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A ma thema t i ca l  model  of the s tar tup  r e g i m e s  of uncontrol led and gas -con t ro l l ed  heat  pipes is 
developed,  and the r e su l t s  of expe r imen t s  a re  given. The exper imenta l  data a re  compared  with 
the calculat ions.  

T rans i en t  opera t ing  r eg i m es  play an impor tan t  pa r t  in the opera t ion of s y s t e m s  using l ow- t emp e ra tu r e  
heat  pipes .  Only l imited exper imenta  1 work  has  been done on these r e g i m e s  [1, 2], and recommenda t ions  for  
the calculat ion of thei r  dynamic c h a r a c t e r i s t i c s  a re  v i r tual ly  nonexistent.  In the p r e sen t  a r t i c le  we desc r ibe  
invest igat ions (analytical and exper imenta l )  of the s ta r tup  r e g i m e s  of uncontrolled* and gas -con t ro l l ed  heat  
pipes f rom a s tate  with a mol ten  h e a t - t r a n s f e r  medium.  

Fo r  the development  of a ma thema t i ca l  model  of the hea t -p ipe  s ta r tup  r e g i m e s  we use the f ami l i a r  m e t h -  
od of model l ing of opera t ing  r e g i m e s  of hea t -eng inee r ing  s y s t e m s  whereby the e lements  of the sy s t em a re  
cha rac t e r i zed  as l u m p e d - p a r a m e t e r  objects  [3]. We adopt the following assumpt ions .  

1. The following can be d i s r ega rded  because of the i r  smal l  contr ibutions:  a) heat  t r an s f e r  via s t ruc tu ra l  
e l ements  of the heat  pipe in the axial  direct ion;  b) t he rma l  r e s i s t ance  at phase in te r faces ;  c) the quantity of 
energy  n e c e s s a r y  to r a i s e  the p r e s s u r e  in the vapor  passage  of the heat  pipe; d) the t r anspo r t  t ime of vapor  
f rom the heat - input  sect ion to the condenser  section.  

2. The values of the t he rma l  r e s i s t ance  between e lements  of the t he rma l  model  of the heat  pipe a re  
constant.  

*Hereinaf ter  we drop the t e r m  "uncontrolled.  " 
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Fig. 1. T h e r m a l  model of the heat  pipe 
(t i --- mean t e m p e r a t u r e  of i - th  e lement ;  
~ij = t he rma l  conductance between m i d -  
sect ions  of i - th  and j - th  e lements ) .  1) 
Surrounding medium;  2, 7) t he rma l  in-  
sulation; 3) heat  source ;  4, 6, 8) walls  
with cap i l l a ry  s t ruc tu re  along e v a p o r a -  
to r ,  t r a n s p o r t ,  and condenser  sec t ions ,  
r e spec t ive ly ;  5) vapor - f low passage ;  9) 
hea t - r e j ec t i on  zone. 
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The thermal  model of the heat  pipe for  our calculations is i l lustrated in Fig. 1. The mathematical  model 
is conceived as a sys tem of equations of energy conservat ion (heat balance) wri t ten for the i- th e lement  of the 
thermal  model. The heat-balance equation for the i- th element has the general form 

C~ TdOt +~ ~J (0~ -- Oj) = N~ . (i) 
:=t 

Here C i = ~ VikPikCik; Vik, Pik, Cik are  the volume, density,  and specific heat  of the k-th component of the 
k ~ l  

i- th heat-pipe element (m = 1 for homogeneous elements).  

The thermal  conductances aij between lumped-paramete r  c ross  sections of the i- th and j - th  elements  
are  determined according to the recommendat ions  of [4]. As an i l lustrat ion,  Table 1 gives the scheme of 
computation of the coefficient ~ij for the postulated thermal  model (without r egard  for phase- t rans i t ion  thermal  
res is tance) .  
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where 

It is important  to note that in special  cases cer tain elements of the postulated thermal  model,  such as 
the insulation along individual sect ions,  can be omitted,  thereby decreas ing  the number of equations in the 
system.  Equation (1) is reduced to the standard fo rm 

d~ n 

+ X aiit~"~ ----- A, , (2) 
d~ i=1 

a~i = - - (r~/C,;  a u = + (ri /C fi A t = N,/C~ z_~ , " (3) 
/ = l  

Under the stated assumptions for  the thermal  model in Fig. 1 the sys tem of equations (1) takes the form 

dt 3 
N = C 3 ~ + ~ (t3 - -  t2) + %,~ (t~ - q), 

d[2 + 
%., (t3-- h )  = C2 ~ %, ( t 2 - -  q ) ,  

dt~ + ~ ( l~--  ts), %4 (t3 - -  q)  = C4 

~ 5  ( q  - -  q )  = %~ (t5 - -  te) + %~ (t5 - -  ts), 

dt, ( t~--  t;), " (4) 

dt; 
%; ( t~--tT) = C, -~ ,  + (r~ ( t~--  q) ,  

dt, 
c% (t5 - -  t~) = C8 ~ + % ( q  - -  t~), 

dt9 r ( t , -  t,) = c ,  + t,). 

Equations (4) form the initial sys tem for calculation of the heat-pipe startup regimes .  An appropriate 
set of initial conditions is 

x = 0  : t i=t~0. (5) 

It must  be emphasized that the indicated approach enables us to take into account the phase- t rans i t ion  thermal  
res i s tance  (corresponding to cor rec t ion  of the pa rame te r s  e4~, ~56, and a58) and the energy necessa ry  to in- 
c rease  the p re s su re  in the vapor passage of the heat pipe [by the addition of a t e rm of the form AiSv/dp(Ts)/d~- 
to the fourth equation of the sys tem (4)]. Moreover ,  the thermal  conductances aij of the elements  of the the r -  
mal model can be specified as variable pa rame te r s .  Thus,  within the f ramework  of the postulated mathemat i -  
cal model of the heat-pipe star tup reg imes  we can re jec t  assumptions lb ,  l c ,  and 2. A solution of (4) as a 
sys tem of f i r s t - o r d e r  l inear differential  equations with constant coefficients can be obtained in analytical form. 
However,  for a large number of elements n the analytical express ions  are cumbersome,  and the determination 
of the roots of the charac te r i s t i c  equation of o rder  n requires  r ecour se  to numerical  computations,  thereby 
relinquishing the pr ime advantage of analytical solution. Hence, the startup reg imes  of specific heat pipes 
(on the basis of the postulated model) must  be calculated with computer ass is tance.  It is essential  to note that 
the use of a computer  permi t s  the implementation of calculations according to the thermal  model with variable 
thermal  res i s tances .  

In e lementary  situations (as, for  example,  when the heat-pipe insulation is absent and heating of the 
condenser section is negligible) or  under additional assumptions (for example,  that the mean tempera ture  of 
the heat pipe is equal to the saturat ion tempera ture  or  that heat losses  are  absent in the t ranspor t  section) the 
sys tem of equations (4) for  a constant tempera ture  of the hea t - re jec t ion  zone is reducible to the equation 

t3 = Aiti + A~t9 + BiN [1 - -  B2 exp (--  B~x)], (6) 

in which A i and B i are  constant coefficients depending on the thermal  res is tance  and heat capacity of the e le -  
ments  of the thermal  model. 
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Expre s s ion  (6) p e r m i t s  cons iderable  s impl i f icat ion of the analys is  of the hea t -p ipe  s ta r tup  r eg imes .  

The postulated ma themat i ca l  model  and p r e l i m i n a r y  exper imen ta l  invest igat ions provide the bas is  for  
model ing of m o r e  complex s ta r tup  r e g i m e s ,  in pa r t i cu l a r ,  the s ta r tup  r e g i m e s  of gas -con t ro l l ed  heat  pipes 
(GCHPs). A dist inct ive a t t r ibute  of the GCHP is the p r e sence  of uncondensed impur i t i e s  in the vapor  p a s sag e  
in the inoperat ive  s ta te  and the fo rmat ion  of a v a p o r - g a s  f ront ,  which blocks pa r t  of the heat  conduit during 
operat ion.  C lea r ly ,  during s t a r tup  of a GCHP, a v a p o r - g a s  f ront  is fo rmed  in the vicini ty of the boundary 
between the t r a n s p o r t  and condenser  sec t ions  (since intense radial  vapor  r emova l  is r ea l i zed  only in the con-  
dense r  section) and then moves  to a posi t ion cor responding  to the steady state.  On the bas is  of this con-  
s idera t ion  the following assumpt ions  a re  added to the previous  se t  (exclusive of l c  and 2) in developing the 
ma themat i ca l  of GCHP r e g i m e s :  

1. The uncondensed gas obeys idea l -gas  laws. 

2. A conditional in ter face  ex is t s  between the vapor  and v a p o r - g a s  mix ture .  

3. In s ta r tup  of the GCHP a boundary f o r m s  between the t r a n s p o r t  and condenser  sect ions  and then moves  
to a posit ion cor responding  to the steady s tate .  

In accordance  with the foregoing additional assumpt ions  the s y s t e m  of equations (4) reduces  to the f o r m  

N = C 3 dts + %2 (t~ - -  t2) + r (t 3 -  t,), 

whe re  

dt2 

dr4 

o,s ( t t - -  ts) = A i S v ( l  do + 

dt6 
~ ( t ~ -  t.) = c .  

dt~ 
,,++ ( t , -  t,) = c7 

dr8 
~ 8  ( t~ - ts) = c g 

dtg 
o~9 ( t ~ -  t~) = c~  - ~  

+ ~ ,  ( t ~ - t , ) ,  

+ r (t4--ts~, 

+ o~ (t~ - -  t,) + ~';8 (t~ - - t , ) ,  

+ %, (t,  - -  t,), 

+ a,l (t, - -  tt), 

+ ~*~ (t~ - -  t~), 

+ c~1 (tg-- tO, 

(7) 

aiJ C~ 
a* = - ~ c  [t - (l E + lT )1, C* = T c  V - -  (IE + IT)I.  

Equat ions  (7) do not f o r m  a closed sys tem.  Invoking the C l a u s i u s - C l a p e y r o n  equation, a suitable (say, l inear)  
approximat ion  of the e las t i ca l ly  curve for  the pa r t i cu la r  h e a t - t r a n s f e r  med ium,  and the idea l -gas  equation of 
s tate  for  the uncondensed gas ,  we es tab l i sh  the functional re la t ions  

p = B T J A i ,  (8) 

( "~ / '  
I =  IHp 1 A + BT~ (9) 

in which l ~ p  = lHp  + Vlq/Sv. 

The sy s t em of equations (7), augmented with re la t ions  (8) and (9), r e p r e s e n t s  a ma thema t i ca l  model  of 
the GCHP s ta r tup  r e g i m e s . t  The calculat ions based  on this model  mus t  be c a r r i e d  out in two s tages .  In the 
f i r s t  stage (formation of the v a p o r - g a s  front) the condenser  sect ion is comple te ly  blocked: 

*Equation (9) is val id a f te r  fo rmat ion  of the v a p o r - g a s  front .  P r i o r  to that  event  l = l E + l T. 
gro  impa r t  genera l i ty  to all  the equations it  is advisable  to use the absolute t e m p e r a t u r e  T (~ of the e lements  
of the t he rma l  model.  
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Fig .  2. C u r v e s  of tE = f(T) fo r  an u n c o n t r o l l e d  h e a t  p ipe .  I) W a t e r - h e a t - t r a n s f e r  m e -  
d i u m ,  N = 350 W;  II) F - 1 1 3  r e f r i g e r a n t  h e a t - t r a n s f e r  m e d i u m ,  N = 60 W ,  1) c a l c u l a t e d  
a c c o r d i n g  to (4); 2) a c c o r d i n g  to (6); 3) e x p e r i m e n t a l  da ta ;  tE in ~ T in sec .  

F ig .  3. C u r v e s  of t i = f ( T ) f o r a g a s - - o o n t r o l l ~ d  h e a t  p i p e ,  w a t e r  h e a t  p i p e ,  w a t e r  h e a t -  
t r a n s f e r  m e d i u m .  1) N = 350 W; II) N = 100 W;  1) c a l c u l a t e d  a c c o r d i n g  to (7)-(9);  2) e x -  
p e r i m e n t a l  da ta  fo r  N = 350 W; 3) the s a m e  fo r  N = 100 W. 

I. 0 < ~- -< TI: l = l E + / T ;  T = 0: T i = Ti0; T = Ti: T 5 = (1/B)[(/HpP0/[/~t p - (/E + / T ) ] )  - A].  

In the s e c o n d  s t a g e  (p ropaga t ion  of v a p o r - g a s  f ront)  h e a t  t r a n s f e r  in a l l  s e c t i o n s  of the  GCHP is  t aken  
into accoun t :  

II .  T l < T: l = liLip(1 -- P0/A + BT5) ; ~" = TI: Tj  = Tj0 (j - 8), a long  wi th  the  r e s u l t s  of so lu t i on  of the  f i r s t  
stage: dTi/dT = 0 for T -*~o. 

In calculating the startup regimes of a GCHP with a variable-volume reservoir it is necessary to aug- 

ment the matheinatical model with the relation l~p = f(Ts) for T - T i. A special case of variable-volume res- 
ervoir is the sylphon bellows. Here the indicated relation is governed by the elastic properties of the sylphon 

bellows, the geometry of the structure, and the approximation used for the elasticity curve of the given heat- 

transfer medium. For a linear approximation we have the relation 

/ H P = / H P ~ - [ / R O ~ S e  n---c (A + BTs--P~ Sav/SV" 

To t e s t  the m a t h e m a t i c a l  m o d e l  we conduc ted  e x p e r i m e n t s  and c a l c u l a t i o n s  of  the  s t a r t u p  r e g i m e s  of a 
h e a t  p ipe  and a GCHP fo r  the fo l lowing  c h a r a c t e r i s t i c s  of the t e s t  o b j e c t s :  l eng th  of e v a p o r a t o r  s e c t i o n  l E = 0.2 
m;  l eng th  of t r a n s p o r t  s e c t i o n  l T = 0.175 m ;  l eng th  of c o n d e n s e r  s e c t i o n  l C = 0.1 m;  s h e l l  d i a m e t e r  dsh  = (18 x 
1)  �9 10 -3 m ;  s h e l l  m a t e r i a l ,  c o p p e r ;  d i a m e t e r  of  c a p i l l a r y  s t r u c t u r e  dw = (16 x 2) .  10 -~ m ;  m a t e r i a l  of c a p i l l a r y  
s t r u c t u r e ,  b r a s s ;  m e s h  s i z e  of c a p i l l a r y  s t r u c t u r e  a = 2 . 3 7 . 1 0  -4 m;  f i l a m e n t  d i a m e t e r  of c a p i l l a r y  s t r u c t u r e  
df  = 1 . 2 4 . 1 0  -4 m ;  p o r o s i t y  of  c a p i l l a r y  s t r u c t u r e  e = 0.716; h e a t - t r a n s f e r  m e d i u m ,  w a t e r  o r  F r e o n  F - 1 1 3 ;  
v o l u m e  of r e s e r v o i r  fo r  u n c o n d e n s e d  gas  V = 6 . 9 6 . 1 0  -4 mS; u n c o n d e n s e d  gas ,  a i r .  

F o r  the  c a l c u l a t i o n s  the t h e r m a l  c o n d u c t a n c e s  ~ij and  h e a t  c a p a c i t i e s  Ci of  the e l e m e n t s  of  the  t h e r m a l  
m o d e l  fo r  the e x p e r i m e n t a l  o b j e c t  w e r e  a s s u m e d  to be cons t an t  and fo r  the m o s t  p a r t  w e r e  d e t e r m i n e d  a n a l y t i -  
c a l l y  wi th  the u se  of t a b u l a t e d  da ta  [5]. The  t h e r m a l  c o n d u c t a n c e s  of e l e m e n t s  wi th  a c a p i l l a r y  s t r u c t u r e  w e r e  an 
e x c e p t i o n ,  be ing  d e t e r m i n e d  on the b a s i s  of  s t e a d y - s t a t e e x p e r i m e n t a l  da ta .  The  s y s t e m s  of d i f f e r e n t i a l  e q u a -  
t ions  (4) and  (7) w e r e  s o l v e d  on a R a z d a n - 2  d i g i t a l  c o m p u t e r  by the R u n g e - K u t t a  me thod  in the M e r s o n  m o d i -  
f i c a t i on .  The  e x p e r i m e n t s  w e r e  conduc ted  on a t e s t  f a c i l i t y  a d i a g r a m  of which  i s  g iven in [6]. The  t e s t  s t and  
was  equ ipped  wi th  a PSR1-01  s e l f - w r i t i n g  r e c o r d e r ,  an E P P - 0 9 M 3  a u t o m a t i c  e l e c t r o n i c  p o t e n t i o m e t e r ,  and a 
VAS 600/300 r e c t i f i e r  uni t .  The  VAS 600/300 had  to be u sed  to d e c r e a s e  the t h i c k n e s s  and ,  h e n c e ,  the h e a t  
c a p a c i t y  of  the  e l e c t r i c a l  i n s u l a t i o n  in the  h e a t - i n p u t  zone and to p r e c l u d e  the p o s s i b l e  in f luence  of the a l t e r -  
n a t i n g - e l e c t r o m a g n e t i c  f i e ld  on the t~PP-09M3 p o t e n t i o m e t e r  r e a d i n g s .  The  e x p e r i m e n t a l  r e s u l t s ,  p r o c e s s e d  
in the f o r m  tE = f(T) and t c  = f{T), a r e  g iven  in F i g s .  2 and 3.* (The e x p e r i m e n t a l  s t a r t u p  c u r v e s  f o r  the h e a t  

*Curves  II in F ig .  2 r e p r e s e n t  the r e s u l t s  fo r  an e x p e r i m e n t a l  h e a t  p ipe  wi th  a s b e s t o s  i n s u l a t i o n  (0.075 m in 
d i a m e t e r )  in the  e v a p o r a t o r  s e c t i o n .  In a l l  o t h e r  c a s e s  the  i n su l a t i on  w a s  a b s e n t .  
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pipe were  r eco rded  by the PSR1-01 se l f -wr i t ing  r e c o r d e r  and those for  the GCHP by the I~PP-09M3 automat ic  
potent iometer . )  

In the s t a r tup  of a hea t  pipe with a wa te r  h e a t - t r a n s f e r  medium (curves I in Fig. 2) there  is c l ea r ly  un-  
condensed gas p r e s e n t  in the exper imenta l  objec t ,  as  evinced by the re la t ive ly  s teep c l imb of the expe r imen ta l  
curve  and the high s t eady- s t a t e  level  of t E. 

The d i sc repancy  between the calculated and exper imen ta l  values  of t C in Fig. 3 a re  a t t r ibutable  to the 
fac t  that the calculat ions were  c a r r i e d  out for  the mean  t e m p e r a t u r e s  of the sec t ions ,  whe reas  the t e m p e r a -  
tu res  in the condenser  sect ion during the GCH1 ~ t rans ien t  p r o c e s s  we re  r eco rded  f r o m  the readings  of t h e r m o -  
couples s i tuated at  a d is tance of 20 m m  f r o m  the boundary with the t r a n s p o r t  sect ion.  Nonethe less ,  the local  
expe r imen ta l  values  obtained for  t c  = f(T) i l lus t ra te  the fact  that  the t e m p e r a t u r e  of the condenser  sect ion is 
constant  for  a ce r t a in  t ime and then c l imbs abrupt ly ,  conf i rming the hypothesis  of the fo rmat ion  of a v a p o r -  
gas f ront  in the GCHP at  the boundary between the t r a n s p o r t  and condenser  sect ions .  The s t e epe r  growth of 
the calculated t e m p e r a t u r e  of the condenser  sect ion is el ici ted by the neglect  of axial  heat  conduction in the 
s t ruc tu re  in the calculat ions.  

On the whole,  the compar i son  of the calculated and exper imen ta l  data leads to the conclusion that  the 
postula ted ma thema t i ca l  model  can be used for  c a l c u h t i o n o f t h e t r a n s i e n t  opera t ing  r e g i m e s ,  s t a r tup  in p a r t i c -  
u la r ,  o f  heat  p ipes  and GCHPs.  Calculat ions based on the indicated model  a r e  bes t  c a r r i e d  out with the aid 
of a compute r  in general .  I t  m u s t  be emphas ized  that the assumpt ion  of a negligible contr ibution of axial  hea t  
conduction in the s t ruc tu re  induces a cer ta in  e r r o r  in the calculat ions.  That  e r r o r  i n c r e a s e s  with the axial  
conductivity of the shell  and capi l la ry  s t ruc tu re  of the hea t  pipe. An analyt ical  re la t ion  of the type (6) can be 
der ived  (for an uncontrol led heat  r e s i s t ance  of the shell  and capi l la ry  s t ruc tu re  in the axial  d i rec t ion (in this 
case  the der iva t ion  of the equation involves the mean  t e m p e r a t u r e  of the heat  p ipe ,  i .e . ,  instant  heat ing of the 
en t i re  heat  pipe is postulated).  Consequently,  under  cer ta in  conditions (for example ,  a th ick-wal led  copper  
shell) calculat ion of the hea t -p ipe  s ta r tup  r eg ime  accord ing  to Eq. (6) can yield a m o r e  accura t e  resu l t .  

I t  does not appea r  poss ib le  a t  the p r e s e n t  t ime to a s c e r t a i n  m o r e  speci f ica l ly  the l imi t s  of applicat ion 
of the two proposed  ve r s i ons  of the ma thema t i ca l  model ,  because  to do so r equ i r e s  e i the r  a m o r e  r igorous  
s t a t ement  of the p rob l em ,  which p r e s en t s  patent  diff icul t ies ,  o r  the accumulat ion of a v a s t  quantity of e x p e r i -  
menta l  data (over a wide range of var ia t ion  of the p a r a m e t e r s ) ,  which a r e  not avai lable  to the authors  at this 
t ime.  

Our ana lys i s  of the s ta r tup  c h a r a c t e r i s t i c s  of heat  pipes and GCHPs leads to the conclusion that the p r e s -  
sence of uncondensed gas p rom o t e s  f a s t e r  heat ing of the act ive length of the hea t  pipe. 
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is the power ;  
a r e  the t e m p e r a t u r e s ;  
is the excess  t e m p e r a t u r e ;  
is the t ime;  
is the t h e r m a l  conductance;  

~s  the total  hea t  capaci ty;  
~s the t he rm a l  conductivity; 
is the h e a t - t r a n s f e r  coefficient;  
is the total  h e a t - t r a n s f e r  coefficient;  
is the vapor iza t ion ;  
~s the p r e s s u r e ;  
is the densi ty;  
~s the volume;  
is the length; 
is the th ickness ;  
is the c r o s s - s e c t i o n a l  a r e a ;  
is the number  of cor ruga t ions  of sylphon bellows; 
a r e  the coeff icients  of l inear ized  e las t i c i ty  curve  for  h e a t - t r a n s f e r  medium.  

I n d i c e s  

E is the vapora to r  sect ion;  
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xs the t r anspo r t  sect ion;  
is the condenser  section;  
,s the vapor - f low passage ;  
,s  the heat  pipe; 
is the r e s e r v o i r ;  
,s the end of sylphon bel lows;  
is the ave rage  (for siphon bellows); 
a re  the init ial  p a r a m e t e r s ;  
is the conduction; 
is the radiat ion.  
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MAXIMUM HEAT-TRANSFER CAPACITY OF A 

VERTICAL TWO-PHASE THERMAL SIPHON 

M. G.  S e m e n a  UDC 536.27:669.214 

A survey  of the exper imen ta l  data on the m a x i m u m  h e a t - t r a n s f e r  capaci ty of a two-phase  the rma l  
siphon is p resen ted ;  a physica l  model  that de sc r ibe s  many of the exper imen ta l  data on the h e a t -  
t r a n s f e r  l imi t s  for  t he rma l  siphons is proposed.  

A two-phase  t he rma l  siphon works  with an evapo ra t i on -condensa t i on  cycle and r e p r e s e n t s  an eff icient  
h e a t - t r a n s f e r  device that can often compete  success fu l ly  with o ther  heat  exchangers .  

The l imi t ing  heat  flux ca r r i ed  by such a siphon is a m a j o r  working cha rac t e r i s t i c ;  however ,  at  p r e sen t  
there  is no ag reed  view on the l imi t  to the heat  t r a n s f e r  through a ve r t i ca l  two-phase  siphon. This  l imi t  may  
be cal led the c r i t i ca l  heat  t r ans f e r .  Var ious  types of c r i s i s  should be dist inguished [1] in t e r m s  of the physica l  
pr inc ip les .  The re  is a de te r io ra t ion  in the heat  t r an s f e r  ff the l aye r  of liquid at the wall  is d isrupted by the in-  
t e rac t ion  between the phases  (type I c r i s i s ) .  The f i lm of liquid evapora tes  on account of inadequate supply in a 
type II c r i s i s .  Here  we consider  the c r i s i s  a r i s ing  f r o m  interact ion between the phases ,  which d is turbs  the 
coun te rcu r ren t  flow in the two-phase  boundary layer .  Many of the exper imen ta l  r e su l t s  a re  quali tat ive r a the r  
than quanti tat ive.  

For  example ,  the drying occur r ing  at  the heat ing sur face  has been d i scussed  [2, 3] in t e r m s  of i n t e r ac -  
tion between the coun te rcu r ren t s  of vapor  and liquid. A quali tat ive descr ip t ion  of this phenomenon has  been 
given [3], while the re la t ionship  given in [2] applies  only for  the conditions cons idered  in that pape r ,  and it 
cannot be used ,  for  example ,  to explain the h e a t - t r a n s f e r  l imi t  due to instabil i ty in the liquid f i lm [4]. In [5], 
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