
For  example ,  for the exper imenta l  channel descr ibed  above k 
= 0.05, we obtain the condition 

Pe*lx=n ~ 0.052. 

= 0.565, 5 /Xlx=H = 0.0385 and if we take 

N O T A T I O N  
x 

6, H, f(x), height, length, and width of channel; S(x) = S f(x) dx, a r e a  of channe lwal lwashed  with liquid at d i s -  
0 

t ance  between Channel inlet and c ross  sec t ion  x; ~x, longitudinal veloci ty  component;  ~ ,  mean  veloci ty  over  
channel sec t ion  x; h = 6/2,  channel half-height ;  Gm, mass  flow r a t e  of liquid; p, a ,  Cp, X, densi ty ,  t h e r m a l  
diffusivity,  h e a t  capaci ty ,  and t h e r m a l  conductivity of liquid; t ,  local liquid t e m p e r a t u r e  in channel; tw, 
channel wall  t e m p e r a t u r e ;  to, liquid t e m p e r a t u r e  before  ent rance  into channel; t ,  liquid mean  mass  t e m p e r -  
a tu re  at sec t ion  x; a ,  a ,  local and mean  in tegra l  (over sur face)  hea t - l ibe ra t ion  coeff ic ients ,  r e fe renced  to 
t e m p e r a t u r e  d i f fe rence  {t w --  t-); s 0, ce 0, local and m e a n  in tegra l  (over sur face)  hea t - l ibe ra t ion  coeff ic ients ,  
r e f e renced  to t e m p e r a t u r e  d i f ference  (t w - to); Nu, Nu, Nu 0, Nussel t  c r i t e r i a  for  hea t - l ibe ra t ion  coefficients  
o ,  ~ ,  So; Pe*,  genera l i zed  modif ied Pecle t  c r i t e r ion ;  Pc,  Pee le t  c r i t e r ion ;  Nust, Nussel t  c r i t e r ion  for t h e r -  
ma l ly  s tabi l ized flow; qw, densi ty  of t he rm a l  flux f r o m  wall  to liquid at sect ion x; Q, t h e r m a l  flux assoc ia ted  
with one channel wall.  
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L I Q U I D - F I L M  F L O W  R E G I M E S  ON A R O T A T I N G  S U R F A C E  

A .  I .  B u t u z o v  a n d  I .  I .  P u k h o v o i  UDC 532.517:532.62 

Liquid flow on a ro ta t ing  disk is analyzed and studied exper imenta l ly .  Limits  of the hydrodynam-  
ic r e g i m e s  a r e  es tabl i shed.  

Liquid-f i lm flow on rota t ing su r faces  is employed in t h e r m a l  m a s s - e x c h a n g e  devices  (evapora tors ,  
d r i e r s ,  a b s o r b e r s ,  e t c . ) ,  r e a c t o r s ,  and centr i fuges  in var ious  technological  f ie lds .  Calculation of such 
devices  p r e sumes  a c l ea r  understanding of flow hydrodynamics ,  in pa r t i cu la r ,  of the l imits of l aminar  and 
turbulent  flow. 

Despi te  the la rge  number  of s tudies dedicated to study of the hydrodynamic cha rac t e r i s t i c s  of f i lm flow 
on rota t ing bodies ,  only [t-6] indicated the hydrodynamic r e g i m e .  However ,  in those  studies t he r e  a r e  ma jo r  
d i f ferences  in evaluation of the effects of var ious  p a r a m e t e r s  (wetting densi ty F, angular  veloci ty 9 ,  and s u r -  
face d imens ion  R) on flow s tabi l i ty .  The effect of r was considered in [1, 6], while [3] considered only '2 and 
R. In de te rmin ing  the flow r eg i m e ,  Dor fman  [8] considered the effects of both angular  veloci ty  and initial 
f i lm thickness  6, consider ing the  la t ter  known. In [4], one of the f i r s t  s tudies of f i lm hydrodynamics  on r o t a -  
t ing s u r f a c e s ,  the authors  use  an express ion  f o r  f l ow- reg ime  de te rmina t ion  which includes all  the d imens ion-  
less quantities used in the works mentioned above [3, 6, 8]: 

Re'= Re~-~Re r Re 6 : ( - G ~ ' ~  -1 (~ c~ (1) 
\ 2 ~ R v p  ] v v 
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It should be noted that this express ion cannot se rve  as a defining cr i ter ion,  s ince it contains a liquid-film 
thickness known beforehand. 

On the basis of dimensional  analysis ,  [5] recommended a complex, t e rmed  the modified Reynolds num- 
ber  by the authors,  that considered the effect of both wetting density and angular velocity on flow reg ime :  

6 (oR ~ 
t~em~ l~ef l~e r -- (2) 

2~Rvp v 

Using Eq. (2), [2] determined the flow reg ime of suspensions in a ro to r - f i lm  centrifuge.  The data of [5] and 
[2] indicate the cr i t ical  value of Rem to be 0.524.108 and 0.585 o108, respec t ive ly .  

There  a re  eontradictions in the conclusions of the various authors as to the relat ive location of the la- 
minar  and turbulent zones on the rotating sur faee .  If the hydredynamie mode depends solely on wetting den- 
si ty (Ref), as in [5, 6], it is quite obvious that the flow will be more  turbulized in the direct ion toward the 
eenter of the sur face .  However, the equations presented in [3,4] and Eqs.  (1), (2) indieate the opposite. In 
this sense the data of [9] a re  also contradictory,  the author using Eqo (2) to determine hydrodynamic cha rac -  
t e r i s t i c s  and then deriving relat ionships for the mean heat-exchange coefficient with considerat ion of film 
flow turbulizat ion in the centra l  portion of the disk, which disagrees  with Eq. (2). 

None of the published studies offer any explanation of the physieal nature of the ear l ier  development of 
film turbulizat ion on a rotating sur face ,  noted in [2-5], as compared to a fixed sur face  (for equal Ref). In 
this connection it will be useful to re ly on cer ta in  distinctive peculiari t ies of film motion under the action of 
centrifugal  fo rces .  

As is welt known [6, 17], film motion on a rotating sur face  is accompanied by intense wave formation.  
For  the case of gravitat ional  film flow, Kapitsa [10] obtained an equation for determinat ion of the film Rey-  
nolds number Ref w a t  which wave formation commences .  It follows from this equation that with increase  in 
accelera t ion the v~lue of Ref ,w must dec rease .  Calculation shows that for other conditions equal, at a cen- 
t r i fugal  acce lera t ion  of j = 1000g the value of Ref, w will be almost  twice as smal l  as for gravitat ional  motion. 
Thus,  the ear l ie r  commencement  of wave formation may lead to an ear l ier  (at lower Ref) flow turbulization.  

In our opinion, the hydrodynamics of a film moving on a rotat ing surface  will also be affected by the 
gaseous medium in contact with the liquid's f ree  sur face .  It is known [11, 12] that external perturbations 
acting on the film sur face  may cause disruption of the stability of a laminar-wave flow at Ref values below 
cr i t ical .  Among such perturbations are  fr ict ion at the phase boundary and changes in the gas-flow reg ime 
above the film sur face  [10, 12-16]. Studies [13-16] have shown that pulsations in the gas flow occurr ing during 
turbulent  flow have a significant effect on film hydrodynamics,  encouraging reduction of the cr i t ical  value of 
Ref~ it is well known that liquid flow on a rotat ing disk is accompanied by a companion gas flow, cattsed by 
disk rotation.  In this case developed turbulent gas flow sets in at Reg g rea te r  than (2.7-3) �9 105, while insta-  
bility commences  at 1.8 �9 10 .5 [7]. A reduction in the cr i t ical  value of Reg is observed with increase  in sur face  
roughness .  It must  then be noted that the liquid-wave film may be considered [10] as a rough sur face  with 
significant protuberance height, inasmuch as the data of [17] indicate that the wave amplitude on a rotating 
disk comprises  30-50% of the film thickness .  Film "roughness" increases  with increase  in liquid-flow ra te  
(film thickness),  which at a given angular velocity leads to dec rease  in the cr i t ical  value of Reg. The tu rbu-  
lent pulsations developing in the gas flow can act on the film, destroying the stability of its flow at lower 
values of Ref. 

In light of the above considerat ions,  the authors regard  it possible to use as the charac te r i s t ic  for 
t rans i t ion  from laminar-wave flow to turbulent a dimensionless complex which we will t e r m  the correc ted  
Reynolds number : 

6 coR ~- (3) 
Rec~ Ref Reg - 2~Rvp Vg 

Equation (3) has a s t ruc tu re  s imi la r  to Eq. (2), but differs f rom the latter in considering the effect of gas 
motion above the film sur face .  The use of Eq. (3) may also be justified by dimensional analysis .  

An experimental  study was performed of the hydrodynamics of flow of a film of water,  an aqueous solu- 
tion of glycer in  (p = 1.1 kg /m 3, /~ = 5 .17.10 -3 ~ "sec), and a solution of Barf - type  surfactants  (~ = 36 .1 .10  -3 
N/m) under is othermal  conditions {t ~- 20~ on a disk of type Kh18N10T stainless s teelwith radius Rfin = 0.2 m 
rotating in the horizontal  plane at angular velocities f rom 5 to 240 sec - t .  Liquid was supplied at the disk cen- 
• The disk sur face  was processed  to class 8-9 according to GOST (All-Union State Standard) 2789-59. The 
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Fig. 1. Effect of disk angular velocity and liquid-flow ra te  on hy- 
drodynamics  of film flow. Glycerin solution: G = 25 -10 -3 kg / sec ;  
Re~ =4 .26 :  a) "~ = 73.2; b) 240 see- l ;  G = 33 .10  -3 kg /sec ;  l~e~ = 

5.62: e) ~ = 73.2; d) 125 sec-1; e) water ,  G = 6 .5 .10  -3 kg / sec ;  
Re~ = 5.18; ~ = 104/6 sec -1 (incomplete wetting, Rw = 0.135 m; 

Re w = 4.95). 
f 

centrifugal  apparatus was provided with an ST-5 s t roboscope of the Tbil ipr ibor  fac tory  and synchronized with 
disk rotat ion ra te  so that visual observations and photography of the film sur face  could be per formed.  Analy- 
sis  of measurement  e r ro r s  revealed that under the experimental  conditions the maximum relat ive sys temat ic  
e r r o r  did not exceed 14%. 

The experimental  method ensured constancy of one of the two quantities (~ or G) charac ter iz ing  the film 
flow, while the other was var ied.  The flow charac te r  was determined visually and by photography; at t imes ,  
dye mater ia l  was introduced into the liquid. 

In the experiments with water  and the g lycer in  solution a laminar  film with no signs of wave formation 
was observed over the entire disk only at angular velocities ~ -< 41.8 sec -i and Re~ <- 2. In the flow of the 
surfactant  solution a smooth film existed at significantly higher values of Ref and ~0, which indicates an in- 
c r ease  in flow stabili ty as in [2]. In the range ~ -< 41.8 sec -i  increase  in flow ra te  of water or glycerin to 
values of l~e~ = 20-25 and of surfactant  solution to Re~ = 50-60 led only to significant wave formation in the 

centra l  portion of the disk; as the liquid moved over the disk to the per iphery the waves gradually damped. 
With increase  in velocity the wave damping ceased and the waves were  observed over the entire sur face .  The 
intensity and cha rac t e r  of wave formation depended on both flow ra te  and angular velocity (Fig. 1a-d). As is 
evident f rom Fig. 1, af ter  the smooth input sect ion concentr ic  waves develop at the center  of the disk, it 
being possible to determine the t rans i t ion  f rom one wave to the next. The region of concentr ic  wave existence 
decreased  in s ize  with increase  in either Ref o r ~ .  With motion toward the disk edge the waves gradually 
break  down (Fig. l a , d ,  e) and t r a n s f o r m  into sol i tary waves (in the terminology of [10]) in which the flow pic-  
tu re  appears to be that of a ser ies  of individual semidroplets  (Fig. le)  roll ing over the sur face  of a film mov-  
ing in laminar fashion, with sma l l e r  waves existing between the la rger  ones; such waves usually had steep 
fronts .  

At cer ta in  values of Ref and ~ the sol i tary  waves gradually lost their  form,  and beginning at a cer ta in  
radius a f ine-s t ruc tured  d isorder ly  r ipple (Fig. lb,  c) could be seen on the liquid sur face .  The appearance 
of this rippled region recal ls  the sur face  perturbations of a gravitat ion film flow photographed in [14] with 
turbulent gas flow above the f i lm. Introduction of dye s t reaks  into the liquid flow revealed that in the ripple 
region intense washing action occurred ,  while in the central  region the s t r eak  flow had a laminar cha rac te r .  
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T A B L E  1. Ef fec t  of A n g u l a r  V e l o c i t y  ~ and L i q u i d - F l o w  R a t e  G on 
T r a n s i t i o n  f r o m  L a m i n a r  to  T u r b u l e n t  Mot ion  

i 6.10% Reg. lO'~ Rec. 10"* Rern-lO-" Liquid studied ~,sec'~ kg/sec Rcrt, m Ref 

Water 

Aqueous 
glyeerin solu- 
tion 

240 
200 
188 
104,6 

240 
180 
140 

5~5 
9,5 
6,5 
6,5 

25 
25 
33 

0,065 
0,06*) 
0,065 
0,16 

0,075 
0,09 
0,11 

13,5 
25,2 
15,9 
6,45 

10,2 
8,55 
9,2 

0,68 
0,478 
0,502 
I.,78 

0,896 
0,967 
1,09 

0,917 
1,21 
0,796 
1,15 

0,806 
0,827 
1,0 

0,855 
1,14 
o, 985 
1,09 

0,186 
0,168 
0,218 

* D e t e r m i n e d  by  beg inn ing  of dye  s t r e a k  d i f fu s ion .  

T h e  r i p p l e  r e g i o n  d id  not d i s a p p e a r  out to  t h e  d i s k  edge ,  but  i t s  he igh t  changed  upon r e d u c t i o n  in f i l m  t h i c k -  
n e s s .  The  a p p e a r a n c e  of s u c h  r i p p l e s  on the  f i lm  s u r f a c e  was noted by  the  a u t h o r s  of [2, 5], who c o n s i d e r e d  
t h i s  phenomenon  to  be  t he  c o m m e n c e m e n t  of t h e  t u r b u l e n t - f l o w  r e g i m e .  T h e  d i f fu s ion  of t he  dye  s t r e a k s  is  
a d d i t i o n a l  e v i d e n c e  tha t  a change  in f i l m - f l o w  r e g i m e  o c c u r s .  

T h e  mo t ion  of t he  s u r f a c t a n t  s o l u t i o n  at  Re~ -> 60 and ~ -> 200 s e e  -1 is a l s o  c h a r a c t e r i z e d  by the  p r e s -  
ence  of  c o n c e n t r i c  waves  in t he  c e n t r a l  p o r t i o n  of t he  d i s k  and i n t e n s e  l iquid m i x i n g  at  t he  p e r i p h e r y .  F o a m -  
ing and t e a r - o f f  of l iquid peaks  by  the  a i r  flow o c c u r r e d ,  r e s u l t i n g  in s i g n i f i c a n t  n u m b e r s  of f ine d r o p l e t s  

be ing  c a r r i e d  off. 

D u r i n g  the  e x p e r i m e n t s  wi th  w a t e r  and the  g l y c e r i n  so lu t ion  m e a s u r e m e n t s  w e r e  m a d e  of t he  d i s k  r a d i i  
Rer~ at  which  t h e  t r a n s i t i o n  f r o m  s o l i t a r y  waves  to  r i p p l e  r e g i o n  and flow m i x i n g  o c c u r r e d .  T h e  R c r  i v a l u e  
was  t a k e n  as  t he  d i s t a n c e  f r o m  the  d i s k  c e n t e r  a t  which  i t  was no l onge r  p o s s i b l e  to  d i s t i n g u i s h  s o l i t a r y  w a v e s .  
U s i n g  t h e s e  R c r  1 v a l u e s  wi th  G and :o, t h e  va lue s  of Eqs .  (2), (3) w e r e  c a l c u l a t e d  (Table  1). C a l c u l a t i o n s  
showed  tha t  the  va lues  of R e m  obta ined  wi th  Eq.  (2) for  w a t e r  w e r e  c l o s e  to  t h o s e  of [5]; h o w e v e r ,  for  t he  
g l y c e r i n  so lu t i on  they  d i f f e r e d  by  a f a c t o r  of 4 -5  t i m e s  f r o m  t h o s e  c a l c u l a t e d  for  w a t e r  ( a p p r o x i m a t e l y  the  
s a m e  as  t he  r a t i o  of g l y c e r i n  s o l u t i o n  v i s c o s i t y  to tha t  of w a t e r ) .  At  t he  s a m e  t i m e ,  t he  s e p a r a t e  va lue s  of 
R e ~  for  w a t e r  and g l y c e r i n  so lu t i on  u n d e r  d i f f e r e n t  e x p e r i m e n t a l  cond i t ions  w e r e  c l o s e  in va lue ,  which  i n -  
d i c a t e s  t he  v a l i d i t y  of t he  s t r u c t u r e  of Eq.  (2). C a l c u l a t i o n s  wi th  Eq.  (3) showed tha t  t he  v a l u e s  of c o r r e c t e d  
R e y n o l d s  n u m b e r  ob ta ined  fo r  w a t e r  and g l y c e r i n  so lu t ion  w e r e  p r a c t i c a l l y  i d e n t i c a l ,  c l o s e  to  1 �9 10 ~. 

U s i n g  e x p e r i m e n t a l  d a t a  f r o m  [2,4,  5, 17],* for  cond i t ions  c l o s e  to  t he  p r e s e n t  ones ,  t h e  n u m b e r s  Re f  
and Rec  w e r e  c a l c u l a t e d  (Table  2). T a b l e  2 a l s o  shows  f l o w - r e g i m e  c h a r a c t e r i s t i c s  as  s p e c i f i e d  by the  a u t h o r s  
of t he  s t u d i e s  c o n s i d e r e d .  I t  m u s t  be c o n s i d e r e d  tha t  t he  m a x i m u m  v a l u e s  of G, ~ ,  and I~ o c c u r r i n g  in t he  
v a r i o u s  e x p e r i m e n t s  w e r e  u s e d ,  s o  tha t  T a b l e  2 shows  m a x i m u m  v a l u e s  a t t a ined  unde r  t h e s e  c o n d i t i o n s .  T h e  
da t a  of T a b l e  2 show tha t  t h e  f l o w - r e g i m e e h a r a e t e r i s t i c s  g i v e n  b y  the  v a r i o u s  a u t h o r s  e s s e n t i a l l y  a g r e e  wi th  
t h e  r e s u l t s  of c a l c u l a t i o n  by Eq.  (3). An  excep t ion  is [17], whose  a u t h o r s  did  not o b s e r v e  t u r b u l e n t  f low,  whi l e  

*We could not e m p l o y  [6] b e c a u s e  c e r t a i n  da t a  n e c e s s a r y  for  the  c a l c u l a t i o n s  a r e  a b s e n t .  

TABLE 2. 

o 

[2] 
[4] 

[5] 

[17] 

R e s u l t s  of C a l c u l a t i o n s  by Eq.  ( 3 ) f o r  Da ta  of [2,4,  5, 17] 

Disk 
Cone 

Disk 

Cone 

0.1 

0.07~ 

0.15 

0.19 

~0 Water 
).8 Water 

Glycerin 

5.5 Water 
Oil 

LO Water 

Aqueous 
solution of 
glycerin 

{ 
i 

12 
26.2 
26.2 

70 

35 

13 

13{ 

I 

.~2 
> I 

1 19. i  

1 .~ 43.6 
33., 1.28 

1 74.1 
23. 1.57 

1 10.8 

2.6 4.15 

~ o ~  

4.6 
1.67 

0.064 

17.8 
0.376 

2.1 

0.807 

Turbulent 
The same 
Laminar 

Turbulent 
Laminar-w ave 

I Laminar-wave 

The same 

~ A : ,  - 

Turbulent 
The same 
Laminar 

Turbulent 
Laminar-wave 

Turbulent 

Laminar-wave 
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Liquid input 

1 

l Lin '~crl 
.qcr 

Fig. 2. Hydrodynamic model of film flow on a rotat ing disk. 

Eq. (3) indicates that it should have occurred for water .  It seems to us that the authors of [17] were unable 
to  note c lear ly  expressed charac te r i s t i cs  of turbulent flow because the maximum flow ra tes  and angular ve loc -  
ities in [17] were 2.5-3 t imes lower than in the present  experiments .  Thus,  as analysis of the conditions of 
motion, experimental  resu l t s ,  and experimental  data of other authors show, Eq. (3) may, in a f i rs t  approxima-  
tion, be used for finding the t rans i t ion  from laminar-wave to turbulent film motion. 

The resul ts  of the experiments performed do not permit  an unambiguous conclusion as to whether at 
Rec > 1.106 turbulent film flow will exist over the entire Rec range,  since with increase  in disk radius the 
sca le  of film perturbations decreases  due to reduct ion in film depth. In this case  a gradual  t ransi t ion f rom 
turbulent flow to laminar with perturbed film surface  is possible,  as confirmed by experiments on heat ex- 
change in boiling of a water  film on rotat ing disks with radii  of 0.075 and 0.15 m [18]. In i so thermal  exper i -  
ments it was impossible to determine the moment of such a t ransi t ion visually.  To find the limit of turbulent 
pulsation damping it has been suggested that the Weber c r i te r ion  be used,* a quantity Which contains the film 
th ickness .  This c r i te r ion  was used by the authors of [19] to determine the stabili ty limit of a gravitat ion 
laminar-wave flow. The cr i t ica l  value We = 1 was taken. Considering the known [4, 6] expressions for depth 
and velocity of a laminar film moving under the influence of centrifugal forces ,  it may be writ ten in the form 

5 2 ]§ 
( 63  a 

W e c =  5 4 2 , �9 (4) 

2~) 3 p 3p 3 ~v 3 

To complete the picture of flow charac te r i s t i cs  on a rotating disk we must  also consider  the question of 
defining the s ize  of the input segment  Lin, where film dispersa l  and velocity field stabil ization occur .  In [17, 
20], I4n was found f rom the express ion 

L,n=r o" 1 +. (sl 
L 4~"p%r J 

Calculation with Eq. (5) reveals that for the conditions of the present experiments Lin does not exceed 
(10-50) �9 10 -3 m, which agrees wRh results of visual observations. 

Considering the above, the hydrodynamic model of flow over a rotating disk may be represented in the 
manner shown in Fig. 2, where four zones with different flow characteristics are distinguished: input, first 
laminar-wave, turbulent, and second laminar-wave with fine-scale surface perturbations. The values of Lin, 
Rert, and Rer are determined by Eqs. (5), (3), and (4), respectively. 

An experimental study of heat exchange in water-vapor formation in the boiling regime on rotating disks 
[18] supports the applicability of this model. 

NOTATION 

~), angular velocity of rotation; R, current radius; Rfin, final radius; Rcr U Rcr, radii at which change 
in mode of film flow occurs; G, Q, mass and volumetric liquid-flowrates; F= (G/2~R), wetting density; ~, 
dynamic v i s c o s i t y ; v ,  kinematic viscosi ty;  or, sur face  tension; p, liquid density;  vg, kinematic viscosity, of 
gas ;  Ref = (F/vp), film Reynolds number;  Rer  = (r Re6 = ~52/v, Re m = RefRer,  various expressions 
for liquid Reynolds number on rotat ing disk; Bee = RefRe~, liquid-film correc ted  Reynolds number;  Re~ = 
(~R2/Vg), Reynolds number of gas flow on rotating disk; We C = [GS/3~2 /3 / (27r )5 /3R4/Sp2 /3 ,~v i /3] i /2 ,  Weber  

*The suggest ion for using this c r i te r ion  for the charac te r i s t i c  of the liquid-film flow reg ime on a rotating disk 
was made by our colleague V. G. Rifer t .  
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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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