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By m e a s u r e m e n t s  in the u l t racent r i fuge ,  rota t ional  v i s c o s i m e t e r ,  photogoniodif fusometer  
and in an appara tus  with coaxial  cy l inders ,  it is shown that in solutions which p o s s e s s  the 
T o m s  effect,  pa r t i c l e s  of the po l ymer  have an a s y m m e t r i c  shape with an elongation equal 
to 5 approx imate ly .  A model  of a med ium with an iso t rop ic  v i scos i ty  is demons t ra t ed  for  ex-  
plaining the phenomenon.  

As a r e su l t  of invest igat ions of the reduct ion of f r ic t ional  d rag  in the case  of turbulent  flow of dilute 
solut ions of h igh -molecu la r  po l ym er s  in tubes between rota t ing cyl inders ,  and a lso  in the case  of s t r e a m -  
lined flow round disks ,  p la tes  and other  bodies  (Toms effect),  it was es tabl ished that  the magni tude of the 
reduct ion depends on the po l ym er  concentrat ion,  its mo lecu la r  weight and type and that  p o l y m e r s  of a 
chain s t r u c t u r e  without s ignif icant  s ide b ranches  have  the g r e a t e s t  eff iciency.  

In o rde r  to explain the phenomenon, var ious  models  of continuous media  have been p roposed  [1-7]. 
The i r  bas i s  r equ i r e s  cons idera t ion  of the s t r u c t u r e  of dilute solutions of h igh -molecu l a r  p o l y m e r s ,  both 
in the absence  of and in the p r e s e n c e  of a veloci ty  gradient~ The r e su l t s  of m e a s u r e m e n t s  a r e  given in 
this pape r  of the mo lecu l a r  weight dis t r ibut ion of s amp le s  of polyethylene oxide (PEO), the dependence of 
the spec i f ic  v i scos i ty  on the veloci ty  gradient ,  de te rmina t ion  of the ave r age  mo lecu l a r  weight and l inear  
s ize  of molecu les  of the po ta s s ium sa l t  of po lyacry l i c  acid in the photogoniodif fusometer  at di f ferent  values 
of the pH value.  The effect  of reduct ion of d rag  and f r ic t ion pulsat ions  at the wall was de te rmined  for  
these  s a m e  solut ions.  The exper imenta l  r e su l t s  obtained give new facts  for  explaining this phenomenon.  

The  reduct ion of f r ic t ion drag  during flow of the p r e p a r e d  solutions was studied in an equipment with 
coaxial  cyl inders ,  of which the outer  one ro ta ted  (the d i a m e t e r  of the outer  cyl inder  was 110 m m  and the 
gap between the cyl inders  was 10 mm) [8]. The range  of solution concentra t ions  f rom 10 -4 to 10 -1% en- 
abled both the s t a r t  of the action of the polyn~ler on the flow and the action at high concentra t ions  to be r e -  
corded,  when the re  is in terac t ion  of the d isso lved  m a c r o m o l e c u l e s .  

The mo lecu l a r  weight dis t r ibut ion of s amp le s  of polyethylene oxide, synthes ized under  var ious  con- 
dit ions,  was de te rmined  on the bas i s  of centr i fugat ion in the "Veskmap"  u l t racen t r i fuge  at  a r o to r  speed 
of 44,770 rpm,  using Ba i l ey ' s  re la t ion  [9] and Gas t ing ' s  method [10]. The weighted-mean  mo lecu l a r  weight 
was then calcula ted .  This  approach  ensured  agains t  the e r r o r  of the v i s c o s i m e t e r  method of de termining  
the molecu la r  weight, as it was not known beforehand how the molecu la r  weight dis t r ibut ion differs  f r o m  
Gaus s ian.  

The  molecu la r  weight dis t r ibut ion of the s a m p l e s  invest igated is plotted in Fig. 1. It can be seen  
that,  for  a we igh ted-mean  molecu la r  weight of (3-7) �9 106, with ce r ta in  s amples  quite a l a rge  quantity of 
molecu les  have a mo lecu la r  weight of (10-20).  106. As the degree  of d rag  reduct ion in turbulent  flow de-  
pends on the mo lecu l a r  weight, then in exact  calculat ions and ana lyses  of the eff iciency of the samples ,  
the molecu la r  weight d is t r ibut ion mus t  be taken into account.  With the s amp le s  shown in Fig. 1, although 
the f o r m  of the mo lecu l a r  weight d is t r ibut ion d i f fers  cons iderably ,  the Schultz coefficient of nonuniformity  
is  equal to 0.3 to 0.5, i . e . ,  i t  is c lose  to a Gauss ian  dis t r ibut ion.  
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Fig. 1. Normalized molecular  weight distribution IldW 

/dM II of samples of polyethylene oxide. 

Over a certain nar row range of change of concentration and Reynolds number,  the effect of molecular  
weight distribution can be neglected. This can be seen c lear ly  in Fig. 2, in which for 10 samples it proved 
possible to construct  a s imple relat ion (curve 1) between the degree of drag reduction and the weighted- 
mean molecular  weight Mw. The scale  of the mean-square  size of a micromolecule  ~2)1/2 is also plotted 
on the axis of abcissa ,  and there fore  curve 1 as shown can be considered also as a function of the s ize  of 
a macromolecule .  

The mean-square  s ize  was determined by the well-known formula 
(~.):~ ~ ..... !!}I.M~__ 

% (i) 
([#]0 was measured  in the capi l lary v iseos imeter) .  

It can be seen that par t ic les  with a l inear s ize  of order  (1 to 2) �9 10 3 A lead to a significant drag r e -  
duction. 

In o rder  to understand the s t ruc ture  of the solution, in addition to the s ize  of the par t ic les ,  it is es -  
sential to know their  shape. It is well-known that these data can be obtained from the dependence of the 
viscosi ty  of the solution on the velocity gradient.  We determined these relat ions for solutions of polyethy- 
lene oxide with different molecular  weights in the rotation v iscos imeter ,  type KD, in which the gap between 
the cylinders was reduced to 0.1 mm. The solution concentration was equal to 5.10-2% and the velocity 
gradient was varied over the range from 7 �9 10 3 to 5 .10  4 sec -1. The measurement  e r r o r  amounted to ~3%. 

The resul ts  of the experiment a re  shgwn in Fig. 3 for two solutions of polyethylene oxide with M w 
= 1.3 �9 10 6 and 4.1 �9 10 6. Values of a r o t  = g /4Drot  a re  plotted along the axis of abcissa;  g is the velocity 
gradient  and Drot is the coefficient of rotational diffusion, calculated for an ax isymmetr ica l  ellipsoid with 
an elongation of 4.9. The calculated curves for rigid, impermeable ,  a symmet r i ca l  ellipsoids with elonga- 
tions of p = 5 and p = 10 a re  also plotted, using Kuhn's formula [11, 12]. 

A comparison between the experimental  data and the calculations,  shows that the orientation of the 
actual molecules of polyethylene oxide polymers  is close to the orientation of ax isymmetr ica l  ellipsoids 
with an elongation slightly g rea t e r  than 5 (it is well-known, that the conformation of a chain with a Gaus- 
sian distribution of the segments  has the shape of a broad-bean with a maximum elongation of 4.9). It 
can be seen, in addition, that with increase  of the velocity gradient,  the a s y m m e t r y  of the par t ic les  in- 
c reases .  As a resul t  of orientation and stretching of the macromolecules ,  the specific v iscosi ty  of actual 
polyethylene oxide solutions is reduced by a factor  of 1.7 to 1.8 approximately.  Over the range of var ia -  
tion of the weighted-mean molecular  weight of the samples investigated, the reduction of the specific vis-  
cosi ty increases  with inc rease  of the molecular  weight. 

It follows from the data given that, in a dilute solution of polyethylene oxide with a molecular  weight 
of (1-6) �9 10 6, the par t ic les  have ax isymmetr ica l  shape with an elongation equal to 5 approximately,  and a 
l inear s ize  of order  (1 to 2) �9 10 s A. 

Curve 1 in Fig. 2 also shows the increase  of the effect of drag reduction with inc rease  of 
the l inear  s ize  of the par t ic les ,  in this case  however the inc rease  of l inear s ize  was achieved due to the 
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Fig. 2. Dependence of the d rag  reduct ion effect  r 0 -  T / r  0, %, on the 
molecu la r  weight Mw {curve 1) and the s ize  of the molecu les  (~2)1/2, /~ 
{curve 2). 

Fig. 3. Effect  of s h e a r  veloci ty  ~ r o t  on the spec i f ic  v i scos i ty  of the so-  
lutions ~sp: 1) calculat ion for an ell ipsoid with elongation 10; 2) ca l -  
culation for  an el l ipsoid with elongation 5. 
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Fig. 4. Dependence of ra t io  of d i s -  
t r ibut ion function to pass  band of f i l ter  
F(f) /Af on the concentra t ion  of poly-  
ethylene oxide solution: 1) 0 (water); 
2) 2 .10-3;  3) 5 .10-5;  4) 2 -10  -4 . 

i n c r e a s e  of mo lecu la r  weight of the polyethylene ox ide .  
T h e r e f o r e ,  one unders tands  the necess i ty  for  obtaining the 
dependence of the effect  only on the l inear  s ize  at constant 
mo lecu l a r  w e i g h t .  

In the appara tus  with coaxial  cyl inders  descr ibed ,  the 
reduct ion of f r ic t ion d rag  was m e a s u r e d  in solutions of poly-  
e lec t ro ly te  --  po ta s s ium sa l t  of po lyacry l i c  acid (C2H3COOK) n 
with concentra t ions  of 0.01%. The solutions d i f fered  in pH 
over  the r ange  1.1-10, which was achieved by means  of 
s tandard  f ixanals  with identical  ionic s t rength  equal to 0.02. 
The expe r imen t s  showed that ,  with i n c r e a s e  of the pH of the 
solution f r o m  1.1 to 10, the degree  of drag  reduction in- 
c r e a s e s  f rom 14 to 36%. As the. i nc rea se  of pH over  the 
range  inves t igated causes  an i n c r e a s e  of the l inear  s ize  ~2)1/2 
of the m a c r o m o l e c u l a r  coil, then this a l so  is a bas ic  cause  
of the i n c r e a s e  of eff iciency of the po lymer .  

The var ia t ion  of (~2)1/2 was de te rmined  quanti tat ively 
in a photogoniodiffusiometer ,  made  by the f i r m  "Fica , "  
accord ing  to s tandard  p rocedure .  The  mo lecu l a r  weight of 

the p o l y m e r  was a lso  de te rmined  by the method of double ext rapola t ion with r e s p e c t  to light diffusion in 
an ace ta te  buffer  (pH = 4.2) and was equal to (1.5 to 1.6) o 10 ~. It was es tab l i shed  that  an i n c r e a s e  of pH 
f r o m  1.1 to 10 leads to an i n c r e a s e  of the l inear  s ize  (~2)1/2 f rom 590 to 1550 A. 

The resu l t s  a r e  plotted in Fig. 2, where  the dependence of the Toms  effect  on the mo lecu l a r  weight 
and, correspondingly ,  on the l inear  s ize  of the polyethylene oxide molecu les  a l ready  is r ep re sen t ed .  Curve 
2 shows that ,  in the genera l  case ,  not only the mo lecu l a r  weight of the po lymer  should be  taken into 
account,  but a l so  i ts  conformat ion  in solution.  

We emphas ize ,  that  in these  expe r imen t s  the l inear  s ize  of the pa r t i c l e s  in solution which p o s s e s s  
the Toms  effect,  was m e a s u r e d  d i rec t ly .  It i nc r ea sed  f r o m  590 to 1550/~ with the change of pH, i . e . ,  it 
was in the s a m e  range  as the pa r t i c l e  s i zes  in the polyethylene oxide solution, which a lso  gave  a reduct ion 
of the drag .  
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The  data shown on the pa r t i c l e  s i zes  obtained by d i rec t  m e a s u r e m e n t  us ing the methods t es ted  in 
numerous  invest igat ions of solutions of different  p o l y m e r s ,  pe rmi t t ed  the r equ i r emen t s  for  a model  of the 
medium in which the effect  of d rag  reduct ion is obse rved  to be quite speci f ica l ly  formula ted  (we a r e  speak-  
ing only of dilute solutions):  the p o l y m e r  is in solution in the fo rm of pa r t i c l e s  with a l inear  s ize  of o rde r  
103 A, having an a s y m m e t r i c a l  shape  with an elongation of approx imate ly  5; the pa r t i c l e s  a r e  in the so l -  
vent at d is tances  f rom one another  which far  exceed the l inear  dimensions  of the pa r t i c l e s .  

These  r equ i r emen t s  conf i rm the model  of a medium with an iso t ropic  v i scos i ty  proposed  by one of 
the authors .  The e s sence  of the physica l  foundations of this model will follow [4]. 

Under the action of a l a rge  ave r age  veloci ty  gradient  in the boundary zone of turbulent  flow, the p ro -  
la te  pa r t i c les  have the mos t  p robab le  or ientat ion along the flow (along the fair ing).  For  pulsation turbulent  
motion,  such a med ium has  an  an iso t rop ic  v i scos i ty  (the v i scos i ty  along the normal  is g r e a t e r  than along 
the sur face) .  The inc reased  l a te ra l  v i scos i ty  s t rongly  d e c r e a s e s  the l a t e ra l  veloci ty  pulsat ions and, c o r -  
respondingly,  the turbulent  shea r  s t r e s s ,  but the smal l  longitudinal v i scos i ty  (only sl ightly in excess  of the 
v i scos i ty  of the solvent),  causes  no significant i nc rea se  of the l amina r  f r ic t ion component.  Then, on the 
assumpt ion  that the solution concentra t ion is smal l  and that the conformat ion  of the m a c r o m o l e c u l e s  has a 
s t rongly  elongated shape,  the following re la t ion  can be obtained for  the two- l aye r  model  of turbulent  flow 
[41: 

AU [~1o c 
Uo (Re)n, 2 , (2) 

U 0 is the veloci ty  at the outer  edge of the boundary l aye r  (for flow in a tube, it can be conver ted  to mean  
flow rate) ;  AU is the veloci ty  i nc r ea s e  at the outer  edge of the boundary layer ,  due to the action of the 
po lymer  at  constant  f r ic t ional  s t r e s s  at  the wall.  

Taking account of Eq. (1), we have  in p lace  of Eq. (2) 

- (3) 
(Re)" ,44,~. GO It 

For  po lymer s  of a s ingle homologous s e r i e s ,  the dependence of the Toms  effect  on the weigh ted-mean  
molecu la r  weight can be obtained by using the Mark--Kuhn--Hauwink fo rmula  

K,,_Mr  (4) 
U. (Re)"'-' 

(a for  polyethylene oxide is  equal to 0.78). 

In the model  descr ibed ,  no cons idera t ion  is taken that  a chain mae romoleeu l e ,  which a s s u m e s  the 
shape  of a s ta t i s t i ca l  coil in solution, in a field of va r i ab le  p r e s s u r e s  and veloci t ies  mus t  exper ience  de-  
format ion  with a defined frequency.  A method of calculat ing these  pulsat ions is p roposed  in [7]. 

The  effect  of po l ym er  addit ives on the veloci ty  and p r e s s u r e  pulsat ions in turbulent  flow has  been in- 
ves t iga ted  by var ious  methods [13,14]. We m e a s u r e d  the pulsat ions of f r ic t ional  s t r e s s  at the wall in the 
appara tus  desc r ibed  above,  with coaxial  cyl inders ,  at var ious  concentrat ions of the polyethylene oxide 
po lymer .  

The graz ing  f r ic t ion  s ens o r  was made in the Inst i tute of Hydrodynamics .  It cons is ts  of a rod of 
quar tz  g lass ,  ca r ry ing  on the pol ished end su r face  a sens i t ive  e lement  - -  a f i lm with d imensions  2.5 x 0.2 
m m  and thickness  1 to 2 ~. The m e a s u r e m e n t s  were  c a r r i e d  out with a t h e r m o a n e m o m e t e r  type 5501 (of 
the f i r m  "Disa") ;  the a .c .  component  of the signal was fed to a type 212 ("Bruel  and Kjoer")  spec t r a l  f r e -  
quency ana lyzer  and s imul taneous ly  r eco rded  on a type 2305 p e n - r e c o r d e r .  

F igure  4 shows the dis t r ibut ion functions F(f), r e la ted  to the pass  band of the f i l te r ,  in wa te r  and in 
polyethylene oxide solutions at a l inear  speed of the outer  cyl inder  of 34.5 m / s e c .  F r o m  the graphs ,  it 
follows that  the f r ic t ion  pulsat ions at the wall in solutions with concentra t ions  at  which the T o m s  effect  is 
observed,  a r e  reduced cons iderably  over  the f requency range  f rom 200 to 5000 Hz.  

M w 

C 

NOTATION 

is the weigh ted-mean  molecu la r  weight; 
is the m e a n - s q u a r e  l inear  s ize;  
is the concentrat ion;  
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c h a r a c t e r i s t i c  v i scos i ty  with ze ro  veloci ty  gradient ;  
spec i f ic  v i scos i ty ;  
ve loci ty  gradient ;  
s h e a r  veloci ty;  
coeff icient  of rota t ional  diffusion; 
F lor i  coefficient;  
Kuhn--Hauwink coefficient; 
index, describing the conformation of a macromolecule; 
average velocity; 
increment of average velocity; 
Reynolds number; 
exponent in the hydrodynamic drag law; 
distribution function. 
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