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I t  is shown that in the coordinate  s y s t em T; - 1 / ( 1 / v ) ( O v / O p )  T = K the l ines of constant  v i s -  
cos i ty  for liquids should be rectilinear. 

According  to the wide ly -accep ted  views of F renke l '  [1, 2], the m i c r o s t r u c t u r e  of liquids a long way 
f rom the c r i t i ca l  poin t  is c h a r a c t e r i z e d  by re la t ive ly  infrequent  jumps of the molecules  f rom one se t  of t e m -  
p o r a r y  equi l ibr ium posi t ions  to another ,  and the rmal  v ibra t ions  around these posi t ions between the jumps.  
Fo r  the case  of  nonspher ica l  mo lecu le s ,  rotat ions and rotat ional  osci l la t ions of the pa r t i c les  a r e  added to 
this .  In sp i te  of i ts  s imp le  na ture ,  this p ic ture  gives a c l ea r  r ep re sen t a t i on  of the t rue  m i c r o s t r u c t u r e  of 
l iquids.  The dec is ive  quantity cha rac t e r i z ing  the m i c r o s t a t e  of liquids is the so -ca l l ed  "set t led"  l i f e - t ime  
of the pa r t i c l e s  r ,  i .e . ,  accord ing  to F r e n k e l ' ,  the ave rage  t ime lag between jumps of the molecules .  

If  the t ime dur ing which an external  force  acts  on the liquid (or the t ime during which this force  
va r ies )  is much s h o r t e r  than T, the behavior  of the liquid follows the mac roscop i c  laws of the theory of 
elasticity: elastic deformations (tension and compression) arise in the liquid, and also e~astic shear strains, 
involving tangential stresses [3]. Furthermore, when the time of action of the force is very short and the 
force itself great, the strength of the liquid may be disrupted in a manner more typical of crystals, by way 
of breaks and cracks [4]. Only when the time of action of the force or the period of its variation become 
much greater than T does the property of fluidity, normal for liquids, appear. 

Long be fo re  F r e n k e l ' ,  Maxwell  used the genera l  p r inc ip les  of e las t ic  theory  to develop a theory of v i s -  
cosi ty  requi r ing  no a s sumpt ions  as  to the m i c r o s t r u c t u r e  and s ta te  of aggregat ion  of the ma te r i a l  [5]. For  
an ideal sol id,  the s t r e s s  a r i s i ng  under the influence of external  forces  is exp re s sed  by the equation 

F = aT. (1) 

For an ideal liquid, this relationship takes the form 

d 7 1 F. 
dt ~l 

Le t  us d i f ferent ia te  (1) with r e s p e c t  to t: 

d 7 1 dF 

dt G dt 

Hence the total deformation of a viscoelastic substance is, according to Maxwell, 

dr_ i s+! d~ 
dt ~t G dt 

F r o m  the point of view of the foregoing considera t ions  r ega rd ing  the liquid s ta te  of m a t t e r ,  Eq. 
(4) re f l ec t s  the behav ior  of liquids under the influence of external  forces  for  cases  in which the per iod of 
action of these forces (or the period during which they are varying) is short enough to reveal the elastic 
forces, and yet long enough for fluidity effects to appear. It follows from Eq. (4) that, in the ease under 
consideration, when deformation ceases (d-F/dt = 0), the stress F does not vanish instantaneously, as in 

(2) 

(3) 

(4) 
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ideal l iquid, nor does  it b e c o m e  equal to a constant  quantity, a s  in the c a s e  of  an ideal sol id;  rather it var ie s  
with t ime in accordance  with the equation 

1 dF + _ 1  F = 0 .  (5) 
- - .  

6 dt 

The solution of this equation is 
Gt 

F = Foe ~ (6) 

The exponential reduct ion in s t r e s s  (relaxation) for  a v iscoe las t ic  body is cha r ac t e r i z ed  by the t ime  
r M during which the s t r e s s  falls  by a fac tor  of e: 

(7) 

No exper imenta l  de te rmina t ion  of the coeff icient  of dynamic v iscos i ty  f rom Eq. (7) can as ye t  be made ,  
in pa r t i cu l a r ,  because  of the smal l  value of the t ime ~'M. Frenke l '  and Predvodi te lev  used the Maxwell 
equation to eons t ruc t  theor ies  of the v i scos i ty  of a liquid [5, 6]. The Frenke l '  equation gives a r easonab le  
quali tat ive r ep resen ta t ion  of the t e m p e r a t u r e  dependence of the v iscos i ty  of l iquids,  but fails to provide  
quanti tat ive a g r e e m e n t  with exper iment .  This  is poss ib ly  because  Frenke l '  d i rec t ly  identifies the se t t led 
l i f e - t ime  of the pa r t i c l e s  r with the Maxwell re laxat ion t ime r M. Just i fying the identification of r with 
~'M, F renke l '  wr i tes :  

"The re laxa t ion  t i m e . . ,  m a y  natura l ly  be identified with the t ime during which the liquid pa r t i c l e s  
r e m a i n  set t led in one pa r t i cu l a r  equi l ibr ium posi t ion . . . .  The vanishing of the e las t ic  s t r e s s e s  in the m a -  
ter ia l  when the m a c r o s c o p i c  deformat ion  suddenly stops a t  some  constant  value should c l ea r ly  be a t t r ibuted 
to red i s t r ibu t ion  of the p a r t i c l e s ,  by pass ing  f rom ce r t a in  posi t ions  into neighboring posi t ions ,  which r e -  
quires  a t imes  of the o rde r  of their  set t led life" [5, p. 347]. This hypothesis  is not supported c lose ly  enough 
by exper iment .  Thus ,  for example ,  panchenkov  indicates  that "all  the fo rmulas  p roposed  by F renke l '  for 
the t e m p e r a t u r e  dependence of the v i scos i ty  of a liquid only give the r ight  o rder  of magnitude for the v i s -  
cos i ty ,  not its t rue  numer ica l  value" [6, p. 53]. Panchenkov also points out [6] that there  a r e  c l ea r  indica-  
tions "as to the inapplicabil i ty of the Stokes '  fo rmula  for defining the coeff icient  of f r ic t ion exper ienced  by 
one pa r t i cu l a r  pa r t i c l e  of the liquid by vi r tue  of the surrounding pa r t i c l e s  in t e r m s  of the coefficient  of 
m a c r o s c o p i c  v i s c o s i t y  of the liquid" [6, p. 50]. The Stokes '  formula  was ,  in fact ,  der ived for the conditions 
of mot ion of a mac roscop i c  pa r t i c l e  in a continuous med ium,  i . e . ,  s t r i c t ly  speaking,  the d imensions  of the 
pa r t i c l e  exper iencing the fr ic t ion should be much  g rea t e r  than those of the pa r t i c l e s  in the surrounding 
medium.  Hence the formula  der ived  by F renke l '  for the ,viscosity on the bas i s  of the identification of the 
coeff icients  of m a c r o s c o p i c  and mic roscop ic  v i scos i ty ,  cannot - and indeed does not - give adequately a c -  
cura te  r e su l t s .  Thus the F renke l '  equations cannot be used for the d i rec t  calculat ion of v i scos i t i e s ,  nor  for  
the ana lys i s  of exper imenta l  data.  

panchenkov suggests  that the inaccuracy  of the F renke l '  equations is re la ted  to the lack of expe r i -  
menta l  conf i rmat ion  of the Maxwell equation; in his opinion this equation is quite inapplicable to a liquid. 
The d i r ec t  ver i f ica t ion  of this equation would requ i re  a logar i thmic  re la t ionship  beh~reen F and t to be ob-  
tained over  a per iod  of t ime  ve ry  shor t  for low-v i scos i ty  l iquids,  which would p r e s e n t  ex t r eme  e x p e r i m e n -  
tal diff icult ies.  However ,  re laxat ion  phenomena in liquids over  shor t  per iods  of t ime have  been fa i r ly  ex-  
tensively  studied,  both theore t ica l ly  and exper imenta l ly ,  in connection with the e lec t romagne t ic  constants  
of the molecules .  Thus ,  for  example ,  Debye [7] made  a theoret ica l  study of the p rob lem as  to the t ime r e -  
quired by dipolar  molecu les  to r e t u rn  f rom the or iented to the d i so rde red  s ta te  a f t e r  the r emova l  of an 
e lec t r i c  field. The e lec t r i c  field Fe ac t s  on a dipolar  molecu le ,  tending to ro t a t e  it into the d i rec t ion  of 
the field; the rota t ional  m om en t  thus a r i s ing  is 

M : - -  ~x 0 Fesin 0. (8) 

Under the influence of this momen t ,  the molecule  will ro ta te  with a constant  angular  veloci ty,  exper iencing 
a r e s i s t a n c e  due to its in te rac t ion  with surrounding molecu les .  The momen t  of the r e s i s t i v e  fo rces ,  a lso  
equal to M, will be  given by the equation 

M = .~ d O ,  (9) 
dt 

where  ~ is the constant  of in ternal  fr ict ion.  
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Using the M a x w e l l - B o l t z m a n  dis t r ibut ion,  and equatirtg the moments  c r ea t ed  by the e lec t r i c  field and 
by the forces  of in ternal  f r ic t ion,  Debye then obtains an express ion  for the dis t r ibut ion function of the o r i e n -  
'cations of the molecu les ,  the va r i ab le  p a r t  of which takes the fo rm 

2 k r  

(t) = e : (10) 

Af te r  the r e m o v a l  of the field Fe,  the molecu les  s t a r t  r e tu rn ing  to the i r  or iginal  d i so rde red  s ta te ,  
and the function ~o(t) falls  by a fac tor  of e in a t ime ~ / 2 k T .  In con t ra s t  to r M we call  this the Debye r e -  
laxat ion t ime:  

(Ii) 
"~D= 2kT ' 

where  T is the absolu te  t e m p e r a t u r e .  

The Maxwell  r e laxa t ion  t ime  (the fall in the mechanica l  s t r e s s  a f t e r  the r emova l  of the externa l  force)  
and the Debye re laxa t ion  t ime (the r e tu rn  of the molecu les  to the d i so rde red  s ta te  a f t e r  the r emova l  of an 
externa l  e lec t r i c  field) r e f l ec t  d i f fer ing re laxa t ion  p r o c e s s e s  which a r e  neve r the le s s  s i m i l a r  in thei r  p h y s i -  
cal na ture .  We m a y  the re fo re  expect  that these quantit ies will be,  even if  not equal,  a t  l e a s t  propor t iona l  
to one another ,  i .e . ,  

"I~51 ~ C I ' T  D " 

The coeff ic ient  of in ternal  f r ic t ion in (11) was r ega rded  as  constant  by Debye,  const i tut ing an ave raged  
c h a r a c t e r i s t i c  of in te rac t ions  a t  the mic roscop i c  level .  The m a c r o s c o p i c  v i scos i ty  in the Maxwei1 equation 
const i tu tes  the total  r e s u l t  of the mic roscop i c  in teract ions .  T h e r e  a r e  thus good grounds for  cons ider ing  
that  the coeff icient  of dynamic v i scos i ty  is uniquely de te rmined  by the m i c r o s c o p i c  coeff icient  of in ternal  
f r ic t ion g (and converse ly) :  

~tt =.: f (;) and ~ -- fo (,tt). 

Thus Eq. (7) m a y  be wr i t ten  as  follows 

~t [ fo (b t) (12) 
- -  C 1 "~ _ C 1  

G 2kT 2kT 

o r  

G 
- -  C l  

fo(~) 2kT 

The shea r  modulus G in Eq. (12) is ,  accord ing  to e las t ic i ty  theory,  

E 
G = 2(l@~tp) " (13) 

Since the P o i s s o n  coeff ic ient  plD r e m a i n s  constant  with the l imi t s  of appl icabi l i ty  of Hooke ' s  law, we have 

G = c 2 E. (14) 

The Young's  modulus  may  be e x p r e s s e d  in the following manne r  

and in turn [8] 

E : = 3  (1--2b~pIK=caK, 

1 

v \  Op}r 

(15) 

(16) 

Substituting (15) and (16) into (14), we obtain 
1 

G=--c~ca 1 {,Or I ,- 

T 

1 
C 4 

l i e v '  1 
T, 

(17) 

I f  we then put (17) into (12) we obtain 

K 
- -  B 5 - -  

fo(N v 
(18) 
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Fig.  1. Lines of ~ = const  f rom the exper imenta l  
data of [9, 10], plotted in coordinates  of T (~ and 
K (bar} (the broken  cu rve  is the sa tura t ion  l ine;  
the f igures  on the l ines give Values of  #, N �9 sec  
/mS). 

Equation (18) leads to a conclusion which is impor tan t  in the ana lys i s  of exper imenta l  data,  namely ,  
that  in the coordinate  s y s t e m  K, T the l ines of constant  v i scos i ty  should be s t r a igh t  l ines.  

We a t t empted  to ve r i f y  the foregoing conclusion for  wate r ,  the v iscos i ty  of which has  been studied 
over  a number  of y e a r s  in the Phys ica l  Labora to ry  of the Al l -Union Thermotechnica l  Inst i tute.  To this 
end we took re l i ab le  exper imenta l  data re la t ing  to the v i scos i ty  of wa te r  [9, 10] and plotted l ines of constant  
v i scos i ty  (/~ = const) in the p,  T d iag ram for  p r e s s u r e s  up to 1000 ba r ;  for var ious  values  of p and T along 
these  l ines we made  a compute r  calculat ion of the quantity - 1 / ( i / v ) (  a v / a P ) T  = K, using the internat ional  
s y s t e m  of equations of s ta te  for w a t e r  [11]. 

Using these  va lues ,  we plotted the dependence of K on T for var ious  values  of/~ = const.  As seen  in 
Fig.  1, these  re la t ionships  m a y  to a fa i r ly  high degree  of a c c u r a c y  be approx imated  by s t ra igh t  l ines ,  thus 
conf i rming  the foregoing conclusions,  a t  all  events as r ega rd s  water .  The s c a t t e r  of the points r e l a t ive  
to the smoothing s t r a igh t  l ines never  exceeds 1% (with r e s p e c t  to v iscos i ty) ,  and this l ies  within the l imi t s  
of exper imenta l  e r r o r .  

On the bas i s  of the foregoing theoret ical  cons idera t ions  we have thus es tabl ished a fa i r ly  s imple  r e -  
lat ionship between the coeff ic ient  of dynamic v i scos i ty  and the t he rma l  p rope r t i e s  of liquids. This  r e l a -  
t ionship m a y ,  in p a r t i c u l a r ,  be used for  co r re l a t ing  data re la t ing  to the v i scos i ty  of liquids over  a wide 
range  of p a r a m e t e r s  of s ta te .  Our analys is  has shown that along the l ines # = const  the quantity K is p r o -  
por t ional  to the p r e s s u r e .  I t  follows that the l ines # = const  will a l so  be s t ra igh t  l ines  in coordinates  (p, 
T),  giving a compara t ive ly  s imple  equation convenient  for p rac t i ca l  calculat ions between the v i scos i ty  co -  
eff icient  and the exper imenta l ly  m e a s u r e d  p a r a m e t e r s  of s ta te  (p and T). 

This  equat ion  was p roposed  in a s i m i l a r  fo rm in [11]. I t  should be noted that  the equation desc r ibe s  
the v i scos i ty  of wa te r  not only in the liquid phase  but a lso  over  a cons iderable  range  of supe re r i t i ca l  p a r a m -  
e t e r s .  

T 

G 
# 

#o 
o 

k 
T 
e l ,  O~, C3, C4, C 5 

N O T A T I O N  

zs the re laxa t ion  t ime;  
xs the shea r  modulus;  
zs the dynamic v iscos i ty ;  
zs the dipole moment ;  
zs the angle between the d i rec t ion of the dipole m o m e n t  and the field di rect ion;  
zs the m i c r o s c o p i c  v iscos i ty ;  
zs the Bo l t zmann ' s  constant ;  
zs the t e m p e r a t u r e ;  
a r e  the cons tants ;  
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E is Young's modulus; 
K is the bulk modulus; 
v is the specific volume; 
p is the pressure. 
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