constant  density, 
phase  transition  occurs  at  a  certain  temperature 
which is equal to the  critical  temperature  at  the 
critical  density. Below this  transition  tempera- 
ture  one  measures  either in the vapor or in the 
liquid, depending on the  experimental  arrangement. 
As a  consequence  the  density,  at which the  proper- 
ties  under  consideration  actually are  measured, 
does  change rapidly as  a function of temperature, 
although  the  density  averaged over  vapor  and  liquid 
phase  is  kept  constant.  The  temperature  at which 
this  transition  occurs should  be determined  ac- 
curately.  Moreover,  even  above  this temperature 
a large  density  gradient  is  developed  close t o  the 
critical  temperature so that the local  density  at  a 
certain position in the vessel is still not independent 
of the  temperature. Ultimately.  close t o  the liquid- 
vapor  critical  point  a  knowledge of the local  value of 
the  density is required. 

The influence of critical  phenomena is not re- 
stricted to  the  immediate vicinity of the  critical 
point.  For instance,  an anomaly in the  specific 
heat  can  be  detected  at  temperatures  considerably 
higher than  the  critical  temperature. In  this  paper 
the  qualitative  properties of viscosity and  thermal 
conductivity  regarding  the  existence of similar 
anomalies in the  critical region will be  discussed. 
However, the  precise  mathematical  character of 
such  anomalies  can only be  obtained from measure- 
ments very close to the  critical  point. In view  of 
the difficulties mentioned  above an analysis of the 
latter kind is not yet  possible for the  transport 
coefficients. 

3. The Viscosity of a One Component 
Fluid Near the Liquid-Vapor Criti- 
cal Point 

Accurate  measurements of the viscosity of com- 
pressed  gases  have  been mainly carried out either 
b y  a  transpiration  method or by the  oscillating  disk 
method.  In the first method  the  gas is caused t o  
flow through a  capillary  and  the  viscosity  is  ob- 
tained from the flow rate. In  the  latter  method  the 
damping of an  oscillating  disk due to the viscosity 
of the  surrounding medium  is determined. Both 
methods  have  been  used t o  measure  the viscosity 
in the  critical region.  Close t o  the  critical point 
the oscillating  disk  method has  the  advantage  that 
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it  allows the  measurement of the viscosity at a 
certain horizontal  level in the fluid and conse- 
quently, i n  principle,  at  a  certain local  density. 
In the capillary flow method the  density  varies along 
the capillary. 

An example of the "normal"  behavior of the vis- 
cosity  outside  the  critical region is shown in figure 
1 ;  the viscosity coefficient of argon [4, 71 at three 
temperatures, high relative to the  critical  tempera- 
ture ( t , = -  122.3 "C), as  a  function of density.  One 
amagat unit of density is the  density at 0 "C and 
1 atm.' At a given temperature  the viscosity  co- 
efficient increases monotonically with the  density: 
(dq/dp) r  and (#7/dp2)r are both  positive. The 
temperature  derivative ( d ~ / a T ) , ~  is positive up to a 
density well beyond the  critical. At very high den- 
sities ( d ~ / d T ) , ~  becomes  negative [3 ,  81, but this is 
not relevant for our  present  discussion.  Some- 
times  the  excess viscosity q-qo, where qo is the 
viscosity coefficient in  the  dilute  state at the given 
temperature, is considered to be only a  function of 
the  density.  This  is,  however, not true in general. 

Most measurements of the viscosity and  thermal 
conductivity in the critical region have  been carried 
out for carbon  dioxide because of  its  easily acces- 
sible  critical  temperature.,  The  discussion will 
therefore be mainly based on the  phenomena 0 1 ) -  
served for CO2. The few investigations on other 
substances  sustain  the conclusions obtained for CO2 

The  experimental investigation of the viscosity of 
CO2 in the  supercritical region started with the work 
of WARBURG and VON BABO in 1882 using  a  cap- 
illary flow method [15]. Even  that  early  these 
authors were  aware  that knowledge of the  density  is 
essential  and were careful to determine  the  density 
as well as  pressure  and  temperature.  They realized 
that the  pressure  difference along the capillary 
should  be  kept  small  and  applied corrections for 
the variation of the  density along the capillary. I n  
an illuminating  discussion of this  experimental work 
M. BRILLOUIN [l] remarked  that  these  correc- 
tions are practically canceled by the variation of the 
viscosity associated with the  variation of the  den- 
sity. The  data of Warburg  and von Babo  at 32.6 "C 

* One amagat unit of density lor argon corresponds to 0.0017834 p/cm3. 
2 In this review the values given b y  Michels et al. [60] are used as critical parameters 

of CO2: 

I ,  = 31 04 Y:, I , ,  =iHi a t m .  p ,  =O.Mli g/cn1''=?:3h amagat. 

An alternative possible set of critical values was given by Schmidt and Traube [65] 

/'=.11.00 Y:, I', -7'.Hh atm, p, = O . ( h H  p / m P = n f ,  amagat. 

One amagat unit of density for CO2 corresponds t o  0.00107h4 g/cm3 

are  shown in figure 2. They  also  measured vis- 
cosity isotherms at 3.5.0 and 40 "C which have not 
been  included in figure 2 since  the  temperature 
effect turned o u t  to be small. Since  the viscosity 
isotherms at 3.5 and 40 "C are  nearly parallel t o  the 
one at 32.6 " C ,  the  authors  conclude  that  the vis- 
cosity does not show any anomaly at supercritical 
temperatures down to 32.6 "C (about 1.6 "(: above 

the  critical  temperature). Although the  absolute 
accuracy of these old measurements may  be  limited, 
the  relative precision  is  sufficiently good to warrant 
this  conclusion. 

After  some  inconclusive work on the  subject by 
PHILLIPS [ll], CLARK [2], and SCHROER and 
BECKER [13], an  experimental  investigation of the 
viscosity near  the  critical point of CO, was under- 
taken by NALDRETT and MAASS [lo] using an 
oscillating  disk [6]. The  critical region was ap- 
proached by the  isochoric  method.  One viscosity 
isotherm  at 31.14 "C was  also determined.  The 
authors  conclude  that  the  viscosity coefficient shows 
a  small  anomalous  increase  close to the  critical 
point. At the  critical  density  this  anomalous  in- 
crease  is  about 1 percent at 32.0 "C and  about 10 
percent at 31.1 "C. The  results confirm the  conclu- 
sion of Warburg  and von Babo that  at 32.6 "C any 
anomaly  is  smaller than 0.5 percent. The authors 
did not consider  the influence of the variation of the 
density as  a  function of the height in the fluid. A 
cell with a height of about 13 cm was used,  the 
oscillating  disk being  located in the lower end of 
the  vessel,  and  an  estimate from the  density  versus 
height  relationship  published in the  literature [65,67] 
shows that  this effect could  have caused  an  apparent 
increase of the  same  order  as  the anomaly  observed. 
Therefore,  the conclusion that  the viscosity ex- 
hibits an  anomalous  increase  near  the  critical point 
is not justified. 

A pronounced  anomalous  increase in a wider tem- 
perature  range  and with the viscosity increased by a 
factor  2  at 31.1 "C was reported by MICHELS, BOT- 
ZEN,  and SCHUURMAN [8]. Their  data were 
obtained with a capillary flow method which was 
known to be accurate  outside  the  critical region. 
As pointed out by the  authors,  the method is not 
reliable in  the  critical region due to the  large  density 
gradient in the capillary  resulting  from  the  use of 
a  pressure  difference of about  0.5 atm.  Never- 
theless,  they  conjectured  that  the  anomalous 
behavior  observed was essentially  real [8, 91. 

I n  order t o  resolve the  discrepancy  between  these 
results, new measurements of the viscosity of CO, 
were  carried out by KESTIN, WHITELAW, and 
ZIEN using  an oscillating  disk  method [5]. They  ap- 
proached  the  critical region along  different  iso- 
chores  as did  Naldrett  and  Maass.  Their  results 
show convincingly that  any  anomalous  increase is 
much  smaller  than  that  reported by Michels  et  al. 
Close to the  critical point they find an  anomalous 
increase of the  same  order of magnitude  as  that 
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reported by Naldrett  and Maass. The  data ob- 
tained by Kestin et  al., at 31.1  "C and  at 34.1 "C 
are shown in figure 3a, b  as  a  function of density. 
For  comparison  the  behavior of the viscosity iso- 
therm at 50 "C is indicated  and  data  obtained by 
Naldrett  and  Maass  and a few data of Michels et  al., 
outside the  critical region are  included in the figure. 

Recently  the viscosity of CO, was  also  measured 
by BARUA and ROSS with a  capillary flow method 
[12]. By using a horizontal  capillary and  extrapolat- 
ing to zero flow rate [4], they  were able to avoid the 
difficulties inherent in the  viscometer of Michels 
et al. The  analysis of their  experimental  data  has 
not  yet been  completed, yet i t  seems  that  their 
results  are in agreement with those of Kestin  et al. 

Close to the  critical  temperature  they find an  in- 
crease of 1 to 2  percent on one  isotherm, which 
is of the  order of the  measuring  accuracy in this 
difficult region. 

From the  experimental work described, we can 
draw the following two conclusions. 

1.  Measurements of the viscosity of CO2 with 
the oscillating  disk  method [5, 10] as well as  meas- 
urements with the capillary flow method  [12, 151 
have shown that  the viscosity coefficient does not 
show any  anomalous  behavior  at  supercritical 
temperatures down t o  a  temperature (7'-  Tc)/Tc 
= 1  percent from the  critical. 

2. The  significance of the  small  anomalous i n -  
crease at temperatures  closer t o  the  critical is  not 
clear at present. A correction  should  be sub- 
tracted from the  data of Naldrett  and  Maass in 
this region which in magnitude might be  compar- 
able t o  the anomaly  reported. Using the  same 
apparatus Mason and  Maass did not find an anom- 
alous  increase of the viscosity of ethylene  near  the 
critical  point,  although  the data  are somewhat 
preliminary. It is interesting  that  the  difference 
between  the  data of Kestin  et  al.,  and  the  uncor- 
rected  data of Naldrett  and  Maass is also of the 
same  order  as  the anomaly. Kestin et  al., have 
discussed  the possible  influence on their measure- 
ments of the  variation of the  density with height. 
Because  their oscillating disk is located at a posi- 
tion somewhat  higher  than  the  center, the varia- 
tion of density  leads to a  correction in the opposite. 
direction from that to be  applied  to  the  data o f '  

Naldrett  and  Maass  and  therefore  tends t o  enlarge 
the  anomalous effect. The  authors point out  that 
their  data  become  less reliable in this difficult 
region and  they are  taking  the  attitude  that their 
data prove only the  absence of the  pronounced 
anomaly  suggested by Michels et al.,  and  that any 
anomaly is smaller  than 20 percent.  The reality 
o f  the  small anomaly  can  be  decided definitely 
only if the local value of the  density is determined 
simultaneously  and  the effect o f  a variable  density 
on the  interpretation of the viscosity measurements 
is carefully  analyzed. 

This  picture of the viscosity in the  critical region is 
sustained by the work on other  substances. STAR- 
LING,  EAKIN,  DOLAN,  and ELLINGTON have 
measured  the viscosity of ethane,  propane  and n- 
butane with a  capillary flow method [14]. Although 
the  authors did not analyze  their  measurements as a 
function of density,  they have measured at suffi- 
ciently  small pressure  intervals t o  conclude that 

the viscosity does not show a  pronounced  anomaly 
in the  critical region.  However, near  the  critical 
point neither  the  density at which the viscosity 
was determined nor the precision of the  values  for 
the viscosity coefficient is sufficiently well known 
to  decide  whether  a  small  increase,  as  observed 
by Kestin  et  al.,  exists. 

Recently DILLER reported  that  the viscosity of 
parahydrogen  does not show any anomaly near  the 
critical point [3]. Measurements at temperatures 
for which T-Tc is ten  times  smaller  than in the 
case of CO2 are  required,  because  the  critical 
temperature of parahydrogen is only 32.976 O K .  

Consequently, only the  measurements at one  iso- 
therm  (T=33.000 O K )  are  relevant for our  present 
discussion.  Indeed,  the  data on this  isotherm  do 
not show any appreciable anomaly near  the  critical 
density.  However,  this  conclusion is based only 
on a few experimental points for which calcula- 
tions of the  density from the P-V-T data  are diffi- 
cult. An analysis of the viscosity data on adjacent 
isotherms  shows  that  the  precision is only a few 
percent.  Therefore, no decisive  conclusion  can 
be  drawn from this work regarding the existence of a 
small  anomaly. 

4. The Thermal  Conductivity of a One 
Component Fluid Near the Liquid- 
Vapor Critical Point 

Outside  the  critical region the behavior of the 
thermal  conductivity is very similar to that of the 
viscosity described in the previous  section. How- 
ever,  there  exists  a  serious  controversy in the 
literature  whether  the  thermal  conductivity,  con- 
trary to the viscosity,  exhibits a  pronounced  anomaly 
in the  critical region. An introductory  survey 
on the  subject  has  been  presented by Ziebland [37]. 

The  thermal conductivity is sometimes  studied 
either  as  a  function of pressure  at  constant  tempera- 
ture  or  as  a function of temperature  at  constant 
pressure, without considering  the  dependence on 
the  density.  The region around  the  critical  density 
is restricted to very narrow pressure  and  tempera- 

t u re  intervals in this procedure,  because  both 
;(3p/i)/J)T and (ijp/dT),, become infinite. at the  critical 
.,point.  Measurements  at  the  critical  pressure  are 
.not  equivalent  to  measurements  near  the  critical 
density  unless  the  temperature is equal to the 
'critical  temperature within a  tenth of a  degree. 
'For instance,  considering  the  density  dependence 
d o n g  an  isobar, in CO, at a  temperature 0.15 "C 

from  the  critical temperature  the  density is only 
185 amagat  at  the  critical  pressure,  whereas  the 
critical  density is 236 amagat.  Consequently 
extrapolation of data  at  constant  pressure 2s a  func- 
tion of temperature easily  overlooks the  critical 
region entirely  and  therefore  does not reveal  any 
anomaly in the  critical region. Along an  isotherm 
the  density is similarly  sensitive  to a  small  change 
in pressure. 

Another  procedure  sometimes  used to obtain  a 
thermal  conductivity value associated with the 
critical point is based on the  assumption  that  the 
excess  thermal conductivity X -  Ao, where All is 
the  thermal conductivity at  1  atm  at  the  tempera- 
ture  considered, is only dependent on the  density 
and not on the  temperature. However,  this  rela- 
tion  actually  has  been verified outside  the  critical 
region only and  therefore  cannot be used legitimately 
i n  the  critical  region. “Critical thermal  conductiv- 
i t y  values,"  obtained i n  this way, are often  used as 
reduction  parametrrs for correlation of the thermal 
conductivity of different substances [66]. It must 
be  kept in mind  that these  reduction  parameters 
do not necessarily  represent  the  actual  thermal con- 
ductivity  near  the  critical point.  Similar  pro- 
cedures have  been  used to obtain  critical  values 
of the viscosity. The reduction  parameters for 
the  viscosity  obtained in this way are  closer to the 
actual viscosity in the  critical region, because  any 
anomaly in the viscosity near  the  critical point is 
small.  With few exceptions,  values for the  trans- 
port  coefficients in the  critical region  which are 
based on data  outside  the  critical region are not 
discussed in this  review. 

Two methods f o r  the measurement of t the ther- 
mal conductivity of compressed gases have had 
wide acceptance  the concentric. cylinder and  the 
parallel  plate  method. I n  the tirst the fluid  is en- 
closed  between two coaxial cylinders, either i n  
horizontal or in vertical  position,  and the heat flow 
through the gas  layer is determined  as  a function 
of the  temperature  difference between the  cylinders. 
In  the  latter method the fluid is contained  between 
two horizontal plates anti t h e  heat flowing from the 
upper plate t o  the lower plate is determined as  a 
function of the temperature difference. A special 
case of the concentric cylinder  method is the hot 
wire method  This method is  not suitable for the 
critical region because  the heat transfer analysis 
is complicated t o o  large temperature differences 
are usually involved and, most importantly,  con- 
vection cannot be avoided. 
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Papers  reporting an  anomalous increase of the 
thermal  conductivity in the  critical region are  gen- 
erally  considered w i t h  much skepticism due to 
the high probability of convection. An exact the- 
oretical  analysis of convection is very complicated 
and  has  been  carried out only i n  very special  cases. 
We do not go into the  details  here, but remark  that 
the  presence of convection ran be detected by 
varying  the thickness of the  gas layer  or the  tem- 
perature  difference  across  this layer. The heat 
transfer coefficient or so-called apparent  thermal 
conductivity  coefficient, which includes a contribu- 
tion from convection,  depends on the geometry of 
the  apparatus  and of the boundary conditions 
involved. 

Heat  transferred by convection  is  usually  related 
to the Rayleigh number R defined as 

where A '  is the  apparent  thermal  conductivity  co- 
efficient as  measured, l the  length of the  gas  layer, 
E the angle  between  the  temperature  gradient  and 
the  vertical,  and C a proportionality constant.  In 
order t o  obtain (2) one  neglects  the variation with 
temperature of the fluid properties other  than  the 
density,  linearizes  the  hydrodynamic  equations, 
assumes  a  spatially uniform temperature  gradient 

and  considers  the limiting  solution  for - < 1. 

Without these  approximations  the  error may well 
depend on  d and AT in  a  more  complicated way. 
The  absence of convection is verified, nevertheless, 
if the  measured  thermal  conductivity coefficient 
at  a given  density  and  temperature  does not change 
under sufficient  variation of AT or d. 

If convection is present,  one  sometimes  tries 
to  obtain  the  correct value of A by  extrapolating to 
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where g is the  gravitation  constant, a the  expansion 
coefficient, p the  density, c,, the  specific  heat  at 
constant  pressure, d the  thickness of the  gas  layer, 
AT the  temperature  difference, A the  thermal  con- 
ductivity and 7 the viscosity  coefficient. In  the 
critical region the  Rayleigh number  becomes 
extremely  large [26, 301. By the  use of many 
approximations  and  assuming  that  the  convection 
is small,  the  error  introduced by convection  can 
be  derived  explicitly: 

AT=O from  the  experimental  data  obtained for  A '  
using  various  values of A T .  I n  the  critical region 
the contribution of convection  becomes very large 
and  such an  extrapolation  can  diminish  the  accuracy 
considerably  even  when  care is taken that o n l y  
values for A '  corresponding to the  same  average 
density  and  average  temperature  arc  used. In  
some  cases,  such  as  a horizontal fluid layer  heated 
from below, convection only seems t o  start if the 
Rayleigh number  becomes  larger  than  a  certain 
critical value [64]. This  has also  been reported 
for  a  concentric  cylindrical  layer in  horizontal 
position [23. 581. When this  instability occurs, 
extrapolation  to A T = O  is not legitimate  and  can 
lead t o  overcorrections. 

The  controversy over the  existence of a  thermal 
conductivity  anomaly  started in 1934. KARDOS 
attempted t o  measure  the  thermal conductivity 
of C 0 2  using a hot wire method 1211. He  found  a 
tremendous  increase of heat  transfer in  the  critical 
region, which was later  recognized as an effect of 
convection [28]. SELLSCHOPP measured  the 
thermal  conductivity of CO, with two concentric 
cylinders in horizontal position [29]. He  observed 
an  increase in the  apparent  thermal conductivity 
near  the  critical  density  at  supercritical  tempera- 
tures,  but his measurements  were also  influenced by 
convection. The whole effect was attributed to 
convection and it  was assumed, without  experi- 
mental  justification  however, that in  the  critical 
region the  thermal  conductivity was only dependent 
on the  density  and not  on the  temperature 118, 291. 

TIMROT and OSKOLKOVA [33] reported that 
the  thermal  conductivity of C 0 2  did not show any 
anomaly i n  t h e  supercritical region, but their 
measurements  obtained w i t h  a h o t  wire method 
were actually  carried out  t o o  far away  f'rom the 
critical point. 

COMINGS et  al.,  measured  the  thermal  conduc- 
t i v i t y  o f  several gases using t w o  concentric cylinders 
i n  horizontal position. Anomalies i n  the super- 
critical region were reported for ethane, propane, 
and butane (221 but the. reality o f '  the effect could 
not be established again due t o  the possibility of 
convection An anomalous increase of the thermal 
conductivity of' argon at 0 "C, originally reported 
by the present author  among  others,  later turned 
o u t  t o  be  entirely  caused by convection 1241. 

The first critical study of the existence of a 
thermal conductivity  anomaly was carried out by 
GUILDNER [19]. He  measured  the  thermal con- 
ductivity of CO2 using a  vertical cylindrical gas 

layer with a  thickness of 0.68 mm. Convection 
could n o t  be avoided in this  apparatus so that A 
was determined from measurements at various 
temperature differences by extrapolation to AT 
=O at constant  average temperatures. H e  con- 
cluded  that  the  thermal  conductivity itself exhibits 
a  pronounced  anomaly. This anomalous  increase 
is already 30 percent  at 40 "C at  the  critical  density. 
He  approached the critical  temperature t o  within 
1 "(:. Although at 75 and 40 "C the influence o f  
convection was small,  closer t o  the  critical  tempera- 
ture  the influence of convection  became  large  dimin- 
ishing the accuracy of the  data. 

On  the  other  hand, VARGAFTIK stated  that  the 
thermal conductivity did not  exhibit an  anomaly 
i n  the critical region 134.1. This  assertion was based 
on experimental work of SHINGAREV, which  unfor- 
tunately,  has not been made available  and  therefore 
cannot be critically  examined.  According t o  the 
discussion given h y  Vargaftik, these  conclusions 
were  drawn  after  applying corrections for convec- 
tion by extrapolation to  zero temperature  difference. 

It is clear that measurements in  the  critical region 
free of convection are highly desirable. For this  pur- 
pose  a  detailed  study of the  thermal  conductivity of 
CO2 was carried  out by MICHELS, SENGERS, and 
VAN DER GULIK using a  parallel  plate  method [25, 

26, 301. Contrary t o  the  concentric  cylinder 
method the horizontal flat layer  method  has  the 
advantage  that the angle  between  temperature 
gradient  and  the  vertical  can be made very small to 
suppress  convection.  The  experimental  results 
obtained for  the  thermal  conductivity  as  a  function 
of density  are  presented in figure 4. The  thermal 
conductivity  shows  indeed a  pronounced  anomaly 
at the  critical point. A n  anomalous  increase  can 
be detected  as much as 20 "C above the  critical 
temperature which becomes 250 percent at 1 "C 
above the  critical  temperature. Convection was 
avoided by the use of a  small  distance  between 
the  plates (d=0.4 mm) and  small  temperature 
differences (AT varied from 0.03 t o  0.25 "C). The 
absence of convection was verified experimentally; 
in  the whole critical region the  thermal  conduc- 
t iv i ty  values measured were independent of the 
temperature difference used. Of course,  one 
should compare measurements with different AT,  
but at the  same  average  density  and  temperature. 
For the  details we refer  to  the previous  publica- 
tion. The reality ofthe anomaly was independently 
confirmed by a few measurements with a  larger 
plate distance. A n  attempt was made to include 
a  measurement of the  thermal conductivity  iso- 
therm  at 31.2 "C using  even  smaller temperature 
differences.  These  results  are shown in figure 5. 
Obviously the values at this temperature  are  less 



accurate  than  those of figure 4, since the experi- 
mental verification o f  the absence o f  convection 
becomes more difficult due t o  the  inaccuracy i n  
the  density. 

Due t o  the variation of temperature, the density 
variation i n  the pressure vessel is  very compli- 
cated. I t  is therefore difficult t o  approach  the 
critical region by the isochoric method. The 
density  must be calculated from the experimental 
pressure  and  temperature, which may introduce 
systematic errors at each isotherm.  Thus  the 
detailed  behavior along the critical isochore par- 
ticularly the character o f  the divergence of the 
thermal  conductivity cannot accurately be de- 
duced from the data. 

I t  is notable that at 75 and 40 "(:. where the 
amount o f  convection in the  apparatus of Guildner 
was reasonably  small. there is a satisfactory agree- 
ment with the  data of Guildner confirming the 
anomaly o f  30 percent at 40 'C. I t  turned o u t .  
however. that  closer to the critical temperature 
the  anomalous  increase is considerably smaller 
than that reported b y  Guildner 

The fact that the thermal conductivity measured 
was independent of the  temperature difference 
used not  o n l y  guarantees the absence o f  con- 
vection. but also verifies the validity of the law of 
Fourier in the  temperature  range  considered.  The 
validity of the law  of Fourier in the critical region 
was questioned by SIMON and ECKERT [32]. From 
interferometric  studies of laminar  free convection 
near  a vertical wall a  quantity k was derived, which 
they identified wi th  the  thermal  conductivity  co- 
efficient of the fluid. This  quantity X .  turned o u t  
t o  increase with increase of heat rate  and it  was 
conjectured  that  the anomaly in the  thermal con- 
ductivity would disappear in the l i m i t  o f  zero heat 
rate. However. an analysis of their  data shows 
that  this quantity k remained dependent on the 
heat rate  outside the critical region as well. where 
the validity o f  the law o f  Fourier  cannot  reasonably 
be questioned. Therefore, this quantity X .  should 
n o t  be identified wi th  the thermal conductivity 
coefficient. 

The existence o f  an anomaly i n  the thermal con- 
ductivity near the critical point was denied by 
Abas-Zade 1161 and by Amirkhanov and Adamov 
1171. These  authors do not  base this assertion on 
measurements in the  supercritical  region. but on  
data  obtained a t  temperatures below the critical 
which they  claim are  associated wi th  the coexist- 
ence line. ABAS-ZADE performed  his  measure- 
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ments using a hot wire apparatus at  various tempera- 
tures, but  at constant  pressure. As mentioned 
before  data at constant  pressure  as  a  function of 
temperature  do not approach smoothly the  critical 
density.  Consequently the measurements were 
not carried o u t  near  the critical density. The i n -  
terpretation o f  Abas-Zade that he followed the 
coexistence line u p  t o  the critical temperature 
is erroneous. 

Very careful  thermal  conductivity  measurements 
were  carried  out by AMIRKHANOV and ADAMOV 
using both a horizontal  parallel  plate  method  and a 
vertical  concentric  cylinder  method 1171. Using the 
parallel  plate apparatus,  a  series of measurements 
was carried out with plate distances of 0.3 mm and 
of 0.6 mm,  and the  temperature  difference was 
varied from 0.07 to 1 "C. With the  smaller  plate 
distance  the  data  turned out t o  be  independent of 
AT, which guarantees  absence of convection. 
Data  obtained with the  larger  plate  distance  and 
also  those  obtained  using  the  concentric  cylinder 
apparatus were dependent on AT showing the 
presence of convection. The results  obtained with 
the  smallest  value of AT agreed for all 3 series of 
measurements.  The values  obtained for the 
thermal  conductivity  therefore seem to be very 
reliable. As has  been  pointed out repeatedly 
before, i t  is equally  important t o  verify whether 
the  measurements were carried out sufficiently 
close  to  the  critical  density.  Unfortunately,  the 
authors do not describe  their  experimental  pro- 
cedure.  They do not report  whether  and how either 
pressure or density was determined. I n  addition, 
although  they measure  the  temperature  difference 
AT carefully, no device was presented for meas- 
uring  the  absolute  average temperature of the gas 
layer, which obviously differs from the temperature 
of the  surrounding  thermostat.  It is  not clear at 
which temperatures  and  densities the thermal  con- 
ductivity  actually was determined. If the  measure- 
ments  were  carried out at the  coexistence  line,  one 
would expect  a  large variation of the  density when 
the  temperature  difference was varied  from 0.1 
to 1.0 "C, at the liquid  side  even  leading t o  evapora- 
tion of the liquid. On  the  contrary,  their  results 
indicate  that  even u p  t o  a few hundredths of a 
degree below the  critical  temperature  the  density 
did not change when AT was varied  from 0.1 t o  
1 "C. Thus it seems that  the measurements were 
not carried out  near  the  critical  density. 

From the  data given in figure 4 i t  is evident  that 
the first indication of the  existence of the  thermal 

conductivity  anomaly  can  be  noticed  from  the 
occurrence of intersections o f  the  thermal  con- 
ductivity  isotherms as  a function of density at 
temperatures considerably higher  than the  critical 
temperature. I t  is interesting  therefore t o  study 
as  a function of density  data given in the  literature 
somewhat  remote from the  critical p o i n t .  As an 
example, we considered  the  experimental  data  ob- 
tained by ZIEBLAND and BURTON [35] for the A 
of nitrogen. These  data were originally plotted 
along  isobars  and  consequently did not reveal  any 
anomaly.  However, if the  data  are plotted as  a 
function of density  the  thermal  conductivity  iso- 
therms shown in figure 6 are obtained,3 A pro- 
nounced increase i n  the thermal  conductivity  can 
be  noticed at - 140 "C (7  "C above the  critical  tem- 
perature).  This observation is based 011 only two 
experimental  points, but the  crucial  experimental 
value at - 140 "C, showing  an  anomalous increase 
of 35 percent, was obtained w i t h  two  different  values 
of AT, which excludes the possibility of convection. 
This is a clear illustration o f  how one  can he misled 
if the  density dependence o f  A is n o t  considered 
explicitly. 

3 One amagat unit of N, correponds to 0.0012502 g/cm3 

A similar  result is obtained [31] if one  analyzes 
the  thermal conductivity data  obtained by IKEN- 
BERRY and RICE for  argon [20]. However, since 
these  authors did not adequately  examine  the  ab- 
sence of convection, we cannot  rely on their  results 
as decisive. 

In view of these  results NEEDHAM and ZIEB- 
LAND studied  the  thermal conductivity of ammonia 
in more detail [27, 371 than before [36]. The  data 
were  obtained  using  an  apparatus  consisting of 
two concentric  cylinders with a  gap of 0.2 mm. 
The results  obtained at two supercritical  tempera- 
tures  are shown as  a function of density4 in figure 7. 
A n  anomalous  increase  can  be noticed  near the 
critical  density  even  at 157.1 "C. The  absence 
of convection was verified by measurements with 
different  values of AT. At 138.8 "C the  thermal 
conductivity goes through a maximum. The den- 
sities were estimated by Needham  and  Ziebland 
from P-V-T  data published in the  literature. 
However,  at 138.8 "C these P-V-T  data  are vir- 
tually unknown, so that  the  densities  cannot  be 
calculated with sufficient accuracy to conclude 
that the maximum  does not occur  at  the  critical 
density. 

We  conclude  that  the  existence of a  pronounced 
anomaly in the  thermal conductivity  has  been 
verified by convection free  measurements  obtained 
both with a parallel  plate  method  and with a  con- 
centric  cylinder  method. 

4 One. amagat unit of NH3 corresponds to 0.0007714 g/cm3. 



An interesting  question is whether  the  anomaly 
in the  thermal  conductivity is related to that in 
the specific heat.  For  this  reason  the variation of 
A of C 0 2  as  a function of temperature  at  the  critical 
isochore is compared with the variation of c,. and 
c,, in table 1. For c,. the  experimental  data [62] 
are  supplemented with  values  calculated from the 
P-V-T data  at  temperatures  where no experimental 
data for cl. are  available [61]. The  values for c,, 
are  obtained by adding  the  calculated  difference 
c,,- cI.  to the  values for cI.  obtained  as  mentioned 
above.  It is evident  that c,, increases  much  faster 
in the  critical region than A, so that  the  ratio A/c,, 
decreases by two orders of magnitude  when  the 
temperature is varied  from 75 to  31.2 "C. On  the 
other  hand  the variation of A/c,. is an  order of mag- 
nitude  smaller  than  that of A itself. Very close to 
the  critical point c,. as well as A is not accurately 
known. A relationship  between  the  anomaly in 
A and cI. is well possible.  In view  of the  recent 
work on the cl. anomaly, it is natural to ask  whether 
A diverges  logarithmically. Such  questions  about 
the  detailed  behavior  cannot be decided at present 
and  further  experimental  research is required. 

According  to  the  classical theory the line  width  of 
the  central  component of the  spectrum of the  corresponds to light from a He-Ne laser  scattered 
scattered light is determined by the  thermal dif- through an angle of 60". Because c ,  diverges  much 
fusivity Alpc,, [57, 631. The line  width to be  ex-  faster  than A, the  thermal diffusivity [SI] and  con- 
pected for COr from the  static  measurements of A sequently  the line  width of the  central  component 
is  presented in figure 8 for k =  IO5 cm, which decreases rapidly in the  critical region. 
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5. The Viscosity of a Binary Liquid 
Mixture Near the Critical Mixing 
Point 

Many binary liquid mixtures  exhibit  a  critical 
mixing point near room temperature.  The vis- 
cosity of a number of different  mixtures of this 
type  has  been  studied.  There  are not enough 
data obtained by different authors for the  same 
substance. Moreover. the  critical  parameters 
are very sensitive t o  the purity of the  components 
Although  some  attention has been given to the 
influence of a third  component on the viscosity 
in the  critical mixing region 143, 47, 50, 51, 53], 
the  influence of any impurity o n  this  anomaly is 
not clear. It seems  that  the effect depends on 
the binary system as well as on the  character of 
the  impurity. 

Most viscosity measurements for binary liquid 
mixtures  have  been  carried o u t  with some version 
of the capillary flow method. We have not made a 
critical analysis of the  experimental procedures 
used b y  the  various  authors. However, there is 
sufficient agreement t o  establish the existence 
of a n  anomaly in the viscosity near  the critical 
mixing point for systems with either an upper 
o r  lower  critical  solution p o i n t  139. 40. 4,3-53). 

In the beginning of the  century. an  anomalous 
increase o f '  the viscosity near the critical mixing 
p o i n t  was reported by various authors. among others 
by FRIEDLANDER [43] for the  systems  isobutyric 
acid-water  and  phenol-water, by SCARPA [48] for 
phenol-water, by DRAPIER [40] for  nitrobenzene- 
hexane  and  cyclohexane-aniline,  and by TSAKA- 
LOTOS 152) for isobutyric acid-water,  trimethyl- 
ethylene-aniline,  triethylamine-water  and  nicotine- 
water. 

F o r  simple binary liquid mixtures the  anomalous 
increase of the viscosity is of the  order of 15 to 
25 percent at the critical mixing point. 

REED and TAYLOR observed  an  anomalous  in- 
crease in the viscosity of the mixtures  isooctane-per- 
flurocylic oxide. n-hexane-perfluorocyclic oxide. 
isooctane-perfluoroheptane 146). The effect was 
most pronounced in the  mixture isooctane-per- 
fluoroheptane: their  results for this  system  are 
shown i n  figure. 9. The viscosity exhibits an 
anomalous increase up t o  25 percent According 
to these  data  the  anomalous behavior can be de- 
tected as far away as I O  "C from  the critical tem- 
perature.  However.  other  authors  found t h a t  for 
some systems the anomaly occurs only at tempera- 
tures much closer t o  the critical. 

Figure 9. The viscosity of the mixture isooctane-perfluro- 
heptane as a function of concentration according t o  Reed and 
Taylor [46] 

SEMENCHENKO and ZORINA investigated  the 
viscosity of the  systems  triethylamine-water  and 
nitrophenol-hexane [49] The first mixture has 
a lower critical mixing temperature. For both 
systems an anomalous increase of the viscosity 
up t o  20 percent was found.  The anomalous 
phenomenon o n l y  occurred at temperatures within 
1 . 0  o r  1.5 "(1 from the critical  and in a concentration 
range of 10 mole percent, 

Recent measurements o f  the viscosity of the 
nitrobenzene-isooctane  mixture  obtained by PINGS 
et al.. confirmed  that for this system also a viscosity 
anomaly occurs in a very small temperature range 
[45] No anomaly could be detected at 4.5 "C above 
the critical temperature but an anomalous in-  
crease of 5 t o  7 percent was noticed at 0.45 "(: 
above the critical temperature. 

We conclude that  the viscosity does show a n  
anomalous  increase  near  the  critical mixing point. 
b u t  for a number o f '  simple  mixtures  the  anomalous 
behavior occurs o n l y  at temperatures wi th in  2 "(1 
o f '  the critical temperature. 

6. Thermal Conductivity of a Binary 
Liquid Mixture Near the Critical 
Mixing Point 
Experimental  investigations of the  thermal  con- 

ductivity of binary  liquid  mixtures near  the  critical 
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mixing  point are very  scarce.  This is surprising The most  extensive  study  was  carried  out by 
since  the  experimental  complications  are  somewhat GERTS and  FILIPPOV, who measured  the  thermal 
less difficult than  those  encountered in the  meas- conductivity of a  number of binary  liquids  using  a 
urement of the  thermal  conductivity  near  the hot  wire apparatus [54]. Measurements of the 
liquid-vapor  critical  point. thermal  conductivity of the  system  nitrobenzene-n- 

hexane  were  carried out with  four  different tempera- 
ture  differences: 0.01, 0.05, 0.15, and 0.3 “C and 
found  to  be  independent of this  temperature dif- 
ference.  In  addition  the  systems  nitrobenzene-n- 
heptane,  methanol-n-hexane  and  triethylamine- 
water  were  investigated.  The  results  obtained by 
Gerts  and Filippov tor  the nitrobenzene-n-hexane 
mixture  are  shown in figure 1 0  and  those for the 
nitrobenzene-n-heptane  system in figure 1 1 .  I t  is 
evident  that,  contrary to the  behavior  near  the 
liquid-vapor  critical  point,  the  thermal  conduc- 
tivity of these  binary  liquid  mixtures  does  not  show 
any  pronounced  anomaly  near  the  critical  mixing 
point.  Similar  results  were  obtained for the  other 
two systems  mentioned. An anomaly  even  as 
small  as  that  found for the  viscosity of binary  mix- 
tures  seems to be  absent.  The  data  were  not 
obtained  at  enough  different  concentrations  to 
study  the  behavior in detail  and  the  results  cannot 
be  plotted  as a function of concentration  as  was 
done for the  viscosity in figure 9. The  absence of 
a  pronounced  anomaly  near the critical  mixing 
point seems to be  established.  This  difference 
between  the  behavior of the  thermal  conductivity 
near  the  liquid-vapor  critical  point  and  that  near 
the  critical  mixing  point  was  noticed  before by 
SKRIPOV [56]. Additional  experimental  data  are 
highly  desirable t o  verify this  conclusion  and t o  
study  smaller  details. 

O n  the  other  hand  an  anomalous  increase of the 
thermal  conductivity  was  reported by OSIPOVA for 
the  phenol-water  system [55]. The  data  were  ob- 
tained  with  a  parallel  plate  method.  The  uncer- 
tainty in the  temperature  difference  and  the  scatter 
of the  experimental  data  suggest  that  these  results 
should  be  considered  with  some  reservations. No 
experimental verification for  the  absence o f  con- 
vection  was  presented. 

7. Summary 

The  experimental  information  on  the  viscosity 
and  thermal  conductivity in the  critical  region  can 
be  summarized  as follows: 

1. Measurements of the  viscosity  with  the  oscil- 
lating  disk  method  as  well  as  with  the  capillary flow 

method  have  shown  that  the  viscosity  does  not 
show  any  anomaly  near  the  liquid-vapor  critical 
point if the  temperature is  not  within ( T -  TC)TC 
= 1 percent of the  critical  temperature.  Whether 
an  anomalous  behavior of the  viscosity  occurs  at 
temperatures  closer to the  critical  point is  not  clear 
at  present. If such  an  anomaly  does  occur it is 
probably  smaller  than 20 percent. 

2 .  Measurement with  the  parallel  plate  method 
as well as with  the  concentric  cylinder  method 
have  shown  that  the  thermal  conductivity  exhibits 
a  pronounced  anomaly  near  the  liquid-vapor  critical 
point.  Further  experimental work is required to 
study  the  precise  character of the  anomaly  and to 
investigate  whether  the  anomaly of A is  related to 
the  anomaly of the  specific  heat c,.. 

I” 3. The viscosity of binary  liquid  mixtures  shows 
an  anomalous  increase  near  the  critical  mixing 
point.  For  simple  systems  this  increase  is  between 
15 percent  and 25 percent at the  critical  point. 
For  a  number of liquid  mixtures,  however,  this 
phenomenon is  only  observed  at  temperatures 
within 2 ”(: of the  critical  temperature. 

4. It seems  evident  that  the  thermal  conduc- 
t iv i ty  o f  a  number of  binary  liquid  systems  does 
not  show  an  appreciable  anomaly  near  the  critical 
mixing  point.  Additional  experimental  information 
is  highly  desirable,  since  this  assertion  can  only 
be based  o n  the   resul ts  o f  one experimental  
investigation. 

i 
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Nuclear  Magnetic  Resonance  Measurements  Near  the  Critical Point 
of Ethane 

M. Bloom 1 , 2 

Harvard University, Cambridge, Mass. 

In  this  talk I shall  discuss  the  application of 
nuclear  magnetic  resonance (NMR) techniques  to 
the  measurement of two transport  properties of 
fluids near  the  critical  point.  The  two  transport 
properties we shall  discuss  are  the  nuclear  spin- 
lattice  relaxation time T I  and  the  self-diffusion 
constant D of the fluid.  Both of these  observables 
are  easy t o  measure  using  the NMR pulse  tech- 
nique of E. L. Hahn  [l]. 

The  Hahn pulse technique: A  simple  version of 
the NMR pulse  technique  is  illustrated  sche- 
matically  in  figure 1. Suppose  that  a  time  inde- 
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is  applied  to  the  nuclear  spin  system  such  that  the 
gradient G is  small so that 

over  the  entire  volume of the  sample. i and k 
are  unit  vectors  in  the x-  and  z-directions  respec- 
tively. The  spin  system is assumed t o  be in  equilib- 
rium  before  the  first of the two r-f  pulses  applied 
at  times t = 0 and t = T  respectively.  Assume  that 
the r-f pulses  are  sufficiently  intense  and  that  their 
frequency is sufficiently  close t o  the  Larmor 
frequency wo= yH0, where y is  the  nuclear  gyro- 
magnetic  ratio,  that  the  lengths of the  pulses  can 
be  chosen  such  that  the  z-component of magnetiza- 

tion is rotated by an  angle  by  each of the  pulses. 

Then, if the  z-component of the  nuclear  magnetiza- 
t i o n  relaxes  towards  its  equilibrium  value  ex- 
ponentially  with a time  constant TI, the  maximum 
amplitudes of the  detected  nuclear  induction  signals 
A(0)  and A ( T )  following the  pulses  are  related  by  [l] 

Tr 

2 

tional  degrees of freedom of the  system so that  one 
can  usually  write 

-= 1 R,, + Rf, + Rr,. 
T I  (5) 

R.1 is  the  relaxation  rate  due  to  intramolecular  di- 
pole-dipole  and/or  electric  quadrupolar  interactions 
[6]; i.e.,  those  interactions  which  transform as 
YZtt,(CLi), where ai is the orientation of ,a vector 
fixed in the  molecule i. R ,  is the  relaxation  rate 
due t o  dipole-dipole  interactions  between  nuclear 
spins  on  different  molecules,  i.e.,  those  interactions 
which  vary as YZttt(flij)/r:j, where rij = (rij, 0,) is 
the  vector  joining  a  pair of spins  on  different  mole- 
cules [71. ti!(. is  the  relaxation  rate  due  to  the  inter- 
action  between  the  nuclear  spins  and  the  rotational 
angular  momentum J i  of the  same  molecule  [8] 
(the  spin-rotation  interaction). 

Of the  three  terms  contributing t o  Tr’ in eq (5), 
a  molecular  theory is available  only  for R A  [7], 
which is expressed in terms of Fourier  transforms 
of the  correlation  functions 

If t h e  x and y components of the  nuclear  mag- 
netization  relax  towards  their  equilibrium  value of 
zero  exponentially  with  a  common  time  constant 
T2 and if the  spatial motion of the spins in the sample 
is adequately  described by the  solution t o  the dif- 
fusion  equation,  the  maximum  amplitude of the 
“ spin-echo)” at  time 27 is given  by [2 ]  

Equation  (4)  correctly  gives  relative  values of A(%) 
in terms of T?, G ,  11 and T for  any given angles of 
rotation b y  t h r .  r-f pulses  [3].  For  systems with 
strong N M R  signals, it is  easy  to  measure T I  and 
D to  an  accuracy of k 5 percent  and  with  care  an 
accuracy of 2 1 percent  can  be  attained. 

Note  that  the  self-diffusion  constant  measured 
here is the  “spin  self-diffusion  constant.” The 
interpretation of this  type of self-diffusion  constant 

, has been given  by Emery  [4]  and  by  Fukuda  and 
Kubo [SI. 

Interpretation of TI measurements: For  most 
simple  systems  there  are  three  main  types of inter- 
actions  which  enable  the  nuclear  spin  system  to 
exchange  energy  with  the  translational  and  rota- 

where g(r, r’ ,  T )  is  a  time  dependent  pair  distri- 
bution  function  for  the  system; &r, r’,  T )  drdr‘ is 
the probability  that  the  vector  joining  a pair of 
molecules  is  between r and r t  dr initially and 
between r’ and r’ + dr’ at  a  time T .  For  a  system 
c ) f  identical  nuclear  spins RB is expressed  in  terms 
o f  J(w0) and ./(2w0). Note  that  typical  values of 
wo are 00 c lox sec-l  which is an  extremely low 
frequency  insofar  as  the  dynamical  motions of 
fluids are  concerned. The other  important point 
to  notice  about  eq (6) is that J ( w )  gets  its  major 
contribution  from  pairs of molecules  which  are 
very close together,  because of the r 3  dependence 
of the  dipole-dipole  interaction. 

Physically,  one  can say that RB gives a measure 
of a specific  type of inelastic  scattering  cross sec- 
tion  corresponding  to  collisions  between  pairs of 
molecules  in  which  the  total  nuclear  Zeeman  energy 
is changed.  The low frequency 0 0  corresponds  to 
the  fact  that  the  energy  exchanged  between  the 
spin  system  and  the  translational  degrees of free- 
dom  is  very  small (< lO-’eV). 

There  are  no  detailed  molecular  theories  for 
RA and R ( .  in dense fluids, except  for  liquid Hz [91, 
and  this  has  inhibited  the  interpretation of t h e  many 
TI measurements  already  performed  on  liquids 
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