
number  for  case  of liquid f i lm m o t i o n u n d e r  act ion of centr i fugal  fo rces ;  Lin = [G2/27f2p2v~] 1/4, s i ze  of input 
s egmen t ,  j = ~2R, cent r i fugal  acce le ra t ion ;  g, g rav i ta t iona l  acce le ra t ion .  
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T U R B U L E N T  F L O W S  O F  P O L Y O X  S O L U T I O N S  I N  A 

T U B E  W I T H  L A R G E  R O U G H N E S S  OF T H E  S U R F A C E  

Y u ~  F .  I v a n y u t a  a n d  L .  A .  C h e k a l o v a  UDC 532.542.4 

Experimental results on the measurement of frictional drag in the flow of polyox solutions with 
concentration (5.10-G-10 -3) g/cm 3 in tubes of diameter d = (32 �9 1) mm with different degrees 
of surface roughness are presented (R/kS = 70.8; 11.1; 7.5; 2.9). 

w At present, the question about the effect of polymer addition to water flow on the frictional drag 
during flow along smooth surfaces has been adequately studied experimentally, and this effect can be evaluated 
not only qualitatively, but also quantitatively [1]. However, in real conditions any surface has some roughness. 
It was established experimentally in [2-4] that in the case of presence of surface roughness R/kS = 14-60 a 
reduction of the drag is observed in the transition flow regime of polymer solutions with ksv./v < 100. As in 
the flow along smooth surfaces, the reduction in the frictional drag for the values of the tangential frictional 
stresses .exceeds a certain threshold value independent of the state of the surface [2]. 

A common drawback of all the known experiments for determining the effect of polymer addition on fric- 
tional drag of rough surfaces is the absence of parallel determination of the effect of frictional drag resistance 
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TABLE 1. Bas ic  Cha rac t e r i s t i c s  of Water  Flow in Rough Tubes for  
the Length of the Operat ing Segment L = 1030 m m  

Parameters 

Diam. d = 2R 
~r(water) - 

R / k  s 
k s , mm 
o s , m / s e c  

9 ,  m I$CC 
k s v . l v  

100 

33,3mm 
0,033 
70,8 
0,23 

0,7--10,0 
0,13--1,79 

20--300 

500 

32 m m  

0,068 
ll,1 
1,44 

0,7--9,5 
0,20--2,47 
200--2500 

Grains, ~m 

800 

31,8mm 
0,082 

7,5 
2,12 

0,7--9,7 
0,22--2,78 

300--4000 

1250 

31,2 mm 
0,140 
2,9 
5,35 

0,4--9,0 
0,17--3,40 
600--12000 

of flows of po lymer  solutions along smooth  s u r f a c e s .  A compar i son  of such  m e a s u r e m e n t s  would natural ly  
s impl i fy  the p rob lem of the effect of po lymer  addition on the d rag  of rough s u r f a c e s .  

On the bas i s  of an analys is  of exper imenta l  data in the p resen t  work i t  was decided to:  1) expand the 
range  of values  of roughness  of the invest igated su r faces  compared  to the e a r l i e r  exper iments ;  2) inves t igate  
the  effect  of addition of po lymers  on the f r ic t ional  d rag  of rough su r faces  in wel l -developed flow r e g i m e s  for 
k s v . / v  > 100; and 3) c a r r y  out s imul taneous  m e a s u r e m e n t s  of the f r ic t ional  d rag  in the flow of po lymer  so lu-  
t ions along smooth  and rough s u r f a c e s .  

w For  producing the roughness  on the inner su r f ace  of the tubes ,  sand with g ra in  s izes  of 100, 500, 
800, and 1250/~m was used.  The sand gra ins  were  deposi ted on the inner su r f aces  with the use  of pentaphthal 
paint,  a f t e r  which the tubes were  slowly dried for  a month.  The  rough coatings obtained in this way remained  
hard and unchanged during the  ent i re  period of the t e s t s .  

In view of the d i f ferences  in the g ra in  s izes  of sands used for  obtaining different  var iants  of roughness ,  
the  inner d i ame te r  of the rough tubes a l so  var ied;  this va r i a t ion  was f r o m  d = 33.3 m m  (100 -pmgra in )  to 31.2 
m m  (1250-#m gra in) .  The  absolute  s ize  of the gra in  used for  the fo rmat ion  of su r f ace  roughness  did not coin-  
cide with the g ra in  s i ze  of the roughness  in the exper iments  of Nikuradze cor responding  to  equal values of the 
d rag  coefficients in flow of wa te r  in rough tubes .  T h e r e f o r e ,  for each var ian t  of the geome t r i ca l  roughness ,  
the  equivalent r o u g h n e s s  ks was de te rmined  f rom the hydraulic  d r ag  [5] 

lg ( R / k s )  ---- 0.5 ( l / l / ~ : - -  1.74). 

The measur ing  segment  of the conduit with rough su r f ace  of length 1030 m m  was placed immedia te ly  
a f t e r  the acce l e ra t ing  segment  with 2180 m m  length. The  s ta t ic  p r e s s u r e s  we re  sampled  in the reg ion  of the 
segments  with hydraul ical ly  smooth  s u r f a c e s .  The co r r ec t i on  for  the smooth  segment  of the tube was not 
m o r e  than 1-3% in the gene ra l  p r e s s u r e  d rop  in the measu r ing  segment  of the  tube.  

The  exper iment  on water  showed that  the measur ing  segment  including the rough tube of 1030 m m  length 
is ent i re ly  adequate  in length for  the fo rmat ion  of flow in the rough tube.  T h e r e f o r e ,  t he r e  was no need for  
having the s a m e  magnitude of s u r f ace  roughness  in the acce le ra t ing  s egmen t .  This  permi t ted  us to place hy- 
draul ica l ly  smoo th  segments  of the tube of roughly the s a m e  d i ame te r  (d = 35 mm) before  and a f te r  the rough 
measu r ing  segment  of length L = 1030 m m .  The  s u m m a r y  data on the shor t  s egment  of the rough tube a r e  
given in Tab le  1. I n  the case  when the measu r ing  segment  of the tube with rough su r f ace  had l a rge r  length 
(2180 mm) ,  the  smooth  segment  of the tube was placed only in front  of i t .  This  a r r a n g e m e n t  of smooth  and 
rough segments  of the  conduit pe rmi t ted  us to compa re  the effect  of d r a g  reduct ion of the flows with po lymer  
addition in smooth  and rough tubes s imul taneous ly .  

The  coefficient  of f r ic t ional  d rag  h for  wa te r  flow around hydraul ical ly  smooth  su r faces  of the tube c o r -  
responds  to  the wel l -known re la t ionships  of Nikuradze,  if the smooth  segment  of the tube is placed immedia te ly  
a f t e r  the rough segment  and is somewhat  higher (by ~10%) than these  values for hydraul ical ly  smooth  su r faces  
placed in front  of the measu r ing  rough segments  (Fig. l a ) .  

In the exper iments  with the po lymer  solutions the effect  of d rag  reduct ion was es t imated  in re la t ion  to 
the  actual  value of the f r ic t ional  d rag  coefficients obtained for  the chosen s c h e m e  of insta l la t ion of smooth  and 
rough tubes .  In all  four var ian ts  of roughness  wel l -developed flow r eg imes  were  obtained when the f r ic t ional  
d r ag  coefficient  no longer depended on the Reynolds number  (Table 1, Fig.  1). 
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Fig. 1. Dependence of the frictional drag coefficient X on Reynolds 
number Re for the flow of polyox solutions in smooth and rough tubes 
(L = 1030 ram): 1) water ;  2) e = 5 "10-6; 3) 10-5; 4) 2.104 g/era3; 
a) 100-~m grain,  R /k  S = 70.8; b) 800-#m grain,  R/ks  = 7.5; c) 
1250-#m grain,  R /k  S = 2.9. A) a scheme of installation of smooth 
and rough segments .  

w In order  to determine the effect of polymer addition on the frict ional drag coeff ic ient ,  polyoxWSR-301 
was chosen as the additive to the water flow in rough tubes;  solutions of the following four concentrations 
were  prepared on this polyox: c = 5 .10  -6, 10 -5, 2 . 1 0  -4, and 10 -3 g /era  3. The resul ts  of the experiments 
a r e  presented in the form of the dependence of the frict ional drag coefficient X on Reynolds number,  computed 
f rom the viscosi ty  of the solution. 

In varying the roughness each t ime,  a f resh  polyox solution prepared just before the experiment was 
used. The use of a common technique of solution preparat ion gave a good repeatabil i ty of the experimental  
resul ts  in the measurement  of drag in the smooth segments of the tube. This fact enabled us to compare  the 
effect of sur face  roughness to the effect of drag reduction under equivalent conditions (Fig. 1). 

Examining the dependences shown in Fig. 1, it can be noted that in the flow of polymer solutions along 
smooth and rough surfaces  a reduction of the drag is observed almost  in the entire range of the investigated 
Reynolds number Re = 104-2 "105 and of the tangential fr ict ional  s t r e s ses  at the wall rw = (15 �9 104) dyn /em 2. 
However, the magnitude of this effect for the same concentrat ion of the solution is not uniform for the smooth 
and rough sur faces ,  except for the case when the observed effect was identical for roughness R/kS - 70.8. 
The relat ive reduction of the frict ional drag of rough sur face  presented in fractions of the drag reduction on a 
smooth sur face  can be approximated by a linear function of the roughness parameter  R/ks  for all values of 
concentrat ion of the solution (Fig. 2). This dependence is also confirmed by the resul ts  for decomposed solu-  
t ions,  for which the effect of fr ict ional  drag reduct ion on the smooth sur face  was appreciably smal le r  than for 
a f resh  solution. According to the data presented in Fig. 2, the effects of drag reduction on the smooth and 
rough surfaces  a re  equal for R /k  S > 20. 
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Fig.  2 Fig. 3 
Fig.  2. The dependence of the ra t io  of fr ict ional  d rag  reduc-  
tions n = So . rou /So . sm on the sur face  roughness R/ks  for the 
flow of polyox solutions in smooth  and rough tubes.  

Fig. 3. The dependence of the threshold frict ional s t r e s se s  
on the sur face  roughness for flows of polyox solutions : 1) c = 
5 "10 -6 g/cm3; 2) c = 10 -5 g / c m  3. 

The data in Fig. lb,  C reveal  another important fact :  for smal l  values of the concentrat ion of polyox so -  
lution (5 "10 -6 and 10 -5 g / c m  3) there  is a range of Reynolds numbers in which the increase  of velocity leads to 
a dec rease  of the effect of fr ict ional drag res i s t ance  on the rough sur face  and to its complete disappearance.  
The effect of reduction of the fr ict ional  drag at smooth surfaces  placed before and after  the rough segment  is 
retained;  this indicates that the solution did not lose its proper ty  of reducing the frict ional drag.  In order  to 
determine the fac tor  influencing the value of the terminal  threshold Reynolds number (i.e., to ascer ta in  if it 
is caused by the destruct ion of the po lymer  molecules during the passage of the solution along the length of 
the rough tube due to high values of fr ict ional  s t r e s s e s  above Which the decrease  of fr ict ional  drag is not ob- 
served) the experiments  were  repeated with a rough segment  with R/k  S = 2.9 (1250-pm grain) and twice as 
long, L = 2180 mm (Fig. le).  Since these data indicate the same value of Reynolds number above which 
the effects of reduction of the fr ict ional  drag on rough surfaces  disappear  for  identical values of the 
solution concentrat ions,  i t  can be concluded that these Reynolds numbers correspond to the maximum 
s t r e s se s  up to which the addition of WSR-301 polymer  in water flow causes a reduction of the fr ict ional  drag.  
The data on the values of the t e rmina l  threshold frict ional s t r e s ses  at the wall a r e  given in Fig. 3 for two 
concentrations of the solution --  5 �9 10 -6 and 10 -5 g / c m  ~ -- as a function of the sur face  roughness .  

Thus, if for the initial threshold frict ional s t r e ss  it is possible to indicate a unique value depending only 
on the fo rm of the polymer  and independent of the concentrat ion of a solution, then the frict ional s t r e ss  above 
which the effect of reduct ion of fr ict ional  drag disappears  is a variable quantity depending not only on the form 
of the polymer  and its concentrat ion in the solution, but a lso on the sur face  roughness over which the solution 
flows. Assuming that for R /ks  = 20, when the effects of reduction of fr ict ional  drag on smooth and rough s u r -  
faces a re  equal, the value of the t e rmina l  threshold fr ict ional  s t r e s s  depends only on the concentrat ion of the 
solution and is independent of the sur face  roughness .  It is possible to extrapolate the dependence in Fig. 3 to 
the value R /k  S = 20 and the obtained values of r ** may be regarded only as a function of the concentrat ion of 
the polymer  solution. In th i s  case ,  it is found that for concentrations c = 5 .10  -6 and 10 -5 g / c m  3 the values of 
the t e rmina l  threshold s t r e s se s  will be T** = 8000 and 18,000 dyn /em 2, respect ively .  These  values agree  
with s imi la r  data which were  obtained also f rom the extrapolation of the effect of drag reduction in the flow of 
polyox solutions of same  concentrations in smooth tubes from the tangential  fr ict ional s t r e s s  at a smooth wall 
[2]. 

In the range of tangential  s t r e s s e s ,  where the effect of reduction of fr ict ional  drag of a flow of polymer 
solution is observed,  a decomposit ion of the solution occurs  and the degree  of decomposit ion depends on the 
magnitude of the sur face  roughness .  On the basis of the data in Fig. 1, it can be assumed that for R/ks  > 20 
(small sur face  roughness)  there  is no decomposit ion,  s ince the reduction of the fr ict ional  drag in solutions 
during their  flow along smooth segments  separated by a rough sur face  is s imi la r .  For  la rger  degree  of rough-  
ness (for R /ks  < 20), the degree  of decomposit ion determined by the difference in the reduction of the fr ict ional  
drag at smooth  segments  comprised 4-5% for R /k  S = 11.1, 6-7% for R /ks  = 7.5, and 17% for R /k  S = 2.9. 

w On the basis of the measurements  of the frict ional drag in the flow of polyox solutions with concen-  
t ra t ions c = 5 �9 10-s-10 -3 g / c m  3 in their  flow in tubes with different degrees  of sur face  roughness ,  the following 
conclusions can be drawn:  
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1) the addition of po lymer  to water  flow leads to a reduct ion of the f r ic t ional  d rag  of the flow both in 
smooth  and rough tubes ; 

2) the magnitude of the effect of reduct ion of the d rag  depending on the concentra t ion of the po lymer  in 
the  solut ion is independent of the  s u r f ace  roughness ,  if its r e l a t ive  value R / k s  is not less than 20 (R/ks -->- 20); 
for  l a rge r  su r f ace  roughness  (when R / k  S < 20), the effect of reduct ion of the d rag  at the rough su r f ace  is 
s m a l l e r  than at the smooth  su r face ,  and this d i f fe rence  i nc rea se s  as the roughness  i nc rea se s  (Fig. 2); 

3) both on the smooth  and the rough su r f aces  a sa tu ra t ion  effect of the d rag  reduct ion is observed in 
p o l y m e r  solutions with the i n c r e a s e  of t he i r  concentra t ion;  however ,  the magnitude of the l imiting drag  r e -  
duction depends on the s u r f ace  roughness ;  the l a rge r  the roughness ,  the s m a l l e r  is the m a x i m u m  at ta inable  
d rag  reduct ion for  the flow of the solut ion in the tube; 

4) the addition of po lymer  to water  flow reduces  i t s  f r ic t ional  d rag  in a l imited range  of tangent ia l  
s t r e s s e s  at  the wall;  it is a s sumed  that  the ini t ial  threshold  s t r e s s  depends only on the type of the po lymer  
[3]; the t e r m i n a l  threshold  s t r e s s  depends on the type of the po lymer ,  its concentra t ion in the solution, and 

the  su r f ace  roughness ;  within this r ange  t he r e  is a smooth  i n c r e a s e  of the effect to the m a x i m u m  sa tu ra t ion  
cor responding  to the chosen concentra t ion  of the solution; subsequent ly,  this effect is maintained constant  
and la ter  on it d e c r e a s e s  smooth ly .  

N O T A T I O N  

d, tube d i ame te r ;  R, tube rad ius ;  ks,  roughness  equivalent to Nikuradze sand roughness ;  ~, f r i c -  
t ional  drag  coefficient;  vs ,  mean  flow veloci ty;  v, k inemat ic  v i scos i ty  of the solution of water ;  p, water  
densi ty;  Re = v sd / v ,  Reynolds number ;  rw, tangential  f r ic t ional  s t r e s s  at the wall during the flow of water ;  
r s t  r ,  tangent ia l  f r ic t ional  s t r e s s  at  the wall of the tube during the flow of the solution; v .  = 4-7~'w/p, dynamic 
veloci ty;  r . ,  init ial  threshold  f r ic t ional  s t r e s s  at the tube wall; r **, t e rmina l  threshold  f r ic t ional  s t r e s s  at 
the  tube wall; S = (rw --  7 s t r ) / r w  (for vs = coast) ,  effect of reduct ion of f r ic t ional  d rag  during the flow of 
po lymer  solution compared  to  the flow of water ;  Ssm ., effect of reduct ion  of f r ic t ional  d rag  on smooth  wall; 
Srou, effect of reduct ion  of f r ic t ional  d rag  at rough wall; n= So . rou . /So . sm ; So . s i n ,  So.rou. , m a x i m u m  values 
of the reduct ion of f r ic t ional  d rag  at smooth  and rough su r faces  corresponding to a given value of the concen-  
t r a t i on  of the po lymer  solut ion.  
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