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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  
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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:  
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Only one  v e l o c i t y  componen t  i s  m e a s u r e d  - that  which  l i e s  in  the  p l ane  of the two i n t e r s e c t i n g  b e a m s  and p e r -  
p e n d i c u l a r  to t h e i r  b i s e c t o r .  In o u r  s c h e m e  the Dopp le r  s igna l  i s  a n a l y z e d  by an FA-8 s p e c t r u m  a n a l y z e r .  F o r  
a s u f f i c i e n t l y  l a r g e  a v e r a g i n g  t ime  and s m a l l  width  of the p a s s b a n d  of the s p e c t r u m  a n a l y z e r  the s p e c t r u m  of 
the D o p p l e r  s igna l  m a y  be i d e n t i c a l  to the p r o b a b i l i t y  de ns i t y  d i s t r i b u t i o n  of  the v e l o c i t y  v a l u e s .  The s t a n d a r d  
p r o c e d u r e  of  d e t e r m i n i n g  the v e l o c i t y  and the mean  s q u a r e  va lue  of the f luc tua t ion  can  then be  a pp l i e d  to the 
ob ta ined  s igna l  r e p r e s e n t i n g  the p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  of  the  v e l o c i t y  v a l u e s .  

The s p e c t r u m  of  the D o p p l e r  s i g n a l  u s u a l l y  h a s  a G a u s s i a n  f o r m  and the m e a n  v e l o c i t y  can be found f r o m  
the m a x i m u m  o f  the d i s t r i b u t i o n  c u r v e .  The v e c t o r  of the i n s t a n t a n e o u s  f luc tua t ion  of  the v e l o c i t y  can be e x -  
p r e s s e d  in  the f o r m  W = ~ ' e  x + V ' e  x.  F o r  a t u rbu l en t  f low i t  fo l lows  f r o m  Eq.  (1) that  

A~  = [g/(e~ - -  eO] 2. (2) 

Then ,  if  c~ i s  the a n g l e  b e t w e e n  the p l ane  of the i n t e r s e c t i n g  b e a m s  and the x a x i s ,  Eq.  (2) i s  w r i t t e n  in  the f o r m  

Af~ = 4 ( ~ n ~  2 sin 2 0 [u,---gcos2a_}_ 2 u ' v '  c o s a . s i n a  -I v"-Ysin2a], (3) 
\ ;~~ Y 

Af~ 1 - -  = - -~  [u'-~cos2a + 2 u ' v '  c o s a . s i n a  -~ v'2.sin~cz]. 
f~ "o 

(4) 

Thus i t  fo l lows  f r o m  Eq.  (4) that  in o r d e r  to o b t a i n  the b a s i c  c h a r a c t e r i s t i c s  of  the t u rbu len t  f low i t  i s  
su f f i c i en t  to c a r r y  out  t h r e e  m e a s u r e m e n t s  a t  each  po in t ,  r o t a t i n g  the p l ane  of  the p r o b i n g  b e a m s  by  t h r e e  f ixed  

angle  ce. L e t  Af~)/f~) = cr 2 be the s q u a r e  of  the v a r i a n c e  of the D o p p l e r  s i gna l .  Then fo r  the c a s e s  v a l u e s  o f  

ce = 0, + 45 ~ - 4 5  ~ we have ,  r e s p e c t i v e l y  

o io o 9 
~ = u ' l u  o 2 ,2 ~ ~_ ,2 ~ I 2 , o + 4 5  o = [u '~- 4 v 1 2 u  v ]12Uo,  ~- -4so  = [ u " % [ -  v - -  2 u  v ] , 2 u  o. 

Thus ,  in o r d e r  to f ind the  b a s i c  c h a r a c t e r i s t i c s  of  t u r b u l e n c e  we have  the fo l lowing  e x p r e s s i o n s :  

i 
U , 2  O ' 2  

_ _  __  i f2  h~ 'U'  o 
2 - -  O' ~ = (Y~-45 ~ A-h 0"245~ - -  0 " 2 '  ~ ::= (0"~,~-45~ - -  0"2--'45~ 

u o u o u~ 
(5), (6), (7) 

A h e l i u m - n e o n  l a s e r  LG-36  and the o p t i c a l  s c h e m e  shown in F i g .  1 w e r e  u s e d  f o r  the m e a s u r e m e n t  of 
the m e a n  v e l o c i t i e s  and a l s o  the i n t e n s i t i e s  of  the long i tud ina l  and t r a n s v e r s e  c o m p o n e n t s  of the v e l o c i t y  f l u c -  
tua t ion  and the t u rbu len t  t angen t i a l  s t r e s s e s .  

The l ight  b e a m  f r o m  the m o n o c h r o m a t i c  s o u r c e  of  the h e l i u m - n e o n  l a s e r  1 i s  s p l i t  into two b e a m s  by 
the d i v i d e r  2 and l ens  s y s t e m  3 and i s  f ocused  a t  a g iven  po in t  of the f low. It  should  be noted  that  the d i v i d e r ,  
the m i r r o r ,  and the l e n s  s y s t e m  w e r e  m a d e  in  the f o r m  of  a s ing le  b l o c k  which  cou ld  be  r o t a t e d  about  the ax i s  
of the  l a s e r  b e a m .  Thus  the p l a n e  of  the p r o b i n g  b e a m s  could  be r o t a t e d  by any angle  r e l a t i v e  to the flow in the 
channel .  The  p o s i t i o n  of  the  p o i n t  cou ld  be  changed  in the long i tud ina l  d i r e c t i o n  by moving  the e n t i r e  op t i c a l  
s y s t e m  a long  a r i g i d  gu ide .  The  change  o f  the  p o s i t i o n  of  the po in t  of  m e a s u r e m e n t  in the t r a n s v e r s e  d i r e c t i o n  
was  a c c o m p l i s h e d  by the d i s p l a c e m e n t  of  the h y d r o c h a n n e l .  The l igh t  b e a m  r e f l e c t e d  f r o m  the p a r t i c l e s  i n ' t h e  
flow g e t s  Dopp le r  sh i f t ed  in  f r e q u e n c y  and p a s s e s  th rough  o b j e c t i v e  4,  d i a p h r a g m  5, and f a l l s  on a P M - 8 4  p h o t o -  
m u l t i p l i e r  6. The  vo l t age  t aken  f r o m  P M - 8 4  i s  a m p l i f i e d  by a wideband  V Z - 1 4  a m p l i f i e r  and fed  to the $4-8  
s p e c t r u m  a n a l y z e r .  

The s p e c t r u m  of  the D o p p l e r  s i gna l  a v e r a g e d  o v e r  5 s e c  w a s  r e c o r d e d .  The  s p e c t r a l  h a l f - w i d t h  of the 
D o p p l e r  s igna l  fo r  a g iven  p o s i t i o n  o f  the p l ane  of the p r o b i n g  b e a m s  was  d e t e r m i n e d  f r o m  the s p e c t r u m  and 
then the b a s i c  c h a r a c t e r i s t i c s  of the t u r b u l e n c e  w e r e  c o m p u t e d  f r o m  f o r m u l a s  (5)-(7) .  

The m e a n  and the f luc tua t ion  c h a r a c t e r i s t i c s  of the t u r b u l e n t f l o w  w e r e  i n v e s t i g a t e d  on a c o n t i n u o u s - a c t i o n  
h y d r o d y n a m i c  tube  (F ig .  2). A 4~  e l e c t r i c  m o t o r  s e t s  an  i m p e l l e r  pump into r o t a t i o n  th rough  a c lu t ch  2; 
the pump can e n s u r e  a d i s c h a r g e  up to 2 l i t e r s / s e c  and  a p r e s s u r e  up to 15 a rm.  The  r o t o r  of  the pump 4 h a s  
r i f l i n g  in the f o r m  of  a m u l t i p l e  t h r e a d .  A s i m i l a r  r i f l i n g  but  of  o p p o s i t e  d i r e c t i o n  i s  m a d e  in  the f r a m e  3. The  
flow r a t e  i s  r e g u l a t e d  by the b y p a s s  s e g m e n t  wi th  t h r o t t l e  5. F r o m  the pump the l iquid  goes  into a d i f f u s e r  6 
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f 2 3 ~ ~'  

Fig .  1. Schemat ic  d i a g r a m  of the l a s e r  Doppler  ve loc i ty  
m e t e r .  

with 4 ~ a p e r t u r e  angle  and f rom there  i t  flows into tank 7 with a ve ry  sma l l  ve loc i ty .  A honeycomb 8 and g r id  
9 a r e  ins ta l l ed  at the ent rance  to the opera t ing  channel ,  fol lowed by a conve rge r  10 with wais t ing  degree  6. The 
cooling sy s t em 11 ensu re s  a constant  t e m p e r a t u r e  of the liquid in the tube. The t r a n s v e r s e  c r o s s  sec t ion  of the 
opera t ing  segment  of the channel is  50 • 50 mm and i t s  length is  3 m. The range  of ve loc i t i e s  is  0-1.5 m / s e c  
and Re = 0-75,000. All the sec t ions  of the opera t ing  channel were  made of t r anspa ren t  p l a s t i c .  

The bas ic  c h a r a c t e r i s t i c s  of the turbulent  flow of wa te r  in the channel were  m e a s u r e d  at  Reynolds number  
Re = 7.5" 104 fo r  checking the equipment  and the p r o c e d u r e s .  The length of the en t rance  s e g m e n t w a s  52 gauge. 

The r e s u l t s  of the m e a s u r e m e n t s  as  compared  to those of Comte -Be l lo t  a r e  p r e s e n t e d  in Fig .  3. As ev i -  
dent f rom the f igure ,  the r e s u l t s  obtained with the l a s e r  Doppler  a n e m o m e t e r  a r e  in good ag reemen t  with those 
of v e r y  carefu l  m e a s u r e m e n t s  of Comte-Be l lo t  [10]. The "d i f fe ren t ia l  s y s t e m  ~ of the l a s e r  Doppler  :r 
m e t e r  was used in the m e a s u r e m e n t s .  This geomet ry  of the opt ical  sys t em does not p e r m i t  a c lose  approach  
to the wall  of the channel in ro ta t ing  the p lane  of the probing  r ays  by + 45 ~ and -45~  the re fo re ,  the r e s u l t s  of 
m e a s u r e m e n t s  of the t r a n s v e r s e  component of the f luctuation ve loc i ty  and Reynolds s t r e s s e s  for  y /D k -< 0.4 a r e  
not p r e s e n t e d  in  F ig .  3. 

The flow behind a 1 2 ' m m - d i a m e t e r  d isk  was a lso  inves t iga ted  on the s ame  equipment .  I t  has  b e e n  shown 
e a r l i e r  [11] that on feeding a p o l y m e r  solut ion in the wake behind a disk the veloci ty  defect  i n c r e a s e s .  In the 
p r e sen t  work,  be s ide s  measu r ing  the mean  ve loc i ty ,  the in tens i t i e s  of the longi tudinal  and t r a n s v e r s e  compo-  
nents of the f luctuation ve loc i ty  and a lso  the Reynolds s t r e s s e s  were  m e a s u r e d .  The r e s u l t s  of m e a s u r e m e n t s  
in one of the t r a n s v e r s e  c r o s s  sec t ions  of the wake of the d isk  are  shown in F ig .  4 for  x /d  = 6. 

T, 

I 
Fig .  2. Schemat ic  d i a g r a m  of the hydrodynamic  channel.  
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Fig .  3. The r e s u l t s  of compar i son  of the mean ve loc i ty ,  the 
longi tudinal  and t r a n s v e r s e  components  of the f luctuation velocity,  
and the turbulent  tangential  s t r e s s e s  (1 - Comte -Be l lo t  data; 
2, 3 - o u r  data).  
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Fig.  4. Change of the mean veloci ty  defect  (a), longitudinal (b) 
and t r a n s v e r s e  (c) components  of the f luctuation ve loc i ty  and 
the turbulent  tangential  s t r e s s e s  (d) in the wake of a disk: 1) 
water ;  2) polyox. U, m / s e c ;  y,  mmo 

The effect  of the in jec t ion  of polyethylene  oxide on the bas i c  c h a r a c t e r i s t i c s  of the flow in the wake of 
the disk was inves t iga ted  for  two concent ra t ions  of polyethylene  oxide (PEO) - 0.1 and 0.5%. In o r d e r  to e l i m i -  
nate the d i r e c t  effect of the momentum of the in jec ted  p o l y m e r  solution on the development  of the flow a very  
smal l  amount of p o l y m e r  solution was fed into the aft zone of the disk (q _< 0.5 cm3/sec) .  

We d i scuss  the main r e s u l t s  obta ined with the in ject ion of 0.5% f resh ly  p r e p a r e d  PEO solution. The m e a -  
su remen t s  made in the t r a n s v e r s e  c r o s s  sect ion of the wake at x / D  = 6 show that the mean  veloci ty  defect  in-  
c r e a s e s  sha rp ly  (Fig.  4a). As seen  f rom Fig .  4a, the inject ion of the p o l y m e r  does not produce  any changes in 
the p a r t o f  the ve loc i ty  p ro f i l e  pe r t a in ing  to the channel.  The longitudinal  component  of the f luctuation ve loc i ty  
i n c r e a s e s  (Fig. 4b) and i ts  l a r g e s t  va lue  c o r r e s p o n d s  to the region  of maximum shea r  ve loc i ty .  In the region  
of the channel wal l  the va lues  of [(~')]l/2/~i become p r a c t i c a l l y  constant .  The p o l y m e r  addi t ions  have a s igni -  
f icant  effect  on the d e c r e a s e  of the in tens i ty  of the t r a n s v e r s e  component of the f luctuat ion veloci ty  (Fig. 4c). 
The d e c r e a s e  in  the in tens i ty  of the t r a n s v e r s e  component of the f luctuat ion ve loc i ty  a g r e e s  well with the in-  
c r e a s e  of the veloci ty  defect  in  the wake. During the inject ion of the po l ym e r  the turbulent  tangential  s t r e s s e s  
i n c r e a s e  in the reg ion  of the max imum by 20% (Fig.  4d)~ It should be noted that on inject ing the p o l y m e r  solu-  
tion the r ad ia l  g rad ien t  of the ave raged  ve loc i ty  also i n c r e a s e d  due to the i n c r e a s e d  mean veloci ty  defect .  This 
could cause a ce r t a in  i n c r e a s e  in the turbulent  tangential  s t r e s s e s .  AS r e g a r d s  the la rge  d e c r e a s e  of the inten-  
s i ty  of the t r a n s v e r s e  component of the f luctuation ve loc i ty ,  such mani fes ta t ion  of the act ion of PEO was obse rved  
in condit ions of turbulence nea r  the wall [12, 13]. Thus, a t h r ee -  to fourfold d e c r e a s e  of the in tensi ty  of the 
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t r a n s v e r s e  component  of the fluctuation veloci ty  was noticed in the e~per iments  of E. M. Khabakhpasheva for  
a smal l  dec r ea se  of the intensi ty of the longitudinal component~ 

Similar  e:vperiments were  c a r r i e d  out with the injection of 0~ PEO into the aft zone of the disk. The 
flow ra te  of the p o l y m e r  solution was kept in the same  ranges .  The r e su l t s  of these m e a s u r e m e n t s  a re  in 
ag reemen t  with those d i scussed  above,  although all the enumera ted  effects  a re  less  pronounced~ 

Let us analyze the accu racy  of the r e su l t s  obtained above.  F i r s t  of all,  we note that the e r r o r  of the 
m e a s u r e m e n t s  depends substantial ly on the s igna l - to -no i se  ra t io  of the given measur ing  sys tem~ In our  equip- 
ment  the max imum s igna l - to -no i se  rat io  was at tained exper imenta l ly  by a choice of the optical  p a r a m e t e r s  of 
the s y s t e m  and by the inject ion of the op t imum concentra t ion of sca t te r ing  pa r t i c l e s  into the flOWo Since the 
cha rac t e r i s t i c s  of the turbulent  flow a r e  computed f rom formulas  (5)-(7), in which the quantity to be m e a s u r e d  
is the square  of  the va r i ance  of the Doppler signal 0-~ = Af-~/f~, the main e r r o r  is introduced by the inaccuracy  
in the de terminat ion  of the f requencies  f rom the spec t rum of the Doppler  signal .  Thus,  for  example ,  for  
~ f / u  0 = 0.12 the re la t ive  e r r o r  in the m e a s u r e m e n t  of o -2 is 3% and for  ~ - / u  0 = 0.03 it is 8%. In the m e a -  
su remen t s  of the t r a n s v e r s e  component  of the fluctuation veloci ty the m a x i m u m  sca t t e r  of  the points  does not 
exceed 10-15%. 

NOTATION 

el, e2, unit v e c t o r s  of  the incident light beams;  W, veloci ty vec tor ;  n, r e f r ac t ive  index of the medium; ~0, 
wavelength of the l a s e r  light; fD, Doppler frequency; Af D, spec t ra l  half-width of the Doppler signal; a ,  angle 
between the mean veloci ty  vec to r  and the plane of the probing beams ;  O, angle of in te rsec t ion  of the beams;  u0, 
m a x i m u m  veloci ty  in the x direct ion;  A~D/f~) = 0 -2, square  of the va r i ance  of the Doppler signal .  
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