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Resu l t s  a r e  p r e s e n t e d  of an exper imen ta l  inves t iga t ion  of the influence of polyoxyethylene and 
Guar  gum admix tu res  on the magnitude of the Reynolds number  cor responding  to the or ig in  
of vo r t i ce s  in the wake behind t r a n s v e r s e l y  s t r e a m l i ne  s l ende r  cy l inde r s  o f d i f f e r e n t d i a m e t e r s .  

The effect  of p o l y m e r  admix tu res  reducing  the f r i c t ion  d rag  on the vor tex  s t r e e t  in the wake behind a cy-  
l inder  has been s tudied in [1-3]. Substant ial  d is t inc t ions  between the motion of the po l ym e r  solution and New- 
tonian fluid flow have been noted. It was r e p o r t e d  in [1] that vor tex  de tachment  in the flow of a dilute aqueous 
solution of polyoxyethylene around a s l ender  cy l inder  occur s  a t  a h igher  f requency than in a pure  wa te r  flow. 
Disp lacement  of the point  of b o u n d a r y - l a y e r  de tachment  on a cy l inde r  during the flow of carboxymethyl  ce l lu lose  
solutions was noted in [2]. The vor t ex  s t r ee t  in the flow of aqueous polyoxyethytene and Guar gum solut ions 
around s l ender  cy l inde r s  of  d i f fe ren t  d i a m e t e r s  was studied in [3]. I t  has been shown that in con t ras t  to New- 
tonian fluid flow for  which a unique re l a t ion  between the Strouhal number  (the d imens ion les s  vo r t ex  frequency) 
and the Reynolds  number  ex i s t s ,  there  is  no such uniqueness in the flow of po l ym e r  solut ions .  Different  depen-  
dences of the d imens ion l e s s  f requency on the Reynolds number  ex i s t  for  f i l aments  of d i f ferent  d i a m e t e r .  De-  
spi te  the fact  that admix tu re s  of both Guar gum and polyoxyethylene r e su l t  in the reduct ion of the hydrodynamic  
f r ic t ion  drag ,  the i r  effect  on the vor tex  s t r e e t  turns  out to be d is t inc t .  This  i s  a s soc i a t ed  with the dis t inct ion 
in the s t ruc tu re  of the solu t ions  inves t iga ted ,  which has  been noted e a r l i e r  in [4]. 

A complex  t h r e e - d i m e n s i o n a l  f luctuation mesh  of p o l y m e r  molecu les  occupying the whole fluid volume 
o r ig ina t e s  in f r e sh ly  p r e p a r e d  solut ions  of such p o l y m e r s  as  polyoxyethylene.  The p re sence  of the complex 
mesh  r e s u l t s  in spinning of the solu t ions .  Long f i l aments  can be drawn f rom the solut ions.  Such f luids p o s s e s s  
continuous v i s c o e l a s t i c  p r o p e r t i e s .  

Guar  gum solut ions do not p o s s e s s  the p r o p e r t i e s  of spinning even at high concent ra t ions .  There  a r e  
no not iceable  continual v i s c o e l a s t i c  p r o p e r t i e s  in these solutions;  however ,  a reduced f r ic t ion  drag  i s  a lso  ob- 
se rved  in the flow of these solu t ions .  This  common p r o p e r t y  of the polyoxyethylene and Guar  gum solut ions 
i s  r e l a t ed  to the ex is tence  of l a r g e - s c a l e  domains  therein ,  which a re  d is t inguished f rom the sur rounding fluid 
by the i r  v i s c o e l a s t i c  p r o p e r t i e s .  Such domains  (assoc ia tes  of po l ym e r  m a c r o m o l e c u l e s  and solvent  molecu les )  
wil l  behave as nondeformable  p a r t i c l e s  under  h igh-f requency pe r tu rba t i ons ,  which will  r e s u l t  in a reduct ion in 
turbulent  f r ic t ion  in p a r t i c u l a r .  

Polyoxyethylene  solut ions rap id ly  lose  the i r  continual v i scoe la s t i c  p r o p e r t i e s  during degradat ion  in a 
shea r  flow. The continuous mesh which occupies  the whole fluid goes o v e r  into a f luctuation mesh loca l ized  
in the a s s o c i a t e s .  The spinning p r o p e r t y  van ishes ,  but a reduced hydrodynamic  f r i c t ion  is  o b s e r v e d  as  before  
in the turbulent  flow. A fu r the r  degrada t ion  r e s u l t s  in pu lver iza t ion  of the a s s o c i a t e s  and the d i s appea rance  
of the effect  of removing the d rag .  

Favor ing  these r e p r e s e n t a t i o n s  i s  a l a rge  quantity of exper imen ta l  facts  ver i fy ing  both the ex is tence  of 
the a s s o c i a t e s  [4-9] and the na tu re  of the change in s t ruc tu re  of the solut ions under  degrada t ion  [3, 5, 10]. 
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Fig.  1o Dependence of the Reynolds number  cor responding  to the a p p e a r -  
ance of a vo r t ex  s t r e e t  on the wire  d i a m e t e r  d around which flow f r e sh ly  
p r e p a r e d  solut ions of Polyox  WSR-301 polyoxyethylene (a) and Guar gum 
solutions (b) of d i f ferent  concent ra t ions .  Fo r  a) wi re  d i a m e t e r s  of 1, 0.55, 
and 0.25 mm co r r e spond  to curves  1-3,  while for  b) w i re  d i a m e t e r s  of 1, 
0.52, and 0.25 mm co r r e spond  to curves  1-3o 

The influence of d i f ferent  p o l y m e r  admix tu res  on the t ime a vo r t ex  s t r e e t  appea r s  in the wake behind a 
s t r eaml ined  cy l inder  as a function of i t s  d i a m e t e r  and a lso  the s t r u c t u r e  of the p o l y m e r  solut ion and i ts  con- 
cen t ra t ion  a r e  studied in this pape r .  

The expe r imen ta l  appara tus  was a wide tank with two shor t  converging nozzles  on the bot tom. The c r o s s -  
sec t ion of one nozzle  was c i r c u l a r  with a 1 cm d i a m e t e r ,  and the other  was oblong with 2 x 4.5 cm d imens ions .  
Wires  ca l ib ra t ed  along the d i a m e t e r  were  mounted in the exi t  sec t ions  of the nozz les .  W i r e s  up to 0.5 m m  in 
d i a m e t e r  were  mounted in the c i r c u l a r  nozzle .  Wi re s  of g r e a t e r  d i a m e t e r  were  mounted along the long axis  of 
the sect ion of the oblong nozzle .  A wedgelike f i lm senso r  with 55ASl- type  quar tz  coating f rom the company 
DISA was mounted 10 d i a m e t e r s  behind the w i re .  The s e ns o r s  were  mounted so that the edge of the wedge with 
the heated f i lm was in a plane pe rpend i cu l a r  to the wi re .  In such a s e n s o r  mounting al l  the v o r t i c e s  shed f rom 
the wire  would flow over  the sens i t ive  f i lm,  The flow out of the nozzles  was a l te rna t ing .  

The veloci ty  of the flow around the w i r e s  was de t e rmined  in the expe r imen t s  by means  of the d i scha rge  
measu red  by a volume method and by means  of the known n~,zzle sect ion.  The ve loc i ty  was a lso  checked by 
means  of read ings  on a DISA 55AOI t he rmoane m om e t e r .  The appea rance  of v o r t i c e s  in the wake  was de t e rmined  
on the s c r e e n  of an osc i l l o scope  connected to the the rmoanemomete r~  The flow veloc i ty  v was de t e r m ined  at  the 
t ime of the appea rance  of the v o r t i c e s  as was the Reynolds number  Re = vd/v cor responding  to the or ig ina t ion  
of a nons ta t ionary  flow by means  of the known wi re  d i a m e t e r  and the fluid v i scos i ty  which had been de t e rmined  
expe r imen ta l ly .  Exper imen t s  conducted in pu re  wa te r  showed that a Karman s t r e e t  appea r s  at a Reynolds num- 
ber  approx imate ly  equal to 41 for  a Newtonian fluid.  This ag ree s  with the m e a s u r e m e n t s  conducted e a r l i e r  [3]. 

Resul t s  of measu r ing  the values  of the Reynolds number  cor respond ing  to the appearance  of a vo r t ex  
s t r e e t  beMnd w i r e s  of d i f fe ren t  d i a m e t e r s  around which f r e sh ly  p r e p a r e d  solut ions  of Polyox WSR-301 po ly -  
oxyethylene flowed a re  p r e s e n t e d  in F ig .  l a .  P lo t ted  along the v e r t i c a l  axis  i s  the r a t i o  between the m e a s u r e d  
Reynolds number  and the Reynolds  number  co r respond ing  to Newtonian fluid flow, while the solution c o ncen t r a -  
tion i s  p lo t ted  along the hor izon ta l  ax i s .  A total of 10-12 m e a s u r e m e n t s  co r r e spond  to each point  in the graph.  
The dark  points and continuous cu rves  have been  obtained for  the flow of solut ions p r e p a r e d  by mixing dry  
po lymer  powder  with water  d i r e c t l y  in the tank of the appara tus  in a p ropor t ion  co r r e spond ing  to the concen t ra -  
tion being tes ted .  The dashed curves  and l ight points  have been obtained in the flow of solut ions p r e p a r e d  by 
diluting a solution with a 5 • 10 -3 concent ra t ion  to that needed d i rec t ly  before  the tes t .  The t ime of holding the 
concentra ted solution f rom mixing to beginning of the tes t  was 2 h.  

Given in Fig .  l b  a r e  the r e s u l t s  of analogous m e a s u r e m e n t s  with Guar gum solut ions.  The Guar  gum 
solutions were  p r e p a r e d  by mixing the dry p o l y m e r  powder  with wa te r  in a 10 -3 concent ra t ion  and holding for  
3 days* p r i o r  to di lut ion and tes t ing .  

* The d i f ference  between the data on the e i ' i t i ca l  Reynolds  number  p r e s e n t e d  in this  pape r  and in [3] i s  a s s o c i a -  
ted with the d i f ference  in the method of p r e p a r i n g  the Guar gum solut ions ,  as was ve r i f i ed  spec ia l ly  by checking 
tes t s .  The solut ions in [3] were  p r e p a r e d  in the concent ra t ion  needed at  once,  and then held for  s e v e r a l  days.  
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Dependence  of  the r e l a t i v e  R e y n o l d s  n u m b e r  c o r r e s p o n d i n g  
to the a p p e a r a n c e  of  a v o r t e x  s t r e e t ,  d u r i n g  the f low a r o u n d  0 . 5 2 - m m - ( a )  
and 0 . 2 5 - r a m - d i a m e t e r  (b) w i r e s  on the t ime  of d e g r a d a t i o n  of P o l y c x  
WSR-301 p o l y o x e t h y l e n e  so lu t i ons  of  10 -4 (curve  1) and 3 �9 10 -5 (curve  2) 
c o n c e n t r a t i o n s ~  Re 0 = 41,  t in hours~  

As i s  s e e n  f r o m  F i g .  l a ,  b,  the p o l y o x y e t h y l e n e  a d m i x t u r e s  r e s u l t  in d iminu t i on  of the t h r e s h o l d  va lue  of 
the Reyno lds  n u m b e r ,  whi le  d i s s o l u t i o n  of the G u a r  gum c a u s e s  an i n c r e a s e ~  Such a d i s t i n c t i o n  in the b e h a v i o r  
of the p o l y o x y e t h y l e n e  and Gua r  gum s o l u t i o n s  i s  a s s o c i a t e d  with the con t inua l  v i s c o e l a s t i c  p r o p e r t i e s  of the 
f o r m e r  and the e x i s t e n c e  o f  a con t inuous  f l uc tua t i on  m e s h  t h e r e i n .  The v i s c o e l a s t i c  p r o p e r t i e s  of f r e s h l y  p r e -  
p a r e d  p o l y o x y e t h y l e n e  s o l u t i o n s  a r e  qui te  u n s t a b l e  and depend  s u b s t a n t i a l l y  on the c h a r a c t e r  of p r e p a r i n g  the 
so lu t ion .  The d i f f e r e n c e  be tween  the cont inuous  and d a s h e d  c u r v e s  in  F i g .  l a  i n d i c a t e s  this~ 

Since ,  a s  h a s  a l r e a d y  been  noted ,  the  p o l y o x y e t h y l e n e  so lu t ion  l o s e s  the con t inuous  f luc tua t ion  m e s h  as  
d e g r a d a t i o n  a p p e a r s  and goes  into a so lu t ion  conta in ing  a s s o c i a t e s  of  the type of the Gua r  gum so lu t ion ,  then i t  
should  be e x p e c t e d  that  the value  of the t h r e s h o l d  R e y n o l d s  n u m b e r  o b s e r v e d  dur ing  the f low of the p o l y o x y e t h y -  
lene so lu t ion  shou ld  i n c r e a s e  wi th  d e g r a d a t i o n  and should  e x c e e d  the va lue  o b s e r v e d  in the Newtonian  c a s e  at  a 
c e r t a i n  t i m e .  F u r t h e r  d e g r a d a t i o n ,  c a u s i n g  p u l v e r i z a t i o n  of the a s s o c i a t e s ,  should  r e s u l t  in a g r a d u a l  d i m i n u -  
t ion i n t h e  t h r e s h o l d  v a l u e  o f  the Reyno lds  n u m b e r  to the Newtonian  value~ Such a p i c t u r e  i s  a c t u a l l y  o b s e r v e d  
in t e s t s .  

Shown in F ig .  2a ,  b is  the change  in the r e l a t i v e  Reyno lds  n u m b e r  c o r r e s p o n d i n g  to the a p p e a r a n c e  of  a 
K a r m a n  s t r e e t  du r ing  the d e g r a d a t i o n  of  p o l y o x y e t h y l e n e  so lu t ions  with 10 -4 and 3 �9 10 -5 c o n c e n t r a t i o n s .  F i g u r e  
2a c o r r e s p o n d s  to a w i r e  of  0.52 m m  d i a m e t e r  and F i g .  2b, to 0.25 ram.  D e g r a d a t i o n  of  the so lu t ion  was  a c c o m -  
p l i s h e d  by the pump  of  an E Z E  (GDR) t h e r m o s t a t  which  was  p l a c e d  in the tank of the a p p a r a t u s .  The  s o l u t i o n s  
u n d e r  i n v e s t i g a t i o n  w e r e  p r e p a r e d  in  the n e c e s s a r y  c o n c e n t r a t i o n  at  once  and s h e a r  d e g r a d a t i o n  was  s t a r t e d  
(the t h e r m o s t a t  pump was  s w i t c h e d  on) 2 h a f t e r  m i x i n g  in  the c a s e  of  the s o l u t i o n  with the 10 -4 c o n c e n t r a t i o n  
and 1.5 h a f t e r w a r d  fo r  the 3 �9 10 -~ c o n c e n t r a t i o n .  

The connec t ion  b e t w e e n  the p h e n o m e n o n  of  v o r t e x  f o r m a t i o n  behind  the s t r e a m l i n e d  body and the h y d r o -  
dynamic  f r i c t i o n  a t  a rough  s u r f a c e  i s  ev iden t .  G e n e r a t i o n  of t u r b u l e n c e  at  a rough  s u r f a c e  i s  a s s o c i a t e d  with 
v o r t e x  shedding  f r o m  the r o u g h n e s s  p r o j e c t i o n s .  The f low in  the gap be tween  c o a x i a l  c y l i n d e r s  with l a r g e  
r o u g h n e s s  was  i n v e s t i g a t e d  e x p e r i m e n t a l l y  in [10]. I t  was  shown that  f r e s h l y  p r e p a r e d  s o l u t i o n s  of  p o l y o x y -  
e thy lene  m a n i f e s t  a s i g n i f i c a n t  r e d u c t i o n  in  d r a g .  As s h e a r  d e g r a d a t i o n  a p p e a r s  the d r a g  r e d u c t i o n  goes  o v e r  
into a r i s e  and only a f t e r w a r d  does  the in f luence  of the p o l y m e r  g r a d u a l l y  d e g e n e r a t e ~  A r i s e  in the d r a g  in  
a Gua r  gum so lu t ions  was  d e t e r m i n e d  in  the s a m e  s i t ua t i on  th roughout  the test~ R e s u l t s  wi th  a change  in the  
s ign  of  the in f luence  of the p o l y o x y e t h y l e n e  a d m i x t u r e  on the f r i c t i o n  at  a rough  s u r f a c e  d u r i n g  d e g r a d a t i o n  of  
the so lu t ion  a r e  ana logous  to the r e s u l t s  in  th is  p a p e r :  the Reyno lds  n u m b e r  c o r r e s p o n d i n g  to the a p p e a r a n c e  
of v o r t i c e s  in  the wake  beh ind  w i r e s  in a f r e s h l y  p r e p a r e d  so lu t ion  i s  l e s s  but g r o w s  a s  d e g r a d a t i o n  a p p e a r s ,  
and s t a r t i n g  with a c e r t a i n  t i m e ,  e x c e e d s  the c o r r e s p o n d i n g  va lue  of the c r i t i c a l  R e y n o l d s  n u m b e r  fo r  a New- 
tonian f lu id .  
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U S E  O F  L A S E R  D O P P L E R  A N E M O M E T E R  F O R  T H E  

I N V E S T I G A T I O N  O F  T U R B U L E N T  F L O W  O F  P O L Y M E R  

S O L U T I O N S  

N.  A .  P o k r y v a i l o ,  D.  Ao P r o k o p c h u k ,  
a n d  Z .  P .  S h u l ' m a n  

UDC 532.542.4 

The r e su l t s  of m e a s u r e m e n t s  of the mean  veloci ty ,  the intensity of the longitudinal and the 
t r a n s v e r s e  components of the fluctuation veloci ty ,  and Reynolds s t r e s s e s  in the wake of a 
disk with polyoxyethylene solution injected in the aft zone are  p resen ted .  The m e a s u r e m e n t s  
were  made by a l a s e r  anemomete r .  

The drawbacks  of the contact  methods of measu r ing  the averaged  and fluctuation veloci t ies  of fluids, in 
pa r t i cu la r ,  of p o l y m e r  solut ions,  a r e  due to the necess i ty  of introducing the measu r ing  devices  into the flow 
that  gets d is tor ted  thereby.  These  d rawbacks  led to the minia tur izat ion of the measu r ing  e lements ,  on the one 
hand, and to the development  of noncontact  methods of m e a s u r e m e n t ,  on the o ther .  One of the m o s t  p romis ing  
measur ing  devices  is the l a s e r  Doppler a n e m o m e t e r .  

The method of measur ing  turbulent  fluctuations with the use of l a s e r  technology utilizing the Doppler ef-  
fect  has  been well substant ia ted by Goldstein and Hagen [1]~ They demons t ra ted  for the f i r s t  t ime the poss ibi l i ty  
of computing the c h a r a c t e r i s t i c s  of a turbulent  flow using the spec t ra l  ana lys i s  of the Doppler  signal.  The 
broadening of the Doppler signal is cons idered  as a function of the probabi l i ty  density distr ibution of the values  
of the veloci ty  in the flow. This method was fu r the r  developed in [2-6]. 

At p resen t ,  the mos t  widely used l a se r  Doppler s y s t e m s  are  the " in te rsec t ing  r e f e r e n c e  beam" sy s t em 
proposed by Goldstein [7] (one beam is used as the local osc i l la tor ) ,  the "dual scat ter ing"  s y s t e m  developed by 
Brayton [8] (only the sca t t e red  light is detected f r o m  both beams) ,  and the "Doppler  me t e r "  sys t em introduced 
by Rudd [9] (all the forward  propaga t ing  radiat ion,  both sca t t e red  and nonsca t te red ,  is detected).  

The "dual sca t te r ing"  (differential) s y s t e m is used in the p r e sen t  work.  In pr inc ip le ,  all  these sy s t ems  
are  equivalent and the use  of each of these s y s t e m s  is dictated by the specif ic  situation. 

Let us consider  the theoret ica l  bas i s  of the l a s e r  Doppler  technique and the in te rpre ta t ion  of the obtained 
output s ignals .  The radia t ion  sca t t e red  f r o m  the point of in te rsec t ion  of two coherent  beams emit ted  by a single 
l a s e r  source  is  mixed  in a photodetector  to obtain beats  of the Doppler f requency propor t iona l  to the initial flow 
veloci ty  at  this point,  which is given by the following express ion:  

Insti tute of Heat  and Mass T r a n s f e r ,  Academy of Sciences of Be lo russ ian  SSR, Minsk. Trans la ted  f rom 
Inzhenerno-Fiz ichesk i i  Zhurnal,  Vol~ 29, No. 6, pp. 970-976, December ,  1975. Original  a r t i c le  submit ted 
June 19, 1974. 
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