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The results of an experimental investigation on the separation of a 
non-Newtonian elasticoviscous fluid flow over a circular cylinder 
are reported. A new effect has been detected, namely, an unusually 
pronounced delay in separation due to the addition of polymers to 
the solution. 

Introduetion.  The problem of the flow of non-New- 
tonian fluids has recen t ly  rece ived cons iderable  a t ten-  
tion. This is  because  such fluids a re  complex sys tems  
with more  general  laws of hydrodynamics .  Rheody- 
namic invest igat ions  are of p rac t ica l  impor tance  for 
the chemical  indus t ry  and the crea t ion  of new polymer 
ma te r i a l s .  It should also be noted that the hydrody- 
namics  of modern  high-speed a i rc ra f t ,  should, s t r i c t ly  
speaking, be based  on the re la t ions  for rheological  
sys tems ,  s ince a tmospher ic  a i r  at al t i tudes above 
9 km has shown theological  p roper t i es .  

In mos t  studies of purely  viscous non-Newtonian 
fluids the so-ca l led  power law is used to cha rac te r i ze  
the in te rna l  f r ic t ion  s t r e s s .  The analys is  of such sys-  
tems is  based on Newton's  law of in te rna l  f r ic t ion with 
a cor rec t ion ,  in the form of an empi r i ca l  exponent n ,  
introduced (modified Newton's law): 

tZ--I 
1 . �9 [ l ~ - ~ k .  

Pi~ = - -  Po r q- k -~- s,~. e.~ , (1) 

F r o m  the thermodynamics  of i r r e v e r s i b l e  p roces se s  
we know that Newton's law of viscous flow cor responds  
to the region of validity of the l inear  Onsager  r e l a -  
t ions.  

One of the authors proposed [1] a genera l ized  r e l a -  
tion between the fluxes I i andthe thermodynamic  forces  
X k that i s v a l i d  for fluid sys tems  with different  rheo-  
logical  models : 

I, = L} r> "I s + ~ (LtkX~ + L}~ ) Jik). (2) 
k 

From this re la t ion ,  for example,  it  is  possible  to ob- 
tain the well-known Oldroyd formula  [2], proposed for 
the descr ip t ion  of a v iscoelas t ic  fluid with zero given 
s t r e s s  (L~ r) = - T r '  ~ikT(r)= Xr, I4 = ~): 

d ~  
P,k = ~ , , +  Z, (-3T), k -~r( dp ) ( 3) �9 , - ~ -  J~k" 

Here, Pik and ~ik are  the devia tors  of the s t r e s s  and 
s t r a in  ra te  t ensors ;  % Xr, T r are  constants  of the ma -  
te r ia l :  ~ is  the s teady-s ta te  shear  viscosi ty;  kr  is  the 
delay per iod charac te r i z ing  the ra te  of exponential  
decrease  of shear  on sudden removal  of the shear  
s t r e s s e s ;  ~r is the s t r e s s  re laxat ion period associa ted 
with the ins tan taneous  cessa t ion  of shear  flow. These 
constants  a re  de te rmined  by the viscosi ty  of the con- 

tinuous phase, and the volume concentra t ion  and mod-  
ulus of e las t ic i ty  of the d i spe r se  phase. Rheological 
law (3), which is physical ly  meaningful  only if the  
inequali ty r r > kr  - 0 is  sat isf ied,  includes  as a special  
case the c lass ica l  model of a v iscoelas t ic  Maxwell 
l iquid (kr = 0). 

The essen t ia l  difference between laws (1) and (3) 
is  that in the fo rmer  under  the action of shear  the 
rheological  sys tem displays a single fundamental  prop-  
er ty,  i .  e., i t  r ep re sen t s  a pure ly  viscous fluid with a 
modified Newton's law, while in  the second the prop-  
e r t ies  of a Newtonian fluid and an imperfec t ly  e las t ic  
solid a re  combined (second and tMrd t e r m s  on the 
r ight  side of Eq. (3) which cha rac te r i ze  the ins tan ta -  
neous and delayed elast ici ty) .  * F r o m  the rheological  
standpoint there  are  no fundamental  dis t inct ions  be-  
tween an elas t ic  solid and a fluid; the difference con- 
s is ts  in the values of the s t r e s s  re laxat ion and elast ic  
aftereffect  per iods .  In the f i r s t  case the shear  s t r e s s  
re laxat ion per iod ~'r i s  ex t remely  large ,  while in the 
second it  is negl igibly smal l  on the usual  t ime scale.  

Consti tutive equation (3) is conf i rmed by exper i -  
menta l  data on the flow of s t ruc tu red  sys tems  such 
as emuls ions ,  po lymer  solut ions,  and suspensions  of 
elast ic  par t i c les .  The suspended elas t ic  e lements  
(droplets ,  f lexible macromolecu les ,  etc.) deform under 
the action of shear  s t r e s s e s  and accumulate  elast ic  
s t ra in  energy.  In accordance with [3], in the p resence  
of a s teady-s ta te  shear  flow unequal no rma l  s t r e s s e s  
inevi tably develop in the fluid (3). The nonzero dif- 
fe rences  of the no rma l  s t r e s s e s  along and ac ross  the 
s t r eaml ines  lead to the apperance of a Weissenberg  
effect [4]. 

Thus, Oldroyd 's  law explains,  at leas t  in f i r s t  
approximation,  new physical  effects which cannot be 
predicted on the bas i s  of the c l a s s i ca l  Newtonian con- 
cept of viscosi ty.  Model theological  sys tems  sa t i s fy-  
ing (3) a re  eas i ly  obtained int roducing polymer  addi- 
t ives into a Newtonian liquid. In pa r t i cu la r ,  we used 
as model liquid an aqueous solution of the sodium sal t  
of carboxymethyl  cel lulose (Na-CMC). The elas t ic  
e lements  are  formed by the polymer  macromolecu les  
with additional immobi l iza t ion  of the solution by 
"solvation" sheaths.  The deformat ion of such an e le-  
ment  in  the presence  of a veloci ty gradient  is not in -  

*If the coefficient  of v iscosi ty  is  l a rge  (~/~ r162 we 
obtain Hooke's law of e las t ic i ty  Pik = G eik, s ince -r r = 
= r /G, where G is  the shear  modulus.  For  fur ther  de- 
ta i ls  see [1]. 
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stantaneous s ince the m a c r o m o l e c u l e  r e s i s t s  d i s t o r -  

tion. The t ime  r equ i r ed  to change the m a c r o m o l e c u l e  
configurat ion is  de te rmined  by the re laxa t ion  per iod  
and depends on the d imens ions ,  shape, and f lexibi l i ty  
of the chain~ The mechan ica l  behavior  of such a solu-  
tion should, in pr inc ip le ,  be desc r ibed  by such gene r -  
Mized relations as (2) and (3). 

Kotaka et al. investigated the viscoelastic prop- 
erties of Na-CMC solutions with a "parallel-disk" 
rotary instrument. Figure 1 presents the distribution 
curves  for the r i s e  of the liquid in v e r t i c a l  p i e z o m e t e r s  
mounted along the radius  of the s ta t ionary  disk for a 
1.97% (by weight) solution at 28 ~ C. Even at r e l a t ive ly  
smal l  shea r  r a t e s  on the o r d e r  of 10 sec - I  the v i sco-  
e las t i c  p rope r t i e s  a r e  ve ry  influential .  Fo r  shear  
r a t e s  of 10 ~ sec -1 the v i s coe l a s t i c  s t r e s s  Pv becomes  
higher  than the shear  s t r e s s  Ps" The data of Fig.  2, 
taken f rom [5], show that Pv and Ps i n c r e a s e  m o r e  
rapidly at lower  Na-CMC concent ra t ions .  

E rns t  [6] has r ecen t ly  noted that in turbulent  flows 
of aqueous Na-CMC solut ions in c i r c u l a r  tubes at e = 
= (0.5-3.5)  . 103 sec - I  the v i scoe l a s t i c  p rope r t i e s  a re  
s t rongly  mani fes ted  even at concent ra t ions  of 0.1%. 

We have studied a new effec t  probably assoc ia ted  
with the inf luence of the v i scoe l a s t i c  p r o p e r t i e s  on the 

0 2 4, r 

Fig.  1. Dis t r ibut ion  of the 
liquid r i s e  in verr  p ie-  
z o m e t e r s  (cm) mounted 
along the rad ius  of the s ta -  
t ionary  disk (era) for  a 
1.97% (by weight) solution,  
as a function of shear  r a t e :  
1) 5.52 rpm; 2) 17; 3)33.3; 

4) 48; 5) 84. 

separa t ion  of the boundary l ayer  f rom the sur face  of a 
c i r c u l a r  cy l inder  in a flow. 

His tory  of the p rob lem.  Bluff bodies in the uniform 
flow of a Newtonian fluid at Re > 1 exhibit  separa t ion  
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Fig.  2. Shear  r a t e s  v e r s u s  

s t r e s s  Ps and Pn - P33 
(dyne/era  2) : 1) no rma l  s t r e s s  

2) shea r  s t r e s s .  

of the boundary layer .  Fo r  an infini tely long c i r c u l a r  
cy l inder  Hiemenz [7] ca lcula ted the angular  coord ina te  
of the s ta t ionary  posi t ion at the separa t ion  point:  | = 
= 82 ~ (| is  the cen t ra l  angle reckoned f rom the fo rward  
stagnation point). Hiemenz used the m e a s u r e d  p r e s s u r e  
dis t r ibut ion on the contour of a cy l inder  placed in a uni- 
f o r m  flow of water .  The potent ial  flow veloci ty  der ived  
f r o m t h e  Bernoul l i  equation accounts for the counteref fec t  
of the boundary l ayer  and coincides  c lose ly  with the 
theore t i ca l  law U = 2U~ sin | up to | = 40 ~ In a c c o r d -  
ance with exper iment ,  H i e m e n z ' s  fo rmula  es tab l i shes  
a p r e s s u r e  min imum at a point with | = 70 ~ instead of 
at | = 90 ~ as r equ i r ed  by the c l a s s i c a l  theory  of an 
ideal  fluid. 

Subsequently,  i t  was found that the separa t ion  point 
is conse rva t ive  and does not depend on the Reynolds 
number ,  i. e . ,  on the d i ame te r  of the cyl inder  d, the 
f r e e - s t r e a m  veloc i ty  U~o, and the na ture  of the New- 
tonian fluid [8]. In l a t e r  yea r s  numerous  expe r imen t s  
a lso  found that  the cen t ra l  angle lay approximate ly  be-  
tween 80 and 90 ~ i r r e s p e c t i v e  of the Reynolds number .  
At about the same  t ime  [9] the Eiffe l  effect  was expe r i -  
menta l ly  detected.  This  is the sudden drop in the total  
drag  coef f ic ien t  of bluff bodies by a fac tor  of 3 -5  at 

Reynolds numbers  of the o rde r  of 105L,. The Ei f fe l  effect ,  
which has been care fu l ly  studied on cy l inders  and 
spheres ,  is a phenomenon of a genera l  c h a r a c t e r  and 
may occur  in assoc ia t ion  with separa ted  f lows over  
any sur face .  In the usual explanation,  with a n i n c r e a s e  

Table 1 

Bas ic  C h a r a c t e r i s t i c s  of Flow Sys tem 

C, 
% 

0 �84 
0.5 
1.0 
1,5 

~eff. max  " 1 0  e 

m2/sec  

0,92 
3,98 

13,96 
38.28 

(k/p) l O  s 

m 2 n -2  

0.92 
5.124 

28,057 
95.04 

n U =  = 0 .45 ,  
m/see 

0.96 10663 2465 
0.88 703 
0.83 256 

Reef f  

U ~  = 0 .318 ,  
m/see:- 

7535 
1742 
497 
181 

U ~  = 0 .153 ,  
fi~/sec 

3625 
838 
239 
87 

D "  109,  
m2/sec 

i .01 
1.9 
1,75 
1.44 
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Fig.  3. D iag ram of the e x p e r i m e n t a l  se tup:  1) RD-09 e l e c t r i c  
motor ;  2) pul leys ;  3) t r a v e r s e  mechan i sm;  4) FEU-35 photo-  
mu l t i p l i e r ;  5) l enses ;  6) s l i t ;  7) anode; 8) ca lomel  e l ec t rode ;  
9) cathode;  10) ro ta t ing  chamber ;  11) s t a t iona ry  tank; 12) dc 
source ;  13) vacuum v o l t m e t e r ;  14) m i l l i a m m e t e r ;  15) rheo -  

s ta t ;  16) m i c r o a m m e t e r ;  17) s t ab i l i zed  dc source .  
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Fig .  4. Dis t r ibu t ion  of loca l  diffusion flux at  the su r f ace  of a cy l inder  in a c r o s s  flow as  a function of the 
g e n e r a l i z e d  Reynolds  number -  a) 1) Re = 10550; 2) 9550; 3) 7450; 4) 4470; 5) 3580; C = 0%; b) 1) Re = 
= 2159; 2) 1935; 3) 1505; 4) 885; 5) 703; C = 0.5%; c) 1)Re = 504;2)448;  3)342;4)193;  5) 151; C = 1%; 

d) 1) Re = 172;2)  152; 3) 114;4)  63; 5) 49; C =  1.5%. 
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in the Reynolds number and the degree of free stream 

turbulence the transition line in the separatedlaminar 
boundary layer gradually approaches the separation 

line and, finally, at some instant reaches the wall. In 
view of the intense molar momentum exchange in the 
turbulent boundary layer the retarded masses of fluid 
increase and separation is displaced downstream to a 

new, almost stationary position | = 105~ [I0]. As a 
result of the increased coverage of the cylinder con- 
tour the pressure losses (form drag) in the total drag 
balance are sharply reduced. Prandtl's special ex- 
periments on spheres [ii] and those of Fage [i0] on 

cylinders convincingly confirmed that the sharp fall 
in drag coefficient is associated with the rearward 
displacement of the separation line. By artificially 

creating turbulence on a bluff-body boundary layer it 
was possible to advance drag "crisis" and create flow 
conditions favorable from the standpoint of a reduction 
in hydrodynamic losses. On the other hand, laminariza- 
tion of the boundary layer, which is so favorable for 
reducing friction dragon streamlined shapes, may lead, 
in the case of bodies characterized by flow separation, 
to the opposite result, i. e., to an increase in drag in 
the critical region. 

For a long time a number of investigators studied 
methods of artificial laminarization of the boundary 
layer, primarily mechanical ones (injection, suction, 
concur ren t  motion of the walt, etc.). 

In 1948 Toms [12] and I. T. E l ' p e r i n  [13] indepen- 
dently proposed adding polymers  to water  as a means  
of reducing turbulence  in pipes and channels  of the 
separa t ion less  type. We now have a cons iderable  
amount  of exper imenta l  and theore t ica l  informat ion 
regard ing  the effect of polymer  addit ives on f r ic t ion 
drag. The mos t  fundamental  r e su l t s  havebeen obtained 
in the USSR by G. I. Barenbla t t  et al. [14, 15]. These 
authors have noted the possible  effect of polymer  addi-  
t ives on the separa t ion  posi t ion on c i r c u l a r  cy l inders  

N~ 
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~8 

Fig. 5. Over -a l l  mass  t r ans fe r  proper ty  as a function 
of the pseudoplast ic i ty  p a r a m e t e r :  1) C = 0; 2) 0.1; 3) 

0.25;4) 0.5; 5) 0.75; 6) 1.0; 7) 1.5. 

in a cross flow. The work of this school combines 
effective hydrodynamic methods with a sensitive micro- 

physical approach. 

Exper imenta l  method. So far the effect on the form 
drag of adding polymers  to a low-molecular  liquid has 
not been invest igated.  There  are cer ta in ,  p u r e l y q u a l i -  

Fig.  6. Visual izat ion of the t r a n s v e r s e  flow in an 
e las t ieoviseous  pseudopIastic fluid over a c i r cu la r  
cyl inder :  D C =0%, n=- 1: a) Reef f =  10663; b) 7535; 
c) 3625; II) C =0.5%, n =  0.96: a) Reef f = 2 4 6 5 ;  
b) 1742; c) 838; III) C = 1%, n =  0.88; a) Reef f--  

=703; b) 497; c) 239. 

tat ive,  indicat ions that in the case  of an elongated 
body of revolut ion of the ogival type an advantage is 
to be gained only at ve ry  low polymer  concent ra t ions ,  
an inc rease  in concent ra t ion  being accompanied by a 
sudden r i s e  in the drag [16]. At the same t ime,  the 
f r ic t ion drag of a plate in a longitudinal  flow falls con- 
t inuously with i nc r ea se  in polymer  concentra t ion.  

So far,  only m e a s u r e m e n t s  of the in tegra l  drag 
cha rac te r i s t i c s  by the g rav ime t r i c  method or drag 
calculat ions using the actual p r e s s u r e  d is t r ibut ion  
over the flow contour have been done for cy l inders  
and spheres  in non-Newtonian h igh-molecu la r  so lu-  
t ions.  At the same t ime,  many impor tant  physical  
aspects  have gone unnoticed. In par t i cu la r ,  the effect 
of po lymers  on the separa t ion  point and the boundary 
layer  r eg imes  of bluff bodies has not been explained. 
This quest ion is  fundamental  in the hydrodynamics  of 
viscous fluids.  

We have conducted such exper iments  on cy l inders  
placed in an aqueous solution of sodium-carboxymethyl  
cel lu lose  with very  smal l  concent ra t ions  of e lec t ro-  

Table 2 

P a r a m e t e r s  of Empi r i ca l  F o r m u l a  (5) 

C, % 0 0.1 0,25 0.5 0.75 1.0 1.5 
A 0.33 0.34 0,345 0.43 0,498 0.5 0,534 
m 0.19 0.16 0.15 0.1 0,073 0.06 0.078 
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chemi luminescen t  substances  (ECL). Na-CMC is  a 
polyelectrolyte  with a weakly alkaline react ion.  The 

.?.60 

o 30 60 90 /20 /.~ 9 

Fig. 7. Local mass  t r ans f e r  for a cyl inder  
in a c ross  flow of Newtonian liquid (aqueous 
electrolyte)  according to N. Pokryvai lo ' s  

data: 1) Reef f = 240; 2) 400V 3) '740. 

low-molecular  ECL additives do not affect ser ious ly  
the pH of the solution, nor  did they cause any degrada-  
tion of i ts  mechanica l  p roper t i e s  [5]. 

The idea of the method [17] is  as follows. If two 
s ta t ionary  p la t inum elect rodes  a re  placed in a moving, 
weakly alkal ine e lect rolyte  containing H202 ions and 
laminol ,  a blue luminescence  is  observed at the anode. 
Its in tensi ty  at any point on the catalyt ic  surface of the 
anode is  s t r ic t ly  propor t ional  to the local ionic current .  
At the same t ime,  we obtain a sharp,  highly cont ras ted  
visual izat ion of the mos t  impor tan t  and in te res t ing  de-  
ta i ls  of the hydrodynamics  (separa t ion  length, t r a n s i -  
tion region,  wake) of the flow around the anode without 
introducing additional pe r tu rba t ions  into it. A desc r ip -  
tion of the e lec t rochemica l  sys tem i s  given in [17], 
where the separa t ion  on cyl inders ,  cones, and incl ined 
plates  (angle of at tack 3 and 13 ~ in a c ro s s  flow of a 
Newtonian fluid was invest igated.  There  it  was shown 
that e l ec t roehemi luminescence  is excited in a region 
near  the wall that is much th inner  than the boundary  
layer  (width of the o rder  of severa l  wavelengths of 
light), i. e . ,  p rac t ica l ly  on the anode itself.  The exper i -  
ments  were conducted at a cer ta in  in te re lec t rode  po- 
tent ial  value,  chosen to ensure  the mos t  favorable ex- 
te rna l  c i rcu i t  conditions for v isual  observat ion and 
photoelectr ic  r eg i s t r a t ion  of the effect. Then the s ta -  
t ionary E CL react ion takes place in the diffusion r eg ion .  
The l imi t ing  cu r r en t  reg ime  is charac te r ized  by an 
a lmost  zero concentra t ion of H202 ions diffusing to the 
anode. The convective diffusion process  ceases  to 
depend on the k inet ics  of the e lec t rochemica l  react ion,  
without affecting the hydrodynamics ,  since the t r a n s -  
ve r se  mass  flux densi ty is 10 -7 kg /m 2 �9 sec. 

The exper imenta l  setup (Fig. 3) consis ted of a 
plexiglas vesse l  10 in the form of a c i r cu la r  cyl inder  
(d c = 350 mm,  h c = 150 mm) rotated about a ver t ica l  
axis by the continuous e lec t r ic  dr ive  1. The l inear  
velocity of the fluid re la t ive  to the anode could be r eg -  
ulated in the range f rom 1 to 100 cm/sec.  Anode 7, 
in the form of a pla t inum cyl inder  d = 21.8 mm,  was 
placed in the solution at a dis tance f rom the walls 
calculated to exclude undes i rab le  hydrodynamic i n t e r -  
ference effects and secondary uns imula ted  inf luences.  

Measurements  showed a uniform velocity in the flow 
approaching the cyl inder .  Photomul t ip l ier  4 reg i s t e red  
the in tens i ty  of the luminescence  on each par t  of the 
anode surface.  By means  of t r a v e r s e  a r m  mechan i sm 
3 the ent i re  optical sys tem could be smoothly rotated 
about the axis of the cy l indr ica l  anode so that i ts  
luminescen t  surface  always remained  in the focal plane 
in the course  of a continuous c i rcui t .  The photocurrent  
was measured  with a sensi t ive  m i c r o a m m e t e r .  The 
exper imenta l  data were  checked by in tegrat ing the 
local values  of the photocurrent .  In each exper iment  
this in tegra l  should coincide with the total e lect ronic  
cu r r en t  in the external  c i rcu i t  co r r ec t  to the same 
constant  mul t ip l i e r  de te rmined  by ca l ibra t ion  (appa- 
ra tus  constant).  The potential  between the solution 
and the anode was measu red  with a s tandard sa turated 
KCl-ca lomel  electrode.  

The exper iments  covered the range of Reynolds 
numbers  (0.2-10) �9 10 ~, and U~o was var ied  f rom 15 
to 50 c m/ se c .  The polymer  concentra t ions  were C = 
=0, 0.1, 0.25, 0.5, 0.75, 1, 1.5%. A cer ta in  inc rease  in 
the light absorpt ion of the solution with i nc r ea se  in 
concentra t ion was taken into account. With the same 
apparatus the re la t ion  between the at tenuation of the 
light and the polymer content of the solution was de- 
te rmined.  

By means  of a capi l la ry  v i scometer  we indepen- 
dently recorded the rheological  flow curves  of the 
invest igated solutions in the shear  ra te  range (0 .2-  
5.0) �9 103 sec -1, cor responding to the m a s s  t r ans fe r  
exper iments .  The flow curves  were  descr ibed  by a 
power equation. The rheological  p a r a m e t e r s  of the 
solutions and the values of the diffusion coefficients 
are presen ted  in  Table 1. 

Effect of polymer  additives on the na ture  of the flow. 
Control exper iments  with a Newtonian ECL solution 
were  conducted to de te rmine  the apparatus constant  
and to compare  the data obtained with the c lass ica l  
resu l t s .  The diffusion flux d is t r ibut ions  at the surface 
of the cyl inder  for var ious Reynolds numbers  a re  given 
in Fig. 4. F u r t h e r m o r e ,  the exper imental  data was 
compared with the well-known empi r ica l  formula  of 
McAdams [18], which is widely used in calculating the 
total heat and mass  t r ans f e r  of cy l inders  in a c ross  
flow: 

Num = (0.35+0.56 Re ~ Prm ~ (4) 

The agreement  (Fig. 5) proved to be good (within 
1-2%). 

The separa t ion  point for all  Reynolds numbers  was 
stable in the range 80 ~ | -< 90". The same resu l t  
was obtained visual ly  (photos in Fig.  6). The curves  
in Fig.  4 are  for solutions with Na-CMC addit ives.  A 
new resu l t  was obtained-- the separa t ion  l ine is d is -  
placed very  sharply  downst ream a lmost  to the r e a r  
s tagnation point. Thus,  for a 1% additive concen t ra -  
tion the posi t ion of the separa t ion  l ine,  de te rmined  
v i s u a l l y  (Fig. 6) and f rom the dis t r ibut ion of local j -  
fluxes (Fig. 4), l ies  on the genera tor  with | = 155~ 
As the e las t icoviscous  and pseudoplast ic  p roper t ies  
of the solution are  re inforced,  the local  diffusion flux 
curves  gradual ly  fal l ,  becoming inc reas ing ly  f lat ter .  
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The parabol ic i ty  of the j =f(@) curves  on the forward 
surface,  f ami l i a r  in connect ion with Newtonian fluids,  
p rogres s ive ly  degenera tes  into an a lmost  l inear  de-  
pendence.  Consequently,  the cy l indr ica l  ECL- reac t ion  
surface  gradual ly  becomes  more  and more  equally 
access ib le  for ion diffusion. There  is a radica l  r ed i s -  
t r ibut ion of the ro les  of the var ious  factors  control l ing 
the diffusion p rocess  in the boundary layer .  As a r e -  
sult,  the dependence of Nu m on Re gradual ly  weakens 
(Table 2). The following express ion  is an acceptable 
cor re la t ion  of the exper imenta l  data as a whole: 

Num/Pe~ = A Re m. (5) 

The observed effect cannot be a t t r ibuted to an in-  
c rease  in Vef f with i n c r e a s e  in polymer  concentra t ion  
and a cor responding  reduct ion of Reef f. Exper iments  
with a Newtonian solution were  conducted in the range 
Reeff = 200-1000. In this case the separa t ion  point did 
not go beyond the azimuth 110 ~ . S imi la r  resu l t s  were  
obtained by N. Pokryvai lo [19], who conducted his 
exper iments  by another method and with other New- 
tonian solutions (Fig. 7), and by G r a s s m a n  [20], and 
others ,  using smooth and rough cyl inders .  

It is not yet  possible  to give a r igorous  explanation 
of the new fact repor ted  above. However, a possible  
explanation may be based on the mechan i sms  of v i s -  
coelast ic  behavior  of non-Newtonian solut ions.  

In the p resepara t ion  region,  where  the shear  ra tes  
are low, the mechan i sm of pseudoplast ic i ty  should 
manifes t  more  weakly than the v iscoelas t ic  one. Here,  
the e las t ic  energy accumulated in the preceding sec-  
t ions of the layer  is gradual ly  l ibera ted  and leads to 
a redistribution of momentum in the flow. Owing to 

this "additional" elastic aftereffect momentum the 
fluid particles may move further downstream against 
the positive longitudinal pressure drop. An important 
part in the prolongation of the boundary layer may be 
played by the increased (as compared with the lateral 
and transverse) Weissenberg stress along the stream- 
lines. Then the layer, as it were, presses itself 
against the cylindrical surface. Finally, it is possible 
to introduce Oldrody's boundary effect hypothesis [21], 
based on the concept of effective adhesion. 

Thus, an analysis of the experimental data obtained 

reveals the following: 
I) A new effect has been observed, namely, amarked 

delay in separation of the boundary layer on the cylinder 
and displacement of the separation line far beyond the 
midsection at relatively low polymer concentrations 

in the Newtonian solution. 
2) The position of the separation line of the laminar 

boundary layer of a pseudoplastic viscoelastic fluid 
depends on the free-stream velocity and is shifted 
downstream somewhat as the velocity falls. 

3) With increase in polymer concentration there is 
a marked change in the intensity and character of the 
eddy motions near the surface of the cylinder beyond 
the separation line. Powerful smoothing, first of the 
small-scale, then of the large-scale eddy structure is 
observed and the flow becomes less endless disturbed. 

4) The laws of convective mass transfer have been 
quantitatively investigated on bluff bodies in a non- 
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Newtonian elastic |  and pseudoplast ic  fluidflow. 
The effect of polymer  addit ives on the diffusion mass  
t r ans fe r  has been studied. 

We are grateful  to the Direc tor  of the Thermoaerody-  
namics  Labora to r ies ,  Corresponding Member  of the 
Academy of Sciences Belorussian SSR B. M. Smol'skii 
for helping to organize this research. 

NOTATION 

P0 is the is| p r e s su re  component;  p is the 
density;  ~?eff = k /emr }rm/21 (n-l) /2 is the effective v i s -  
cos ity in the modified Newton's law (1); e 0 is the shear  
s t ra in ;  ~ is the shear  ra te ;  k is the cons is tency  coefficient 
in (1); 14 and Lik are  the phenomenological  coefficients 
in (2); n is the non-Newtonian behavior  exponent in 
(1); 5ik is the "unit" tensor ,  Kronecker  delta;  U(| is 
the local value of velocity at the outer  edge of the 
boundary layer ;  d c and h c are the d iamete r  and height 
of rota t ing cyl indr ica l  vessel ;  d is the d iameter  of 
cyl indr ical  anode; C is the concentra t ion  of polymer  
solution in bulk phase ; j(| is the local value of dif- 
fusion flux; D is the molecu la r  diffusion coefficient;  
Reef f = Uood/vef f is the effective Reynolds number ;  
Re = U~ -n  d n / k / p  is the genera l ized  Reynolds number ;  
Pr  m = ~eff/D is the Prandt l  number ;  N-u m = ~ / c ~ D  
is the (mass  t ransfer )  Nussel t  number  averaged over 
the surface;  Pemd = Uood/D is the (mass  t ransfer)  
Peclet  number .  
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