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The r e su l t s  of an analyt ical  invest igat ion into the ejection of liquid f rom channels by vapor  
locks fo rmed  in these  a r e  p resen ted .  The theore t ica l  resu l t s  a r e  compa red  with exper iment .  

A number  of p rob lems  of modern  technology requ i re  a de terminat ion of the flow of liquid boiling in 
a n a r r o w  channel which is shut off at a ce r ta in  c ross  sect ion by a cut-off  va lve  (or s imply  blocked for  some  
r eason  or other) and connected at the outlet to a r e c e i v e r  of the working subs tance .  The p r o c e s s  underlying 
the format ion  of vapor  locks expelling the liquid f rom the channel may  be a r b i t r a r i l y  divided into two 
s tages .  In the f i r s t  s tage we have the ord inary  growth of the bubble, up to the instant  of complete  blocking 
of the channel, at which it is a lmos t  spher ica l ,  and in the second s tage  we have  the growth of the vapor  
bubble in the fo rm of a cyl inder  with spher ica l  ends. 

In the f i r s t  s tage,  the usual  fo rmula  for  the growth of vapor  bubbles R = 2cf fJa~fa 'z  readi ly  yie lds  
the following re la t ionship  between the t e m p e r a t u r e  of the vapor  in the bubble T, i ts  volume V, and its 
growth t ime  r 

1 dV ,~ . . . .  '-7; 
V ~/-~y- -d-r ........ j 36~ cO) c P I / a (T' - -  T) rp" V~-" (1) 

The numer i ca l  values  of the coefficients  c and ~ a r e  given in Table  1, which is  based  on the r e su l t s  
of a number  of exist ing invest igat ions .  

The p r e s s u r e  change in the bubble p causing the liquid to be expelled f rom the channel is given [10] 

by the equation dG 

P = P ~ -  P~ -I- b ig  ~ @ b ~ - -  (2) 
dr 

H e r e  
p~ --:- p' gH sin a; 

b l =  1 ( , H ) .  ~ I - 1 .  
2p,F2 ~r.~ i De ~ ' b . ~ . = - - , F  

I4 Vo - -  V dV 
_ ; V o = Fz s G =N9" ~dv~- q- Gin. 

F 

Neglecting the chang~ in  p ( a n d  T), and assuming  the outflow of the expelled liquid to be p r ec r i t i c a l ,  we 
obtain the following re la t ionship  for  the r a t e  of ejection: 

64 c~a,3/2  ja 8 N 

It should be  noted that,  according to e a r I i e r  exper iments  [11, 12], the eject ion of liquid f rom the channeI 
is main ly  de te rmined  by the growth of only one vapor  lock; when this r eaches  its exit sect ion,  another  
bubbIe appea r s .  Hence, if  we p lace  the origin of the coordinate  s y s t e m  at the point at which the boiling 
nucleus appears ,  we may  der ive  an express ion  for  the veloci ty  of the phase  boundary de termining  the 

(3) 
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outf low of liquid f r o m  the channel  c o r r e s p o n d i n g  to  the  second  s t age :  

dz ' ' a' ( T ' - - T )  S" - -  w = c q )  c 9  t 
d~ r9" F l f ~  

where the total surface area of the vapor lock S" equals vD(z + D). 
finally we obtain the differential equation 

dz _ A (T, - -  r )  (z § D) 
d~ ~ 

Thus 

(4) 

w h e r e  

A = 4cq) c ' 9 ' l  a' 
rp"D 

In o r d e r  to  d e t e r m i n e  the t e m p e r a t u r e  T we m a k e  u se  of the  equat ion 
of mo t ion  of the e jec ted  l iquid (2) in the fol lowing f o r m :  

dz 2 _ _  
P = P~ - -  o 'g (z,j - -  z) § 9' (zo - -  z) ~ - .  9' (za - -  z) d~z 

d,.f.2. 

which by v i r t ue  of  the  C l a p e y r o n - - C l a u s i u s  equat ion m a y  be t r a n s f o r m e d  
to the f o r m *  

T = T  .!:Tav 9 ' ( z 0 - - z  ) ( .~ ( d z  2) d"-z , 
(5) 

The s y s t e m  of equat ions  (4)-(5) enables  us to de r ive  the  law of va r i a t i on  of 
z@) and W(T) = dz/d~ ' ,  i . e . ,  G(r).  

In the c a s e  of a cons tant  drop,  the flow is d e t e r m i n e d  by an equat ion 
giving its lower  value .  Thus a f te r  mak ing  the subs t i tu t ion  H = z 0 -  z /D  and 
a n u m b e r  of t r a n s f o r m a t i o n s  Eq. (5) g ives  the  fol lowing solut ion 

1 ,0, 

or  a f t e r  s e r i e s  expans ion  

~\2 ~-- 3 

: ~ p' _ l n ) - - g / / ~ - \  2 / ~ 3 / J 

In the m o r e  g e n e r a l  case ,  s i m p l e  e s t i m a t e s  show that  in m a n y  p r o b l e m s  
of  p r a c t i c a l  i n t e r e s t  the p i e z o m e t r i c  head  and f r ic t iona l  l o s s e s  have negl ig ib ly  
s m a l l  e f fec t s .  Combined cons ide ra t i on  of Eqs.  (4) and (5) then leads to the 
equat ion 

dz I ~ ~- , (z o z) Tar ] 
dT A (z ~ D)  ~- p* - -  --r9" = T - -  T a. (7) 

The  second  t e r m  in the b r a c k e t s  is m u c h  s m a l l e r  than the f i r s t ,  and a f a i r ly  
s i m p l e  so lu t ion  to Eq. (7) is t h e r e f o r e  

z = __ 1 § exp [2A ( T - -  T~) ] f l~+ constl, (8) 
D 

w h e r e  the cons tan t  is d e t e r m i n e d  f r o m  the condi t ion at r = r 1 @I is the end 
of  the  f i r s t  s tage)  z = D const  = - -2A(T -- Ta)4-~l.  

F o r  s m a l l  channel  d i a m e t e r s  (smal l  z = z/D) Eq. (8) m a y  without  s e r -  
ious e r r o r  be t r a n s f o r m e d  into the  fol lowing (for ~'i - 0) 

z = exp [2A (T - -  T~) g%-]. (9) 
D 

* For  the  c a s e  of  sma l l  AT.  Fo r  l a rge  t e m p e r a t u r e  d rops  it is be t t e r  to use  
s i m p l y  the equat ions  for  T = T(p); this  is l e s s  convenient  but m o r e  a c c u r a t e .  
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Fig. 1. Change in the length of 
a vapor lock with t ime:  1) exper-  
iments of [11]; 2) calculations 
based on Eq. (9); 3) calculations 
of [11]; la) ,  lb), lc) growth of 
individual bubbles a, b, c. 
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Fig. 2. Change in the length of the lock (1, 2) 
(for z) and ejection velocity (3, 4) (for ~) of the 
liquid with t ime; 1), 3) experiments  [11]; 2), 
4) calculations based on Eqs. (9) and (4). 
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Fig. 3. Comparison between the change in the length 
of the vapor  locks with t ime as measured  in [12] and 
the calculations based on Eq. (8): a) AT = 5~ b) 7~ 
e) 7.5~ 

We note that the physical  pa rame te r s  in the calculation of A have to be taken at a certain t empera tu re  Tav 
between T and T a.  

Any extensive verif icat ion of the foregoing theoret ical  resul ts  as to the ejection of liquid from a chan- 
nel by a sharp  p r e s s u r e  surge  (with or  without heating) is impeded by the l imited amount of published ex- 
per imental  data. At the present  t ime we know of only two papers  devoted to the experimental  study of 
water  boiling in a dead-end glass  tube [11,12]. 

Figure l a  presents  the empir ical  curve (1) of [11] (for T = 122~ and two calculated curves:  2, 
based on Eq. (9),* and 3, a numerica l  computer  solution of Eq. (5) obtained by V. Bensimhon [11]. We 
see that the proposed relationship of Eq. (9) sa t is factor i ly  descr ibes  the growth of the vapor lock (plunger) 
in the channel. Figure lb shows the empir ical  curves relat ing to the case  in which severa l  vapor bubbles 
are  formed (la, lb,  l c  at T = 122~ We see that the lower bubbles show no signs of growth until the 
upper one has pract ical ly  escaped. The calculated curve obtained f rom Eq. (9)~ in general  closely de-  
scr ibes  the ejection of the liquid (curve 2). Figure 2 presents  the experimental  values for the length and 
growth rate  of the vapor locks at T = 110~ The theoret ical  values of curve 2 (for z) based on (9) and 
curve 4 (for ~ = dz /dz )  based on (4) agree  with the experimental  values (curves 1 and 3 respect ively) .  

A comparison between the calculations and the experiments  of [12] is presented in Fig. 3 for  super -  
hearings of AT = 5; 7; 7.5~ Since the tube diameter  in these experiments  was very  large,  the calculations 
were based on the m o r e  p rec i se  equation (8). We see that good agreement  between theory and experiment  
is obtained in this case also, thus indicating the validity of the present  resul ts  for pract ica l  use.  

*Calculations for c and �9 were ca r r i ed  out as in [7]; those based on [1] a re  s imi lar .  
~The calculations for c and �9 were  based on [7]; those based on [1] a re  s imi la r .  
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NOTATION 

is the thermal diffusivity; 

is the specific heat; 

is the channel diameter; 

is the mass flow per second; 

is the Jacob number; 

is the open area; 

IS the number of bubbles generated; 

is the pressure; 

Is the latent heat of vaporization; 

is the radius of vapor bubble; 

is the temperature; 

is the volume; 

IS the veloci ty;  
is the coordinate;  
is the coordinate  defining the region of liquid boiling in the channel; 
is the inclination of the channel axis to the horizontal ;  
a r e  the local  loss  and f r ic t ion  coefficients;  
is the density;  
is the t ime .  

Indices 

~T 

a 

in 

r e f e r s  to the p a r a m e t e r s  of the liquid; 
r e f e r s  to those of the gas;  
r e f e r s  to the p a r a m e t e r s  of the liquid in the r e c e i v e r ;  
r e f e r s  to the inlet p a r a m e t e r .  
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