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A reduct ion in the hydrodynamic  r e s i s t ance  in  l a r g e - d i a m e t e r  tubes i s  achieved by the addition 
of indus t r ia l  surfactants .  The  re la t ion  of this effect  to the theological  p ro p e r t i e s  of the solu- 
t ions is  noted. 

At p resen t ,  invest igat ions into the laws of motion of v iscous  liquids are  being conducted in para l l e l  
with the study of the e f fec t  of  additives that r educe  hydrodynamic  r e s i s t ance  on the behavior  of turbulent  
flows. The se  r e s e a r c h e s  a re  associa ted with the tendency to use the phenomenon of r e s i s t ance  reduct ion in 
a s e r i e s  of  p rac t i ca l  applications - hydro t ranspor t ,  t h e  flow of pe t ro leum along pipel ines,  dri l l ing and f i r e -  
fighting equipment,  etc. - and also as an additional means  of studying the motion of viscous media  [1]. 

At the p re sen t  t ime,  additives that a re  known to reduce  hydraul ic  los ses  include solid pa r t i c l es ,  poly-  
m e r s ,  and ce r ta in  surfac tants  [2]. P o l y m e r s  a re  highly effect ive in small  concentrat ions ,  but t he i r  suscept i -  
bi l i ty to mechanical ,  t he rmal ,  bac te r ia l ,  and oxidative des t ruct ion  has so far  considerably hindered the i r  
p rac t i ca l  use.  In addition, some fo rms  of  p o l y m e r  lose  t h e i r  ability to reduce  hydrodynamic r e s i s t ance  in 
the p r e s e n c e  of e l ec t ro ly tes  and solid suspensions in the solution [3]. 

Studies a l ready c a r r i e d  out have Used both surfactants  which en te r  into reac t ions  with dissolved sal ts  - 
for  example,  sodium oleate  [4] - and those  which do not - a mix tu re  of ammonium ce ty l t r imethylbromide  and 
1-naphthol [5]. We propose  to at tempt the reduct ion of hydrodynamic r e s i s t ance  by means  of surfactants  that 
a re  widespread  in indus t ry  and have good engineer ing p r o p e r t i e s  - sufficiently high solubility, stabili ty 
against d issolved salts ,  lack of co r ro s ive  action on meta ls ,  etc. - and to invest igate  the laws of motion of 
solutions of  t hese  surfaetants .  

The  exper imenta l  conditions a re  given in Table  1. 

The  t e m p e r a t u r e  of the solution was maintained in the range 15-20~ The apparatus,  with tubes of 
d i ame te r  104 and 202 ram, worked  in a c losed cycle. 

The following surfac tants  w e r e  invest igated-  sulfonol, sulfonate, P r o g r e s s ,  OP-7,  ditalane E, ditalane 
OTS, and metaupone. Reduction in r e s i s t ance  (RR} was obse rved  for  the  las t  two, in the p r e s e n c e  of the e lec -  
t ro ly t e  sodium chloride.  These  surfactants  a re  in the fo rm of pas tes  with the following composi t iom 

TABLE 1. Exper imenta l  Condit ions.  

Tube I 
diameter, / 
mm / 

Tube material 
Method of Length of Method of 
tube cons- Imeas"i I measuring 
truction I-~ ti~ ] velocity 

6,23 

104 

202 

Stainless steel 

Glass 

Carbon steel 

Seamless 

Using sleeve: 

Welding 

2,2 

15,0 

30,0 

Volumetric 

Venturi tube 

Venturi tube 

Source of . 

motion 

G ravity 

Centrifugal pump 

Centrifugal immp 
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Ditalane OTS Metaupone 

a m m o n i u m  sul foether  40% sodium ole inmethyl taur ide  32% 
polyethylene glycol  27c sodium chloride 10% 
u r e a  5% sodium hydroxide 0.5% 
polyphosphate  2% water ,  to 100% 
wate r  51% 

The cu rves  in Fig. 1, cons t ruc ted  f rom expe r imen ta l  r e su l t s  for  a tube of d i a m e t e r  6.23 m m  with 
Re = 2.7" 104, show that  the  concent ra t ions  of  both the sur fac tan t  and the  sodium chlor ide  affect  the RR. It  is  
a f ea tu re  of  cu rve  1 that  i t  does not p a s s  through the or ig in  when the RR is  zero.  The  shape of curve  1 indi-  
ca tes  a sharp  change in the liquid p r o p e r t i e s  when the sur fac tan t  concentra t ion is  s eve r a l  t imes  l a r g e r  than 
the  threshold .  In the exper imen t ,  the m a x i m u m  RR was  63% for  d i ta lane-OTS concent ra t ions  of  0.5-1.0%. The 
d e c r e a s e  in RR with fu r the r  r i s e  in the sur fac tan t  concentra t ion is  a s soc ia t ed  with i n c r e a s e  in v iscosi ty .  

As also seen  in Fig. 1, the s ize  of the RR changes with change in the sodium chloride concentrat ion,  
for  constant  concent ra t ions  of  di talane OTS and metaupone in the moving solution. In the solutions of ditalane 
OTS and metaupone,  the RR i s  o b s e r v e d  at different  e lec t ro ly te  concentra t ions .  

In c a r ry ing  out the expe r imen t s ,  the solut ions w e r e  o b s e r v e d  to become  signif icantly t h i cke r  and m o r e  
s t ruc tu r ed  in the range  of sodium chlor ide  concent ra t ions  in which the RR was  observed .  This  was  conf i rmed  
by v i scos i ty  m e a s u r e m e n t s  on a cap i l l a ry  v i s c o m e t e r ,  shown by curve  5 in Fig. 1. Compar i son  of cu rves  2, 
3, and 5 shows that  the appearance  of the RR depends on the development  of s t ruc tu re  in the solution, which 
also leads  to the i n c r e a s e  in v iscos i ty .  It should be  noted that  in the e x p e r i m e n t s  with su r fac tan t s  which did 
not reduce  the hydrodynamic  r e s i s t ance ,  no thickening of the liquid was  obse rve& 

The  dependence ~ = f (Re)  is  shown in Figs.  2 and 3 for  different  conditions of mot ion of the d i ta lane-  
OTS solution. We note the following fea tu res  of  the data shown in Fig. 2. For  l a m i n a r  motion,  i n c r e a s e  in 
surfac tant  concent ra t ion  leads  to i n c r e a s e  in r e s i s t a n c e ,  evidently as a r e su l t  of  i n c r e a s e  in v iscos i ty .  The 
veloci ty  at which stabi l i ty  is  los t  and the RR begins  to appear  i n c r e a s e s  with r i s e  in sur fac tan t  concentrat ion.  
In addition, i n c r e a s e  in surfac tant  concentra t ion  shif ts  the RR zone in the d i rec t ion of h igher  Reynolds num-  
b e r s  and at the s a m e  t ime  the s ize  of the RR i n c r e a s e s .  

: r/  

0 ~ 8 CNQCZ 
2 Cdi t 8 a ~ 2o Re,~ 

Fig. 1 Fig. 2 

Fig. 1. Reduction in r e s i s t a n c e  as a function of d i ta lane-OTS con-  
centrat ion,  ~ for  constant e lec t ro ly te  concentra t ion 3.5% (1); as a 
func t ionof  e l ec t ro ly te  concentra t ion,  %, for  constant d i ta lane-OTS 
concent ra t ions  of  0.7% (2) and 0.3% (3) and fo r  constant  metaupone  
concentra t ion  0.5% (4) ; v i s cos i ty  of  0.5% solution of ditalane OTS as 
a function of sodium chlor ide  concentra t ion  (5). 

Fig. 2. Motion of solution containing 3% sodium chloride in a tube 
of d i a m e t e r  6.23 m m  for  d i ta lane-OTS concent ra t ions  of 0.35 (1), 
0.7 (2), and 1.5% (3). 
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Fig. 3. Motion of pu re  w a t e r  (1) and solutions of d i ta lane-  
OTS of concent ra t ions  0.5 (2), 1.0 (3), 1.5 (4), and 2.0% (5) 
fo r  sodium chloride concentra t ion 3%, according  to the r e -  
sults  of m e a s u r e m e n t s  in a 1 0 4 - m m  tube (open symbols)  and 
in a 2 0 2 - m m  tube (f i l led symbols) .  

The  l a t t e r  effect  i s  a l so  o b s e r v e d  in the  expe r imen t s  shown in Fig. 3. Here  it  i s  also seen  that in the 
l a r g e r - d i a m e t e r  tube the reduct ion and d i s appea rance  of the  RR occur s  at h igher  Reynolds numbers .  Th i s  
m a y  be  explained by the  s m a l l e r  s h e a r  s t r e s s  in tubes  of  l a r g e r  d i a m e t e r  at the s ame  Reynolds numbers .  It 
should b e n o t e d  that  a s i m i l a r  re la t ion  between the Reynolds  n u m b e r  at which RR d e c r e a s e s  and the s ize  of  
the tube was  found in [6]. Fo r  tubes  of  all  d i a m e t e r s ,  the p r o p e r t i e s  of  the  solution a r e  res torecl  on reduc ing  
the flow velocity.  

The  expe r imen ta l  points  co r respond ing  to the  mot ion of p u r e  w a t e r  in Fig. 3 l ie above the c l a s s i ca l  
cu rve  for  smooth  tubes ,  which may  be  explained by  the  p r e s e n c e  of joints  on the m e a s u r i n g  sect ion and also 
by  the roughness  of  the  s tee l  tubes.  A compar i son  of the  RR obtained in smooth  g lass  and rough s tee l  tubes 
(Fig. 3) shows that  the RR is  l a r g e r  in s tee l  tubes.  Hence,  the effect  of  roughness  on the flow i s  neu t ra l i zed  
by the sur fac tan t  additive,  evidently as a r e su l t  of  the thickening of the v iscous  su r face  layer .  

Visual  obse rva t ions  in g lass  tubes  and in t r a n s p a r e n t  in se r t ions  in s tee l  tubes  showed that  turbulent  
mot ion of the  sur fac tan t  solution i s  accompanied  by the p r e s e n c e  of sch l i e ren  effects .  This  phenomenon i s  
a s soc ia ted  with the  s t i ck - l ike  shape of  the  mice l l e s ;  when, in the shear  flow, the i r  axes  a r e  pe rpend icu la r  to 
the incident  r a y s ,  the m i c e l l e s  s t rongly  s c a t t e r  the light, so that  the cu r r en t s  b e c o m e  v is ib le  in the fo rm of 
s i lk - l ike  t h r e a d s  [7]. The sch l i e ren  effect  con f i rms  the assumpt ion  of [8] that  the p r e s e n c e  of s t i ck- l ike  p a r -  
t i c l e s  fac i l i t a tes  the RR. 

The  mot ion of d i ta lane-OTS solutions without additions of sodium chlor ide  is  also assoc ia ted  with a 
sch l i e ren  effect ,  but the s a m e  hydraul ic  l o s s e s  occur  as in the mot ion of pu re  water .  Hence, the p r e s e n c e  of 
m ice l l e s  i s  a n e c e s s a r y  but not sufficient condition for  the appearance  of RR. The fu r the r  r equ i r emen t  is  the 
s t ruc tu r ing  and thickening of the sur fac tan t  solutions which occur  in the p r e s e n c e  of the e lec t ro ly te .  

The  sch l i e ren  effect  m a y  s e r v e  as a good v isua l  ind ica tor  of the o c c u r r e n c e  of ve loci ty  pulsa t ions  and 
the onset  of  developed tu rbu lence  in the  mot ion  of opt ical ly  t r a n s p a r e n t  media .  In obse rva t ions  on g lass  
tubes ,  i t  i s  found that  i n c r e a s e  in the  ve loc i ty  of  flow is  accompanied  by the appearance  of individual cen te r s  
of  turbulence ,  t he i r  growth and coa lescence ,  and the onset  of to ta l  developed turbulence.  

The  t rans i t iona l  zone fo r  solutions containing 2% ditalane and 3% sodium chloride l ies  in the range  of 
Reynolds number s  f r o m  25,200 to 85,000. As i s  evident f r o m  Fig. 3 (curve  5), in this  range  t he r e  occu r s  the 
m o s t  rapid  i n c r e a s e  in RR, which s lows down in the turbulent  region. Because  of the technical  l imi ta t ions  of 
the appara tus ,  it i s  not poss ib le  to at tain ve loc i t i es  at which the d i sappea rance  of RR i s  obse rved ,  as for  
solut ions with lower  d i ta lane-OTS concentra t ions .  

The  sch l i e r en  effect  also g ives  an idea  of the s t r u c t u r e  of the developed turbulence.  In our  o b s e r v a -  
t ions ,  we noted a g r e a t e r  num ber  of  l a rge  pe r tu rba t i ons  in solutions moving with RR and an a lmost  total  lack 
of Small  eddies,  in con t ras t  to solut ions whose  hydrodynamic  r e s i s t a n c e  was  not reduced.  

i 

Inves t iga t ion  of the rheologica l  p r o p e r t i e s  of  the  studied solutions showed that  they have non-Newtonian 
p r o p e r t i e s  and behave  as pseudop las t i c s  desc r ibed  by  the power  law [9] 

x = k ~  ~ . 

M e a s u r e m e n t s  using a cap i l l a ry  v i s c o m e t e r  for  solut ions with ident ical  sodium chloride content (3%) 
and different  d i ta lane-OTS concentra t ions  showed that  i n c r e a s e  in sur fac tan t  concen t ra t ion leads  to d e c r e a s e  
in the index n and i n c r e a s e  in the  cons is tency  k (Fig. 4). Th i s  r i s e  in the  pseudoplas t i c  p r o p e r t i e s  due to 
s t rengthening of s t r u c t u r e  fo rmat ion  in l iquids i s  the cause  of  the l a t e r  turbul iza t ion  and i n c r e a s e  in the 
s h e a r  ve loc i t i e s  at which d e c r e a s e  and d i s appea rance  of  the  RR occur .  
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Fig. 4. Curves of the index of non-Newtonian behavior n (1) 
and consistency k, 10 -3 (2) versus  ditalane-OTS concentration 
in 3% NaC1 solution. 

When the surfactant concentration in the solution reaches the critical concentration for micelle forma- 
t-ion (CCM), the properties of the solution change sharply [I0]. This is associated with the appearance of 
non-Newtenian properties, shown in Fig. 4 by the deviations of the value of k from ~ (at the experimental 
temperature 18~ and of the value of n from unity, for ditalane-OTS concentrations close to its CCM, equal 
to 0.05% for a sodium chloride concentration of 3%. 

In solutions with 3.5% sodium chloride (Fig. I), the appearance of RR occurs at a ditalane-OTS concen- 
tration close to its CCM in solutions with that sodium chloride concentration, which lends support to the hy- 
pothesis that the reduction of hydraulic resistance in surfactant solutions is associated with the micelles. 

In surfactant solutions, there occur complex physicochemieal processes - including particle interac- 
tion and hydration and intra- and intermolecular immobilization of the solvent - which become more intense 
at optimum electrolyte concentration. This leads to the appearance of supermieellar structural formations 
which are the cause of the increase in viscosity and the appearance of non-Newtenian properties in the solu- 
tion. 

The dimensions of these formations are comparable with the dimensions of the very  largest  turbulent 
perturbations.  This explains why the reduction in hydrodynamic resis tance begins at once on loss of stability 
of the flow. In contrast to polymer solutions, in which maeromolecules can interact  only with small-scale 
eddies appearing at relatively high velocities, in s tructured surfaetant solutions the threshold Reynolds num- 
ber  coincides with the crit ical value. The absence of small perturbations,  which is observed in flows moving 
with reduced resis tance,  is due to the suppression of small-scale turbulence. 

In the motion of liquid flows, two processes  occur simultaneously- the disruption and the restorat ion 
of supermicel lar  structure.  With increase  in velocity, the intensity of the first  p rocess  increases  and as a 
result,  at sufficiently high shear s t ress ,  the magnitude of the RR is sharply redueecL Decrease in velocity 
and shear  s t ress  leads to recovery  of s tructure and growth in the RR. Appropriate choice of surfactant and 
electrolyte concentrations can ensure the conditions for liquid motion in the range of Reynolds numbers cor-  
responding to minimal hydraulic losses. - 

N O T A T I O N  

C, mass  concentration; f, hmction; k, consistency; n, index of non-Newtonian behavior; Re, Reynolds 
number, based on water  viscosity; T, shear velocity; A, increment;  ~ coefficient of hydrodynamic r e s i s -  
tance; v w, kinematic viscosity of water;  Vs, kinematic viscosity of solution; ~', shear stress.  
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