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E x p e r i m e n t a l  data a r e  p resen ted  on the f r i c t i ona l  d r ag  of weak solut ions  of guaiacum,  
polyox, and p o l y a c r y l a m i d e  flowing in p ipes ,  as  wel l  as  on the m e a s u r e d  ve loc i t y  p rof i l es  
in gua iacum solut ions.  The mixing lengths in the pipe c r o s s  sec t ion  a r e  ca lcula ted .  

Numerous experimental investigations have shown that when small amounts (hundredths and thou- 
sandths of a percent) of certain high-molecular substances are dissolved in water the coefficient of friction 
in turbulent flow is appreciably reduced. The mechanism of this effect is still not fully clear. An at- 
tempt can be made, however, to predict the magnitude of the observed effect as a function of the type of 
polymer and its concentration in solution. Within this framework, papers by Meyer [I] and Elata, et al. [2] 
deserve attention. These authors proposed a semiempirical relation between the drag and the Reynolds 
number of a turbulent flow of polymer solutions in a pipe; their relation is analogous to the corresponding 
relation for water, except for the introduction of two additional parameters. One parameter characterizes 
the time of inception of the drag-reduction effect, and the second characterizes the magnitude of that effect. 

The present study was undertaken in order to test the relations proposed in [1, 2]. We performed 
three series of experiments with aqueous solutions of guaiacum resin, polyethylene oxide (polyox), and 
polyacrylamide having a tool. wt. M = 3.9 �9 l0 G, to investigate the average characteristics of their turbulent 

flow in a pipe. 

D e s c r i p t i o n  o f  t h e  E x p e r i m e n t a l  S e t u p  

We inves t iga ted  the flow of weak po lymer  solut ions  in a c losed hydrau l i c  s y s t e m  d r iven  by pumps 
having a max imum vo lume t r i c  r a t e  of 15 l i t e r s / s e c .  The hydrau l ic  sys t em,  with a 450 l i t e r  capac i ty ,  
cons i s ted  of two tanks,  one for  p r e s s u r i z a t i o n  and one for  d i scha rge ,  which were  in te rconnec ted  by a 
working duct 35.5 mm in d i a m e t e r  and 4.5 m in length. 

The vo lume t r i c  flow r a t e  was m e a s u r e d  acco rd ing  to the s t a t i c  p r e s s u r e  drop between the p r e s s u r e  
tank and the in i t i a l  sec t ion  of the working duct,  which was ca l ib ra t ed  with a magne t i c - induc t ion  f lowmeter .  

The ve loc i ty  prof i le  over  the tube c r o s s  sec t ion  and the f r i c t i ona l  d rag  of the fluid flow in the tube 
we re  m e a s u r e d  in c r o s s  sec t ions  s i tuated m o r e  than 100 d i a m e t e r s  f rom the exi t  s i te  of the tube f r o m  the 
tank, where  the flow was a s s u m e d  to be ful ly developed.  The ve loc i ty  prof i le  was m e a s u r e d  with a t o t a l -  
head mic ro tube  with intake o r i f i ce  d imens ions  of 0.5 x 2 ram. A coord ina te  posi t ioning device  was used 
to move the mic ro tube  about in the tube c r o s s  sect ion,  with a posi t ion e r r o r  of • ram. The posi t ion 
of the intake o r i f i ce  r e l a t i v e  to the wal l  was a l so  de t e rmined  with an e r r o r  of • ram. 

All  the p r e s s u r e - d r o p  m e a s u r e m e n t s  we re  c a r r i e d  out with m e r c u r y - w a t e r  and a i r - w a t e r  mano-  
m e t e r s ,  which y ie lded  e r r o r s  of 1 or 2% in m e a s u r e m e n t s  of the d rag ,  flow ra t e ,  and ve loc i ty  prof i le  in 
the tube c r o s s  sect ion.  

The Reynolds  numbers  in the e x p e r i m e n t s  ranged f rom 2 �9 l0  t to 2 - 105. 

P r e p a r a t i o n  o f  t h e  S o l u t i o n s  a n d  E x p e r i m e n t a l  P r o c e d u r e  

We c a r r i e d  out th ree  s e r i e s  of t e s t s  to s tudy the turbulent  flow of aqueous solut ions  of the fo l low- 
ing p o l y m e r s  in tubes:  gua iacum r e s i n  in concen t ra t ions  by weight of 7 .5 .10  -5, 1.8 �9 10 -4, 3.6 �9 10 -4, and 

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 18, No. 6, pp. 1085-1093, June, 1970. 
Original article submitted November 5, 1969. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

751 



x ~o3 I 

i 

A W- A .S 

2 3 0 8 8 /05 ne tO 20 20 
Fig. 1 Fig. 2 

Fig. i .  Drag )~ ve r sus  Reynolds number Re for pipe flows of water  {I) and a polyox solution of 
concentrat ion c = 10 -6 g / c m  3 at the following solution prepara t ion times: 1) 0.1; 2) 1.5; 3) 3; 
4) 4; 5) 6; 6) 17; 7)31 h. 

Fig. 2. Relat ive drag reduct ion (~w - Xs)/)~w, %, in the flow of a polyox solution of concent ra-  
tion c = 10 -~ g / c m  3 at Re = 5.104 ve r sus  solution preparat ion time, t, h. 

6 .5 .10  -4 g /em3;  polyox in concentrat ions of 10 -G, 5" 10 -6, 10 -5, 1.4 �9 10 -5, 2.8 �9 10 -5, and 5 .10  -5 g/cm~;  
polyaerylamide in concentrat ions of 1 .5 .10  -4 and 3 .10  -4 g / c m  ~. 

Due to the impossibi l i ty of prepar ing low-concentra t ion solutions within the volume of our apparatus 
(450 l i ters) ,  we prepared the solution at five to 10 t imes the desi red concentrat ion in a smal le r  volume. 
This concentrated solution was poured into the apparatus ,  which had been previously filled with pure water ,  
and was mixed at a v e r y  slow speed for 5 min (the t ime required for double t r ave r sa l  of the liquid f rom the 
d ischarge  tank into the p re s su re  tank), whereupon it was considered to be ready for  testing. 

The concentrated polyacrylamide solutions were prepared f rom pellets,  which were completely d i s -  
solved after  only a few days. 

The polyox and guaiacum solutions were  prepared f rom powders. The following methodological p ro -  
cedure  was followed with the polyox solutions in order  to decide the proper  choice of solution preparat ion 
time. 

Several  batches of the polyox solutions were prepared in a 10 li ter volume at  a concentrat ion of 5 
�9 10 -5 g / c m  3. The t ime elapsed f rom the prepara t ion of the solution until test ing (keeping time) was varied 
f rom zero (i.e., the ready  solution was tested immediately) to 31 h. Then this solution was diluted to a 
concentrat ion of 10 -6 g / c m  3 in the apparatus,  whereupon the drag was determined as a function of the 
pipe-flow Reynolds number for this solution. The drag data a re  given in Fig. 1. It is evident f rom the 
graph that as  the keeping t ime is increased  the solution "ages,"  i.e., its effectiveness diminishes.  The 
quantitative a s s e s s m e n t  of this effect is i l lustrated by the graph of Fig. 2, in which the values of the drag 
for Re = 105 a re  plotted as a function of the keeping t ime for the tested solution. It is seen f rom the graph 
that the polyox solution of concentrat ion 10 -6 g / c m  3 is the most  effective in the f i r s t  2 h, af ter  which its 
effect iveness falls off drast ical ly .  In this par t icular  investigation we noted a 3.5-fold reduct ion in ef-  
fect iveness  af ter  31 h. 

On the basis  of these data all  the subsequent investigations of polyox solutions were  ca r r i ed  out no 
la ter  than 2 h af ter  their  preparat ion.  

The maximum keeping t ime for  the concentrated guaiacum solutions was also limited to 2 h. 

The v iscos i ty  of the solution was determined for  each test  by means of an Ubbelohde-type capi l lary  
v i scos ime te r  with a capi l lary  diameter  of 0.54 mm. The polyox solutions having the investigated range of 
concentrat ions exhibited a maximum discrepancy  of 3% in the viscosi ty ,  hence the v iscos i ty  of these solu-  
tions was assumed to be equal to the v i scos i ty  of water  at  the given tempera ture .  

The curves  presented throughout the ar t ic le  for flows of polyacrylamide and guaiacum solutions were 
obtained in experiments  using a single batch of the solution, whereas the curves  for  the polyox solutions 
were  obtained in experiments  using 10 to 15 batches,  and a total of five or six points was recorded  for  
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Fig. 3. Drag ~ ve r sus  Reynolds 
number Re for pipe flows of so -  
lutions of varying concentrations.  
a) Guaiacum: 1) c = 7" 10-~; 2) 
1.8" 10"4; 3) 3.6" 10"4; 4) 6.5 
�9 10 -t g /cm~;  5) water ,  b) Po ly-  
acry lamide:  1) c = 1.5 �9 10-4; 2) 
3" 10 -4 g /cm3;  3) water,  c) 
Polyox" 1) c = 10-G; 2) 5.10-G; 3) 
10-5; 4) 1.4-10-5;  5) 2.8.10-~;  6) 
10 -5 g /cm3;  7) water.  

a single batch of the solution. In view of the good reproducibi l i ty  of the tes ts ,  only the data for  one batch 
a r e  represented  in the graphs.  

After each investigation of the flow of a solution the pipe was washed twice and the purity of its s u r -  
face tested according to the agreement  of the experimental  data with the known relat ions for the fr ict ional  
drag of water.  

Pipe-Flow Resistance (Drag) of the Tested Solutions 

The experimental data on the measured drag of turbulent pipe flows of the investigated polymer so- 
lutions were represented in the form of the drag A as a function of the Reynolds number Re. 

The data for the guaiacum and polyacrylamide solutions are shown in the graphs of Fig. 3a and 3b, 
respectively. The behavior of the dependences is exactly identical in each case. When a certain value 
of Re is attained, corresponding to a particular stress threshold, the drag of the solution flow is seen to 
diminish relative to water as the Reynolds number is increased, this diminution becoming more marked as 
the Re value and solution concentration are increased. A stratification of the threshold Reynolds numbers 
as a function of the solution concentration is observed; the threshold value of Re is smaller, the higher the 
concentration. It was noted during the experiments that there were no stable readings of the drag at the 
maximum attainable volumetric flow rates in the experiment; it was observed to increase slowly but 
steadily. Upon reversal, the resulting dependence of the drag on the Reynolds number was not repeated. 

The dependence of the drag on the Reynolds number for flows of polyox solutions is shown in Fig. 3c 
for the entire investigated range of concentration measurements. The presence of a critical frictional 
stress (~ = 150 to 200 dyn/cm 2) is clearly pronounced on this graph, corresponding to a Reynolds number 
Re = 105 to 1.2 �9 105; above this critical value a growth of the drag is observed. 

The flows of polyox solutions exhibit certain peculiarities by comparison with the flows of guaiacum 
and polyacrylamide solutions, namely a constant threshold stress at all concentrations (~, = 5 dyn/cm 2) 
and the emergence of an optimum concentration (Cop t = 2.8.10 -5 g/cm3), at which the effect becomes satu- 
rated, any further increase in the concentration failing to bring about an increase in the net effect as long 
as all other conditions are held equal. 

_ F . . ! o w - V e l o c i t y  P r o f i l e s  f o r  P o l y m e r  S o l u t i o n s  i n  a T u b e  

The velocity profiles measured in guaiacum solutions of various concentrations at equal volumetric 
flow rates q = 6.0 liters/sec are shown in Fig. 4 in semilog coordinates. It was impossible to measure 
the velocity profile in solutions having concentration c = 6.5.10.4 g/cm 3, due to a ndefect, of the pipe, 
namely the fact that the microtube registered a total pressure from I0 to 20~0 lower than the true va}ue, an 
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Fig. 4. Veloci ty  d is t r ibut ion v / v ,  in the pipe c r o s s  sect ion for  flows of guaiacum solutions of var ious  
concentra t ions .  1) c = 3.6- 10-4; 2) 1 .8 .10"4;  3) 7.4 "10 -5 g / cm3;  4) pure  water .  

Fig. 5. Mixing length l / R  over  the pipe c r o s s  sec t ion  y / R  for  flows of guaiacum solutions of va r ious  
concentra t ions .  1) c = 3.6 �9 10"4; 2) 1.8 �9 10"4; 3) 7.4 "10 -5 g / cm3;  4) pure  water .  

Fig. 6. Graph of l / , f x  vs log (R e / ) t )  for  guaiaeum solutions of va r ious  concentra t ions  flowing in a 
pipe. 1) e = 6.5.10"4;  2) 3 .6-10-4;  3) 1.8 "10--4; 4) 7.4 "10 -4 g / cm3;  5) pure  water .  

ef fect  that  was  re f l ec ted  in the d i spa r i ty  of the flow r a t e s  de te rmined  with the f lowmeter  and calculated 
on the bas i s  of the m e a s u r e d  profile.  This effect  did not appea r  for  s m a l l e r  values  of the concentrat ion,  
and the flow r a t e  of the liquid in the pipe c r o s s  section,  as  calculated f r o m  the m e a s u r e d  prof i les ,  agreed  
with the f lowmete r  read ings  c o r r e c t  to 0.5 to 1%. It is evident f r o m  the graph  that  the m e a s u r e d  veloci ty  
prof i les  for  the gua tacum solutions have the s a m e  s lopes  as  the prof i les  for  wa te r  in coordinates  of v / v ,  
vs  log (yv, /Vs) .  

The m e a s u r e d  ve loc i ty  prof i les  and cor responding  drag  coeff icients  a t  the wall  were  used to calcula te  
the mixing lengths (Fig. 5). Due to the cons iderab le  e r r o r  in the de te rmina t ion  of the der iva t ive  of the 
a v e r a g e  ve loc i ty  prof i le  in the center  of the pipe a ce r t a in  s c a t t e r  is observed  in the mixing length in this 
region.  It  is  noted, however ,  that the mixing length in the solutions s c a r c e l y  d i f fers  f r o m  the value for  
wa te r  within the e r r o r  l imi t s  of the calculat ions.  

A n a l y t i c a l  D e s c r i p t i o n  o f  t h e  E x p e r i m e n t a l  R e s u l t s  

We seek  to desc r ibe  the exper imen ta l  data f r o m  our m e a s u r e m e n t s  of the a v e r a g e  turbulent- f low 
c h a r a c t e r i s t i c s  of the solut ions in the reg ion  where  the d rag - reduc t ion  effect  is obse rved  to i n c r e a s e  with 
the veloci ty.  

We have bor rowed  the equations of [1, 2] in o rde r  to de te rmine  the requ i red  dependence. 

The r e l a t ion  g iven in [1] between the d rag  coeff icient  and the Reynolds number  for  the flow of so lu-  
t ions in pipes r e p r e s e n t s  a s t ra igh t  line in the coordinates  1 / ~ t  vs  log (Re 'X) :  

-~/)~-~ = 1  2 -~- ~--~aM lgReV- )~ - - -0 .8 -  ~ - ~ l g  ~s - '  (1) 

where  v , t  and a M a r e  p a r a m e t e r s .  

Meyer  [1] postulated that the p a r a m e t e r  v , t  cha rac t e r i z ing  the threshold  s t r e s s  is un iversa l ,  a s -  
suming it  to be equal to 0.07 m / s e c  on the bas i s  of expe r imen t s  with ca rboxymethylce l lu lose  (CMC) so lu-  
t ions flowing in a tube. The coeff ic ient  c~M, which c h a r a c t e r i z e s  the magnitude of the d rag - r educ t ion  e f -  
fect ,  depends on the solution concent ra t ion  and the type of po lymer .  
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It mus t  be pointed out, however,  that the universal i ty  of the pa rame te r  v , t  is somewhat questionable, 
because the experimental  resul ts  descr ibed in the present  ar t ic le  show that this quantity has different  va l -  
ues, depending on the type of polymer and, somet imes ,  on the concentrat ion of the solution. The following 
relat ion,  analogous to {1), is proposed in [2]: 

1 _ 2 +  l g R e V ~ , - - 0 , 8 +  lg ~vs  (2) 
v ~ -  V 8  ) - ~  8d ~" " 

In the coordinates 1 / ( X  vs log ( R e ( ) 9  this cha rac te r i s t i c  descr ibes  a s t ra ight  line whose slope relat ive 
to the axes of the plot differs f rom its analog for water .  The pa ramete r s  z 1 and a E  involved in this equa- 
tion have the same meaning as v . t  and aM. 

The pa rame te r  r 1 (relaxation time) is not determined experimental ly,  but is found on the basis of 
the physicochemical  proper t ies  of the polymer (molecular weight, solution viscosi ty ,  concentration, and 
tempera ture) ,  i .e. ,  it is to be in terpreted as the re laxat ion time for the polymer  molecule in weak solu-  
tion: 

6pv v s - -  v M. (3) 
T 1 ~ 

a2kTN vc 

As shown in [2], the relaxation time can be expressed  in t e rms  of the threshold values of the Rey-  
nolds number  and the drag coefficient: 

V ~ e t  VU-~ =d 8 , (4) 
%'ST1 

i .e. ,  the pa ramete r  -q plays the same part  in the relat ions of Elata et al.,  as the pa rame te r  v . t  in the 
Meyer relat ions.  

The second pa ramete r  aE ,  like the pa ramete r  a M in [1], de termines  the effect iveness of the in- 
vest igated solutions. 

For  flows of guaiacum solutions we calculated the quantities 1/4-X and log (Re 'X)  f rom Eq. (2); the 
resu l t s  a re  plotted on the graph of Fig. 6. The re laxat ion t ime for these solution was calculated according 
to Eq. (3), and the pa ramete r  a E was calculated for each value of the concentrat ion on the basis of data 
on the measured  veloci ty profi les according  to the following (from [2]): 

- -  5.5 - -  5.75 lg yr, 
U. 'V S 

=E = (5 )  
lg ~Ivs 

d 2 

The function aE(C ) thus calculated is shown in Fig. 7a for  flows of g~aaiacum solutions. 
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It is apparen t  f r o m  the g raph  of Fig. 6 that re la t ion  (2) well  de -  
s c r i b e s  the exper imen ta l  r e su l t s ,  and the p a r a m e t e r  T1 can be used to 
p red ic t  the threshold  value of the Reynolds number.  

The calculat ions of the threshold  Reynolds number  for  flows of 
po lyac ry lamide  and polyox solutions a lso  exhibit s a t i s f ac to ry  a g r e e m e n t  
with the exper imen ta l  data. However ,  we did not p e r f o r m  m e a s u r e m e n t s  
of the veloci ty  prof i les  for  these  po lymer s ,  and it was t he re fo re  i m -  
poss ib le  to c a r r y  out a comple te  calculat ion accord ing  to (2), on account  
of the lack  of data on the function ~E (c). 

The law (2) was p resumed  to be valid for  flows of polyox and poly-  
a c r y l a m i d e  solut ions,  because  the exper imen ta l  r e su l t s  f r o m  the drag  
m e a s u r e m e n t s  provide  a good fit, in the coordinates  1 / r  vs log (Re~rX), 
to a s t r a igh t  line, which has a point in common with the analogous line 
for  wa te r  in the vic ini ty  of the threshold Reynolds  number .  The r e su l t s  
of a calculat ion of the p a r a m e t e r  ~E(C) accord ing  to Eq. (2) for  p o l y '  
a c r y l a m i d e  and polyox solutions a r e  given in Fig. 7b and 7c. 

The e f fec t iveness  of the po lymer  solutions,  as  cha rac t e r i zed  by 
~E,  can be e x p r e s s e d  independently of the type of po lymer  and in a 
un iversa l  fashion in the coordinates  ~ E / ~ E m a  x vs  c /Cop t (see Fig. 8). 

Inasmuch as  the threshold  f r ic t ional  s t r e s s  at  the tube wall  does not ha rbo r  a l a rge  s ca t t e r  of r e -  
sul ts  for  solut ions of one type of po lymer ,  the calculat ions accord ing  to M e y e r ' s  r e la t ion  (1) a l so  yield 
good a g r e e m e n t  with the expe r imen ta l  data when the p rec i s ion  of the c r i t i ca l  s t r e s s  is improved  on the 
bas i s  of the r e su l t s  of expe r imen t s  using solutions of different  po lymer s  (T t = 5 d y n / c m  2 for  polyox so lu-  
t ions and ~t = 20 to 25 d y n / c m  2 for  po lyac ry lamide  and guaiacum solutions). The coeff icients  a M  a r e  
calculated in the s a m e  way as  the coeff icients  ~E.  

We offer the following conclusions based on our expe r imen ta l  data and the foregoing calculat ions:  

1. In the turbulent  flow of solutions of the invest igated po lymers  in pipes,  a d rag - reduc t ion  effect  
is observed  when a ce r t a in  threshold  value of the wall  t e m p e r a t u r e  is attained. The threshold value of the 
f r ic t ional  s t r e s s  is 5 d y n / c m  2 for  polyox solutions and 20 to 25 d y n / c m  2 for  gua iacumand po iyacry lamide  
solutions.  

2. For  flows of polyox solutions it is  poss ib le  to find an opt imum value of the concentra t ion ~3" 10 -5 
g / c m  3, above which any fu r the r  i n c r e a s e  in the concentra t ion  does not i n c r e a s e  the d rag - reduc t ion  effect.  

In the expe r imen ta l  r ange  of concentra t ions  of the po lyac ry lamide  and guaiacum solutions the opt imum 
concentra t ion was not reached.  However ,  it m a y  be postulated on the bas i s  of the graphs  of Fig. 7a and 7b 
that this concentra t ion is in the vicini ty  of 3.5" 10 -4 g / c m  3 and 10 -~ g / c m  ~ for  the r e spec t i ve  po lymers .  

3. The m a x i m u m  values  of the d rag  reduct ion  for flows of po lymer  solutions re la t ive  to the case  
of wa te r  was 82% in our expe r imen t s  for  polyox solutions and 70% for  guaiacum and po lyacry lamide  solu-  
t ions.  

4. The graphs  of Fig. 7a-7c  enable one to ca lcula te  the potential  d rag  reduct ion according  to Eq. (2) 
for  flows of polyox, po lyacry lamide ,  and guaiacum solutions of va r ious  concentra t ions  in tubes. 

N O T A T I O N  

d is the 

y is  the 
c is the 
Cop t is  the 
T is  the 
v is  the 
v s is  the 
p is the 
q is the 
v S is the 

tube d i ame te r ;  
d is tance f r o m  tube wall;  
concent ra t ion  by weight of po lymer  solution; 
op t imum concentra t ion  by weight of po lymer  solution; 
f r ic t ional  s t r e s s ;  
v i scos i ty  of wate r ;  
v i scos i ty  of solution; 
densi ty  of wate r ;  
vo lume t r i c  flow r a t e  of liquid in the tube; 
a v e r a g e  flow veloc i ty  of liquid in the tube; 
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flow veloci ty  of liquid in the tube at a d is tance y f r o m  the wall; 
dynamic  veloci ty;  
threshold value of dynamic veloci ty;  
Reynolds number ;  
threshold value of Reynolds number ;  
d rag  coefficient;  
d rag  coeff icient  for  water ;  
d rag  coeff icient  for  solution; 
threshold value of d rag  coefficient;  
Meyer  p a r a m e t e r  [1]; 
Ela ta  (et al.) p a r a m e t e r  [2]; 
m a x i m u m  value of CZE; 
re laxa t ion  t ime;  
Bol tzmann constant;  
t e m p e r a t u r e ,  ~ 
Avogadro number ;  
mo lecu la r  weight  of po lymer .  
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