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WAVE GENERATION AT A STAGNATION POINT 

I N  STABLE FILM BOILING 

W. S. Bradf ie ld  

SUMMARY 

The wavy charac te r  of the i n t e r f a c e  i n  s t a b l e  laminar 
f i l m  boi l ing  i s  inf luenced by d is turbances  o r i g i n a t i n g  a t  
the lower s t agna t ion  po in t  of the  immersed body, The na ture  
of these  d i s tu rbances  i s  inves t iga ted  experimental ly  and 
a n a l y t i c a l l y ,  The a n a l y s i s  shows t h a t  the  phenomenon i s  
dominated by acce le ra t ion  e f f e c t s  i n  the  s tagnat ion  po in t  
neighborhood r a t h e r  than by viscous e f f e c t s ,  The dependence 
of frequency of generat ion on geometr ical  and thermal param- 
e t e r s  i s  shown and i n t e r a c t i o n s  among the  laminar region a r e  
discussed i n  the l i g h t  of experimental  observations.  

Intxoduction 

Several  soph i s t i ca ted  analyses  of s t a b l e  laminar f i l m  
bo i l ing  on v e r t i c a l  sur faces  have appeared i n  r ecen t  yea r s  
( f o r  example r e fe rences  1 and 2), However, the predomi- 
n a n t l y  wavy na tu re  of the i n t e r f a c e  has been l a r g e l y  ignored 
s o  f a r  a s  i t s  r o l e  i n  l o c a l  h e a t  and mass t r a n s p o r t  is con- 
cerned. This i s  i n  con t ras t  t o  s t u d i e s  of the unstab1.e 
b o i l  ing regimes over hor izonta l  sur f  aces  where t r a n s p o r t  
models baaed on the a c t i o n  of i n s t a b i l i t y  waves a r e  common 
( f o r  example r e fe rences  3 ,  4,  and 5 ) ,  Although some work 
bearing on t h i s  area has  been publ ished C6,7], no l o c a l i z e d  
measurements of hea t  f l u x  and vapor l a y e r  th ickness  o r  
analyses  baaed on a  wavy i n t e r f a c e  model of the laminar f low 
have appeared i n  t h e  l i t e r a t u r e  t o  da te .  Experiments show 
t h a t  f o r  ver  t i c a l l y  or ien ted  hemisphere cy l inder s  (Figure 1) 
the  i n t e r f a c e  waves o r i g i n a t e  a t  t h e  lowest  po in t  of the  
s o l i d  su r face ,  assumed by symmetry t o  be a s t agna t ion  p o i n t  
of the  flow, Obviously, e f f e c t s  of t h e  s tagnat ion  po in t  
phenomenon w i l l  be f e l t  throughout t h e  region above and a  
thorough understanding of the laminar f low process  on the  
v e r t i c a l  su r face  w i l l  depend on knowledge of events  a t  the  
s tagnat ion  poin t .  By the aame token, a thorough nnderstand- 
ing  of even t s  i n  the  turbulent  reg ion  of the f i l m  b o i l i n g  
boundary l a y e r  should r e s t  on a  foundat ion  of complete 



understanding of the  laminar f low which precedes it, 

The fol lowing work is presented a s  a  beginning s tudy of 
"atableat f i l m  bo i l ing  in te r face  dynamics, It d e a l s  w i t h  f i l m  
bo i l ing  beneath a  heated sur face  (Figure 4) w i t h  emphasis on 
the  frequency of generat ion of waves a t  a  s t agna t ion  po in t ,  
Such a e o n f i g n ~ a % i o n  provides the advantage of freedom from 
the  complications of bubble r e l e a s e  dynamics i n  add i t ion  t o  
providing thermal s t a b i l i t y  i n  t h e  Benard sense, The thermal 
region of the p resen t  inves t iga t ion  i s  beyond t h e  nuclea te  
and t r a n s i t i o n  bo i l ing  regimes and we l l  i n t o  s t a b l e  f i l m  
boi l ing,  The geometric area of i n t e r e s t  of the  p resen t  in- 
ves t iga t ion  i s  t h a t  shown i n  Figure l a )  which d e p i c t s  the 
wavy i n t e r f a c e  t y p i c a l  of s t a b l e  f i l m  bo i l ing  i n  moderately 
subcooled water a t  atmospheric pressure .  This i n t e r f a c e  con- 
f i g u r a t i o n  is a l s o  observed when gas r e l e a s e  i s  from the  
s o l i d  su r face  r a t h e r  than from the  i n t e r f a c e  a s  is  shown i n  
Figure l b ) ,  Figure l b )  r ep resen t s  "dry icew ( s o l i d  m2) 
snbliming i n  room temperature water ,  Figure 1 i s  a  rendering 
from photographs, 

Numerous motion p3cture s t u d i e s  i n  connection w i t h  the 
present  s e r i e s  of inves t iga t ions  have indica ted  t h a t  t he  
i n t e r f a c e  i s  r a r e l y  wave f ree .  The most favorable  condi t ions  
f ~ r  a  wavefree configurat ion have been shown t o  combine a  
h ighly  polished sur faee  w i t h  a  small  temperature d i f f e rence  
across  the gas l a y e r  and r e l a t i v e l y  s t rong subcooling. Even 
under these  circumstances, a  p e r i o d i c  o s c i l l a t i o n  of the 
apparent ly r i g i d  i n t e r f a c e  r e l a t i v e  t o  the hea t ing  su r face  
has been de tec ted  by dynamic c a p a c i t i v e  measurements, 

It seems unreasonable t o  suppose t h a t  hea t  and mass 
t r a n s f e r  i n  the  s tagnat ion  po in t  and laminar f low regions  
a r e  independent of these i n t e r f a c e  motions. The f i r s t  s t e p  
i n  inves t iga t ing  t h i s  qruestion would appear t o  be t o  ga in  an 
understanding of t h e  f l u i d  mechanical na ture  of the  laminar 
i n t e r f a c e  waves themselves, It is t o  t h i s  l i m i t e d  goal  t h a t  
the p resen t  inves t iga t ion  i s  d i r e c t e d ,  Because of the appar- 
e n t  complexity of the  phenomenon, i t  was decided t o  f u r t h e r  
l i m i t  the  area of the present  a n a l y s i s  t o  the s t agna t ion  
po in t  neighborhood, I n  an attempt t o  preserve perspect ive  on 
the problem, experimental r e s u l t s  which demonstrate the  
coupling e f f e c t s  a r e  discussed a t  some length  fol lowing the 
s tagnatfon p o i n t  ana lys is .  



3 . 3  b- a a c * C, 
' 0 4 3 4  s2F: m a ,  e, 

e d v w r l * A  ~ . l  m  4 CJ u s  a m a m  m a 3 +  
a E- F: m . r l a , r n o  m  V Q O O  +14 a, m  .a a a,+ * r i n d  0 m  
m r l  o ' u  0% 8 ak F:+ w  G a E ~ : m . r l ~ :  ha-A 5 m P i  a , v a , ~ a v c m r l  
*dd.l-' a) L I C * ~  O W  F: Q) m  *A F I Q ~  !-la b a l a w a ,  m ~ ~ ~ f 2 m & & o ~ * o ~ +  
m m d s  * u Q c , + ,  & W Q ) W & % W ~ R  ed>C34u g 2  $ ' w m + u o * r l o u o e , m  a a m  
W S * ~ O B ) C W  C U T I P ~ C U ~  *d c*rl(d CU M M  !4%l eel 0 

ol O G  W+.C m F:PI s s h a  W +  m d  < a  ( u W G . d  W a , O B W F . l  
c, 3 Ma, a,+ &a,& L1 *rl a , L I r l P * d ( - I d m  a 4  m  a 1 Q Q  m e , *  s m  

pE lam$s o r n o d s o  n e , m c , s s  
d m 5  a w c u m  

a, a d a v s o  m a  F:Q, . r l a , a , ~  c 6 ~ 1 S m I f f E ~ ~ ~ O  
F : ~ - F : ~ ~ + ~ * + ~ + + ) L ) E : c ,  r c ( m  0 m  *rl 9 &P a,-d * e, e~ m u  t lGct% 4-1 1 F-(+ 
0 ~ 0 c l  * r l + m m  W W b l  W Q  & & P ) $ % O  6, Bzh C ' 0  6.0 a F: Q, 3- L-l & + a  L4 

! z e d  w h i z  co w . , ~ w a , a , m a , r l m 4 . ~  a , m s  m a,+- o r l h c r u ~ ~ e , m  s a , ~ ~ ~ o m  
+ w + = F : &  3 m ~ ~ c o B 3 o o u  a, v r l w  3.0 3.v.d a, M & ~ : r l  a m  a, m - r  a, a, 
G  9 a a, m  E: + C + r w d o t c + ~ a d  !z! US  a, *rl U S L I m U  C F. l -Ved b) 3 6 d e d 4 - 1  aJ S G  & * d ' w *  
W t r F : d r l O W m +  C + W %  * r l H - P u  o) w  -F: & a,% 0 +, I O h c ,  m c r  0 k F.l (d W e d  0 d a 
& O M  d m m P  a * w a , a , G & F :  * a  a m s a ~ a ~ ~  E C V ~ W  
& wwd.rc $% La a, %+ $ m  ss:ed a, u m  d a, + O W  ( U r l a ,  

%%I+ +Q,&+d a, 0 0 0 F:+ crrC*rl m s  0 riO'+*ZEV a d M 0 Q  c u , ! = J & F : ' w b q - , C W  rlrl 
d Dl m  crr a d d  F . l  0 d M+&C 0 4 - r l W  a,Ud a,+ r l e d  G  M W - P C  Q) to Q) 

& 3 e, ad +% g*WI;;f*&.d C, c, 0 a&'w4'd 01 w a d %  a o F I * d  m m m  + u s e ,  
a c o a ,  E Plo ' O G  3 m  % G a ,  a ~ a , c r ( u a ,  d %I m ( P a ,  
o d - r c  a, o o £2 * ~ a , a , m ~ : o a o  c P & a , $  2 * c o 42 $44 o ' u v t + d ~  
4 a +  a &I 0 kO a b o w  k (-Is a a, ?if .a .  agv m + " a J z  

O W +  5.d * F: & +  
P M  a m  w 3 E : w a J  + P  .cl c ,  a ,  r l p l + a m a , ~ : a ~  
W a c ,  c r l s  m ~ r l 4 : c r  m  crr m  $*:% ~ 4 - 1 0  .do o s m ~ m a m l l - l c r r a o  c , o u  
~ c r m ~ ~ ~ r l r l c ,  m o t :  m a ~ w o a r - l  o m  PIQ - r a %  o d O C V F : + C I  U . d * r l ' O G U ( d  

wa, m  w m a * d w s  ac&a, m c , + O G  a ~ d ~ t a r l  m c ,  c, o w  w a d  tc 
a m ~ e e ~ ~ ~ m m a a , ~ w p ~ m ; ~  % f i a r l a r  & a d  -13 m 8 ) . 1 - ) m a , a o m  X M  
m  ~ , a k  -10da O O l E ! E d O  P-FI m m + &  a ~ d  G & W S @  
a , e c l + m o a ,  14s + * a ,  w a ,  rl w r c c ~ a w o o w o  FI s s  ~ o r l  o a WCYI-P 

*a aJ a, & P &  C~dU.r~~ULa,+~, g 4 m U M % 1 0 M  r m r l  u & 3%.c!* o h  >-%I F: 
P Ga, s m  G m  B a a F w C a , h +  G m S G  cr r c l ' w e d o a ,  .a 
9 mad .l m  a r , b ~ ) e ) n a ~  m $ 0 P @ @ & u  W a , a , o a , a , a ~ c r  mot* - ,+a  
-e, w  aom ( u o ~ - ~ ~ r l r n  u & a m  * G M Q , W P I  &r M B U ~ ( O F : * ~ ~  m m a  m m w  
r n + . ~ ~ + r x . , m  m a a , 4 2 3  a j z m  m.ct m ~ . a m c , s i r l r l ~ :  a ~ a a , ~ - r a - r l x ~ ~ s l  m ~ o m a a ~  

s a ~  m ~ w ~ o ~ ~ , + w ~ o Q ,  m r : w  3%1+3.slc,a,a s C spC(Fl-Fa a, a, o . M . d ~ d P c W c r  
c u P o a , B d ( d ~ . l ~ 1 ~ . l d + +  & F : d ~ i m a +  k m 3  G O +  F: a ,  d & 3 SCP (dw 
M h~ 0 4 a a r w  w 3 .  * a ~ c l p l c s o  G e d ~  -40 m  a, o g a a t a d  m +  V V S T Y  - 
aa,h..(ra, ~ h a u a , m ; ) ~ m m  G a m  r c r m ~ 4  O +  in*& WP.A+P e, oe,+ m w  m a , a ~ o ~ r l  
.)-, U a, k s  a a d b l ~ d a  u m a ,  Id & D + ~ Q J  * + o  m  G Q G  c u m 9 4  M S a m a ,  

a l o + a C e , n s t r r n  Q . d F . l k 4 * L h  zse s + 6 ~ ~ ~ ,  ,,, .,., ~a%cca . d O o r , O F :  &a,.srO'D + 
C mt-, str a 3  01 0 krle3Z'Od + a ,  

Q c a w s  d.a & mw 3 + h w  ( u p d o d  B G w y g o e m r n a , m n i c .  d e , m r l  
UC, a u m v w m c a ,  a w m o  Q G  J Z G G ~  o o ~ : ~ : o ' w ~ m + a r l + d u ~  a, o r l a ,  

G * ~ ~ W C  W E  + a m t d a 1 ( d ( d a ~ 9 m ~  * . s t ~ - d a ) ~  a ad a d  Q m  d + P  F: a 4  B Z  W 9 *  
0 E d 2  0.U a,+ mQ.4 *[$ q o d C 4  -I aJ a4 * P * ~ V V +  n e e h a  c C & m 4  o + d m E ! 3  

o r d  .A + k LJ & 0 a, W C V *  3 M U O  S-"j W 4 4 - J  aJ a, a -PI* bl -I& QI gi a W 3 C U Q , o r d  + a ;hmor14-r 3 F: m a  P ) Q +  h l ) s a ~ a , ( ~ + a f f  o m  Q - P  a, & +  -%P% - D a d 9  ~4 
owv-b-sri a ~ : o a o ~ ~ . r a , + a - ~ u c  3 u m = r d m w  as+% 1.4 G U W  a, M*.D 
a m ~ ? ~ ~ : m ~ a r o o c l r n  8 n c r - c ~ ~ ~ ~  0s g ~ o o m  Q $3 e G V  I 0% 3 . ~ 3 ' 0  $-I mrc 
h! (d a, $+ L4 a,~d<s,d @2 W + S  m d  .el* W a , +  + Q +  ES@J.I  O G ~ G ~ ~ L I ~ ~ B ~ J ~ R I ~  a.4 err a*+ r o d  m u  m s r o d  c:c R o m B e i ~ '  ( ~ 4  m m o m &  P, 3 f 2 ~ 4 . 2  

q9JBPa OSg Q @  c l r b @ d t ~ h o n ~ ~  m  , d ~ ~ u . c )  ~ n d a M + f ~  

a +  1 4  a, 6 , r l  O +  ma, a, E u G S  M% a g e g P : E . : g t . C , m d e c I  . &  
s m m e , m t a a , a , ~ ~ a w s ~  s + c  a F ! - r d m ~ + d w r l  Q m a r l  al 0 - G  
91.d m F: 8,d an 0.d .I 0 4  u m u  VI N a @  F“ 

2 < . 2 F 1 + 9 s F : o  
b + a Q ) q j 3 + d Q , Q , c U r ) d % t P ~ Q @  

4 X t U r Z  k O a r l ~ r l  3 a3 8;1 CU t R k t C  0 E : 8 , & G O ~ d O  C S C : c t l W S a d F I  
- e r E e r g $ q p , a >  p a ~ m r l r n  o ~ b +  g4-, worl cuead& m m  a,*++ o 6 + *  u m  tn++ 



which p o s i t i o n  t h e  pressure  f i e l d  i s  ou t  of equi l ibr ium and 
the r e t u r n  awing begins t o  complete t h e  cycle which then re -  
pea ts .  Prel lmlnary measurements showed t h a t  f o r  the geome- 
t r i e s  eonaidered, a t  l e a s t ,  the i n t e r f a c e  wave was wel l  c l e a r  
of the  s t agna t ion  p o i n t  region by the  time the  cycle  was com- 
p l e t e d ,  Typical r e s u l t s  from pre l iminary  measurements a r e  
shown on Figure 4, The i n t e r f a c e  i s  shown*at the  equi l ibr ium 
p o s i t i o n  on the  r e t u r n  swing, 

Such a s t agna t ion  point  o s c i l l a t i o n  accounts q u a l i t a -  
t i v e l y  f o r  t h e  behavior observed, The system can be idea l -  
i zed  as a  l i q u i d  mass moving i n  oppos i t ion  t o  a  gas  l a y e r  
spr ing  and damper w i t h  the wave genera t ion  phenomenon and 
aeeompanying hea t  p u l s e  serving a s  a  f o r c i n g  func t ion  c153, 
Under these  circumstances, the frequency of o s c i l l a t i o n  
should be a t  or  near  the n a t u r a l  frequency of the gas  l aye r .  
What fo l lows i s  an a n a l y s i s  of the phenomenon based on the 
foregoing phys ica l  model and presented i n  comparison w i t h  
frequency measurements i n  subcooled water. 

The dynamics of a  s o l i d  subliming d i sk  o s c i l l a t i n g  
above a  heated p l a t e  has been analyzed by OWrien L8] . 
The p resen t  phys ica l  case i s  analogous i n  s e v e r a l  r e s p e c t s  
i f  one r e s t r i c t s  a t t e n t i o n  t o  the s t agna t ion  po in t  neighbor- 
hood sf the i n t e r f a c e  and takes i n t o  account the  s tagnat ion  
po in t  geometry and subeooling. I n  formulat ing the  concept 
j u s t  descr ibed,  the  load per u n i t  a rea  on the s t agna t ion  
p o i n t  i n t e r f a c e  element i s  taken t o  be the  weight of t h e  
l i q u i d  column supported by it, The o s c i l l a t o r  mass assumed 
i s  t h e  mass equiva lent  of the i n t e r f a c e  load. The correspond- 
ing equation of motjon is  

where W is t h e  i n t e r f a c e  loading,  p i s  the  pressure  d i s t r i b u -  
t i o n  Jn the  g a s  l a y e r ,  and F ( ~ , T )  i s  a fo rc ing  func t ion  which 
descr ibes  the  dimpling a t  the s t agna t ion  poin t  discussed i n  
t h e  previous sec t ion ,  I n  the s t agna t ion  poin t  neighborhood, 

where L i s  the  depth sf immersion of t h e  s t agna t ion  p o i n t  
beneath t h e  sur face ,  R i s  the  r a d i u s  of curvature of the  



heat ing  su r face  s tagnat ion  p o i n t  neighborhood, For the 
cases ro he eonsidered here,  the gas  l a y e r  th ickness  6 ( r , 7 )  
w i l l  be much smaller  than e i t h e r  t h e  r a d i u s  of curvature  R 
a t  t h e  s t agna t ion  p o i n t  ox the depth  of immersion Lo There-. 
f o r e ,  we w r i t e  

2 U  = - r -  dlrAg .+ ,< Q2) 
i R 

tc describe the  i n t e r f a c e  loading  i n  t h e  s t a g n a t i o n  po in t  
neighborhood, 

The djistrrbvrtion .of pressure  i n  t h e  gas  l a y e r  may be 
found by so lv ing  the equations of motion i n  t h e  s t agna t ion  
p o i n t  neighborhood assuming a x i a l l y  symmetric flow, I n  
cy l indr i ca l ,  coosdina%es w i t h  z taken  p o s i t i v e  downward a s  
i n  Figure 3, t h e  r and z- components of the momentum equa- 
t i o n  are thus 

and 

xeepeekivel,y, and the con t inu i ty  equat ion  t akes  t h e  form 

where i t  has  been assumed t h a t  p r o p e r t i e s  can be regarded 
aa cons tant  when a s u i t a b l e  choice of r e fe rence  tempera- 
t u r e  has been made and t h a t  c o m p r e s s i b i l i t y  e f f e c t s  a r e  
n e g l i g i b l e ,  If  we assume f u r t h e r  t h a t ,  i n  the  s t agna t ion  
p o i n t  neighborhood, t h e  v e r t i c a l  component of v e l o c i t y  i s  
independent of r; i , e , ,  



then it fo l lows from equation ( 5 )  t h a t  

where 

Equations ( 3 )  and (7) together  y i e l d  

and, i n t e g r a t i n g ,  

i s  obtained. From t h e  z-component of momentum, we note  
t h a t  2 is a t  most a funct ion  of z and T; hence, we con- 

4 2  
elude tha t  1 and C a r e  a t  most f u n c t i o n s  of T, and, 
therefore ,  

where Ib("$ and C(%) a r e  unknown func t ions .  Equation (4)  
can now be combined with equation ( 8 )  t o  y ie ld  L9j 

The unsteady and viscous terms drop from cons idera t ion  
i n  the  process.  It r e s u l t s  from equat ion  (10) t h a t  



and,  there f  o r e ,  eqna t i o n  (7') becomes 

which d e s c r i b e s  s l u g  f l o w  i n  the  s t a g n a t i o n  p o i n t  neighbor-  
hood, 'Paus, t h e  e x a c t  s o l u t i o n  of t h e  equa t ions  of motion 
under  t he  assnmptions of w ( z , ~ )  and cons t an t  p roper ty ,  i n -  
compress ible  f l o w  l e a d s  i n e v i t a b l y  t o  s l u g  f l o w  a s  w a s  
p o i n t e d  o u t  t o  t h e  w r i t e r  by J. J. ~heppardC93. P h y s i c a l l y  
this r e s u l t  imp l i e s  t h a t  t h e  p r e s s u r e  f i e l d  i n  the  s t a g n a t i o n  
p o i n t  neighborhood develops  a s  a r e s u l t  of d i s t r i b u t e d  mass 
a d d i t i o n  a t  t h e  i n t e r f a c e  r a t h e r  t h a n  a s  a  r e s u l t  of v i s cous  
r e s i s t a n c e  t o  outward flow. 

The v e r t i c a l  component of v e l o c i t y  can now be expressed 
a s  

w i t h  boundary condi t ions :  

. 
where 6 - i n t e r f  ace  v e l o c i t y  
and V-evaporation v e l o c i t y  a t  i n t e r f a c e ,  Hence, 
C1(~ )  = 0 and 

and, from equa t ion  (10) 



The equation of motion of the  i n t e r f a c e  now becomes 

Despite the accompanying wave genera t ion  a t  the i n t e r -  
face, the i n t e r f a c e  motion a t  the  s t agna t ion  po in t  i s  r e c i p -  
r o c a t i n g  r a t h e r  than HwavyPt. T h i s  i s  i l l u s t r a t e d  i n  F igure  4. 
Therefore,  i t  is  reasonable t o  assume t h a t  the f o r c i n g  func- 
t i o n  F ( r , T )  can be described a s  the  product of a p e r i o d i c  
f u n c t i o n  of time and an even func t ion  of r. I n  p a r t i c u l a r ,  
i t  is  assumed t h a t  

w h e r e  r2 r ep resen t s  the  f i r s t  even term of a s e r i e s  expansion 
in r ,  When equation (17) i s  combined w i t h  equat ions (2) and 
(16) ,  C ( t )  may be evaluated a t  r = 0, The r e s u l t  i s  

Hence, the gas  l a y e r  thickness ,  i s  independent of r i n  the  
s t a g n a t i o n  po in t  neighborhood wi th in  t h e  present  approxima- 
r i o n ,  

The s teady s t a t e  so lu t ion  can be obtained from equat ion  
(18)- I n  p a r t i c u l a r  

where V i s  the v e l o c i t y  of vapor l e a v i n g  the  i n t e r f a c e ,  It 
may be evaluated from a cons idera t ion  of the  energy ba lance  



a t  t h e  i n t e r f a c e  
-I 

if: , A .  

JX r: I\; \ I- .,? 9 - 4  + :. t I 
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I n  w r i t i n g  e q u a t i o n  (20)  it h a s  been assumed t h a t  h e a t  t r a n s -  
f e r  through t h e  gas  l a y e r  i s  by conduc t i on  and r a d i a t i o n  
o n l y ,  t h a t  u i  = 0 ,  and u .  = 0 ,  I n  t h e  bulk  l i q u i d ,  i t  i s  
supposed t h a t  h e a t  conducted away f rom t h e  i n t e r f a c e  i s  
ba l anced  by h e a t  f l o w  toward t h e  i n t e r f a c e  due t o  a  v e r t i c a l  
mo t ion  of t h e  l i q u i d  induced by e v a p o r a t i o n  a t  t h e  i n t e r f a c e ,  
The energy  e q u a t i o n  i n  t h e  bu lk  l i q u i d  may be w r i t t e n  

where 

8 = to U 

and  

I= 2 -  3- 
Applying t h e  boundary c o n d i t i o n s  

and 
8- B cas 3- CQ 

there is  o b t a i n e d  

w& where  rn = -, Applying c o n t i n u i t y  a c r o s s  t h e  i n t e r f a c e ,  
a& 



A S  is implied by the  r a d i a t i o n  term of equat ion (20, absorp- 
.tion i n  t h e  g a s  l a y e r  i s  neglected. The r a d i a t i o n  i n t e r -  
change i n  t he  s t ~ g n a t i o n  po in t  neighborhood i s  regarded a s  
occurring between p a r a l l e l  su r f aces  s i n c e  6/R i s  assumed 
small. Thus, the  in terchange f a c t o r  i g  

I n  view of t h e  high e m i s s i v i t y  of the  l i q u i d  i n t e r f a c e ,  
e,-.i w e, which i s  assumed. Thus, 

t h e  r a d i a t i v e  c o n t r i b u t i o n  t o  the i n t e r f a c e  energy balance. 
combining (22)  and (23)  w i t h  (21),  

4 

where  

F i n a l l y ,  equa t ion  (19)  becomes 

0 + 
--..__..---I---_ (25) 

I + $6,  

t h e  s teady  s t a t e  g a s  l a y e r  th ickness  a t  the  s t agna t ion  point .  

I n  view of t he  impulsive na tu re  of the  f o r c i n g  func t ion  
p r e v i o u s l y  desc r ibed ,  it i s  c o n s i s t e n t  t o  assume t h a t  t he  
s t e a d y  s t a t e  o s c i l l a t i o n  of t h e  i n t e r f a c e  takes  p l ace  a t  ap- 
]proximately t he  undamped n a t u r a l  f requency of t h e  system. 



Furthermore,  s i n c e  frequency i s  r e l a t i v e l y  i n s e n s i t i v e  t o  
ampli tude,  a  l i n e a r i z e d  s o l u t i o n  of e q u a t i o n  (16) should 
y i e l d  an adequate approximateion,  Assuming, then,  t h a t  t h e  
o s c i l l a t i o n  t a k e s  p l a c e  wi th  sma l l  ampl i tude about the  equi -  
l i b r i u m  va lue  of t h e  gas  l a y e r  t h i c k n e s s ,  we may w r i t e  

where e <' 1, Combining equa t ions  (26) and (18) l eads  t o  

t he  l i n e a r i z e d  motion equa t ion  of t h e  i n t e r f a c e  s t agna t ion  
p o i n t  neighborhood, The n a t u r a l  f r equency  of t h e  system i s  

w i t h i n  t he  spee i f  i e d  approximations. Dimensionless ly  ex- 
p re s sed  i n  terms of thermodynamic v a r i a b l e s ,  

I 
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Experimental Procedures  

A motion p i c t u r e  s tudy was s e l e c t e d  a s  t h e  exper imenta l  
v e h i c l e  f o r  determining wave genera t i o n  f requency ,  I n  o r d e r  
t o  gene ra t e  t h e  a x i a l l y  symmetric s t a g n a t i o n  p o i n t  f l o w  
descr ibed  i n  the  prev ious  s e c t i o n ,  t h e  geomet r ic  shapes  shown 
a s  F igure  5 were chosen t o  g i v e  a  wide range of r a d i u s  of 
cu rva tu re  of the  h e a t i n g  su r f ace ,  Exper ience had shown t h e  
i n t e r f a c e  ~benomenon t o  be q u a l i t a t i v e l y  the  same f o r  quench- 
ing (F igure  l a )  and f o r  s t eady  s t a t e  ptenomena (F igu re  l b ) ,  
With i n t e n t  t o  simp1 i f  y  the  exper imenta t ion ,  t h e r e f o r e ,  a  
quenching technique was s e l e c t e d ,  In o rde r  t o  ensu re  a  
quas i - s teady  p roces s ,  the  model s i z e  and shape were designed 
t o  mainta in  a  cool ing  r a t e  of l e s s  t han  lSoF/sec, To f a c i l i -  
t a t e  t h e  temperature  ins t rumenta t ion ,  t h e  m a t e r i a l  s e l e c t e d  
was pure  copper of thermal c o n d u c t i v i t y  223 ~ t u / h r  f t OF, 
The r e s u l t a n t  range of the  system B i o t  modulus was between 
,0056 and ,0090 (based on maximum model r a d i u s  and measured 
val.ues Lao2 of f r e e  convection f i l m  b o i l i n g  f i l m  coef f  i c i e n t )  
Thus t h e  thermocouple i n s t a l l a t i o n  shown on F i g u r e  5 was 
j u s t i f i e d ,  The thermocouple ou tpu t  was recorded  on a s tand-  
a r d  s i n g l e  p o i n t  potent iometer ,  Hard chromium p l a t i n g  was 
a p p l i e d  t o  a l l  model s u r f a c e s  f o r  p r o t e c t i o n  a g a i n s t  oxida- 
t i o n  and consequent r ~ u g h e n i n g  s i n c e  t o r c h  h e a t i n g  was t o  be 
used, 

The quenching ba th  w a s  commercial g rade  d i s t i l l e d  wate r  
mainta ined a t  t~ = 160: lOoF f o r  a l l  exper iments  by immer- 
s i o n  h e a t e r s ,  I n  making a  run ,  the  model was p rehea t ed  t o  
roughly  18000F and by mechanical means was p a r t i a l l y  immersed, 
T o t a l  immersion was avoided t o  e l i m i n a t e  p o s s i b l e  i n t e r -  
a c t i o n s  wi th  "comb" phenomena a s s o c i a t e d  w i t h  bubble r e l e a s e  
a t  the  t o p  of a completely submerged o b j e c t  ( f o r  example, 
r e f e r e n c e  3 ) ,  The t e m ~ e r a t u r e  was monitored d u r i n g  the  cool -  
i n g  p r sces s -and ,  a t  the presc r ibed  r u n  temperature: t he  100 
f o o t  r o l l  of f i l m  was exposed a t  frame r a t e s  ave rag ing  2000 
p e r  second, Time i n t e r v a l s  of 200 t o  300 m i l l i s e c o n d s  were 
used f o r  t h e  wave count  during which p e r i o d  t h e  change i n  
s t a g n a t i o n  p o i n t  temperature was n e g l i g i b l e .  Each tempera- 
t u r e  p o i n t  r equ i r ed  a separa te  run,  Thus a  t o t a l  of more 
than  20 experiments was r equ i r ed  t o  produce t h e  d a t a  shown 
on F igu res  5 and 6, 

The exper imental  u n c e r t a i n t y  i n  t h e  s t a g n a t i o n  p o i n t  
temperature  involves  c a l c u l a t e d  u n c e r t a i n t i e s  i n  t h e  con- 
d u e t i o n  l o s s  between the  measuring s t a t i o n  and t h e  s tagna-  
t i o n  p o i n t  toge ther  w i th  u n c e r t a i n t i e s  due t o  t h e  known 
imprec is ion  i n  t he  ins t rumenta t ion ,  The t o t a l  u n c e r t a i n t y  
is c a l c u l a t e d  t o  be n o t  more t h a n  2 1% over  t h e  range  of 
temperature  covered, The u n c e r t a i n t y  i n  f r equency  determina- 



tioa i s  due t o  ,the p o s s i b i l i t y  of miscounting timing marks 
and i a  estsrnated t o  be no nore than 2 1%- These u n c e r t a i n t i e s  
f a l l  wi th in  the symbols used t o  i n d i c a t e  data p o i n t s  on 
Figures  5 ,  6,  and 7, Because of t h i s ,  t he  d i spe r s ion  of the  
a y b s l a  $hemaefvea must be regarded a s  evidence of Erregu- 
l a r i t y  sf the phenomenon, 

Since each data  po in t  r e p r e s e n t s  a s e p a r a t e  experiment, 
the  c l u s t e r  of th ree  experiments shown by squares  on Figure 5 
a t  157'00F and the  two e i r e f e s  on Figure  6 a t  1260oF a r e  rep- 
P ica t ions  and mag be regarded a s  i n d i c a t o r s  of the  repea-:i- 
bility of t h e  phenomenon, 

Resul t s  and Discussion 

dm view of the  observed coupling among occurrences i n  
t h e  s tagnat ion  po in t  neighborhood, the  laminar f low region ,  
and the bulk l i q u i d r  previously mentioned, the  d i scuss ion  is 
d i r e c t e d  n a t u r a l l y  xnto three p a r t s ,  The f i r s t  concerns i t-  
self ao le ly  w i t h  t h e  comparison of p red ic ted  and measured re-  
s u l t s  a t  t h e  s t agna t ion  poin t ,  The second and t h i r d  p a r t s  
con ta in  a d iscuss ion  of observat ions from numerous associa ted  
experimental  s t u d i e s  intended t o  explore  the i n t e r a c t i o n s  
among regimes and t o  indica te  var ious  l i m i t a t i o n s  imposed 
upon the phenomenon, 

Stagnation Poin t  Resul t s  A comparison of the  theory  and 
e x p e r h e n t s  of t h e  Dresent i n v e s t i g a t i o n  i s  shown on Figures  
6 and 7, As predie%ed, the frequency of genera t ion  decEeases 
with increasing s tagnat ion  pojn t  temperature and w i t h  increas-  
rng s tagnat ion  po in t  r ad ius  of curvature .  Although only one 
bnllc l i q u i d  temperature (1050F) was run, i t  is expected from 
equat ions  (25)  and (28) t h a t  the e f f e c t  of increas ing  sub- 
c o o l i n g  is t o  increase  s l i g h t l y  t h e  frequency of wave genera- 
t i o n  i n  response t o  a decrease i n  gas  l a y e r  mean th ickness ,  
Radiat ion tends t o  decrease the  frequency of genera t ion  by 
Fncseasing the  gas l a y e r  thickness ,  However, even though 
c , =  1 was assumed f o r  the p resen t  case ,  the maximum pre-  
d i e t e d  effect. was 5% a t  the h ighes t  temperature decreas ing  
t o  about 1% a t  the low end of the  temperature range, Equa- 
t i o n  (28) overest imates  the frequency by about 10% according 
t o  t h e  comparison on Figures  6 and 7, This i s  considered 
s a t i s f a c t o r y  agreement. In view of the  r e l a t i v e  insens i -  
t i v i t y  of frequency t o  subcooling and t o  r a d i a t i o n ,  a dimen- 
s i o n l e s s  c o r r e l a t i o n  based on equa t ion  (28) is suggested a s  
more convenient t o  use. This express ion  i s  



The data  from a1.l f o u r  geometries a r e  shown i n  comparison t o  
t h e  c o r r e l a t i o n  on Figure 8, 

An expression f o r  mean hea t  f l u x  by conduction a t  t h e  
s t agna t ion  p o i n t  fo l lows d i r e c t l y  from equat ion (25) ,  Thus 

R ' + 

5 

A r a t h e r  s u r p r i s i n g  r e s u l t  is  t h a t  the  p red ic ted  N u s s e l t u s  
number v a r i e s  a s  t h e  square roo t  r a t h e r  than a 3  t h e  f o u r t h  
r o o t  of the temperature d i f f e rence ,  This  i s  due e n t i r e l y  
t o  t h e  p o t e n t i a l  f low nature of the  s o l u t i o n  which ensures  
dominance by the i n e r t i a  terms once i t  is assumed t h a t  
w =: w(z, t )  only. A v2seous s o l u t i o n  can be obtained simply 
by assuming a l l  acce le ra t ion  terms i n  equat ion  (8) t o  be 
n e g l i g i b l e ,  When c a r r i e d  through t o  compfetion, the  apparent 
d i f f e r e n c e s  between the  v i s ~ o u s  s o l u t i o n  and equat ion  (29) 
a r e  minor, I n  p a r t i c u l a r ,  i n  equat ion  (28) becomes fvvn 
and %he exponent ft2fr becomes "1" on the  r i g h t  hand s ide ,  
Thus the Nussel t  number regains  i t s  f a m i l i a r  power depend- 
ence on temperature d i f f e rence ,  However, the  f r equenc ies  
p red ic ted  by  the  viscous theory a r e  lower by roughly 40% 
than  those measured over the range of v a r i a b l e s  covered by 
the present  i n v e s t i g a t i o n  and the N u s s e l t a s  numbers pre-  
d i e t e d  a re  lower by a f a c t o r  of two, approximately, than 
those  predic ted  by equat ion ( 2 9 ) -  Therefore,  i t  is concluded 
t h a t  i n  the stagnatgon point  reg ion  the  f low i s  e s s e n t i a l l y  
i n v i s e i d  i n  cha rac te r ,  

The mechanics of wave genera t ion  i n  the lower s t agna t ion  
p o i n t  neighborhood d i f f e r s  i n  seve ra l  p a r t i c u l a r s  from cases  
of i n s t a b i l i t y  wave formation p rev ious ly  considered i n  f i l m  
b o i l i n g  above a heated surface ( f o r  example, r e f e r e n c e s  3,4) ,  
Perhaps the outs tanding f e a t u r e  of t h e  p r e s e n t  phenomenon is 
i ts  freedom from dependence upon bubble r e l e a s e  dynamics, 
?"his i s  simply due t o  t h e  f a c t  t h a t  t h e r e  i s  no tendency f o r  



bubbles t o  form and en te r  the l i q u i d  phase i n  the  lower s t a g -  
nat ion po in t  neighborhood because of the  geometry of the  
s i t u a t i o n ,  Another poin t  of c o n t r a s t  is i n  t h e  degree of 
s u s c e p t i b i l i t y  of the  in te r face  t o  Taylor i n s t a b i l i t i e s  i n  
t h e  two eases. Several  analyses of f i l m  bo i l ing  above a  
hor i zon ta l  heated sur face  ( f o r  example, re ference  4)  have 
suceessf u l l y  used the  Taylor i n s t a b i l i t y  model a s  a b a s i s  
f o r  c a l c u l a t i n g  t h e  e r i  t i c a l  wavelength which (coupled w i t h  
babble r e l e a s e  frequencies)  permits  the -de te rmina t ion  of hea t  
t r a n s f e r .  On the o ther  hand f i l m  b o i l i n g  below a h o r i z o n t a l  
heated surf ace, a s  i n  the present  c a s e ,  i s  s t a b l e  i n  the  
Taylor sense when one considers the  i n t e r f a c e  a t  r e s t  i n  
t h e  mean p o s i t i o n  z = 6 . It is  t r u e  t h a t  even i n  t h i s  case 
an i n t e r f a c e  when s e t  i&to  motion normal t o  i t s  plane de- 
velops Taylor i n s t a b i l i t y  waves when the  a c c e l e r a t i o n  exceeds 
lg[ l l ,  .I. It i s  poss ib le  t h a t  a c c e l e r a t i o n s  of t h e  proper mag- 
n i tude  and sense e x i s t  in the  p resen t  phenomenon, However, 
t h e  r e s u l t  w i l l  be t o  produce the p e r i o d i c  dimple and 
c a p i l l a r y  wave previous ly  pos tu la ted  i n  the  p r e s e n t  s i t u a -  
t i o n  a s  the generat ing mechanism, Thus the a n a l y s i s  i s  n o t  
a f f e c t e d ,  A f i n a l  poin t  of c o n t r a s t ,  although obvious, 
should perhaps be mentioned i n  t h e  i n t e r e s t  of completeness, 
I n  f i l m  boiling,above a  heated s u r f a c e ,  the  s i t u a t i o n  i s  un- 
s t a b l e  i n  the  Benard sense i n  t h a t  a  l e s s  dense f l u i d  medium 
l i e s  below a medium of g rea te r  dens i ty .  I n  f i l m  b o i l i n g  be- 
low a  heated surf ace,  on the o ther  hand, the s i t u a t i o n  is  
completely s t a b l e  i n  t h i s  sense, p a r t i c u l a r l y  i n  t h e  presence 
of su beeoling. 

The present  r e s u l t s ,  a s  mentioned previous ly ,  eonsiderd 
only  d i s t i l l e d  water a s  the bulk l i q u i d .  However, photo- 
g raph ic  s t u d i e s  were extended t o  f i l m  bo i l ing  i n  subcooled 
t f i eh lo roe thy lene  and i n  sa tura ted  l i q u i d  nstrogen,  and t o  
d r y  i c e  subliming i n  room temperature water (Figure l b ) ,  
They show q u a l i t a t i v e l y  the same i n t e r f a c e  phenomenon; 
namely, wave genera t i o n  a t  the s t agna t ion  p o i n t ,  followed 
by a region of two-dimensional "ringg9 waves, followed i n  
t u r n  by t r a n s i t i o n  of the i n t e r f a c e  t o  the  c h a o t i c  appear- 
ance exhib i ted  i n  both ( a )  and ( b )  of Figure 1 a t  t h e  upper 
e x t r e m i t i e s ,  

I n t e r a c t i o n  Among Laminar Flow, Bulk Liquid and 
Stagnat ion Poin t  Regimes In the laminar  or  fgr ing 'P wave 
region  a-bove 'the s tannat ion ~ o i n t  neighborhood the  wave 
d ~ a m i c s  a r e  almost certainly dominated by shear  a t  the 
i n t e r f a c e ,  Evidence of t h i s  f a c t  i s  found i n  the  d i r e c t i o n  
of c r e s t i n g  of t h e  waves. T h i s  i s  c l e a r l y  shown i n  Figure 
I ( a ) ,  A s  the  o b ~ e r v e r  i s  looking through the  l i q u i d  s u r f a c e  
and i n t o  the gas  l a y e r ,  i t  can be seen  t h a t  t h e  c r e s t  i s  
drawn i n  t h e  d i r e c t i o n  of the shear  s t r e s s  exe r t ed  by t h e  



g a s  on the i n t e r f a c e ,  Experiments showed t h a t  when the  bulk 
l i q u i d  w a s  s e t  i n t o  mean motion r e l a t i v e  t o  t h e  heated sur -  
f a c e  and gradual ly  speeded up, the  i n t e r f a c e  appearance 
changed u n t i l  a t  12  f t / s e c  in water the c r e s t i n g  had r e -  
versed due t o  the  fo rced  convection dominance of l i q u i d  
boundary l a y e r  shear a t  t h e  i n t e r f a c e ,  A t  an in termedia te  
speed ( i n  t h i s  case about  7' f t / s e c )  the i n t e r f a c e  waves 
l a r g e l y  disappeared ,,, presumably an i n d i c a t i o n  of a  s t a t e  
of approxjmately z e r o  n e t  shear  ac ross  t h e  i n t e r f a c e ,  

When n e t  shear e x i s t s  a s  is  the  case i n  f r e e  convection, 
t h e  appearance of i n t e r f a c e  waves would be expected even i n  
t h e  absence of s t agna t ion  p o i n t  dis turbances.  I n  connection 
w i t h  the present  experiments,  the i n t e r f a c e  could be  captured 
a t  the s tagnat ion  po in t  by an observer using a  probe made of 
hypodermic tubing. When t h e  probe was brought i n t o  con tac t  
w i t h  the i n t e r f a c e  a t  the  s t agna t ion  po in t  and f i x e d  i n  posi-  
tPan, the i n t e r f a c e  a c t i v i t y  was a r r e s t e d  l o c a l l y o  However, 
a t  a d i s t ance  well  above t h e  s t agna t ion  po in t  r eg ion  waves 
appeared, This i s  regarded a s  a  Consequence of t h e  shear  
(Helmholtz) i n s t a b i l i t y  descr ibed  i n  the previous  paragraph 
and inherent  i n  such a s i t u a t i o n ,  The experiment Oust c i t e d  
is  not  an i s o l a t e d  i n s t a n c e ,  Hse and Westwater [7 repor t3d  
laminar wave8 i n  t h e i r  i n v e s t i g a t i o n  on v e r t i c a l  tubes  even 
though a bayonet type hea t ing  su r f  ace was used which was 
fa s t ened  a t  i t s  lower end t o  the  bottom of t h e  b o i l e r  thus  
exef uding the  exis tence  of a c l e a r l y  defined s t a g n a t i o n  
po in t ,  31n view of these  two experiments, i t  seems j u s t i f i e d  
t o  conclude t h a t  s t a g n a t i o n  p o i n t  generat ion is n o t  a  pre- 
r e q u i s i t e  f o r  the  e x i s t e n c e  of a  laminar wave region.  

On the o ther  hand, t h e r e  i s  no reason t o  be l i eve  t h a t  
s tagnat ion  poin t  waves can e x i s t  without  d i s t u r b i n g  the  t o t a l  
i n t e r f a c e  f o r  s i t u a t i o n s  l i $ e  those shown i n  F igures  1 and 2, 
o r  f ~ r  hor izonta l  c y l i n d e r s  . The evidence i s  t h a t  f o r  g r o s s  
s i t u a t i o n s  l i k e  those shown i n  Figure 1 the number of wave 
crests apparent between t h e  s t agna t ion  po in t  and t h e  turbu- 
l e n t  region a t  a given i n s t a n t  d i r e c t l y  r e f l e c t  t h e  f r e -  
quency sf generat ion a t  t h e  s t a g n a t i o n  point .  For example, 
Figure 6 i n d i c a t e s  t h a t  t h e  frequency of genera t ion  f o r  
R - 0.012 inch i s  about 1% t imes t h a t  f o r  R = 0,380 inch. 
Therefore, the  wave number (waves/inch) should be l a r g e r  f o r  
t h e  smaller r ad ius  of cu rva tu re ,  This  may prove t o  be s i g -  
nSficrant where h e a t  t r a n s f e r  i n  the  laminar r eg ion  i s  con- 
cerned, OuBrien C123 has shown t h a t ,  i n  the  presence of a  
slubeooled l i q u i d ,  wave a c t i o n  i n  t h i s  region may i n c r e a s e  

dr The present  r e s u l t s  can be appl ied  t o  h o r i z o n t a l  
cyl inder8 through a simple geometric t ransformat ion ,  



l o c a l  values of h e a t  f l u x  by up t o  f i f t y  p e r c e n t ,  The 
e f f e c t  i n c r e a s e s  w i th  i nc reas ing  wave number, 

L.irnitations on t h e  Exis tence  of S t a b l e  F i lm B o i l i n  
Beyond t h e  Burnout Temperature A l i m i t  on t h e  e x i s t e n c f  of 
t h e  laminar reg ion  i s  the  t r a n s i t i o n  of t he  i n t e r f a c e  waves 
from two dimensional  t o  t h ree  dimensional  i n  c h a r a c t e r  and 
f rom o r d e r l y  t o  c h a o t i c  motion a s  p i c t u r e d  on F igu re  1, Re-  
gard ing  t h e  i n t e r f a c e  a s  an i n d i c a t e r  of t h e  s t a t e  of s t r e s s  
i n  the  media, one concludes t h a t  t r a n s i t i o n  of one o r  both 
of t he  b o u n d a r y l a y e r s  ( l i q u i d  and/or gaseous) o c c u r s  t o  
produce the  change i n  i n t e r f a c e  c h a r a c t e r ,  This  may be re- 
garded a s  a l i m i t  imposed by Tol lmein-Schl ic t ing  i n a t a b i l i -  
t i e s .  Hsu and Weatwater LZ' proceeding under t h e  assumption 
t h a t  . t h e  t r a n s i t i o n  i s  due t o  g a s  l a y e r  i n s t a b i l i t i e s  had 
some success  in c o r r e l a t i n g  h e a t  t r a n s f e r  r e s u l t s  wi th  a 
c r i t i c a l  Reynolds number based on a  g a s  v e l o c i t y  and g a s  
l a y e r  thScknesa c a l c u l a t e d  from exper imenta l  d a t a ,  

There a l s o  e x i s t  thermal l i m i t a t i o n s  on t h e  c h a r a c t e r  
of t he  flow, Quenching experiments w i t h  subcool ing  show 
t h a t  a s  t h e  s u r f  ace  temperature d e c r e a s e s  t h u s  approaching 
t h e  temperature of t r a n s i t i o n  t o  n u c l e a t e  b o i l i n g ,  t h e  
i n t e r f a c e  g r a d u a l l y  assumes a  g l a s s y  appearance a s  t h e  i n t e r -  
f a c e  waves d3sappear. Comparing e q u a t i o n s  (25) and (27)  of 
t h e  p re sen t  a n a l y s i s  ahows t h a t  a s  Bo -+ 0 t h e  damping a t  
t h e  s t agna t ion  p o i n t  i n c r e a s e s  w i thou t  l i m i t .  I n  view of 
this, t h e  c e s s a t i o n  of i n t e r f a c e  a c t i v i t y  i n  t h e  s t a g n a t i o n  
p o i n t  neighborhood 5 s  no t  s u r p r i s i n g .  The f a c t  t h a t  t h e  
e n x i r e  i n t e r f a c e  becomes pass ive  l e a d s  t o  t h e  conc lus ion  
t h a t  Helmholtz d i s tu rbances  a r e  a l s o  s t r o n g l y  damped a s  
8,  + 0.  T h i s  l a  reasonable  when one c o n s i d e r s  t h a t  t h e  
wave ampli tude i s  l i m i t e d  by 6,- Thus, a s  + 0 t h r )  
c r i t i c a l  wave ampli tude f o r  growth may never  be ob ta ined ,  
The experiments a l s o  showed t h a t  t h e  l i m i t i n g  s u r f  ace  
temperature  a t  which t r a n s i t i o n  t a k e s  p l a c e  and t h e  v io l ence  
w i t h  which i t  occurs  depend s t r o n g l y  on subcool ing  and sur-  
f a c e  condr t ion  b33 . The t r end  of t he  d a t a  sugges t  t h e  
r a t i o  (mean g a s  l a y e r  thickness/r,m. s. s u r f  a c e  roughness)  a s  
one t r a n s i t i o n  c r i t e r i o n .  When t h i s  approaches  u n i t y ,  
t r a n s i t i o n  should occur  r e g a r d l e s s  of o t h e r  f a c t o r s ,  

Study of t h e  s t a g n a t i o n  p o i n t  mot ion p i c t u r e s  shows 
t h a t  a s  t h e  r a d i u s  of curva twre i n c r e a s e s  i r r e g u l a r i t i e s  
beg in  t o  appear i n  t h e  wave g e n e r a t i o n  p r o c e s s o  The s t a g -  
n a t r o n  p o i n t  (wave c e n t e r )  shows a tendency t o  mig ra t e  i n  a  
random fa sh ion ;  and, i n  p a r t i c u l a r  w i t h  t h e  3/4 inch  model 
a t  t h e  higher  temperatures ,  s imul taneous  g e n e r a t i o n  of two 
waves occurred occas iona l ly ,  This is r ega rded  a s  evidence 
of a  double s t a g n a t i o n  p o i n t  fo rma t ion ,  I n c r e a s i n g  t h e  



r a d i u s  of curvature s t i l l  f u r t h e r  might be expected t o  l ead  
t o  production of s tagnat ion  poin t  ensembles and i t  may be 
guessed t h a t  the f low should change i n  c h a r a c t e r  t o  a  c e l l u -  
l a r  f low resembling f i l m  boiling above a  hor i zon ta l  surface.  

Conclusions 

The dynamics of the flow i n  the s t agna t ion  p o i n t  reg ion  
i n  s t a b l e  f i l m  bo i l ing  is dominated by an o s c i l l a t i o n  normal 
t o  t h e  plane of the  in ter face .  Waves a r e  generated a t  the 
n a t u r a l  frequency of the gas l a y e r  by p ressu re  p u l s e s  r e s u l t -  
ing from the motion of the i n t e r f a c e  r e l a t i v e  t o  t h e  heated 
surface.  A l i n e a r i z e d  theory based on an i n v i s c i d  s o l u t i o n  
of the  equations of motion adequately p r e d i c t s  the frequency 
of wave generat ion over a  reasonably wide range of thermal 
and geometric parameters i n  subcooled water a t  atmospheric 
pfessure.  The ambient pressure and t h e  sur face  t ens ion  e n t e r  
the  r e s u l t  only i n d i r e c t l y  through t h e i r  inf luence  on the  
gas  l aye r  proper ty  values. Photographic and motion p i c t u r e  
s t u d i e s  i n d i c a t e  t h k t  the s tagnat ion  p o i n t  in f luence  is f e l t  
throughout the  laminar f l o w  region. 
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Nomenclature 

s u b s t a n t i a l  de r iva t ive ;  

frequency of generation; 

f o r c i n g  fupct ion ,  equat ion (1); 

a c c e l e r a t i o n  of g rav i ty ,  32.2 f t / sec2;  

heat t r a n s f e r  c o e f f i c i e n t  ( q / t w - t i ) ,  
~ t u / f t 2 h r O ~ ;  

thermal conduct ivi ty ,  ~ t u / f  t o ~ h r ;  

s t agna t ion  po in t  depth of immersion, f t ;  

N u s s e l t P s  number ( h ~ / k ) ;  

s t a t i c  pressure ,  lb f / f t2 ;  

h e a t  f l u x ,  ~ t u / f t ~  h r ;  

r a d i a l  d i s t ance  normal t o  a x i s  of symmetry 
of flow; 

r a d i u s  of curvature of heated su r face  i n  
s t agna t ion  poin t  neighborhood; 

Reynolds number based on evaporat ion v e l o c i t y  
( V~,/'W> ; 

temperature , OF; 

v e l o c i t y  i n  r -d i rec t ion  

b9evaporation ve loc i ty t f ,  (mass f l ~ x / ~ a s  d e n s i t y )  
a t  i n t e r f a c e ,  f t /hr;  

v e l o c i t y  i n  z -d i rec t ion  

load  per u n i t  area of i n t e r f a c e ,  lbf / f  t2; 

p o s i t i v e  v e r t i c a l l y  downward (Figure 3);  



Greek Symbols 

a thermal d i f  f u s i v i t y ,  f  t2/hr; 
c,( tW-ti) 

b o i l i n g  parameter 
A 

g a s  l a y e r  th ickness ,  f e e t ;  

i n t e r f a c e  v e l o c i t y ,  f  e e t / f o r t n i g h t ;  

r e l a t i v e  p e r t u r b a t i o n  of i n t e r f a c e  a b o u t  
mean p o s i t i o n ;  

depth  of p e n e t r a t i o n  i n t o  l i q u i d  through 
i n t e r f a c e ,  f e e t ;  

se de f ined  by equa t ion  (22) ; 

8 temperature d i f f e r ence  r e l a t i v e  t o  bu lk  
l i q u i d  temperature;  OF; 

A l a t e n t  heat, ~ t u / l b ;  

v kinemat ic  v i s c o s i t y ,  f t2/hr; 

P d e n s i t y ,  lb/f  t3; 

0 su r f ace  t ens ion ,  l b f / f ' t ;  

B time ; 

m ( z , T )  de f ined  by equa t ion  (7);  

9(z97) def ined by equa t ion  (8). 

S u b s c r i p t s  

b b u l k  l i q u i d ;  

i eva lua ted  a t  i n t e r f a c e ;  

-.e. eva lua ted  i n  l i q u i d  l a y e r ;  

o mean or  s teady;  

w a t  w a l l  o r  hea ted  su r f ace ,  
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