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Isothermal steady flc~ of an incompressible medium consisting of 
long elastic molecules is examined, 

As a dense flowing medium,  a po l ym e r  sys t em 
(dilute and eoncent ra ted  po lymer  solutions and melts)  
is descr ibed  by a veloci ty  v i and veloci ty gradients  

Vik = Ovi/~x k. 
When rega rded  as  an as sembly  of l inear  po lymer ic  

molecules  of identical  length, the sys t em is also 
de termined  by ce r ta in  internal  p a r a m e t e r s  c h a r a c -  
te r iz ing  the s ta tes  of the sys t em,  which, bear ing  in 
mind the re la t ion of the theory  being developed to 
the theory  of dilute po l ym e r  solutions [1], it is na t -  
u ra l  to a ssume to be mean  square  values of the c o m -  
ponents of the dis tance between the ends of a molecule  
<hihk> = fw (h)hihkdh, where  w (h) is a d is t r ibut ion 
function depending on the ve loc i ty  gradients .  The 
values of the p a r a m e t e r s  in the moving and in the 
mot ion less  fluid are  connected by the re la t ion 

( hih ~ ) = a~ia~i ( h~ > o" (1) 

The internal  s t r a in  t enso r  ~ik  may  be expanded, fo r  
smal l  g rad ien t s ,  in the s e r i e s  

U.i] ~. 6i1 + Tiiqp'Vqp -~ ...; 

where  the re la t ion  

holds,  because  

3 
~ Ti]qpVqp ~- 0 

3 

E ih~ >=<h ~) = 

( 4  ) = < hz > o I +  ~-  ~%.~)v(.~) '-5 . . . .  

(2) 

(3) 

(4) 

To desc r ibe  the mechan ica l  and op t i ca l -mechan i -  
ca l  behav io r  of p o l y m e r  s y s t e m s ,  we p roc e e d  f r o m  
expres s ions  for  the f ree  ene rgy ,  the d ie lec t r ic  con-  
s tant  t e n s o r ,  and the d iss ipa t ion  function,  r e p r e -  
sented in addit ive f o r m ,  which is poss ib le ,  s ince the 
p o l y m e r i c  molecu le  is a m a c r o s y s t e m .  In spite of 
en tanglement ,  the total  i n t e rm o l e c u l a r  in te rac t ion  
ene rgy  is smal l  in c o m p a r i s o n  with the in te rna l  
ene rgy  of  a chain,  and the m a c r o m o l e c u l e  in the 
s y s t e m s  examined man i fe s t s  i t se l f  as  an entity. Fo r  
unit volume 
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F = , ~  ( w(h)A(h)dh, 

ei~ = 5;~ -F, 4n ~ t' ~'(ht~z~ (h)dh, 

= n S w (h) ~ (h,v~) d h. (5) 

We shall  expand the integrand express ions  in even 
powers  of h i (because the ends of the molecule  a re  
indist inguishable),  and the diss ipat ion function, m o r e -  
over ,  in s y m m e t r i c  and a s y m m e t r i c  combinat ions  of 
the veloci ty  gradient  t en so r  V(ik} and V[ik]. With an 
a c c u r a c y  to t e r m s  of th i rd  o rde r ,  

F = Fo + g ( h ~ > ; (6) 

"4- eik~, < hjht ) ; (7) 

= (a, + ct~ ( h S ) ) v~.) + as < h.h, > vIj.m~. + 

+ a.~ ( h ,h  t ) "vqmv[i q + at, ( hnh~ ) ~v[in] *vfit] �9 (8) 

The t enso r  eikj/ ~ 0 only in the case  of solut ions ,  
if the d ie lec t r ic  constant  of  the solvent  di f fers  f r o m  
that  of the po lymer  (maeroshape  effect). 

Using the fo rmula  [2] 

OF 0 3 
o ~  = ~kJ  - -  + ~ ( 9 )  

c) aii 0 vt~, 

and omit t ing t e r m s  with veloci ty  gradient  powers  above 
the f i r s t ,  we obtain the s t r e s s  t en so r  

zik = --pS~a 4- 2g < hihk > -4- 2 (a l  4- ~2 ( h~ > )~(f~) + 

which proves to be asymmetrical, this being asso- 
ciated with the presence of internal rotation. 

From (7) and (10) we obtain the relations observed 
experimentally [3] between the elastic stresses and the 
optical properties of the system. We shall obtain ex- 
pressions for the effective viscosity in two simple 
cases. From this point on we shall use the experi- 
mental fact: a22 ~ cr% [3l, and shall assume that for 
zero velocity gradients the Trouton relation U il = 3~• 
[4] holds. It may be verified that it is necessary, to 
satisfy these conditions, that 

In s imple  shea r  (vlz ~ 0) we shal l  a s s u m e ,  as  in 
the theory  of  flow of  dilute solut ions [1], that  the 
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component  n o r m a l  to the p lane  of flow does  not  change: 
<h~) = (h~) 0 = s. We sha l l  omi t  t e r m s  with odd 
p o w e r s  of ve loc i ty  g r a d i e n t  in the  d iagonal  c o m p o -  
nen t s ,  s i nce  the l a t t e r  should not  depend on the s ign  
of the g rad ien t .  

F r o m  (1), (2), and (4), we have 

< h~ > = s[1-5 ~{,,~ + ...l; 

< h~ > = s [1 + (2~' - -  ~ )  ~2 + �9 .]; 

( hlh2 ) == s [('~a~l~ -t- "g2112)v12 --~ ...]. (11) 

F o r  the  s h e a r  v i s c o s i t y  we obta in  the e x p r e s s i o n  

n• =a~-~ao. ( h2 ) -5-~ - (3(h~)--<h~))= 

=/~ q- s I(2a.. -5 3as) ~' - -  2as'~] v2,2 -5 .... (12) 

which d e c r e a s e s  when T << T 1 ( " r i g id"  mo lecu l e s )  and 
i n c r e a s e s  when T >> T i ( " e l a s t i c "  m o l e c u l e s ) ,  in con-  
f o r m i t y  with the  i d e a s  and e x p e r i m e n t s  of P e t e r l i n  
[5]. F o r  " r ig id"  m o l e c u l e s  t h e r e  a r e  n u m e r o u s  da ta  
showing a d e c r e a s e  in v i s c o s i t y  both fo r  m e l t s  [6] and 
fo r  c o n c e n t r a t e d  [7] and d i lu te  [8] so lu t ions .  

When t h e r e  is  s i m p l e  t ens ion  (u22 = 933 ---- - - P l l / 2 ) ,  
we e s t a b l i s h  f rom condi t ion  (4) that  Tiiqq = r6iq  , and 
then 

( h~ ) = s [1-5 2T~u +4x%~z -5 ...], 

(13) 

The t e n s i l e  v i s c o s i t y ,  

i n c r e a s e s  with i n c r e a s e  of ve loc i ty  g r ad i en t ,  which 
c o r r e s p o n d s  with e x p e r i m e n t a l  da ta  [9]. 

Thus ,  the theo ry  put  f o r w a r d  g ives  a qua l i t a t ive ly  
t r ue  p i c tu r e  of the phenomena  o b s e r v e d  in the flow 
of p o l y m e r  s y s t e m s .  

NOTATION 

vi- velocity; Uik- velocity gradient tensor; h i- distance between 
ends of molecule; Cqk-internal strain tensor; 5ik-Kronecker symbol; 
r, rl, rijqp-relaxation time; V-number of macromolecules in unit 
volume; for a macromolecule in the system: A (h)-free energy, 
/Sik(h)-dielectrie susceptibility tensor, ~ (h, Uik)-dissipation func- 
tion; g-viscoelastic shear modulus; ai--phenomenological constants; 
# = r 1 + 3s r 2 + s as-initial shear viscosity; p-hydrostatic pressure. 
Subscripts i, k = 1, 2, 3 number the vector and tensor components. 
The summation convention is employed. 
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