
JOURNAT, OF ENGINEERING PHYSICS 319 

VELOCITY AND TURBULENT FLUCTUATION FIELDS IN WATER CONTAINING 
LOW CONCENTRATIONS OF HIGH-MOLECULAR SUBSTANCES 

E. M. Khabakhpasheva and B. V. P e r e p l i t s a  

Inzhene rno -F iz i ehesk i i  Zhurnal ,  Vol. 14, No. 4, pp. 598-601, 1968 

UDC 532.517.4 

The stroboscopic visualization method has been used to measure ve- 
locity profiles and RMS values of the longitudinal and ~ransverse com- 
ponents of the velocity fluctuations in weak solutions of DNA, 

Numerous  inves t igat ions  have shown that when 
sma l l  quanti t ies  (hundredths or  thousandths of a p e r -  
cent) of ce r t a in  h igh -molecu la r  subs tances  a r e  d is -  
solved in water  the f r ic t ion  drag  in a turbulent  flow is 
considerably  reduced.  The reasons  for this a r e  not 
yet  c lea r  and var ious  hypotheses ,  based  on the as -  
sumption that the solutions possess  e l a s t i c  p rope r t i e s ,  
have been proposed.  In 1965-1966 the ve loc i ty  f ie lds  
were  inves t iga ted  in weak solut ions of polyvinyl oxide, 
carboxymethyl  ce l lu lose  (CMC), and guar gum. Wells  
[1] concluded that as the concentra t ion  of guar gum 
r i s e s  the slope of the logar i thmic  veloci ty  prof i le  in-  
c r e a s e s  cons iderably  and the v iscous  sublayer  grows 
th icker .  In the i r  expe r imen t s  Erns t  [2] and Elata  [3] 
es tabl i shed that in the case  of weak solutions the tu r -  
bulence constant r e m a i n s  the same as for ord inary  
l iquids.  Accord ing  to [3], the thickness  of the v i s -  
cous sublayer  in guar gum solutions i n c r e a s e s  as the 
concent ra t ion  r i s e s  to 0.3%. A fur ther  i nc r ea se  in con- 
cen t ra t ion  led to a diminution of this effect .  In al l  cases  
Pitot  tubes w e r e  used to m e a s u r e  the ve loc i t i e s .  How- 
ever ,  with Pitot  tubes it is not poss ib le  to m e a s u r e  
the ve loc i t i e s  in the immedia t e  v ic in i ty  of the wal ls .  
Accordingly ,  in the expe r imen t s  the d imens ions  of the 
reg ions  of v i scous  flow were  found by ext rapola t ing  the 
ve loc i ty  prof i le  m e a s u r e d  in the turbulent  core  to in- 
t e r s e c t  the l inear  veloci ty  prof i le  in the viscous  sub-  
layer .  

In the case  of non-Newtonian liquids P i to t  tubes 
have an additional se r ious  disadvantage:  if mot ion 
(shear)  of the liquid is accompanied  by the deve lop-  
ment  of normal  s t r e s s e s ,  a Pi to t  tube {n the flow m e a -  
sures  the d i f fe rence  between the total  p r e s s u r e  and the 
sum of the s ta t ic  p r e s s u r e  and the normal  s t r e s s .  The 
re su l t s  of such m e a s u r e m e n t s  a r e  diff icul t  to ,analyze.  

To inves t igate  the ve loc i ty  f ie lds  in DNA (desoxyr i -  
bonucleic  acid) and CMC solut ions at low concen t ra -  
t ions,  we used an e l ec t ron ic  s t roboscope  developed in 
the Hydrodynamic R e s e a r c h  Labora to ry  [4]. Using this 
ins t rument  we obtained ave rage  ve loc i ty  prof i les  in al l  
regions  of the flow, including the v iscous  sublayer ,  
together  with RMS values  of the longitudinal and t r a n s -  
v e r s e  components of the ve loc i ty  f luctuations as a func- 
tion of the d is tance  f r o m  the wall.  

The ve loc i ty  f ield m e a s u r e m e n t s  were  made in r e c -  
tangular  channels with c ross  sect ions m e a s u r i n g  
5 • 10 m m  and 10 • 10 ram, the length of the channels  
being 750 ram. The solution was c i rcu la ted  with a 
centr i fugal  pump. A tube- in - tube  type cooler  was used 

to keep the t e m p e r a t u r e  of the solution constant during 
the exper iment .  

The quality of the DNA was de te rmined  f rom the 
hype rch romic  e f fec t - - the  i n c r e a s e  in u l t r av io le t  ab-  
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Fig. 1. Veloci ty prof i les  in d imens ion-  
less  coordinates :  1) Re = 17 000; 2) 16 000; 
3) 25000; 4) 11 000 (channel c r o s s  sec t ion  
5 • 10 mm);  5) Re = 11000 (channel 10 x 
x 10 mm).  Solid c u r v e - - u n i v e r s a l  ve loc i ty  

prof i le .  

sorpt ion of denatured DNA solut ions.  The hype rch romie  
effect  and v i scos i ty  of both f r e sh  and used DNA solu-  
tions were  measu red .  In the f i r s t  s e r i e s  of expe r i -  
ments  (upper points in Fig .  1) the v i scos i t i e s  of the 
initial and used solut ions were  p rac t i ca l ly  the same ,  
while in the second s e r i e s  of expe r imen t s  the d i f fe r -  
ence was 4-5%. In these  s e r i e s  the hype rch romic  ef-  
fect  d i f fered by 6-8%. In al l  the expe r imen t s  the con- 

cent ra t ion  of the DNA solut ions was f rom 100 to 200 
par t s  per  mi l l ion .  The v i scos i ty  of these  solutions 
m e a s u r e d  with a cap i l l a ry  v i s c o m e t e r ,  exceeds  that of 
water  by 20-30~ .  

Since the DNA molecu les  may  be mechanica l ly  de-  
s t royed  by the shear  s t r e s s e s ,  the expe r imen t s  lasted 
10-12 min. 

For  flow v i sua l iza t ion  purposes ,  r e f l ec t i ng  a lumi -  
num pa r t i c l e s  2 -10  # in d i ame te r  were  introduced into 
the solut ions.  

A s e r i e s  of th ree  s t roboscope  f lashes  produced 
t racks  on each f r ame  in the fo rm of th ree  succe s s ive  
images  of the pa r t i c l e s  within the l ight beam.  At the 
same  t ime,  an image of the luminous bottom of the 
channel was obtained, which was r equ i r ed  to d e t e r -  
mine the t r a n s v e r s e  coordinate  of the pa r t i c l e  en ter ing  
the f r ame .  

The f i lms were  analyzed on a PUOS-1 apparatus;  
the mean  values  of the longitudinal and t r a n s v e r s e  ve-  
loci ty components and the RMS values of the f luctua-  
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Fig. 2. Relative RMS values of the longitudinal (I) and trans- 
verse (If) fluctuations of the velocity vector: 1) Re = 17 000; 
2) 25000; 3) 11000 (channel cross section 5x 10 ram); 4) 
11000 (channel 10 x 10 mm). Solid curvelLaufer's data [5]. 
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t ions were calculated on an 1VI-20 e lec t ronic  computer .  
Up to 1500 t racks  were measu red  and analyzed for each 
flow reg ime  in a s t r ip  about 2.5 mm deep. This s t r ip  
was divided into 20 ver t i ca l  in te rva ls ,  so that 6 - 8  in-  
t e rva l s  corresponded to the viscous sublayer .  F r o m  
the velocity profi les  obtained we de te rmined  the ve-  
locity gradient  in the viscous sublayer  and calculated 
the shear  s t r e s s  at the wall.  

The agreement  between the mean  velocity profi les  
obtained for a flow of water and a 30% solution of glyc-  
e r in  in water  and the un ive r sa l  velocity profile served 
as a check on the method employed. 

In Fig.  1 the mean  velocity profi les  measu red  for 
the DNA solutions are  presen ted  in d imens ion less  co- 
ordinates .  The m e a s u r e m e n t s  embrace  the en t i re  r e -  
gion of turbulent  flow from the viscous sublayer  to the 
center  of the channel.  It is c lear  f rom the f igure that 
for all  the DNA solutions the points lie above the un i -  
versa l  velocity profile cha rac t e r i s t i c  of o rd inary  l iq-  
uids (continuous curve),  while the slope of the log- 
a r i thmic  profi le  r e m a i n s  prac t ica l ly  unchanged. This 
indicates that a drag reduct ion is observed for all  the 
solutions invest igated.  

A calculat ion of the r e s i s t ance  coefficient f rom the 
measured  velocity profi les  showed that for the points 
located fur thes t  f rom the un ive r sa l  profile the drag 
reduct ion in a c i r cu la r  tube is 40%. For  solutions of 
DNA of the lowest quality the drag reduct ion is some-  
what less .  These data are  cons is tent  with m e a s u r e -  
ments  of the p r e s s u r e  drop and pump power. 

In the in te rmedia te  region  the velocity profi les  are 
s teeper  than for o rd ina ry  l iquids.  This indicates that 
adding a h igh-molecular  polymer impedes the devel-  
opment of turbulence  and displaces  the region  of de-  
veloped turbulent  flow somewhat fur ther  f rom the 
walls.  

In Fig.  2 the RMS values of the longitudinal  and 
t r a n s v e r s e  components of the velocity fluctuations are  
shown as a function of the d is tance  f rom the wall. The 
solid curves  r e p r e se n t  the analogous data obtained by 
Laufer in a i r  [5] and by the authors  in water.  It is 
c lear  f rom the graph that the magnitude and d i s t r ibu -  
tion of the longitudinal  component do not differ f rom 
the corresponding cha rac t e r i s t i c s  of o rd ina ry  l iquids.  
At the same t ime,  the t r a n s v e r s e  component is s ig-  
nif icantly reduced near  the wall. S imi la r ,  but weaker 
effects were obtained with CMC solut ions at concen-  
t ra t ions  up to 0.13% by weight. 

NO TA TION 

q~ = Vx/V* is the dimensionless velocity; ~ = yv*/v 
is the dimensionless coordinate; u' and v' are the 
longitudinal and transverse fluctuation components of 
the velocity vector; v* is the shear rate at wall; Re is 
the Reynolds number. 
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