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Transi t ional  flow conditions on the sur face  of a f reely  rotating disk were investigated by cine-  
recording ,  acoust ic ,  and visual methods.  

Recently there  has been a considerable  upsurge of in teres t  in the hydrodynamics of the t ransi t ion f rom 
laminar  to turbulent flow. This forms par t  of the problem of the appearance of turbulence and is also of g rea t  
independent value,  since the rotating disk is a neces sa ry  element of many widely used ro tor  devices ,  while the 
boundary layer  close to the disk surface  is among the s implest  of three-d imensional  boundary layers ;  there is 
g rea t  p rac t ica l  in teres t  in establishing the t ransi t ional  conditions on a rotating disk. 

In one of the f i rs t  studies [1], using the coalignment method, a ser ies  of t racks  inthe form of Archimedes  
spi ra ls  were observed on the surface  of the rotating disk in the region Re = (1.9-3). 105. It was suggested that 
the flow is laminar  in the cent ra l  par t  of the disk, but then becomes unstable and breaks down into a ser ies  of 
d iscre te  s ta t ionary eddies (the region Re = 1.9.105-3 �9 105) rotating with the disk [2-4]. 

The theore t ica l  invest igation in [1], based on the simplified Or r - -Sommerfe ld  equation, did not conf i rm 
the experimental  data; when the experimental ly observed value R e c r =  1.9.105 is substituted into the calcula-  
tional formula  for  the number  of eddies 

N = 0.262 l/Recr 

the resu l t  is N = 112, instead of the observed value N = 30. 

A theore t ica l  analysis  of the onset  of instability for a three-dimensional  boundary layer  in [4] produced 
a value of 3.2.104 for  the c r i t i ca l  Reynolds number Recr .  

In the visual  investigation of instability on a rotating disk in [5, 6], eddies with wavelength 22~-~--  were 
observed ,  together  with a para l le l  sys tem of unstable eddies with wavelength 44~rv--/~ -, which a rose  sporadi-  
cally in rapid motion. In [7] it was shown by an e lec t rochemica l  method that the t ransi t ional  flow region is 
wider than previously assumed and extends over  the range Re = 1.7- 105-3.5 �9 105. It consis ts  of a turbulent 
region (Re = 1.7-105-2.6 �9 105), in which the intensity of the stat ionary eddies increases  with Re, and an in te r -  
mediate turbulent region (Re = 2.6.105-3.5 �9 105) where the eddies break down to a smal le r  size.  

A study of the stability of the th ree-d imens iona l  boundary layer  of dilute po lymer  solutions [8] showed 
that the number  of eddies observed  visually is in good agreement  with the analytical  data and agrees  with the 

formula  of [1]. 

In seve ra l  investigations of the solution of metals  in acids [9-12] spira l  t racks  formed on a rotating disk 
electrode;  the t racks  began at the center  of the disk, which indicates t h e p r e s e n c e  of perturbat ions in this r e -  

gion. 

Thus,  the data available in the l i te ra ture  do not give a c lear  picture of the t ransi t ion f rom laminar  to 
turbulent flow on a rotat ing disk. 

The method used in the present  investigation for  visual  examination of the flow on a rotational disk was 
approved and descr ibed in [14]. 
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TABLE i. 

n ,  r c r .  

rpm mm 

7000 26 
12000 24 
19000 17 
12000 27 
3200 89 

~haraeterist ies of Transi t ional  Flow Conditions 

No. of No. of ] eddies I 
eddies [ e givenbylr ,t 

Reef ' o b s e . e d '  Stuart  [ p e t  Repe r 

t 1 formula Imm [ 
i t i ]  . .1 I 

0,332.10 s 
0,485.10 s 
0,386.10 ~ 

0, 59. l0 s 
1,9,105 

15 
14 
15 
16 
32 

2'~ - t - 
22~ [ 58 
19,5~ 51 
2 o ~  61 
13,7~ I I14 110,5 

n 

2,82.105 

Notes 

Ex~. 

From [ 1] 

Special removeable  steel  d isks ,  coated with naphthalene, were careful ly ground (nonplanarity 0.6-0.8 
over  a radius of 80 mm) and set  on a centrifuge ro tor .  

In the course  of the exper iment  the surface  t empera tu re  of the naphthalene coating and the rate  of ro ta -  
tion of the disk were measured  [15]. 

By means of a pulsed s t roboscopic  lamp, synchronized with the rotational frequency of the disk using a 
photoelectr ic  pickup, p rocesses  occur r ing  on the disk surface were d i rec t ly  observed and photographed through- 
out the experiment .  Disks of d iameter  100-200 mm were used in the experiment ,  and the rate of rotation of 
the disk was regulated within the limits (5-25)" 103 rpm.  

The resul ts  of the f i rs t  se r ies  of experiments  with a disk of d iameter  100 mm are  shown in Table 1. 

Tracks  in the form of Archimedes  spira ls  could be c lear ly  distinguished on the disk surface;  ~he change 
f rom purely  laminar  flow to t ransi t ional  flow, charac te r i zed  by the presence  of t r acks ,  begins at a cer ta in  
c r i t ica l  radius r c r  l, and a corresponding c r i t i ca l  value of the Reynolds number Recr. (Fig. 1). At f i r s t  sight, 

1 
the presence  of spi ra l  t racks  appears to confi rm the resu l t s  of [1]. In all the photographs obtained eddy fo r -  
mation began ea r l i e r  than in [1], which confirms the theore t ica l  calculation of [4] and the experimental  resul ts  
of [7]. Note that substituting the obtained value of Recr  1 into the Stuart formula gives N = 50 instead of the 
N = 114 obtained in [1]. 

However, in all  the experiments  for various ra tes  of rotation of the disk sur face ,  14-16 t racks  were 
formed,  whereas in the experiments  of [1], 30-32 t racks  were observed.  In addition, the angle between the 
tangent at a given point of the spi ra l  and the normal  to the r ad ius -vec to r  was e = 20 ~ in our  exper iments ,  but 
did not exceed 13.7 ~ in [3]. This cannot be explained by the change in viscosi ty  due to the presence  of naph- 
thalene vapor  in the boundary layer ,  since under the experimental  conditions the viscosi ty  changes by no more  
than 5%. These d iscrepancies  imply that the eddies observed are  not those descr ibed  in [1]. 

Fur the r  experiments  were ca r r i ed  out with disks of d iameter  160 ram; in this case  the effect of the edge 
of the disk was eliminated and completely developed turbulent conditions of flow were obtained in the per ipheral  
region of the disk. 

The rel ief  formed on the disk is very complex (Fig. 2). The central  zone of the disk is relat ively smooth, 
and the t racks  that a re  p resen t  a re  only weakly expressed.  F i r s t  appearing at the radius r = 8 mm (Re = 5.6- 
103), the t racks  become gradual ly more  pronounced and extend out toward the per iphery  of the disk as fa r  as 
Re = 1.5.105, The t racks  observed in this region,  corresponding to eddies of type I (e = 19~ number  14-16. 

In the per iphera l  region of the disk (Re = 2.6.10 s) , there is a large number  of fine t racks  in the t u r -  
bulent-flow region with e = 12-14 ~ These will be called eddies of type HI. It is not ent i re ly c lea r  in the 
photograph (Fig. 2a) that type-I  eddies begin right at the center  of the rotating disk,  but examining an i m p r e s -  
sion of the sur face  re l ief  on paper  (Fig. 2b) shows this to be the case .  To obtain the impress ion ,  the surface 
of the disk was sprayed with a thin layer  of paint. 

The flow region in the range Re = 1.5.105-2.65 �9 105 is of par t i cu la r  in teres t .  In this region,  t racks  of 
type- I  eddies and t racks  corresponding to some other  type of eddy appear  s imultaneously.  It was assumed 
at f i r s t  that these new t racks  are  formed by the splitting of type- I  t racks  in this region. However,  careful  
analysis  of a large number of impress ions  showed that the flow picture in this region somewhat resembles  the 
in ter ference  pat tern of sur face  waves t ravel ing at different angles (e = 12-14 ~ and e = 20~ It may be assumed 
that these t racks  (N = 30, e = 12.5 ~ are  due to the eddies descr ibed in [1-3], which will be called eddies of 
type II. 
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Fig.  1. Relief of disk surface  formed by steady eddies (R = 50 mm,  Re = 3.19. 
105 , D = 100 mm,  w = 2.103 sec-1). 

Fig.  2. Format ion of sp i ra l  t racks  on the surface of a f reely  rotating disk: a) 
photograph; b) impress ion;  Re = 6.85-105; D = 160 ram; ~ = 1680 sec -1. 

To verify and refine the resul ts  of visual investigation of the flow, experiments  were ca r r i ed  out to 
study the p r e s s u r e  pulsations above the surface  of the rotating disk. The pickup used was a Bruell  and Ker r  
type-4138 condenser  microphone of d iameter  3.1 ram. The microphone has a l inear  frequency charac te r i s t ic  
in the range 5 Hz to 160 kHz with sensit ivity 1 m V / N / m  2. The equipment used in conjunction with the m i c r o -  
phone allowed recording and analysis of the pulsation spec t rum in the range 40-20,000 Hz, which completely 
sat isf ied the experimental  requi rements .  The microphone mounting allowed it to be moved in the radial  and 
axial direct ions over  the surface of the disk. The spec t rog rams  in Fig. 3 were obtained as the microphone 
moved over  the radius of a disk rotating at 14,000 rpm; the microphone was 0.25 mm above the disk surface .  

It is evident that in the cent ra l  region (up to Re = 0.6.105) , the only signals picked up by the microphone 
are  the frequency of rotation of the disk (f = 232 Hz) and its f i rs t  four harmonics .  F r o m  Re = 0.6" 105 onward, 
a peak begins to appear (at f i rs t  very  weak and then gradual ly growing stronger)  at a frequency corresponding 
to 14-17 perturbat ions (f = 3-4 kHz). For  Re = 1.8-105, and above, this peak diminishes somewhat and there  
appears ,  side by side with it at a frequency f = 6.3 kHz, a peak corresponding to 27-30 per turbat ions .  Note 
that,  f rom this point onward, the pulsation spec t rum expands at both the high- and low-frequency ends, which 
indicates an inc rease  in the intensity of turbulence.  Moving fur ther  out along the radius ,  the intensity maxi -  
mum of the spec t rum shifts toward higher f requencies .  

Thus,  the visual and acoustic resul ts  obtained lead to the conclusion that there  are  three c lear ly  ex-  
p re s sed  types of eddies onthe surface  of the rota t ingdisk,  each type appearing at a different height and at a 
different position over  the radius.  
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Fig.  4. Impress ion  of re l ief  of ro tor  
surface  in disk--disk sys tem:  h = 1 mm,  
D = 160 mm,  w = 1470 sec -1, Re = 6-105 . 

To verify this assumption c inerecordings  were made of the format ion of the re l ief  on a naphthalene 
surface .  F r a m e - b y - f r a m e  examination showed that initially rel ief  corresponding to eddies of type II (e = 14 ~ 
appears  at the surface  of the rotating disk. 

Simultaneously a set  of fine t racks  is formed in the turbulent region.  Then some of the t racks  c o r r e -  
sponding to type-I I  eddies become deeper  and broader ,  and the remainder  cannot be seen against  this back- 
ground. The resul t  is the formation of 16 t racks  with e = 20 ~ which gradual ly appear  also in the central  r e -  
gion. Note that the remainder  of the t racks  f rom type-I I  eddies do not entirely disappear;  they too become 
deeper ,  and are  c lear ly  visible on the photographs and impress ions  obtained (Fig. 2b). Tracks  due to type-I  
eddies (e = 20 ~ and type-I I  eddies (e = 14 ~ overlap and form an in ter ference  pattern.  Supposing that type- I  
eddies begin to be formed in the incoming flow, and lie above eddies of type II on the disk surface ,  then in the 
sys tem of two p lane-para l le l  disks,  one of which is rotating while the other  is at r e s t ,  a different picture 
should be observed.  

In experiments  in a sys tem of disk--disk  type,  with a distance of 2 mm between the disks,  it was possible 
to observe  only two types of t r ack  on the sur face  of the rotating disk (Fig. 4): 38 t racks  lying in the range Re = 
3.42-105-9 �9 105 with e = 20 ~ and a set  of fine t racks  penetrat ing into the turbulent region with e = 10 ~ 

It is impor tant  to note that the number  and s t ruc ture  of the eddies in the gap between the disk depend on 
the gap width. 

Thus,  the resul ts  obtained indicate that the s t ruc ture  of the flow on a rotating disk is considerably more  
complex than the c lass ica l  model [1]. 

It is possible that s imi l a r  phenomena may also be observed in other  forms of flow. 

Fur the r  investigations in this field would undoubtedly lead to a c l ea re r  picture of the genera l  features of 
the t ransi t ion f rom laminar  to turbulent flow. 

N O T A T I O N  

Re, Reynolds number ,  Re = o)r2/v; r ,  R, disk radius;  D, disk diameter ;  e, angle between the tangent to, 
a given point of the sp i ra l  and the normal  to the radius vector ;  N, number of eddies. 
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I N T E R A C T I O N  O F  D R O P S  W I T H  B O U N D A R Y  

L A Y E R  ON R O T A T I N G  S U R F A C E  

O.  A .  P o v a r o v ,  O .  I .  N a z a r o v ,  
L .  A .  I g n a t ~ e v s k a y a ,  a n d  A .  I .  N i k o l V s k i i  

UDC 532.529.5 

The in te rac t ion  of a drop with a boundary l aye r  on the su r face  of a rotat ing disk is inves t iga ted  
exper imen ta l ly .  

Theore t i ca l  and expe r imen ta l  inves t igat ions  of a two-phase  cu r r en t  flowing around a fixed plate  [1, 2] 
have shown that, the boundary l ayer  has  a s ignif icant  effect  on the type of motion obse rved  and the sel~ling out 
of mo i s tu re .  

The in terac t ion  of mo i s tu re  with the boundary l aye r  of a moving su r f ace ,  although it  is  a subject  of some 
impor t ance ,  has yet  to be adequately studied.  

In the p r e sen t  pape r ,  the in te rac t ion  of a s ingle drop with the boundary l ayer  on the su r face  of a rotat ing 
disk is  cons idered .  

A d i ag ram of the expe r imen ta l  appara tus  is given in Fig.  1. Disk 1 is ro ta ted  by a d c  moto r  about an 
axis  pe rpend icu la r  to i ts  plane.  A g e n e r a t o r  2 feeds a s e r i e s  of drops  (d d = 0.3-4.0 ram; Vd = 0.1-10 m / s e c )  
no rma l ly  to the disk su r face  [4]. The p r o c e s s e s  of  in te rac t ion  of the drop  with the boundary l ayer  and the 
change in veloci ty  and d i a m e t e r  of the drops  were  r eco rded  using a f a s t - e x p o s u r e  SKS- lm-16  cine c a m e r a  
(Fig. la) and photography by a Zen i t -3m c a m e r a  (Fig. lb) .  In the f i r s t  c a se ,  the light sou rce  was a DPSh-250 
m e r c u r y  lamp,  in the second case  an ISSh-15 s t robe  lamp with a f lash length of no more  than 10 -5 sec .  The 
f lash f requency could be va r i ed  in the range  5-500 Hz. 

It is cons iderab ly  s i m p l e r  to study the in te rac t ion  of a drop with a disk su r face  ro ta t ing  in an infinite 
space ,  s ince in this case  the Navie r - -S tokes  equation for  the boundary l ayer  has an accura te  solution [3]. Anal- 
ys i s  of this  solution shows that  the axial  veloci ty  components  in the boundary l aye r  a r e  sma l l  in compar i son  
with the o ther  components ;  the m a x i m u m  value of the radia l  veloci ty  component  is an o r d e r  of magnitude less  
than the az imuthal .  Thus ,  the behav ior  of the drop in the boundary l aye r  is de te rmined  mainly  by the grad ien t  
of the az imutha l  veloci ty component .  

The upper  pa r t  of Fig.  2 shows s t r o b o g r a m s  of the drop t r a j e c t o r y  for  col l is ion with the su r face  of a 
disk  rota t ing with f requency w. It is evident that in the region of contact  with the disk the drop  is de formed  and 
then immed ia t e ly  re f lec ted  at  an angle a to the d isk  sur face ;  the drop  t r a j e c t o r y  is  c lose  to pa rabo l ic .  After  
ref lec t ion  f r o m  the d isk ,  the deformed  drop begins to ro ta te  with f requency  Wd. 
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