
E F F E C T  OF P O L Y M E R  A D D I T I V E S  ON W A L L  T U R B U L E N C E  

E .  M.  G r e s h i l o v  a n d  N L S h i r o k o v a  UDC 532.517.4 

The average and fluctuation velocities associated with turbulent flow of a weak polyox solu- 
tion in smooth and rough ducts have been investigated experimentally. The suppression of 
wad pressure fluctuations is discussed on the basis of the data obtained on the influence of 
polymer additives on the shear and transverse velocity fluctuations. 

The influence of high-molecular polymer additives on the structure of a turbulent flow is important 
not only with regard to discerning the factors responsible for the reduction of the drag and heat-transfer 
coefficients, but also for explaining the diminution of wall pressure fluctuations and of the acoustical and 
hydrodynamical phenomena associated with them. It has been shown [1, 2] that polymer additives of the 
polyethylene oxide (polyox) type, which lower the frictional drag by 50 to 70%, also effectively suppress 
wallpressure fluctuations; remarkably, at high frequencies for a solution concentration of about 5 �9 10 -5 to 
10 -4 the pressure fluctuations are diminished by 1/40 for motion along rough boundaries, by contrast with 
low frequencies, for which the pressure fluctuation reduction ts inconsequential. It would be interesting 
to determine the possible nature of the action of polymer additives on wall pressure fluctuations on the 
basis of data pertaining to the influence of polymers on the kinematic characteristics of the flow. 

The published data on the Mnematic characteristics of flows of high-molecular solutions are some- 
what conflicting. It is difficult to compare the results of these studies because of the dissimilar experi- 
mental conditions and the different polymers used. In fact, even for the same polymer under similar flow 
conditions the authors T conclusions regarding the transformation of the average-velocity profile are in 
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Fig. 1. Average-velocity profiles. a) In a smooth duct, dimen- 
sionless  coordinates:  1) water ,  Re = 104; 2) polyox solution, Re 
= 104; 3) water ,  Re = 2 . 2 -  104; 4 )p o ly m er  solution, R e = 2 . 2 . 1 0 4 :  
b) In smooth and rough ducts,  d imensionless  coordinates ,  Re =104: 
1) smooth duct, water ,  V 0 = 122 c m / s e c ;  2) smooth duct, polyox 
solution, V 0 = 129 c m / s e c ;  3) rough-wall  duct, water ,  V 0 = 124 
c m / s e c ;  4) rough-wall  duct, po lymer  solution, V 0 = 138 c m / s e c .  
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F ig .  2. R m s  t r a n s v e r s e  veloci ty  f luctuation ( c m / s e c )  
v e r s u s  d imens ion less  coord ina te  for  Re = 104, 1) Smooth 
duct,  water ;  2) smooth duet,  polyox solution; 3) rough 
duct,  wa te r ,  kV*/~ = 21; 4) rough duct, p o l y m e r  solution, 
kV* /v  = 12. 

d i a m e t r i c  contradic t ion [3-6]. Inasmuch as  the  m e a s u r e m e n t  of flow fluctuation c h a r a c t e r i s t i c s  pose s  a 
m o r e  difficult expe r imen ta l  p rob l em  than the m e a s u r e m e n t  of the a v e r a g e  va r i ab l e s ,  only e x t r e m e l y  l imited 
data a r e  ava i lab le  on the influence of p o l y m e r s  on the fluctuation components  of the veloci ty  with al lowance 
fo r  wall  roughness .  

We have inves t iga ted  the  spec ia l  c h a r a c t e r i s t i c s  of a turbulent  flow of a polyox solution in a-duct .  
F o r  the inves t igat ion we used  the method of s t roboscopic  flow visua l iza t ion .  Aluminum pa r t i c l e s  were  
used  for  v i sua l iza t ion .  The expe r imen t  was ca r r i ed  out in an open-loop sys t em,  whose t e s t  section was 
a r ec t angu la r  duct with a c r o s s  sect ion of 1 x I cm 2 and a length of 50 c m .  A kni fe-edge  light beam was  
used  to i l luminate  the thin l a y e r  of wa te r  in the middle  of the duct at  a d is tance of 40 d i a m e t e r s  f r o m  i t s  
en t rance .  The light b e a m  was in te r rupted  by a mechan ica l  shu t te r ,  whose f requency  was m e a s u r e d  with 
an e lec t ron ic  s t robe  l ight .  

A l a rge  num ber  of mot ion p ic ture  f r a m e s  were  p r o c e s s e d  to  obtain a set  of va lues  of the instantaneous 
ve loc i t i e s ,  which was then used to calcula te  the a v e r a g e  ve loc i t i es  for  the 26 s t r i p s  in towhichthe  half-height  
of the duct was  par t i t ioned .  The r m s  va lues  of the f luctuat ions of the longitudinal and t r a n s v e r s e  veloci ty  
components  were  a l so  ca lcula ted .  These  c h a r a c t e r i s t i c s  of the flow were  de te rmined  for  flows of wa te r  
and the p o l y m e r  solution with ve loc i t i es  of 100 and 220 c m / s e c  in ducts with smooth and rough wal l s .  The 
concent ra t ion  of the p o l y m e r  solution was 10 -4 , and the m o s t  p robable  grid s ize  of the rough wall  was 
2 .5  �9 10 -2 c m .  Our inves t iga t ions  of the k inemat ic  flow c h a r a c t e r i s t i c s  in the rough duct were  r e f e r r e d  to  
the t r a n s i e n t  roughness  r e g i m e  for  the pure  wa te r  flow, whe reas  the  flow conditions for  the p o l y m e r  so lu -  
t ion were  c lose  to the r e g i m e  of a hydraul ica l ly  smooth wal l .  

Decomposi t ion  of the  solutions did not take  p lace  in the cour se  of the t e s t s .  In the case  of motion 
along smooth wal ls  the p o l y m e r  addi t ives  lowered the f r ic t ional  d rag  by 50%, and with roughness  p r e sen t  
they  lowered it by 600/c; s i m i l a r  r e s u l t s  have been obtained in [7, 8]. 

F igu re  l a  shows how the a v e r a g e - v e l o c i t y  p rof i le  in a smooth duct is t r a n s f o r m e d  with the in t roduc-  
t ion of p o l y m e r  addi t ives .  The exper imenta l  p ro f i l e  fo r  pure  wa te r  is  highly consis tent  with the un ive r sa l  
p rof i le  r e p r e s e n t e d  by the solid cu rve .  The prof i le  for  the p o l y m e r  solution d i f fers  sigu[ftcantly;  the wall 
zone is  g r ea t ly  expanded, the veloci ty  at the boundary  of the turbulent  core  is  g r e a t e r ,  and the points of the 
l oga r i t hmic  prof i le  a r e  h igher  than for  wa t e r .  The upper  boundary of the buffer  zone is  shifted f r o m  yV* 
/ v  = 30 to 100 and 150, r e spec t ive ly ,  fo r  flow ve loc i t ies  of 100 and 220 c m / s e c .  

F o r  the fu r the r  ana lys i s  of the influence of p o l y m e r  addi t ives  on the p r e s s u r e  f luctuation spec t ru m 
it is  p rac t i ca l  to par t i t ion  the height of the duct condit ionally into t h r ee  reg ions ,  in which it is  requi red  to 
e s t ima t e  the  va r ia t ion  of the shear  with the addition of p o l y m e r  to the solution.  It  i s  apparen t  in Fig.  lb  
that  in the f i r s t  region extending f r o m  the duct wall  to 2y/I-I = 0.1 the veloci ty  gradient  d e c r e a s e s  by about 
50% with the addition of p o l y m e r .  In the  region 0.1 < 2y/I-I < 0.4 the veloci ty  gradient  is  g r e a t e r  in the po ly -  
m e r  solution flow than in the wa te r  flow. In the third reg ion ,which  adjoins the duct axis ,  the flow prof i le  
fo r  the po lymer  solution is  f l a t t e r  than for  the wa te r  flow. Even though the magnitude of the ve loc i ty  
gradient  in th is  reg ion  is  difficult to  de t e rmine  because  of I ts  s m a l l n e s s ,  the tendency toward a reduct ion 
of shea r  with the addition of p o l y m e r  is  obvious .  F igure  lb  a l so  gives  the dis t r ibut ion of the a v e r a g e  
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veloci ty  over  the duct c ross  section for  a rough wall~ The p re sence  of roughness in the case  of water  
c a u s e s  the prof i le  to  become shallower and the veloci ty  gradient  nea r  the wall to dec rease  [9]. The addition 
of po lymer  induces the same changes in the veloci ty distr ibution n ea r  a rough wall as  in the smooth-wall  
case;  the veloci ty gradient  dec r ea se s  at the wall and in the flow core ,  but inc reases  in the in termedia te  
reg ion .  

Oar exper imenta l  p rocedure  enabled us  to  m easu re  the fluctuation components of the veloci ty .  We 
feni~ that  the longitudinal fluctuations a r e  only slightly reduced in a smooth duct by po lymer  addit ives,  
while the maximum in the distr ibution of the fluctuations over  the duct c ros s  section shifts at the same 
t ime  away f rom the wall toward the co re .  On a rough wall the po lymer  el ici ts  a sizable reduct ion of the 
longitudinal-component fluctuations, so that the r m s  longitudinal f luctuations in the smooth and rough ducts 
tu rn  out to  be the same for  a polyox flow. The po lymer  additives have the s t rongest  influence on the t r a n s -  
v e r s e  veloci ty fluctuations.  F igure  2 gives the distr ibution of the r m s  fluctuations of the t r a n s v e r s e  ve lo -  
city component over  the duct c ross  sect ion.  It is  seen that the veloci ty fluctuations in the flow in te r ior  at 
2y/I-I = 0.05 to 0.2 dec rease  by 1/5 to 1/6 in the smooth duct and by 1/6 t o  1/7 in the rough duct. The 
veloci ty  fluctuations V~ on the duct axis  (flow core) in this  case dec rease  by one half .  

We now discuss  the expected spect ra l  suppress ion effects  in application to the wall p r e s s u r e  f luc-  
tuat ions,  using the data on the influence of po lymer  additives on the kinematic  flow cha rac t e r i s t i c s .  

According to Krsichnan [10], p r e s s u r e  fluctuations determined by in tersec t ion  of the tu rbu lence-  
! ~ ~ . ~ 

shear  type a re  of the o rde r  0(~Vx/0y)Vyll, �9 p r e s s u r e  fluctuations determined by in teract ion of the 
type a re  of the o rde r  pV~. These  approximate  es t imates  a re  basical ly  tu rbu lence- tu rbu lence  deduced 

f rom a dimensional analysis  of the solution of the Poisson equation, which is well-known in the theory  of 
incompress ib le  Newtonian fluids and r e l a t e s  the veloci ty  and p r e s s u r e  fluctuations: 

�9 o w  o v i  
Ox 2 - -  - -  29 Ox---~ Ox-~ - -  O Ox~Oxs 

It is  assumed [11] that this  equation is  also valid for  flows of low-concentra t ion po lymer  solutions.  Approx-  
imate  es t imates  indicate that the var ia t ions  of the p r e s s u r e  fluctuations under  the influence of po lymer  ad-  
di t ives a re  de termined by the var ia t ions  of JV~' 3Vx/0y , and I .  Cur measu remen t s  did not enable us  to  

�9 . , . T 

a s c e r t a i n  the cha rac t e r  of the influence of po lymer  addit ives on the value of l (longitudinal scale of Vy). 
We know f rom the l i t e ra tu re  [5, 12], however,  that po lymer  additives inc rease  the longitudinal cor re la t ion  
of V x and 8Vx/0x, so that it is  reasonable  to expect  po lymer  additives to  induce a cer ta in  inc rease  in the 
scale L 

In the boundary l aye r  in te r io r ,  which de te rmines  the h igh-f requency p r e s s u r e  fluctuations,  the t r a n s -  
por t  of vor t i ces  situated at a distance y f rom the wall gives r i s e  to wall p r e s s u r e  fluctuations with a c e r -  
tain cha rac te r i s t i c  fl~equency of o rde r  Vx/Y. Of all the kinemat ic  flow p a r a m e t e r s  the one most  conspicu-  
ously affected by polymer  additives is V~, and the i r  influence is a maximum at the vor tex  in a l aye r  s i tu-  
ated at a distance 2y/H = 0.05 to 0.2,  where  V x -~ 0.5Vav. We infer  f rom this  s ta tement  that po lymer  
addit ives exe r t  the i r  g rea tes t  influence on the p r e s s u r e  fluctuations in the interYal of d imensionless  f r e -  
quencies  o~ /Vav  - 30 to 120. At these  f requencies  the maximum net  reduction of p r e s s u r e  fluctuations 
determined by turbulence- turbulence  interact ion is of the o rde r  (V~p/V~w) ~ 1/30 to 1/50.  In the boundary 
l a y e r  in te r io r  the product  l 0Vx/0Y changes only slightly under the i~flubnce of po lymer  addit ives,  so that 
the p r e s s u r e  fluctuations determined by a l inear  tu rbu len t - shea r  mechanismcannc t  be reduced in this  case 
m o r e  than in the ra t io  V~p/V~ ~ 1/5 to 1/7.  We note that in an exper iment  [1] using a s imi la r  po lymer  
solution a reduct ion of the "hi'he-frequency p r e s s u r e  fluctuations by 1/20 to 1/40 was obtained for  a~ /Vav  
= 70. At high f requenc ies ,  t h e r e f o r e ,  the p r e s s u r e  fluctuations a re  de termined by a nonl inear  interact ion 
of the turbulence- - turbulence  type.  

Low-frequency p r e s s u r e  fluctuations (ojI-I/Vav ~2~) a re  caused by turbulent  flow in the centra l  core  
of the flow. In the exper iments  of [1] the p r e s s u r e  fluctuations at these  f requencies  were  not decreased  
by more  than 2 /3 .  I t  may be in fe r red  f rom the p resen t  investigations that the low-frequency p r e s s u r e  
fluctuations a re  determined by interact ion of the tu rbu lence - shea r  type.  The level  of these  low-frequency 
p r e s s u r e  fluctuations depends on the magnitude of the shea r .  The curious fact is  that po lymer  additives 
i nc rease  the shear  in the in terval  0.1 < 2y/H < 0.4 and dec rease  it for  2y/H > 0 .4 .  A cer ta in  inc rease  
in the net reduction of fluctuations in the f requency interval  o~I/Va v < 2~ should be possible in th is  connec-  
t ion.  
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We note in conclusion that contradictory points of view have been advanced in studies of the Poisson 
equation [10, 13-15] with reference to the possibility of its Iinearlzation. 

The results  obtained here show that the predominance of a linear mechanism of the generation of 
pressure  fluctuations in the flow core justifies the linearization of the indicated equation in the theoretical 
analysis of the properties of low-frequency pressure fluctuations. 
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NOTATION 

the average longitudinal velocity component; 

the dynamic velocity; 
the kinematic viscosity of the medium; 
the distance from the duct wall; 
the duct height; 
the volumetric-average flow velocity; 
the flow velocity at the duct axis; 
the Reynolds number; 
the fluctuation value of the t ransverse velocity component; 
the density of the medium; 
the longitudinal scale of V' �9 'xr'  
the pressure fluctuation fr~equency; 
the most probable roughness grit diameter; 
the pressure  fluctuation value. 
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