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A solution is obtained for the dynamic problem of emptying a pipe 
closed at one end and containing a fluid nonuniformly heated along 
its length, for the case in which the saturated vapor pressure of the 
hottest layers exceeds the ambient pressure. The solutions in qua& 
ratures in terms of the dimensionless quantities are approximated by 
formulas. 

In s tudying the dynamic  p r o c e s s e s  taking place in 
ce r t a in  heat engines ,  it  is n e c e s s a r y  to solve the fo l -  
lowing p rob lem.  Under t r a n s i e n t  condi t ions ,  the hy-  
d rau l i c  header  through which the coolant  moves is 
shut off, and i ts  inlet  is connected to the ambien t  
med ium.  As a ru le ,  s ince  the a tmosphe r i c  p r e s s u r e  
(usually a low vacuum) is l ess  than the sa tu ra ted  va -  
por  p r e s s u r e  of the hot test  l aye r s  of fluid adjacent  to 
the cutoff valve,  t h e s e l a y e r s  begin  to boil .  The v a p o r -  
l iquid emuls ion  thus fo rmed  expands, d isp lac ing  the 
nonboi l ing l aye r s  of fluid f rom the pipe (the fluid 
moves  in a d i rec t ion  opposite to i ts  n o r m a l  d i rec t ion  
of motion).  With t ime,  the t e m p e r a t u r e  of the e m u l -  
s ion and, hence, the vapor p r e s s u r e  fall ,  which leads 
to the boi l ing of new l aye r s  of l iquid. 

Our object is to de t e rmine  the ra te  at which the 
pipe f i l ls  with boi l ing l iquid and to find the t ime  de-  
pendences  of the d i sp lacemen t  p r e s s u r e  and the boi l ing 
ra te .  We make the following a s sumpt ions :  a) there  is 
no heat exchange with the pipe wal l s ;  b) the v a p o r -  
l iquid emuls ion  is un i fo rmly  d i spe r sed  with p a r a m e -  
t e r s  constant  over the en t i re  volume;  c) phase t r a n s -  
i t ions a re  ins tan taneous  (without a t ime  lag)~ i . e . ,  
the p roces s  is a s s u m e d  to be in t he rmodynamic  equi -  
l i b r i u m ;  d) the t e m p e r a t u r e  of the l iquid does not ex-  
ceed the c r i t i ca l  point;  e) in the outlet sec t ion  the 
l iquid is not able to s t a r t  boi l ing;  f) the t e m p e r a t u r e  
d i s t r ibu t ion  in the l iquid is l i nea r  along the length of 
the pipe; g) f r i c t ion  losses  a r e  negl igibly smal l .  

We wr i te  the p r inc ipa l  equat ions desc r ib ing  this  
p roces s .  

The energy equation for the boi l ing l iquid can be 
wr i t t en  in the fo rm [3 ] 

,-it ~Ttutn, " dL +i 'G.  (1) 
d'r d'r 

The change of m a s s  of the vapor - l iqu id  emuls ion  per  
uni t  t ime  is equal to the boi l ing ra te  per  second 

dm 
- -  = 6 .  ( 2 )  
dx 

The work done by the emuls ion  is equal to 

dL dV 

dx -- p dT '  (3) 

The ra te  at which the pipe is f i l led with boi l ing  liquid 
is given by 

dV 
- - =  v ' ( G ' + 6 ) ,  (4) 
d ,  

where  

and 

a '  = z pV-Fz-p-pa (5) 

Z= ~F V / 2 ~ , .  

The t e m p e r a t u r e  d i s t r ibu t ion  along the length of 
the pipe obeys the law 

T'  = To - -  kV'. 

Since the mot ion  of the l iquid does not affect i ts  
t empe ra tu r e ,  the m a s s  of the vapor - l iqu id  emuls ion  
is de t e rmined  by the in i t ia l  t e m p e r a t u r e  To of the 
hottest  l aye r s  of l iquid and the va r i ab le  emuls ion  
t e m p e r a t u r e  T, i . e . ,  

To - -  T 
] T L - -  - - ~  

kv' (6) 

and the volume of the pipe f i l led with boi l ing liquid is  

V - -  v ( T ~  

kv' (7) 

The re la t ion  between the p a r a m e t e r s  of the emuls ion ,  
the liquid, and the vapor is given by the wel l -known 
equations of t he rmodynamics  [4] 

u = i - - p v ,  (8) 

v = v' - f - ,  (v" - -  v'), (9) 

i = i '  + r r, (lo) 

and the equation of s ta te  for  a two-phase  f luid in p r o -  
cess  of changing its s ta te  of aggrega t ion  has the fo rm 
[ 2 1  

p - p (T). (11) 

With suff icient  accuracy ,  the physical  p a r a m e t e r s  of 
the l iquid and vapor- -en tha lpy ,  specif ic  volume,  spe -  
cific heat, heat of evapora t ion - -can  be a s sumed  to be 
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funct ions of p r e s s u r e  or  t e m p e r a t u r e  only [1, 5]. Rep -  
r e s e n t e d  in t e r m s  of the d i m e n s i o n l e s s  p r e s s u r e  p = 

= P / P c r  or  d i m e n s i o n l e s s  t e m p e r a t u r e  T = T / T c r ,  
for  t h e r m o d y n a m i c a l l y  s i m i l a r  subs t ances  t h e s e  func-  
t ions  of each  p a r a m e t e r  d i f fe r  by a cons tan t  m u l t i p l i e r ;  
i.e., 

v' = v, u:. (12) 

v" = v, ~ ,  (13) 

i ' = i ,  ~ ,  (14) 

r = r ,  ~, ,  (15) 

= < ,<;, (16) 

w h e r e  g raphs  of the u n i v e r s a l  funct ions  rX and va lues  
of the cons tant  coef f i c ien t s  X, for  c e r t a i n  c a s e s  can be 
found in the works  of V. M. B o r i s h a n s k i i  and P.  I.  
Pova rn in .  

The w r i t t e n  s y s t e m  of equat ions  conta ins  unknown 
quant i t i es ,  which can be  r e p r e s e n t e d  as  funct ions  of 
the p r e s s u r e  ~ o r  t e m p e r a t u r e  T. T h e r e f o r e ,  having 
d e t e r m i n e d  the law of v a r i a t i o n  of p or  T with t i m e ,  
we can a i so  f ind the v a r i a t i o n  of the o ther  p a r a m e t e r s  
of i n t e r e s t .  

We f i r s t  d e t e r m i n e  the dependence  of the vapor  
content  r on the  d i m e n s i o n l e s s  p r e s s u r e  p. F o r  th is  
pu rpose ,  we t r a n s f o r m  Eq. (1) to the  l i n e a r  d i f f e r e n -  
t i a l  equat ion 

dip 
d~ + al~ ---- ~ ,  (17) 

whe re  

d In n~ p~, v, ( n : - -  n~) 1 dT 

dp- r ,  ~,. To - -  T dp-' 

I ( ,.d~;) 
g2 - -  ,Oct '0, ~v - - t ,  ~ �9 

r $  ~ r  

We i n t e g r a t e  Eq. (17) f r o m  ~o to p and f r o m  0 to r  

7 7 ~- 
~ ----- exp (--  .{ = ,dp )S  ~,exp (.~,d-p)dp.. (18) 

Po po Po 

Using this  equat ion we can a l so  f ind the r e l a t i o n  b e -  
tween p and T. F o r  th is  p u r p o s e  we d i f f e r en t i a t e  (7) 
and,  subs t i tu t ing  the  va lue  obta ined  for  the  d e r i v a t i v e  
in (4), u s ing  (5) and (12)-(17) we obta in  

Tcr ] / /  ~---~--- P ( ~  d-p, 
d~ ~ k ~  2per v' (19) 

w h e r e  

p ( h )  = ( p  - p a )  ( r . - - r )  . - -  1 

- -  m - ~  - 1 
~v 

- - '  

+ 

t) 

We i n t e g r a t e  (19), going over  to the d i m e n s i o n l e s s  
t ime  

T 
: .I P ('p) dp, (20) 

p0 

w h e r e  
- Tr r 
"c = "W%.< T. ~ k I �9 F 2p ~r v' " 

The in t eg ra l  obta ined  depends  only on the d i m e n s i o n -  
l e s s  p r e s s u r e  and can t h e r e f o r e  be found by a n u m e r -  
i ca l  method .  

The r e s u l t s  of n u m e r i c a l  i n t eg ra t ion  can be a p -  
p r o x i m a t e d  by a f o r m u l a  of the type 

lgp-=  a exp (b lg~,  (21) 

w h e r e  

a = a l  To+a2,  b = b l T o ~ - h 2 .  

F o r  w a t e r :  a l = 4.05; a 2 -- - 4 . 1 8 ; b  1 = 1 . 4 4 ; b  2 = 
= 0.874: 

Knowing the dependence  of p on ~, us ing  (5) we can 
e a s i l y  d e t e r m i n e  G' .  

The volume of bo i l ed  l iquid  can be found us ing  Eq. 
(7): 

[ )] v : : : ( v o - r )  1 + ~  ~ - 1  , 

w h e r e  

V-= V/V , ,  V ,  = Tcr/k.  

The t i m e  r e q u i r e d  for  the  en t i r e  pipe  to f i l l  with 
bo i l ing  l iquid is  found f rom the condi t ion  V = Vpipe.  

Af te r  the pipe has  f i l l ed  with v a p o r - l i q u i d  emuls ion ,  
the p r o b l e m  b e c o m e s  m o r e  compl i ca t ed ,  s ince  the 
r a t e  of flow of a t w o - p h a s e  f luid which is  changing i t s  
s t a t e  of a g g r e g a t i o n  cannot  be found f rom Eq. (5). 
A c c o rd ing ly ,  th is  p r o b l e m  r e q u i r e s  s e p a r a t e  c o n s i d -  
e r a t ion .  

Thus,  the f o r m u l a s  ob ta ined  make  i t  p o s s i b l e  to 
f ind the p a r a m e t e r s  of a f lu id  undergo ing  a change of 
s t a t e  of a g g r e g a t i o n  dur ing  the empty ing  of a pipe,  
which s i m p l i f i e s  the n u m e r i c a l  ca l cu l a t i on  of the 
t r a n s i e n t  r e g i m e s  of heat  engines .  

NOTATION 

Cp is the spec i f i c  heat ;  G is the  m a s s  bo i l ing  r a t e  
p e r  second;  i is  the entha lpy;  k is some  cons t an t  
coef f ic ien t ;  L is the work ;  F is  the c l e a r  c r o s s  s e c -  
t ion;  p is  the  p r e s s u r e ;  r i s  the hea t  of evapora t ion ;  
m is  the m a s s ;  T i s  the t e m p e r a t u r e ;  u is  the i n t e r -  
nal  e n e r g y ;  V is  the vo lume;  v is  the spec i f i c  volume; .  

is  the lo s s  f a c t o r ;  p is  the flow coef f i c ien t ;  �9 is  the 
t ime ;  ~b is the vapor  content .  Subsc r ip t s :  s ing le  p r i m e -  
- l i q u i d ;  double p r i m e - - v a p o r  ; * - - c o n s t a n t s  which d e -  
pend on the na tu r e  of the l iquid;  a - - a t m o s p h e r i c  con-  
d i t ions ;  0 - - in i t i a l  condi t ions .  
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