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The mean-veloci ty  and turbulence intensity prof i les  are  measured  in water flows containing 
additives of po lymers  and sur face-ac t ive  agents.  

The most  important  a rea  of investigation in re la t ion to the s t ruc ture  of the velocity field of turbulent 
fluid flows in channels and boundary layers  is the wall region,  including the viscous sublayer  and the t ransi t ion 
zone. The maximum generation and dissipation of turbulent energy  take place in this region.  It is reasonable  
to expect that the effect of injecting turbulent fluid flow with high po lymers  or other additives tending to reduce  
turbulent friction will be felt p r imar i ly  in the flow s t ructure  in the wall region.  

The relat ive dimensions of the viscous sublayer and the transi t ion zone a re  very  small ,  making it v i r -  
tually impossible to obtain rel iable experimental  data by means  of to ta l -head tubes or hot-wire  anemometers .  
For this reason,  the cur ren t  pract ice  in the study of turbulent s t ruc ture  in the wall region is to use contact -  
less  methods for measur ing  hydrodynamical  quantities: the optical Doppler ve loc imete r  ( laser  Doppler anemo-  
metry) method [1] and the s t roboscopic  method [2]. 

Khabakhpasheva and Perepe l i t sa  [3, 4] have measured  the prof i les  of the mean velocity and intensity of 
turbulence in dilute high-polymer solutions by s t roboscopic  visualization.  They found that h igh-polymer  
additives increase  the t ransi t ion flow zone. The r m s  values of the longitudinal fluctuations, r e f e r r e d  to the 
mean local velocity, remain  pract ica l ly  unchanged in this case ,  and their  normal iza t ion to the dynamic velocity 
even yields a cer tain increase  in their re la t ive  values in compar ison with pure water .  On the other hand, the 
relat ive values of the t r ansver se  velocity fluctuations decrease  significantly. 

The resu l t s  of laser  anemometer  measuremen t s  of the prof i les  of the mean velocity and longitudinal c o m -  
ponent of the eddy velocity in turbulent water flows with Metanpon additives are  descr ibed in [5-7]. The addi- 
tive is an industrial paste,  the principal  surfactant  of which is fl-[N-methyl N-olenoyl] ethylsulfonic acid sodium 
salt. It was found that Metaupon additives, in cont ras t  with po lymers ,  induce g rea te r  thickening of the t r an s i -  
tion flow zone and substantially reduce the re la t ive  values of the longitudinal velocity fluctuations in the wall 
region.  

To determine the fundamental laws governing the reduct ion of turbulent fr ict ion by additives it is neces -  
sa ry  to obtain more  complete information about flows of mice l la r  surfactant  solutions and, mos t  important,  
data on the turbulent cha rac te r i s t i c s  of flows containing additives of  pure surfac tants .  We have therefore  
ca r r i ed  out comprehensive studies of turbulent flows of aqueous solutions of chemical ly  pure mice l la r  su r fac -  
tants, measur ing the prof i les  of the mean veloci ty and intensit ies of the longitudinal and t r ansve r se  components 
of the eddy velocity and then using the experimental  data to calculate the r a t e s  of generation of turbulent energy 
and dissipation of average-f low energy.  For  compar ison  we have pe r fo rmed  s imi lar  measuremen t s  in water 
flows containing high-polymer  additives. 

For the investigations we used a Disa Elektronik (Denmark) type 55L optical Doppler ve loc imeter  (laser 
anemometer) .  The hydrodynamic cha rac t e r i s t i c s  were  determined in a rec tangular  channel with dimensions 
(2 x 5) -10 -2 m at a distance of 150 widths f rom the nozzle.  In the measuremen t s  of the mean velocity and 
intensity of the longitudinal fluctuations the probe beams were situated in a horizontal  plane. For the de te rmina-  
tion of the intensity of the t r a n s v e r s e  veloci ty fluctuations the plane of the probe beams was rotated 90 ~ about 
the optic axis of the ve loe imeter .  As a resu l t  of this orientat ion of the probe beams the minimum attainable 
distance f rom the wall was y+ ~ 18. 

The additives used to reduce the turbulent fr ict ion of the water were a po lymer  (polyacrylamide with a 
molecular  mass  M ~ 2 �9 106) and chemical ly  pure miee l la r  surfactants  (potassium oleate and a mixture  of 
cetylpyridininm chloride with (~-naphthol). It is well known [6] that the major i ty  of mice l la r  surfactants  diminish 
the turbulent fr ict ion of water only in the presence  of e lec t ro ly tes .  Also, the concentrat ion of the surfactant  
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in the solution mus t  be g r e a t e r  than the second c r i t i c a l  concent ra t ion  for  m i c e l l e  format ion ,  v iz .  for the 
format ion  of a n i s o m e t r i c  m i c e l l e s  [7, 8]. The a p p r o p r i a t e  concen t ra t ions  of su r fae t an t s  and e i e c t r o l y t e s  were  
chosen on the b a s i s  of these  r e q u i r e m e n t s .  In the expe r imen t s  we used  aqueous solut ions of po t a s s ium oleate  
with a concent ra t ion  C = 0.08% in the p r e s e n c e  of 5.2% p o t a s s i u m  ch lor ide ,  as  well as  a mix tu re  of c e t y l -  
py r id in ium ch lor ide  C = 0.08% with o~-naphthol C = 0.04%, which r e d u c e s  the turbulent  f r ic t ion  of wate r  without 
e l e c t r o l y t e  addi t ives ;  the concent ra t ion  of p o l y a c r y l a m i d e  was C = 0.01%. 

In the coord ina te  s y s t e m  used  for p r o c e s s i n g  and a n a l y s i s  of the e x p e r i m e n t a l  data the axis  OX was 
d i r ec t ed  along the axis  of the channel,  the axis  OY was pe r pe nd i c u l a r  to the flow d i rec t ion ,  and the o r ig in  was 
s i tua ted  in the lower plane of the channel.  

The d imens ioned  m e a n - v e l o c i t y  p ro f i I e s  in wa te r  and in aqueous solut ions  of p o l y a c r y l a m i d e  and p o t a s -  
s ium olea te ,  m e a s u r e d  for a constant  nozzle  ve loc i ty  U n = 1.57 m / s e e ,  a r e  shown in Fig.  1. It i s  seen that  in 
the addi t ive  flows (as c o m p a r e d  with pure  water)  a d e c r e a s e  of the m e a n - v e l o c i t y  g rad ien t s  is  o b s e r v e d  in the 
wall  flow reg ion  (y < 3.5 �9 10 -3 m).  In the r eg ion  y > 3 .5 .10  -3 m the m e a n - v e l o c i t y  g rad i en t s  in the solut ions 
a r e  g r e a t e r  than in pure  wa te r .  The de fo rmat ion  of the ve loc i ty  p rof i l e  is  s t ronge r  in the po t a s s ium olea te  
solut ion,  i t s  d i s t r ibu t ion  in the flow c r o s s  sec t ion  approaching  a p a r a b o l i c  function. 

The reduc t ion  of tu rbulen t  f r i c t ion  in the addi t ive  flows is  accompan ied  by broadening  of the t r a n s i t i o n  
flow reg ion  and a d e c r e a s e  in the r e l a t i v e  d imens ions  of the turbulen t  c o r e .  This  effect  is  p a r t i c u l a r l y  con-  
spicuous  in F ig .  2, which shows the m e a n - v e l o c i t y  p ro f i l e s  in un ive r sa l  coord ina tes  (the d imens ion Ie s s  c o o r -  
dinate y+ = y U . / v  is  r e f e r r e d  to the v i s cos i t y  of the solut ions) .  In m i c e l l a r  sur fac tan t  so lu t ions ,  unl ike po ly -  
m e r s ,  the tu rbu len t  co re  r eg ion  of the flow is  p r a c t i c a l l y  nonexis tent ,  and the ve loc i ty  p ro f i l e s  in the t r an s i t i on  
reg ion  va ry  much more  abrupt ly ,  approach ing  the curve  for l a m i n a r  flow of a Newtonian fluid.  We note that  
a s i m i l a r  d i s t r ibu t ion  of the ve loc i ty  p ro f i l e s  can a l so  be r e a l i z e d  for  p o l y m e r  solut ions  in a channel of smal l  
c r o s s  sect ion and for a suff icient  r educ t ion  of the hydrodynamic  f r ic t ion  [4]. 

It is  i n f e r r e d  f rom a compar i son  of cu rves  2 and 5 for flows of aqueous solut ions of p o t a s s i u m  oleate  that 
for lower  flow ve loc i t i e s  add i t ives  of a m i c e l l a r  sur fac tan t  exe r t  a s t r o n g e r  l a m i n a r i z i n g  effect  on the ove ra l l  
flow. 

Figure 3 shows the rms values of the velocity fluctuations, normalized to the dynamic velocity. It is 
seen that in the micellar surfactant solutions both the longitudinal and the transverse velocity fluctuations 
exhibit a reduction in their intensity, more so in the case of the transverse component. The greatest reduction 
of the velocity fluctuation intensities occurs in the solution of the cetyipyridinium chloride + o~-naphthol mixture. 
In this case the intensity distribution of the velocity fluctuations for the micellar surfactant solutions does not 
have the distinct maxima typical of Newtonian fluid flows. 

In the polyacrylamide solution we observe a somewhat different pattern. The relative values of the longi- 
tudinal velocity fluctuations are higher on the average than in water, consistent with the results of [3, 4]. Clear- 
ly, the difference in the behavior of the intensity of the velocity fluctuations in the polymer and micellar sur- 
factant solutions is attributable to the characteristics of the molecular and supermolecular structures of the 

solute. In particular, micellar surfactants are capable of forming in solution not only kinetically independent 
molecular aggregates, i.e., micelles, but also spatial micellar structures. The specific characteristics of the 
viscosity variation of the polymer and micellar surfactant solutions can also have a definite influence. For the 
polyacrylamide solution with C = 0.01% the viscosity scarcely differs from the viscosity of pure water and is 
practically independent of the shear stress. The viscosity of micellar surfaetant solutions, in turn, is much 
greater and decreases as the shear stress is increased. These problems will certainly require further study. 

It is inferred on the basis of the measurements of the turbulence velocity and intensity profiles that 
additives of micellar surfactants exert a much stronger laminarizing effect than polymer additives on the over- 
all flow under equal hydrodynamic conditions. 

It is generally known that the structure of any turbulent flow is characterized by local equilibrium of the 
processes of generation, transport, and dissipation of turbulent kinetic energy. If, as in the case of a Newtonian 
fluid, the friction in turbulent flow with additives is written in the form 

dU 
= % (1 - -  y / H )  = p,~ -~y  0 uv  

and the e x p r e s s i o n s  for the r a t e s  of d i r ec t  d i s s ipa t ion  of a v e r a g e - f l o w  ene rgy  D and genera t ion  of turbulent  
energy  P a r e  wr i t t en  in the fo rm 
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Fig. 1. Mean-veloci ty profi les:  U (m/see)  
vs. y (m), for U n = 1.57 m / s e c  in water 
(1) and in aqueous solutions of potass ium 
oleate (2) and polyacrylamide (3). 1) U ,  = 
0.08 m / s e c ;  2) U,  = 0.04 m / s e c ;  ~ . s / ko  = 

0.192; 3) U,  = 0.064 m / s e c ,  k s / k  o = 0.628. 
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Fig. 2. Universal flow-velocity profiles in water (i) and in aqueous solu- 
tions of potassium oleate (2, 5), polyacrylamide (3), and a mixture of cetyl- 
pyridinium chloride with ~-naphthol (4). 1-3) Same parameters as in Fig. i; 

4) U n = 1.5 m/sec, U. = 0.046 m/see, ks/k 0 = 0.34; 5) U n = 0.59 m/see, U,= 

0.0187 m/see, ks/k o = 0.29. 

Fig. 3. Relative rms values of the longitudinal and transverse velocity fluctua- 
tions (same nomenclature as in Fig. 2). 

o , 8  , 

! 'J/  
i 

0 , 4 / ~  a b 

0 40 80 0 40 80 y+ 

Fig. 4. Rates of dissipation of average-f low energy P+ 
(1) and generation of turbulent energy D + (2) ve r sus  
dimensionless  coordinate y+ for U,  = 0.0187 m / s e c ,  U n = 
6.59 m / s e c ,  a) Water;  b) potass ium oleate solution. 
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[ d U \  2 - -  dU 
D ~ P v l -~jg ) ' P = P U U --d g 

then from the measured velocity profiles we can calculate the values of D and P. The results of the calcula- 
tions are best analyzed on the basis of the dimensionless rates of dissipation of average-flow energy D +-- 
~D/pU4. and genera t ion of turbulent  energy  P + =  v P / p U 4 , .  

Figure  4a shows the var ia t ion  of the quanti t ies  D + and P+ along the no rma l  to the wall in a water  flow. 
It is seen that n e a r t h e  wall (y+ < 10) the bulk of the flow energy  is used up in v i scous  diss ipat ion d i rec t ly  
f r o m  the ave rage  flow. The re la t ive  genera t ion of turbulent  energy  in this region is smal l .  It a t ta ins  a m a x i -  
mum and equal izes  with the d i rec t  v iscous  diss ipat ion at a coordinate  y+ -~ 11. In this case  the d i rec t  d i s s ipa -  
tion of ave rage - f low energy occu r s  maihly  in a ve ry  thin wall region 0 r y+ < 30. 

Figure  4b shows the values  of D + and P+ for an aqueous solution of po t a s s ium olea te .  It follows f rom a 
compar i son  of the data in F igs .  4a and 4b that  the m i c e l l a r  sur fac tan t  addi t ives  have a s t ronger  influence on the 
ra t io  between the genera t ion of turbulent  ene rgy  P+ and the diss ipat ion of ave rage - f low energy  D + as well as 
on the dis tr ibut ion of these quant i t ies  in the flow c r o s s  sect ion.  Above all, the r a t e  of d i rec t  diss ipat ion in-  
c r e a s e s ,  apparent ly  due to an inc rease  in the molecu la r  v i scos i ty .  Here  the v i scous  diss ipat ion effect  p r o -  
pagates  to l a rge  d i s tances ,  attaining y+ ~ 90 (in compar i son  with y+ = 30-40 for  pure  water) .  Moreover ,  the 
m a x i m u m  in the dis t r ibut ion of the r a t e  of generat ion of turbulent  energy  b e c o m e s  m o r e  diffuse and shif ts  
toward l a r g e r  va lues  of y+, and equi l ibr ium between the v iscous  diss ipat ion and genera t ion of turbulent  energy  
is obse rved  a l r eady  at  y+ = 60 (in c o m p a r i s o n  with y+ = 11 for pure  water) .  

The r e s u l t s  p resen ted  in this  a r t i c le  indicate that addi t ives  capable  of reduc ing  turbulent  f r ic t ion (high- 
mo lecu la r -we igh t  p o l y m e r s  and s u r f a c e - a c t i v e  agents) exer t  a s ignif icant  influence on the flow s t ruc tu re  in the 
wall reg ion .  

N O T A T I O N  

U, local  a v e r a g e  veloci ty ,  m / s e c ;  u, v, longitudinal and t r a n s v e r s e  components  of the eddy veloci ty ,  m /  
sec; U, ,  dynamic veloci ty,  m / s e c ;  ~'w, tangential  s t r e s s  at the wall, N/m2; ~-, local  tangential  s t r e s s ,  N/m2; 
pu-~, turbulent  tangential  s t r e s s ,  N/m2; y, dis tance along the normal  f rom the wall,  m; p, fluid density,  kg/mS; 
v, k inemat ic  v i scos i ty ,  m2/ sec ;  D, r a t e  of diss ipat ion of ave rage - f low energy,  J / m  3 �9  P,  r a t e  of generat ion of 
turbulent  energy,  J / m  3. see; C, concentra t ion,  %; Un, nozzle veloci ty ,  m / s e c ;  X s,  ko, coeff ic ients  of hydro-  
dynamic fr ic t ion in flow of the solution and the solvent  (water),  r e spec t ive ly ;  H, hal f -height  of the channel, m .  
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