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It  is known that  a sudden spher i ca l  d i scha rge  of gas  of nonzero  buoyancy r i s e s  and t r a n s f o r m s  into a v o r -  
tex r ing [1-10]. The t r a n s f o r m a t i o n  p r o c e s s  has been studied theore t i ca l ly  and exper imen ta l ly  in [2-8], while 
n u m e r i c a l  methods have been applied in [9, 10]. We will cons ide r  motion of axial ly  s y m m e t r i c  t h e r m i c s  of 
hemi sphe r i ca l  and cyl indr ica l  f o r m s  init ially adjoining a hor izonta l  su r face .  

We will cons ider  a homogeneous med ium with a densi ty  of P0, bounded by the plane S, and in a gravi ta t ional  
f ield g pe rpend icu la r  to S in which at t = 0 an axial ly  s y m m e t r i c  f r ee  volume Q containing a med ium with a den-  
s i ty  of p ,  < P0 is  genera ted .  The boundary of Q is the su r f ace  F (at t = 0, a pa r t  of this  su r f ace  coincides with 
the plane S). We will introduce a cyl indr ica l  coordinate  s y s t e m  (z, r) whose z axis  coincides  with the axis  of 
s y m m e t r y  of the p r o b l e m  and is  d i rec ted  upward,  while the or ig in  of the coordinate  s y s t e m  is s i tuated at  the 
point of in te r sec t ion  of the z - ax i s  and the su r f ace  S. 

We will cons ide r  mot ion of t h e r m i c s  whose boundar ies  at t = 0 a r e  given by 

z - - h ~ 0 ,  z =  0 f 0 r  r < R 0 t  (1) 

0 < z < h  fo r  r ~--- R0 

(for a cy l indr ica l  t he rmic ,  where  h is  the height of the t h e r m i c  and R 0 is the rad ius  of i t s  base) 

z z + r  2 = R g  for z>10 (2) 

(for a hemi sphe r i ca l  t h e r m i c ,  where  R 0 is  the radius  of i ts  base) .  

At the points where  the s u r f a c e s  S and F in t e r sec t ,  t he re  is  a hydros ta t ic  p r e s s u r e  gradient  Ap = ~p0gH, 
where  ~ = (tOo - P l ) / P o  is the re la t ive  densi ty  gradient ,  H = h for  a cyl indr ica l  t he rmic ,  and H = R  0 for  a h e m i -  
sphe r i ca l  the rmion ic .  This  p r e s s u r e  gradient  i s  ini t ial ly compensa ted  by iner t ia l  fo rces ,  while fo r  t > 0 bound- 
a ry  l aye r  flow separa t ing  the t he rm i e  f r o m  the su r face  S is c rea ted .  TMs s i tuat ion is  fully analogous to that  
cons idered  in [3], where  the d i f ference  in the hydros ta t ic  p r e s s u r e  inside and outside the t h e r m i c  f o r m s  a cen-  
t r a l  s t r e a m  out of the in terna l  med ium that  pene t r a t e s  the spher i ca l  t h e r m i c  f r o m  below. The veloci ty  of the 
top sec t ion  of the f low v we will de t e rmine  according  to the C a u c h y - L a g r a n g e  equations 

po~t -- p1~n 4- (J/g)P0 v~ = (pc -- pl)gH, (3) 

Here, ~ and ~o I are the potentials of the velocity inside and outside the thermic; the subscript t denotes differ- 

entiation with respect to time. 

Afte r  ini t ial  lifting, the contr ibut ion of the ine r t i a l  f o r ce s  becomes  re la t ive ly  smal l ,  and the mot ion a c -  
qu i res  a quas i - s t eady  c h a r a c t e r .  I t  is  shown below that expe r imen t s  conf i rm this assumpt ion .  Ignoring ~0 t and 
~01t in Eq. (3), we have the following fo r  the veloci ty  of the top sect ion of the flow along the su r f ace  S 

v = 1/2g~H. (4) 

We obtain the following f r o m  (4) for  the motion of the top sect ion of the flow along the su r face  S 

(no-r)/H = t V2g~/~I or R ~ -  ~o= to V - i  (5) 

where  the following coordina tes  a r e  introduced: 

,0 = ~j~, e - -t  V ' ~ .  (6) 

F u r t h e r  evolution of the t h e r m i c  has  been studied exper imenta l ly ,  Expe r imen t s  were  conducted in a h e r -  
met ioa l ly  sealed basin  1 (Fig. 1) with the d imens ions  1.2 • 1.2 • 5 m and with t r a n s p a r e n t  l a t e ra l  walls  filled 
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with a i r .  On the bottom of the basin, a s y s t e m  2 has  been posit ioned for  obtaining su r face  t h e r m i c s ,  which a r e  
c rea ted  by breakdown of a s o a p - f i l m  bubble 3 (of cyl indrical  or  hemispher i ca l  form) init ial ly adjoining the ho r i -  
zontal  su r face  4 and fil led with a n i t r o g e n - h e l i u m  mix ture  of a ce r ta in  density.  A smal l  quantity of tobacco 
smoke  is  added to the volume of the t he rmic .  The pa t t e rn  of the flow is  v isual ly  obse rved  with a knife-shaped 
beam f rom the LG-106M-1 l a se r ,  which is  fan-shaped  due to the use  of a convex cyl indr ical  m i r r o r  (M), and 
the motion of the flow is captured  on the f i lm of the KONVAS-automatic movie  c a m e r a  (MC). In addition, a 
photographic  f lash  PF  has been placed in the lower  pa r t  of the basin, while a s t i l l -p i c tu re  c a m e r a  SPC has been 
mounted on the t r a n s p a r e n t  roof  of the basin,  which is  pu l se -con t ro l l ed  and is  used for  obtaining p ic tu res  of the 
mot ion of the t he rmic  upward.  

The c i rcu la t ion  of the vor tex r ing fo rmed  by the t he rmic  is  de te rmined  with a t h e r m o a n e m o m e t e r  made 
by DISA, whose p robe  is  s i tuated above the t h e rmic  on the axis of s y m m e t r y .  The t h e r m o a n e m o m e t e r  signal 
is r e g i s t e r e d  by the N338 r e c o r d e r .  T r igge r ing  and opera t ion  of the whole s y s t e m  is done automat ica l ly  ac -  
cording to a p r e d e t e r m i n e d  p r o g r a m .  A control  block (CB) is used for  automation.  A m o r e  detailed descr ip t ion  
of the s y s t e m  and the expe r imen ta l  methodology may  be found in [8, i l ] .  

In the exper imen t s ,  the re la t ive  densi ty  gradient  of the gas  in the t h e r m i c  was var ied  (0.1 _< } _< 0.85), as 
was its f o r m  ~ d  geome t r i c  c h a r a c t e r i s t i c s  (R 0 = 5-10 cm,  h = 1-1.0 cm).  

Movies  made of the evolution of ini t ial ly cyl indr ica l  and hemisphe r i ca l  t h e r m i c s  a r e  given in Fig. 2 (in 
a and b, using a l a s e r  beam to i l luminate  the ver t i ca l  c r o s s  sect ion of the axial ly  s y m m e t r i c  motion, while in 
c, examples  of photographs  f r o m  above (i l luminated with the photographic flash).  As is  evident in Figs.  2a and 
2b, a boundary' l ayer  flow of ex te rna l  medium is  init ial ly genera ted ,  which s e p a r a t e s  the the rmic  f r o m  the s u r -  
face .  

A plot of the motion of the top sect ion of this flow is shown in Fig. 3 (a r e p r e s e n t s  a cyl indr ica l  t he rmic  
in d imens ion less  coordina tes  (6), H = h; b is  for  a hemisphe r i ca l  t h e r m i c  in the s a m e  d imens ion less  coordin-  
a tes  (6), H = R0). 

Af te r  initial  lifting, the exper imenta l  points  a re  grouped along the line r ep resen t ing  the theore t ica l  de-  
pendence (5). It is  evident in Fig. 2 that  as the top sect ion of the boundary l a y e r  flow of externa l  medium ap-  
p r o x i m a t e s  the axis of s y m m e t r y ,  the flow s e p a r a t e s  f r o m  the su r face  S. Up to this moment ,  dece lera t ion  of 
the flow is obse rved  (see Fig. 3, where  the slope changes at the point A on the plot). 

S imul taneously  with the c rea t ion  of flow of the external  medium,  which s e p a r a t e s  the t he rmic  f rom the 
su r f ace  S, a vor tex  l aye r  is  genera ted  on the su r face  F (as is  also the case  for  an ini t ia l ly spher ica l  t h e rmic  
[3]), whose intensi ty i s  de te rmined  by the Bje rknes  t h e o r e m  [12] 

dF ~ dp 
d-T = -5-" (7) 

Af te r  separa t ion ,  the boundary l aye r  flow ro t a t e s  upward and pene t r a t e s  the t he rmic .  Hence,  the la t ter  
ro t a t e s  in the vor tex r ing.  The p a r a m e t e r s  of the genera ted  vor tex differ  f r o m  the cor responding  p a r a m e t e r s  
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Fig. 2 

of the vortex r ing due to lift of the initially spher ical  thermic ,  but the general  behavior of the motion in both 
cases ,  as is shown by experiments ,  is s imi lar .  

During the experiments ,  c i rculat ion of the generated vortex ring was measured  by the same method used 
in [11]. The probe of the the rmoanemomete r  was positioned at a height of ~1 m above the plane (i.e., at a height 
on the o rde r  of the la rges t  charac te r i s t i c  dimension of the thermic) .  It was used for measur ing  the velocity at 
the center  of the vortex ring. Movies and photographs f rom above make it possible to determine the geometr ic  
cha rac te r i s t i c s  of the r ing  and its position relat ive to the t he rmoanemomete r  probe during motion. Circulat ion 
of the vortex r ing is determined by the equation [11] 

F ----- 2Ru(l --  0.7562), (8) 

where R is the radius  of the vortex ring; u is the value of the velocity determined by the the rmoanemomete r ;  
5 = l / R ;  and l is the distance between the center  of the ring and the the rmoanemomete r  probe.  

The following quantity is i l lustrated in Fig. 4 

F 
= (9) 

as a function of h/R o for  a cyl indrical  thermic (a) and of~ for an hemispher ica l  thermic  (b); V 0 is the initial 
volume of the thermic ,  which is equal to ~hR 2 for  a cyl indrical  the rmic  and (2/3)~R0 a for a hemispher ica l  
thermic .  In the experiments ,  V 0 was varied over  the range f rom 150 to 2500 cm 3. 

We will es t imate  the quantity of the c i rculat ion r according to r ~ ~vdl = vavL, where L is  the length 

of the contour bounding the vortex tube and Vav is the velocity of the flow at one of the points on this contour 
(the charac te r i s t i c  velocity). 
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We will assume Vav _ v = (2g~h) 1/2 for  a cyl indrical  thermic,  while the length of the contour is the pe r im-  
eter  of the ell ipse formed between the z axis and the boundary of the thermie ,  i.e., [13] 

Then 

L = (=R0/2)(1 4- ~)(i -~ k~-/4 4- 2,~/64 + ...), 
p = h/Ro,  k = (~ - -  ~)/( t  + p). 

Fo = ~ / 3--~-(i _ F ;k = 
g~- + (10) 

For  a hemispher ica l  thermic ,  we have (see Fig. 3b) Vav __ 0.62(2g(R0)l/2, and the length of the contour is the 
length of the c i rc le  inscr ibed in half the semic i rc le :  L = 27rR0/(1 + , /~ .  

We obtain the following est imate  for F ~ 

r ~ = 5~/ [2( i  + V ~ ) ]  ~ 4. ( n )  

Equations (10) and (11) are  shown in Fig. 4 by the curves,  and the experimental  points lie somewhat l o w e r ,  
which is due to the fact  that ray < p. 

Experimental  plots are  given in Fig. 5 for  the motion of the vortex rings created by initially cylindrical  
sur face  the rmics ,  and curve 1 f rom [11] is indicated, which cor responds  to motion of vortex rings formed by 
initially spher ica l  the rmics .  The experimental  points are  grouped lower ,which is due to the small  value of F ~ 
for  the vortex r ing formed by a cyl indrical  thermic  [see Fig. 4a and Eq. (10)] in compar ison to the value of F ~ 
for  a vortex r ing formed by an initially spher ical  thermic  [11]. 

Exper iments  indicate that a volume of gas of nonzero buoyancy initially adjoining a horizontal  surface 
r i s e s ,  separa tes  f rom the surface,  concentrates  into a compact  mass ,  mad t r ans fo rms  into a vortex ring. The 
evolution p roces s  of the motion may be divided into three  steps: creat ion of a surface  radial  flow of external 
medium, which separa tes  the thermic  f rom the surface ,  formation of a r is ing vortex ring, and lift of the vortex 
ring. In the experiments ,  the vortex ring, which lifted to a height of ~ 4 0 R .  [R, = (3V0/4~)t/3], lost  its stabili ty 
and broke down, which may have been due to the effect of the la teral  walls of the experimental  basin. 

Surface flow is generated and maintained for  a cer ta in  length of t ime due to the difference in hydrostat ic  
p r e s s u r e s  at the level of the sur face  S inside and outside the thermie ,  which is confirmed by a plot of the motion 
of the top sect:ion in Fig. 3, where it is evident that the experimental  data agree well with those calculated with 
Eq. (5). 

When the., top section approximates the axis of symmet ry ,  the flow is decelerated and separa tes  f rom the 
surface .  During separat ion and rotat ion of the surface  flow near  the point of intersect ion of the axis os s y m -  
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me t ry  and the plane S, the central  section of the thermic  fo rms  a motionless zone (of reduced p ressure ) ,  which 
is p rese rved  during the lift of the thermic  up to the point where the dynamic p r e s s u r e  gradient  p - P o l  = ~/2 P0 v2 
(P01 is the p r e s s u r e  at the surface  S near  theboundary  zone) is no less than the static p re s su re  ~p0gz. The remaining 
gas  r i ses ,  t r ans forming  into a vortex ring. The t ransformat ion  p roce s s  also occu r s  for  lifting of an initially 
spher ica l  thermic  [3, 8]. 

The f ree  surface  separat ing the motionless  zone f rom the flow zone is unstable for equal densit ies,  but 
if the motionless  zone is filled with a light g~s (~ > 0), the position of this surface  {the contact  surface) becomes 
stable [12]. 

The motionless  zone (this may be seen in Fig. 2 in the column-shaped volume filled with a light gas con- 
necting the sur face  S with the thermic  during lift) is p rese rved  up to the height H = (2-3)R. a n d  is a zone formed 
by the separa t ion of the surface flow induced by the r is ing thermic .  

The authors express  the i r  deep grati tude to S. A. Khristianovich, A. T. Onufriev, and M. D. Shcherbin for  
useful advice and their  discussion of the study. 
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