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SOME CAVITATION EXF'ERIMENTS WITH DILUTE POLYMER SOLUTIONS 

by 

Christopher Brennen 

1 . Introduction 

A previous paper ( ~ r e n n e n  (196%)) reported the obsemation and analys is  
of  wave pa t t e rn s  on the  surface of f u l l y  developed cav i t i e s  behind a s e r i e s  
of axiaymmetric headfoms i n  N6.2 water tunnel  a t  Ship Division, NPL. 
Comparison of theory and experiment appeared t o  confirm tha t  these  waves, 
which appeared a short  distance a f t e r  separation, grew in amplitude a s  they 
were convected downstream and then under ce r ta in  conditions broke up i n to  
turbulence, were the  amslif ied r e s u l t  o f  a s e l ec t  frequency i n s t a b i l i t y  in 
the  separated o r  cavi ty  surface boundary layer. 

The small v e r t i c a l  tunnel ( f igure  I )  was employed t o  study and extend 
observation of the same phenomenon t o  smaller headfoms and Reynolds numbers. 
An addi t ional  in ten t ion  was t o  invest igate  the e f f e c t  of small quan t i t i e s  of 
polymer addi t ive  on the  behaviour of t h i s  i n s t ak i l i t y .  But, a more dramatic 
phenomenon was manifest with the addit ion of these  drag-reducing chemicals, 
lesv-hg t h e  or ig inal  objective unattainable, 

2. Apparatus 

The ve r t i c a l ,  gravity-driven tunnel ( f igure  1) was s e t  in motion by 
opening the  sudden-release f l a p  with t he  ducting and upper tank f i l l e d  with 
l iquid .  On completion of a run t h i s  f l a p  w a s  closed and the system r e f i l l e d  
through a small, centr i fugal  pump. Having been cal ibra ted agains t  a v e r t i c a l  
scale ,  a conventional capacitance wave probe recorded t h e  l eve l  of the  f l u i d  
in  the  upper tank a s  a f'unction of time during each run, Study of these  
records revealed t h a t  apa r t  from small i n t e rva l s  a t  the beginning and end, 
the l e v e l  i n  the upper tank f e l l  a t  a constant r a t e  and with l i t t l e  surface 
disturbance during a run. The theore t i ca l ,  "uniform stream1' veloci ty  of the  
flow in the  working sect ion (UT, computed using the r a t i o  of the cross-sectional 
areas  of the  upper tank and working section) could be s e t  a t  any required value 
in the range 5 t o  40 f t / sec  by adjus t ing the var iable  o r i f i c e  o r  iris. 

Four a i r r e r en t  headfoms were supported on the 0.15 in. diameter downstream 
I s t ing;  q in. and $ in. diameter spheres (brass b a l l  bearings), a $ in. diameter 

cylinder extendlng across the  width of the working section and a 0.3 in. diameter 
disc,  the l a s t  two being s e t  normal t o  the stream. Cavi t ies  behind these 
headforms c o d d  be vent i la ted ,  t he  air  t r ave l l i ng  from the main v i a  a valve and 
flowmeter, up the hollow s t i ng  and emerging through holes 0.1 in. from the  back 
of the sphere o r  cylinder o r  0.16 in. from the face  of the disc. 

Although f a i r l y  l a rge  natura l  c av i t i e s  resu l t ed  from running a t  the  
higher speeds (25-r ft/sec) without the introduction o f  air, ven t i l a t i on  
had t o  be used t o  produce f u l l y  developed cav i t i e s  a t  the  lower tunnel ve loc i t i e s .  
Some standardization w a s  achieved by employing, in a l l  of the present  experiments, 
ven t i l a t i on  suf f i c ien t  t o  y i e ld  choked cavity flow. Thus, f o r  a 1 runs with 
a pa r t i cu l a r  headform, the  cav i ta t ion  number (u = 

(pu 
3 - P , ) / & P ~ T  where p U , 

PC a r e  the "uniform stream1' and cavity pressures, p the densi ty  of the  l iqu id)  
could be assumed t o  be r e l a t i ve ly  constant and c o d d  be estimated a s  62 - 1 ,  
8 being the  r a t i o  of the cross-sectional area  of the working section t o  t h a t  of  
the flow a t  the point  of maximum width of the cavity ( ~ i r k h o f f  and Zarantonello 
(I 957)). Excessive ven t i l a t i on  f o r  which the j e t s  of  a ir  issuing from the 
3oles  in the s t i n g  appreciably disturbed the cavi ty  surface, had t o  be avoided. 



Equipment giving a f l a sh  of about 30 microseconds was employed i n  taking 
the s t i l l  photograph i n  t he  middle of each run. Even with t h i s  small exposure 
time the  r e s u l t  tended t o  be somewhat blurred a t  the  highest  water speed. The 
camera shu t te r  operated a pulse on the  second channel of the time base recorder 
thus ident i fying the precise point  i n  the run a t  which the photograph had been 
taken. 

3,  Additives 

Solutions of f i ve  d i f fe ren t  substances were employed in the  experiments; 
a surface tension reducing agent ( ~ e e p o l ) ;  three  long chain molecule polymers, 
polyethylene oxide (union Carbide 'Folyox WSR 301 ) , po1yacrylimi.de (DOW 'Separant 
AP30) and guar gum; and a complex, oationic soap system obtained by correct ly  
mixing an equimolar solution of ce-tyltrimethylammonium bromide (cetrimide) and 
a- naphthol so a s  t o  create  a micelle s t ructure  in the Piquid pi ash (1 958)). 

Before each run with these solutions a sample was removed from the upper 
tank and t e s t ed  f o r  t u r b d e n t  drag reduction in a ro ta t ing  wheel r i g  previously 
used by Gadd (1 965), readings below being given a s  a percentage of the drag 
with water, The initial reading before degradation s e t  i n  was assumed t o  be 
the s ign i f ican t  value from the  point of view of the  present e ~ e r i m e n t s ,  

The f resh  solut ions  of Polyox and Separan, made up in the top tank, 
were measursably degraded a r t e r  a s ingle  run, due, perhaps, t o  the  f a i r l y  
violent  splashing of the  l i q u i d  in  the  receiver tank, Wheel r i g  t e s t s  showed 
t h a t  the  degradation incurred by t he  act ion of the  centr i fugal  pump when 
r e f i l l i n g  the  system was small by comparison. Individual  solutions l i a b l e  t o  
degradation were used fo r  about 5 consecutive runs during which a 50 ppm Polyox 
solution,  f o r  example, would degrade from a value o f  about 6% t o  one around 
85% when tes ted  i n  the  wheel r ig ,  

4. Cavit ies with Water 

The cav i t i es  produced i n  water behind the  sphere and cylinder headforms 
exhibited the same wave formation on t he  cavity surface investigated and 
analysed in the  e a r l i e r  paper mentioned above ( ~ r e n n e n  (1 968)). The waves, 
whose c r e s t s  ran normal t o  the  d i rec t ion  of mean f l u i d  flow, appeared some 
distance a f t e r  separation, A t  the  higher tunnel ve loc i t i e s  they grew i n  
amplitude during convection downstream u n t i l  they broke up yie lding a turbulent  
surface (pla te  3) .  However below a c e r t a ' h  tunnel. veloci ty  break up ceased 
t o  occur and the waves pers is ted along the  length o f  the  cavity (p l a t e  2). 
The wave pat terns  obtained Ifn the  present apparatus were somewhat l e s s  regular 
than fbose obtained i n  the  80.2 Ship Division, NPL water tunnel probably due, 
in par t ,  t o  some non-uniformity in the stream flow. Measured wavelengths l a y  
close t o  an extrapolation t o  the o r ig in  of the mean Pine through the  experimental 
r e su l t s  of f igures  2 and 7 of t h a t  previous paper, However the present 
experiments showed tha t  a s  the veloci ty  o r  Ba2 (~eyno lds  number based on 
momentum th idmess  of the separated boundary l aye r  - see f igure  7, Brennen (1 968b)) 
was reduced below a value o f  about 60 the  wave pat tern  v i r t u a l l y  disappeared a s  
in pla te  1 ,  Taken in conjunction with the  addi t ional  e f f ec t s  of surface tension 
and longitudinal. surface curvature, t h i s  would be compatible with the  absence 
of any wave pat terns  03 the smface  of c av i t i e s  behind the  3 in. diameter disc 
sf thofie previous experiments. Predictably.  then, the  0,3 in, d i sc  of the  present 
experiments produced s b i l a r l y  " c l  ear1' cavi t ies ,  

The posZtions of separation, 8 , f o r  both spheres and the  cylinder have been 
plot ted against  a Reynolds number, U$$J%, based on tunnel ve loc i ty  and headfom 

I diameter in f igure  3, Estimated cavi ta t ion numbers f o r  the  $ in. sphere, 5 in. 
sphere and cylinder experiments (see  section 2) were 0.1, 0,25 and 0.5 respectively. 
Thus the  r e l a t i ve ly  small d i f f e ~ e n c e  between tho 0 curves f o r  the two spheres i s  



probhbly due t o  t h e  d i f f e rence  in c a v i t a t i o n  number, The dependence of 8 
on Re, much g r e a t e r  than i t s  dependence on a a t  the low Re of the  present  
experiments, provides a sens ib le  extension t o  r e s u l t s  repor ted  previously 
f o r  a h igher  range of Reynolds number ( ~ r e n n e n  ( 3  968a)). 

I n  t h e  l i g h t  of t h e  "meniscus" appearance o f  t h e  c a v i t y  sur face  p r o f i l e  
a t  separa t ion ,  e spec ia l ly  pronounce6 at  the  lower speeds (e,g. p l a t e  I), it 
seemed l i k e l y  t h a t  v a r i a t i o n  in surface  tens ion  mould influence t h e  observed 
p o s i t i o n  of separat ion.  Surpr is ingly ,  then, the  add i t ion  of suf'f'icient 
Teepol t o  t h e  water  t o  reduce the  surface t ens ion  from 0,146 lbs / f t2  t o  
0,063 lbs/f't2 had no measurable e f f e c t  e i t h e r  on 8 (see  f i g u r e  3; f i rst  
g a p h )  o r  on any o ther  aspect  of the  cav i ty  appearance in t h e  photographs. 
This suggests  t h a t  the  f a c t  t h a t  the c a v i t y  surface i s  f a r  from being 
t angen t i a l  t o  the  sphere a t  separa t ion  r e s u l t s  almost e n t i r e l y  from the  
presence of  t h e  boundary l aye r ,  r a t h e r  than from any surface  tens ion  e f f e c t s ,  

5. Cavi t i e s  with d i l u t e  solut.ions of Pol.ymer 

As  i s  immediately apparent from t h e  photographs t h e  e f f e c t  o f  t h e  
a d d i t i v e  was much more dramatic in t h e  major i ty  of cases  than the  o r i g i m l l y  
envisaged modif icat ion of the  wave p a t t e r n s  observed on the  surface of c a v i t i e s  
in water,  It appeared t h a t  i t  could cause marked i n s t a b i l i t i e s  i n  the  a t tached 
flow around t h e  sphere and cyl inder  headforms which were then r e f l e c t e d  i n  t h e  
i r r e g u l a r i t i e s  of t h e  separa t ion  l i n e  and cavi ty  sur face  a s  the  d is turbances  
were convected downstream, 

A l l  f o u r  headforms were f i r s t  run with s tandard so lu t ions  of 50 ppm Polyox. 
I n  marked c o n t r a s t  t o  t h e  o t h e r  headfoms t h e  c a v i t i e s  behind the  d i s c  were 
c l e a r  and showed l i t t l e  d i f f e rence  from those with water, Since t h e  two 
spheres and t h e  cyl inder  revealed  s i m i l a r  phenomena, the  behaviour with the  
I i n ,  sphere i s  f i rst  described i n  some d e t a i l  and used a s  a base f o r  t h e  o ther  
observations. When running a t  t h e  lowest opera t ional  speed (- 4 f t / sec)  
with the  6 i n ,  sphere, t he  add i t ive  had l i t t l e  v i s i b l e  e f f e c t  on the  cavity.  
However, with s l i g h t  increase  i n  speed three-dimensional ( a s  opposed t o  p lana r  
o r  axisymmetric) i r r e g u l a r i t i e s  appeared on t h e  cavi ty  surface ( p l a t e  4)- 
Then above about 7 ft/seo the  separa t ion  l i n e  became gradual ly  d i s t o r t e d  i n t o  
a wavy p a t t e r n  l i k e  t h a t  of p l a t e  8 o r  type 11, f i g u r e  2 and t h e  most upstream 
p o i n t s  of  separa t ion  ( r e f e r r e d  t o  as peaks) began t o  show a downstream shif ' t  
from the  sepa ra t ion  l o c a t i o n  f o r  water  under the  same condit ions ( f igu re  3). 
Fur ther  inc rease  i n  speed caused the  t roughs i n  t h e  separa t ion  l i n e  t o  become 
sharper  ( type  111), r e s u l t i n g  i n  t h e  separa t ion  appearance of type IT, f i g u r e ' 2  
o r  l i k e  t h a t  of p l a t e  5, The pronounced i r r e g u l a r i t i e s  in t h e  cav i ty  sur face  
appeared t o  conta in  a t y p i c a l  long i tud ina l  wavelength, observable in the c a v i t y  
profile,  and a t y p i c a l  spanwise o r  l a t e r a l  wavelength of  the  same order  o f  
magnitude r e f l e c t e d  i n  t h e  separa t ion  l i n e  (E) , both of which sharply decreased 
with increas ing  speed, The s h i r t  i n  separa t ion  compared with t h a t  f o r  water,  
with which i s  associa ted  a narrowing of  the  c a v i t i e s ,  tended t o  d i e  away a t  
t h e  h ighes t  speeds. Also a t  t h i s  end of t h e  speed range f a i r l y  in tense  spo t s  
o r  t rai ls  of tu f iu l ence  could be de tec ted  i n  the  cavi ty  sur face  "wake" o f  each 
of t h e  sepa ra t ion  l i n e  t roughs (eeg. p l a t e  9 ) -  

In t h e  case of  the  $ in.  sphere, both sur face  and separa t ion  i r r e g u l a r i t i e s  
were observed at  t h e  lowest speed wi th  f r e sh  polyox, An  a d d i t i o n a l  d i f ference  
was manifest a t  in termedia te  speeds, t he  separa t ion  p a t t e r n  of type IV appearing 
i n  t h e  modified type IVa form l i k e  t h a t  of p l a t e  6 .  The cent re  of  t h e  upturned 
U i s  seemingly hollowed out t o  produce a "pincer" pa t t e rn ,  Since t h i s  r eve r t ed  
t o  the  b a s i c  type IV when t h e  spanwise wavelength decreased suff ' iciently ( a s  in 
p l a t e  9) it seems l i k e l y  t h a t  t h e  "pincer" p a t t e r n  is an e f fec t  of the  l a r g e  
r a t i o  of spanwise wavelength t o  axisymmetric curvature of t h e  separa t ion  region  
in t h i s  case, 



I The major difYerence between the  behaviom with the  q in. sphere and 
the  cylinder was the  absence in the  l a t t e r  case of any s ign i f i can t  s h i f t  of 
the upstream l i m i J c s  of separat ion from the pos i t ion  of separation with water 
( f igure  3). Surface i r r e g u l a r i t i e s  were observed a t  a l l  speeds and separation 
l i n e  d i s t o r t i on  above abou-k 8 f t / sec  (p l a t e  5). 

A number of high speed cine f i lms  a as tax camera, 6000 frame~/sec) were 
made of the  cav i t i e s  behind the $ in, sphere i n  50 pprn Polyox solution.  Xven 
a t  t h i s  high frame speed, the f l u i d  motions could only be s a t i s f a c t o r i l y  
discerned f o r  the lower tunnel  ve loc i t i e s .  However it was c lea r  t h a t  t he  
peaks and troughs i n  t he  separation l i n e  did  move about in a l a t e r a l  d i rect ion,  
in what appeared t o  'be a f a i r l y  random manner and with a speed much smaller 
than the longitudinal  f l u i d  velocity.  This, a t  l e a s t ,  excluded any connection 
with surface roughnesses. 

It i s  worth s t ress ing  t ha t  the water c av i t i e s  remained v i r t u a l l y  c l e a r  
(i.e. a s  p l a t e  'I) up t o  roughly 8, 16 and -1-1 f t /sec f o r  the 4 in. 8 in. and 
cylinder respectively.  

Neither aging ( ~ l a t e s  7, 8 and 9 were taken when running with a 50 pprn 
Polyox solution which had been aged f o r  8 days ( ~ r e n n e n  and Gadd (1 967))) nor 
degradation had any measurable e f f e c t  on the  magnitude of the  spanwise wavelength 
exhibited a t  a pa r t i cu l a r  speed. Both, however, yi-elded nore even pat terns  
of disturbance, presumably due t o  the increased homogeneity of the  solut ion 
and both s l i g h t l y  ra i sed  the c r i t i c a l  speeds a t  which the various types of 
i r r egu l a r i t y  and d i s t o r t i on  occurred. Compared with p la tes  7 and 8 f r e sh  
Polyox produced separation l i n e  d i s t o r t i on  of types I1 and TVa respectively. 
However, even in the  most degraded f l u i d  a turbulent  drag of some 
92% of t h a t  of  water in the r o t a t i ng  wheel r i g )  the  threshold speeds were not  
~ a i s e d  by more than about J ft/sec. 

Some experiments with d i f fe ren t  conoentrations a l s o  supported the conclusion 
t h a t  the  drag-reducing effectiveness of the  Polyox solut ion influenced the 
c r i t i . ca1  speeds t o  a l imi ted  extent but  had no apparent e f f ec t  on the  spanwise 
spacing of the disturbances occurring. An &crease t o  100 pprn ( f resh  solution) 
had v i r t u a l l y  no e f f eo t  on the cav i t i e s  behind the  $ in. sphere. Running with 
t he  cylinder a t  15  f t /sec,  solutions of' 10, 20 and 50 pprn a l l  produced separation 
d i s t o r t i o n  o f  type IT,. Only with the  5 ppm solution,  whioh incZdentally 
degraded more rapidly  than the  higher conce,ntrates, d id  there appear t o  be 
any weakening towards types I11 or 11, 

Solutions of 50 pprn of Separan exhibited the  same phenomena except t h a t  
in  fkesh condition the  c r i t i c a l  speeds were s l i g h t l y  above those of f resh  Polyox. 
Sinee Separan y ie lds  s l i g h t l y  l e s s  turbulent  drag reduction t h i s  f inding was in 
l i n e  with the  previous observations. 

- On the other hand, 50 pprn of guar gum had a much reduced effect .  A t  a l l  
speeds the separation posi t ion was very close t o  t h a t  f o r  water ( f igure  3 )  with 
o d y  the  oad i r r e g u l a r i t y  in the  separation l i n e  (p la tes  10, 11). However 
the cavi ty  surface i r r e g u l a r i t i e s  were considerably g rea te r  than w i t h  water 
and a t  the  lower speeds appeared t o  contain a predominance of longi tudinal  
disturbance (p la te  10) which may account f o r  the  lack of separation l i n e  
dis tor t ion.  A t  t h e  highor speeds t h i s  gave way t o  the kind of qlstreakyll 
sxrface of p l a t e  d - l .  

The pos i t ions  of the  upstream limits of' the  separation l i n e s  have been 
p lo t t ed  agains t  %D/Y i n  f igure  3, the  value used f o r  v being t h a t  f o r  water 
i n  a l l  cases since the  mswrimm expected change (4 o r  %) i n  v i scos i ty  due t o  
the polymer addi t ive  ( ~ r e n n e n  and Gadd (1 967) )  would have l i t t l e  e f f ec t  on 
the r e su l t i ng  graphs. The spanwise wavelengths, E , a r e  presented i n  f igure  4 
arZ appear t o  'be r e l a t i v e l y  independent of anything but f l u i d  velocity.  



Hoyt (1966) photographed natural  c av i t i e s  i n  water and in 50 ppm 
Polyox behind an axisymmetrie headform (3 in. diameter a t  separation) 
a t  a tunnel speed o f  25 f t /sec and observed. t ha t  the Polyox.cavity 
was much more s t r i a ted .  The average distance between each s t r i a t i o n  
(- 0.04 in.) i s  p lot ted in f igure  4. Hoyt (1967) a l so  reproduced photographs 
taken by E l l i s  of a natural  cavi ty  on a hemispherical headform ($ in. diameter) 
a t  a speed of about 45 fps. Although the cavity i s  very th in ,  resul t ing in 
interference from the  cyl indr ical  surface, the  charac te r i s t i c  type IV separation 
can be detected and the value of e ( f igure  4) agrees with the present experiments. 

6. Cavit ies with solutions of ~ e t r i r n i d e / a ~ ~ a ~ h t h o l  

Experiments were performed using the & in. and in ,  spheres and solutions 
of 508 and 1524 t o t a l  p.p,m.of the  cetrimide/a-naphthol soap system, both of  
which yielded turbulent  drag reduction of the  same order a s  f resh 50 ppmPolyox in 
the  ro ta t ing  wheel r i g ,  I n  addit ion,  both solut ions  exhibited strong 
v i s coe l a s t i c i t y  when swirled i n  a beaker, t ha t  i s  a t  very small shear rates.  
The swirl  decayed much more rapidly  than with water and there was a v i s i b l e  
r eco i l   a ash (I  958)). 

I n  both solutions the  $ in ,  sphere produced cav i t i e s  with similar  three- 
dimensional surface i r r e g u l a r i t y  pat terns  a t  a l l  speeds, the  typical  wavelengths 
c l ea r ly  decreasing with increasing UT. The disturbance " ampl i t~de '~  appeared 
l e s s  with the  lower concentration especia l ly  a t  the higher speeds, Typically 
the i r r e g u l a r i t i e s  seemed more violent  immediately a f t e r  separation than 
fur ther  downstream, suggesting a v i scoe las t i c  damping e f f ec t  during convection 
of the  disturbance along the cavi ty  (p la te  12). Only s l i gh t  i r r e g u l a r i t i e s  
occurred i n  the  separation l i n e  at  any speed (emgo p l a t e  12). 

A s imilar ,  but  more s*dued e f f ec t  occurred with the  smaller sphere a t  
t he  lower speeds (p la te  13). I n  t h i s  case, however, the  e f f ec t  died away 
with increasing UT resu l t ing  in cav i t i es  indist inguishable from those with water. 

With the polymer solutions the s h i f t  i n  the  posi t ions  of separation from 
those f o r  water with the two spheres seemed roughly r e l a t ed  t o  the  degree of 
d i s t o r t i on  in the  separation l ine .  But although there i s  v i r t u a l l y  no d i s to r t ion  
with the cetrimide solutions,  the 1524 pprn concentrate exhibited an appreciable 
and f a i r l y  constant separation s h i f t  ( f igure  3). This may be due t o  s l i gh t  
pseudoplast ici ty in the  more concentrated solution. Bizzell  and S l a t t e ry  (1962) 
calculated t h a t  a reduction in the non-Newtonian flow index, n, from 1.0 t o  0.9 
o r  0.8 caused a downstream s h i f t  of 4.6O o r  8.6O i n  the  separation posi t ion f o r  
non-cavitating flow arouud a sphere, White (1967) found t h a t  although 508 ppm 
cetrimide solut ion was Newtonian, I000 ppm exhibited a reduction t o  around 
n = 0.9 a t  l e a s t  a t  low shear ra tes ,  

7. Discussion 

In h i s  res is tance measurements of pipe flows, White (1968) found t ha t  
whereas a cer ta in  c r i t i c a l  w a l l  shear s t r e s s ,% , had t o  be exceeded before 
polymer solutions exhibited drag reduction, the  cetrimide/apnaphthol solutions 
were only e f fec t ive  up t o  a cr i t ica l7w above which, he suggests, the  micelle 
s t ruc ture  may become disrupted, I n  the  present experiment8 2w w i l l  presumably 
increase from zero a t  stagnation t o  a maximum value and then f a l l  away again 
t o  zero a t  separation, I n  the case of a sphere, very rough calculations 
suggest t ha t  the  peak occurs around 8 =  60° and takes  a value of t he  order of 

Thus fo r  the two spheres the  peak values, magnitude, P @=w)mx. 
- 
2 

( i n  lbs / f t  ), w i l l  be very roughly given by the  following table: 



T c $in ,sphere  0.5 1.5 2.7 4.2 7.7 lbS/fi2 

in. sphere 0.4 1 * O  1 -9 2.9 5.4 l b  s / f i 2  

These values a r e  to be compared with threshold shear s t r e s s e s  f a r  onset of  
drag reduction with f resh  Polyox, 6-da old  Polyox, Separan and guar gum of 5 order 0.02, 0.09, 0.04 and 0.25 l b s / f t  respect ively  and f o r  the upper 
c r i t i c a l  shear s t r e s s  f o r  508 and I524 ppm cetrimide solut ions  of order 0.15 
and 0.3 lbs/ft2. Although these rough f igures  taken from White (1 968) and 
others  a r e  only intended t o  demonstrate orders of  magnitude the present  
observations f o r  the  various headforms and add i t ives  corre la te  a t  l e a s t  
qua l i t a t i ve ly  when considered on a bas i s  which assumes t ha t  the i n s t a b i l i t i e s  
a r i s e  from regions of the  at tached flow f o r  which TW i s  i n  the  weffect ive"  
regime f o r  the  pa r t i cu l a r  addit ive.  For the Polyox and Separar, solut ions  
the region f o r  which zw is  superc r i t i ca l  w i l l  increase i n  extent  a s  the speed, 
U , i s  r a i s ed  and thus the disturbances may be progressively more developed by 
txe  t i n e  separation i s  reached. Guar gum has a much higher t h r e s h o l d l r  
arid the  i n s t a b i l i t y  is l e s s  pronounced than w i t h  Polyox a t  the same speed. 
On the  other  hand the  e f f ea t  of increasing speed with the  cetrimide solut ions  
i s  t o  reduce the exterlt; of the  e f fec t ive  zw region and thus  i n h i b i t  the 
i n s tdb i l i t y .  I n  the  case of the  % in. sphere the disturbances disappeared, 
above R ce r t a i n  speed. The influences of aging, degradation and concentration 
a l so  f i t  i n t o  t h i s  p ic ture  s a t i s f ac to r i l y .  

T!wo addi t ional  and r e l a t ed  f a c t o r s  which a re  probably important a r e  

(i) the residence time of the  flui0 p a r t i c l e s  wi thin  the boundary 
l aye r  on the  headform, or, more accurately, the  r a t i o  of t h i s  
time t o  the re laxat ion time of the  addi t ive  molecule - and 

(ii) the magnitude of t he  accelera t ions  which the p a r t i c l e s  undergo 
during t h i s  residence, 

If the residence time were decreased by reducing the  s ize  of the  headform and 
increasing the flow veloci ty  i n  such a way t h a t  the  Reynolds number and 
therefore purely viscous e f f e c t s  remained unchanged then it i s  t o  be expected 
t h a t  non-Kewtonian, v iscoelas t io  e f f ec t s  would become more marked, This 
cor re la tes  with the observations on the  d i f f e r en t  s i z e s  of sphere. The apparent 
absence of i n s t a . b i l i t i e s  in the case of the' d i s c  may be due t o  the  r e l a t i ve ly  
much smaller t h i c h e s s  of and d i f fe ren t  accelera t ion pa t t e rn  within t h a t  wetted 
surface boundary layer .  

Irs t h e i r  more developed s t a t e ,  the i r r e g u l a r i t i e s  in the  separation l i n e  
a r e  suggestive of a spanwise d i s t r i bu t i on  of hai rpin  vor t i ces  i n  the  at tached 
flow. Adhering longer t o  the m t t e d  surf'ace than the intervening gaps of 
l e s s  disturbed flow, these  peaks o f  disturbance cause t h e  troughs i n  the  
separation l ine .  Thus the cavi';y surface appears most disturbed in the  wake 
of each trough. Such vor t i ces  can develop during t r a n s i t i o n  a s  described by 
S tuar t  (1965) but  would no t  normally be expected t o  occur i n  the  presence of 
a strong atreamwise accelerat ion,  a s  in the present  experiments, Pfenniger (1 967) 
hypothesised t h a t  the  e f f e c t  of the addi t ion of polymer molecules t o  a f a i r l y  
steady flow was t o  absorb k ine t i c  energy from these ha i rp in  vor t ices ,  allowing 
them t o  penetrate f w t h e r  away from the  surface before breaking up. The r e su l t  
would he an  increase i n  the  laminar sublayer t h i c h e s s  and a reduction in the 
Skin f r i c t i on .  If the  present  i n t e rp r e t a t i on  of the observed phenomena i s  
correct, it suggest3 t ha t  5x the  presence of strong flow accelera t ion the polymer 
molecules encornage the f'cnnation and growth o f  hai rpin  notices.  This however 
%a speoulative and a c c q l e t e  explanation must probably await a more de ta i l ed  
axplomtion of the  exact nature of the disturbances, t h e i s  formation and growth, 
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