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The influence of the s t ructura l  charac te r i s t i c s  of dilute po lymer  solutions on the Toms effect 
has been investigated with reference  to the example of aqueous solutions of polyoxyethylene, 
containing inorganic sal ts ,  and polyvinyl alcohol, charac ter ized  by the existence of a supe r -  
molecu la r  o rder .  

The drag reduct ion obtainable by adding small  amounts of po lymer  to a turbulent flow (known as the Toms 
effect) is a wel l -es tabl ished fact.  However, the phenomenon still lacks a full explanation [1]. This is par t ly  
due to a fai lure to make effective use of the principles of the physical  chemis t ry  of po lymer  solutions, despite 
the fact  that the effect in question must  be associated with the nature of the po lymer ic  state of the additives 
and the s t ruc tura l  cha rac te r i s t i c s  of their  solutions. 

It is known that dilute aqueous solutions of polyoxyethylene (POE) a re  charac te r ized  by the y resence  of 
s t ruc tures  associa ted with the hydration of the oxygen atoms of the po lymer ' s  ether groups [2]. ~he light- 
diffusion technique has revealed the existence of a strong, highly oriented network of POE and water  mole -  
cules [3]. A detailed study of aqueous polyvinyl alcohol (PVA) solutions [4] has shown that dilute PVA solu- 
tions a re  also charac te r i zed  by a supermolecu la r  order .  By means  of special  heat t rea tment  of the PVA solu- 
tions the authors of [4, 5] achieved a substantial increase  in the number  of supermolecular  par t ic les .  

In o rde r  to investigate the influence of the s t ructura l  cha rac te r i s t i c s  of dilute POE and PVA solutions on 
the Toms effect, we ca r r i ed  out experiments  under conditions that led to the existence of various s t ruc tures .  
Thus, the s t ruc ture  of the aqueous POE and PVA solutions was varied by introducing low-molecular-weight  
e lect rolytes  or  by special  heat t rea tment .  

E x p e r i m e n t a l  

We used commerc ia l  samples of POE and PVA with molecu la r  weights M = 106 and 7 �9 104, respectively.  
The POE solutions were prepared  by direct ly  dissolving weighed amounts of the sample in water  and in aqueous 
solutions of the e lectrolytes  IV[gSO o K2CO3, K2SO4, KOH, KJ, which have cations and anions of different sizes 
and charge.  The PVA solutions were  p repared  in two ways. In method 1 a weighed amount of po lymer  was 
covered with a cer ta in  quantity of water  and left to  swell for  24 h at room tempera ture .  Then the sys tem was 
heated for  an hour at 80~ so that the po lymer  completely dissolved. In method 2 a weighed amount of poly-  
m e r  was placed in a s ta in less -s tee l  autoclave, covered with a cer ta in  quantity of water  and left to swell for  
24 h. The autoclave was placed in a g lycer in  bath, heated for  5 h at a constant t empera ture  of 130~ and then 
cooled to room tempera ture .  The solutions subjected to heat t rea tment  in the autoclave had a concentrat ion of 
0.5%. Solutions of lower  concentrat ions were  obtained by diluting them. The M values were  estimated by 
v iscometry  using the formulas  given in [2, 4]. The intrinsic viscosi t ies  ~? of the solutions were  measured  with 
an Ubbelohdeviscos imeterwi tha  70-sec flow time. The drag reduction experiments were per formed on an ap- 
paratus  with two coaxial cyl inders ,  s imi la r  to that described in [6], at Re = 2.7" l0 S. When the outside cyl inder  
is made to rotate at a speed that ensures  a turbulent-flow regime,  the inside cyl inder  experiences a torque 
which is measured  during the experiment.  The drag reduction was calculated f rom the express ion 

DR = P0-- P .100%, 
P 

where P0 a re  the instrument  readings for  water  and P those for  the solution. We measured  the drag reduction 
for  POE and PVA solutions on the concentrat ion interval f rom 0.005 to 0.5%. In the turbulence regime era- 
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Fig. 1. Effect of K2CO 3 concentrat ion on ~? (a) and drag reduc-  
tion (DR) (b) for  POE solutions: 1) KJ; 2) KOH; 3) K2SO4; 4) 
K2CO 3. c, mo le / l i t e r .  
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Fig. 2. Tpr  as a function of salt  concentrat ion for  POE 
solutions: 1) 0.1% POE +MgSO4, 2) 0.05~0 POE +K2CO3, 3) 
0.1% POE +K2CO 3. Tpr,  ~ Cs, mole / l i t e r .  

ployed~ no drag reduction was recorded  for  PVA solutions prepared  in accordance  with method 1. For  POE 
solutions we obtained an extremal  dependence of the drag reduction on solution concentrat ion.  In the exper i -  
ments with added salts we used a POE solution having a concentrat ion of 0.2%, which corresponded to a drag 
reduction effect of 60%. 

R e s u l t s  a n d  D i s c u s s i o n  

By introducing low-molecular-weight  e lect rolytes  into the aqueous POE solutions we substantially mod-  
ified thei r  s t ruc ture .  It is known [2] that adding e lec t ro lytes  to aqueous POE solutions reduces the effective 
concentra t ion of water  part icipating in the format ion of hydrogen bonds with the oxygen atoms of the ether  
groups of the POE chains and that the s t ructura l  network is  destroyed.  In this connection, the ability of a 
sal t  to dest roy the s t ruc tura l  network grows as the size of the anion decreases  and its charge  increases  [2], 
which is reflected in the hydrodynamic behavior  of the macromolecules  under laminar  conditions [2]. The 
data of Fig. 1 shows that the interaction of the macromolecu les  with a turbulent flow is also affected. Clear ly ,  
the drag reduction dec reases  with increase  in electrolyte concentrat ion and depends on the charge and size of 
the anion. In o rde r  to find the salt  concentrat ions capable of influencing the Toms effect, we constructed the 
phase d iagrams of POE solutions containing various sal ts .  The resul ts  for two salts a re  presented in Fig. 2 
in the form of the dependence of the precipi ta t ion t empera tu re  Tpr on salt  concentration. Figure 3 shows how 
the Toms effect depends on the Tpr  of the POE at different salt  concentrat ions.  Clearly,  there is a definite 
relationship between these quantities associa ted with changes in the conditions of precipi tat ion of the po lymer  
f rom solution. This explains the contradic tory  data of a number of authors with regard  to the resul t  of adding 
salts to POE solutions. The lack of influence on the Toms effect repor ted in [1] is attributable to the accidental  
choice of a salt  concentrat ion insufficient to reduce Tpr.  In other  cases  [1] the observed precipi tat ion of the 
po lymer  under turbulent conditions can be ascr ibed  to disturbance of phase equilibrium in the POE--HzO sys -  
tem as a resul t  of the addition of excessive amounts of salt.  

The drag reduction data obtained demonst ra te  the need to study the Toms effect with reference  to the 
concept of the existence, o r  formation under the influence of powerful shearing forces ,  of mac romolecu la r  
s t ructura l  formations capable of suppressing turbulence.  This approach was previously adopted by Kalashnikov 
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Fig. 3. Drag reduct ion as  a function of T p r  fo r  POE solutions (c = 
0.05%) +K2CO 3. DR, %; Tpr ,  ~ 

Fig. 4. Concent ra t ion  dependence of d rag  reduct ion fo r  PVA solu-  
tions hea t - t r ea t ed  a t  130~ DR, %: c, wt. %. 

et al . ,  [7] in connect ion with aqueous solutions of sodium carboxymethylce l lu lose  (CMC). These  authors  a t -  
t r ibuted  the drag  reduct ion obtained with smal l  amounts  of CMC to the p r e s e n c e  in the solutions of a ce r t a in  
s u p e r m o l e c u l a r  o r de r .  Of p a r t i c u l a r  i n t e re s t  a r e  the studies made by the authors  of [8]  who observed  a height- 
ening of the s u p e r m o l e c u l a r  o rde r  in PVA solutions under  turbulent  conditions. These  data point to the p o s -  
sibil i ty of dynamic s t ruc tu re  format ion .  The fo rmat ion  of c rys ta l l ine  s t ruc tu r e s  built  f r o m  s t ra ightened chains 
in a solution deformed by turbulence  was a lso  observed  in [9]. The authors  of [9] a s sumed  that t:~is was a t -  
t r ibutable  to uncoiling of the m a c r o m o l e e u l e s  under  the influence of the hydrodynamic fo rces .  I ~ h i s  connec-  
tion, the role  of the sa l t s  we introduced into the POE solutions was evidently to c r ea t e  conditions that p reven ted  
the fo rma t ion  of c e r t a i n  s t r u c t u r e s  capable  of suppress ing  turbulence .  It  is c l e a r  f r o m  Fig. 2 that when sa l t s  
a r e  introduced the m a c r o m o l e c u l e s  a r e  in a m o r e  highly coiled conformat ion.  This  r esu l t s  in f ewer  of the 
contacts  between m a c r o m o l e c u l e s  needed for  dynamic s t ruc tu re  format ion,  and as the sa l t  concentra t ion  in- 
c r e a s e s  the d rag  reduct ion decl ines  (Fig. 1). 

It is noteworthy that  in our  exper imen t s  the PVA solutions that we re  not hea t - t r ea t ed  a t  130~ did not 
give a drag reduct ion effect .  This  was evidently the resu l t  of inadequate s t ruc tu re  format ion.  The additional 
s t ruc tu re  fo rma t ion  produced by heat  t r e a t m e n t  favors  the development  of m a c r o m o l e c u l a r  format ions  capable  
of suppress ing  turbulence.  This  is re f lec ted  in Fig. 4, where  we have plotted the exper imenta l  points f r o m  
th ree  independent s e r i e s  of m e a s u r e m e n t s .  Clear ly ,  the concentra t ion dependence is an ex t r ema l  one, in con-  
fortui ty with prev ious  observa t ions  [1]. The c h a r a c t e r i s t i c s  of the supe rmolecu l a r  pa r t i c l e s  fo rmed  a r e  de-  
sc r ibed  in detail  in [4]. 

Thus Our r e su l t s  show that  the s t ruc tu ra l  c h a r a c t e r i s t i c s  of p o l y m e r  solutions play a definite pa r t  in the 
T o m s  effect .  However ,  we cons ider  that  this  approach  to the study of the Toms  effect  r equ i r e s  the support  of 
fu r the r  r e s e a r c h .  In pa r t i cu l a r ,  it would be in teres t ing to invest igate  the re la t ionship between the length, s t r u c -  
tu re ,  conformat ion,  and o ther  c h a r a c t e r i s t i c s  of the m a c r o m o l e c u l e  chain and the p r o p e r t i e s  of the s u p e r m o -  
l ecu l a r  s t ruc tu re  of dilute p o l y m e r  solut ions.  

N O T A T I O N  

77, in t r ins ic  viscosi ty;  c s,  sa l t  concentrat ion;  DR, d rag  reduction; T, t e m p e r a t u r e ,  ~ f, a function; T0, 
solvent v iscosi ty;  ~r ,  specif ic  v i scos i ty  of solution; Re, Reynolds number;  T, shea r  s t r e s s ;  t r ,  re laxat ion  t ime .  
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Numerica l  ana l y s i s  ~s used to study the effect  of sur fac tan ts  on the p a r a m e t e r s  of gas -bubble  
mot ion  c lose  to a solid wall under  the influence of abrupt  p r e s s u r e  change at infinity. 

The study of gas -bubb le  mot ion c lose  to a solid wall  in liquids containing dissolved surfac tanf  is of g r ea t  
in te res t  for  the design of chemica l - eng inee r ing  appara tus  for  a number  of impor tant  l iqu id-ex t rac t ion  p r o -  
c e s s e s  and a lso  in connect ion with the product ion technology fo r  var ious  solvents .  

The p r e s e n t  work  gives the resu l t s  of a numer ica l  invest igat ion of gas -bubble  mot ion c lose  to a solid 
wall  in an incompress ib l e  liquid containing surfac tant ,  under  the influence of an abrupt  p r e s s u r e  change at 
infinity. 

Cons ider  a bubble of radius  R si tuated a dis tance x f r o m  the wall; the bubble pu lsa tes  and moves  toward 
the wall  with veloci ty ~. This  bubble mot ion  may  be descr ibed  by Lagrange  equations [1] 

d OT OT = F~, d OT OT = F~, (1) 
dt Ox, Ox dt OR OR 

where  T is the kinetic energy  of the liquids, calculated f rom the potential  and its de r iva t ives  at  the boundary 
su r faces  by the fo rmula  

T - -  P ~'~" Oqo dS. 
2 . ,o  ~ on 

S 

The veloci ty- f ie ld  potential  ~0 sa t i s f ies  the Laplace equation with the following boundary conditions 

0q) r=R= /~ - -  X COS 0, 0(D 0 at the wall, (grad r = 0. (2) 
On On 

Using the method outlinect in [2-4] to find the function ~0 sat isfying the boundary conditions in Eq. (2), the liquid 
kinetic energy  for  the bubble c lose  to the solid wall  is given, re ta ining t e r m s  of o rder  up to e3 by the expres s ion  

r = 2upR a [(1/3 - -  1/8 8 3) X z -~ (2 ~- e) t)2 __ l/2e2~R]. (3) 

The s y s t e m  in Eq. (1) may be used in the case  when the ve loc i ty  field of the rea l  liquid deviates  sl ightly 
f rom the cor responding  velocity field of an ideal liquid. It was shown in [5] that this condition is sa t i s f ied  fo r  
a liquid with Re>>l. As s um e  that the sur fac tan t  does not have a g rea t  effect  on the hydrodynamics  c lose  to the 
bubble sur face ;  then, a cco rd ing  to [6], the genera l ized  force  F x is given by the express ion  

f~ = 12z~ R x - -  i. 15~.R*T1RF o. (4) 

When the sur fac tan t  concentra t ion  is smal l  and adsorp t ion  is f a r  f rom sa tura t ion  [7] 

k - g - /  (5) 
Substituting Eq. (5) into Eq. (4) gives 

F~:= 12np, Rx- -  I.15R*T1F2 C~ ( ! ~ - ?  ~/~-. (6) 
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