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An experimental  investigation is per formed for the hea t - t r ans fe r  c r i s i s  in open and closed low- 
tempera ture  thermosiphons.  

Evaporative thermosiphons (ET) a re  present ly being applied in different branches of refr igerat ion and 
power engineering [1-4]. Questions of the optimal design of sys tems  with thermosiphons are  determined p r i -  
mar i ly  by the constra ints  on the limit cha rac te r i s t i c s  of the heat t r ans fe r  at the heated section of the ET. 
There  are nei ther  rel iable information nor  recommendat ions  on the analysis  of conditions for the onset  of the 
h e a t - t r a n s f e r  c r i s i s  in an open ET with la te ra l  heating and cooling in the known domest ic  o r  foreign l i te ra ture .  

We shall understand the hea t - t r ans fe r  c r i s i s  of an evaporative thermosiphon to be a disturbance in the 
hea t - t r ans fe r r ing  capabili ty of the ET which is a result  of c r i s i s  phenomena in the operation of the heated 
section under conditions of combined p rogress  of the p rocesses  (hydrodynamic and thermal)  in the whole ET 
cavity.  In cont ras t  to heat pipes with capi l lary  s t ructure ,  in which the hydrodynamic blockage conditions can 
be substantial,  conditions result ing in local and total scalding of the heating surface are  the main reason for a 
c r i s i s  in the ET. Depending on the boundary conditions on the heating section, the c r i s i s  is manifested dif- 
ferently.  Fo r  el = const, an asymptotic r ise in the wall t empera ture  is observed on the heating section with a 
simultaneous diminution in the value of the t ransferable  power (Fig. 1). Analogous results  are  obtained in [5]. 
The fo rms  for  the appearance of a c r i s i s  can be distinct and depend pr imar i ly  on the degree of fullness by the 
intermediate heat c a r r i e r  ~, which governs  the ratio between the volume of the liquid phase of the heat c a r r i e r  
under normal  conditions and the physical volume of the thermosiphon.  For  ~2 -< 1.5% a film hea t - t r ans fe r  
mechanism is rea l ized  in the ET [8-10], and according to visual observations,  the c r i s i s  is a resul t  of local 
desiccat ion of the liquid film, result ing in burnout of the housing [10]. For  ~ >- 30% the fluid phase with low 
compress ib i l i ty  coefficients predominates  in the thermosiphon cavity, and in a number of cases  this specifies 
an explosion of the apparatus as el ~ qmax, which is associa ted with an abrupt r ise  in p ressure  [5]. 

Under heating conditions c lose to t = const, disturbance of the main functions of the apparatus (the t r ans -  
fer  of heat flux) is charac te r i s t i c  ra ther  than a tempera ture  r ise  as q ~ qmax" In this case it is expedient to 
r ecord  the onset of the c r i s i s  by the outgoing power rather  than by the wall heating tempera ture .  It is difficult 
to determine the t empera tu re  jump since it occurs  at the site of "dry spot" formation,  whose appearance is 
equally probable at different surface sites and is sporadic in nature [11]. 

Fo r  ~2 - 1.5% the theoret ical  analysis  of the c r i s i s  is per formed in the form of aa inverted NusseIt prob- 
lem [10]. Up to now the physical reason for the c r i s i s  has not been clar if ied for 3% -< ~ -< 60%. Pape r s  [5-7, 
10], whose resul ts  cannot be compared,  a re  devoted to the question under consideration.  Thus, c r i s i s  phe- 
nomena in the rmos iphons with endface heat supply and outgo we re studied for the degrees of fullness 10% -< 17 -< 80% 
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Fig. 1. Diagram of the change in wall 
t empera ture  on the heating section (at 
the site of the "dry spot") upon onset 
of the hea t - t r ans fe r  c r i s i s  of anevapo-  
rative thermosiphon.  
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in [5]; t he  c r i s i s  in ET wi th  l a t e r a l  h e a t  supp ly  and outgo  was  s t u d i e d  in [10] in the  f i l m  h e a t - t r a n s f e r  mode ;  
and  the  i n v e s t i g a t i o n  was  p e r f o r m e d  only in open t h e r m o s i p h o n s  in [6, 7]. 

S ince  the  c r i s i s  is  a c c o m p a n i e d  by  a d i m i n u t i o n  in the  t r a n s f e r a b l e  hea t  in t i m e ,  then  the  t e s t  da ta  a r e  
c u s t o m a r i l y  g e n e r a l i z e d  by  the  r e s u l t s  of m e a s u r e m e n t  in the  s t a t i o n a r y  s t a t e  p r e c e d i n g  the  onse t  of the  

c r i s i s ,  i . e . ,  q m a x  = Q m a x / V d / h  �9 

The  e x p e r i m e n t a l  a p p a r a t u s  on which  the  r e s e a r c h e s  w e r e  p e r f o r m e d  is  d e s c r i b e d  in  [12]. The  h e a t -  
t r a n s f e r  c r i s i s  was  s t u d i e d  in open and c l o s e d  ET.  Cond i t ions  c l o s e  to t ~ c o n s t  w e r e  s i m u l a t e d  in the  hea t i ng  
s e c t i o n  by the  m e t h o d  of a t h i c k - w a l l e d  c y l i n d e r  [13] f a b r i c a t e d  f r o m  copy  M2. The  cond i t ion  q = c o n s t  was  
r e a l i z e d  by  u s i n g  a N i c h r o m e  e l e c t r i c a l  h e a t e r .  The  in f luence  of g e o m e t r i c  f a c t o r s ,  d e g r e e s  of f u l l n e s s ,  
t h e r m o p h y s i c a l  p r o p e r t i e s  of the  hea t  c a r r i e r ,  o r i e n t a t i o n s  in s p a c e ,  nonc onde ns ing  a d m i x t u r e s  (a i r ) ,  and  
b o u n d a r y  cond i t i ons  on the  h e a t i n g  s e c t i o n  on the  c r i s i s  o n s e t  cond i t i on  was  s tud i ed .  The  c ond i t i ons  f o r  c o n d u c t -  
i n g  the  t e s t s  a r e  r e p r e s e n t e d  in  T a b l e  1 ,  

T h e  open t h e r m o s i p h o n s  in [6, 7] had  a c o o l i n g  s e c t i o n  c o u p l e d  to  an  in f in i te  v o l u m e  of l iqu id  of one k ind .  
In th i s  p a p e r  the  ET a r e  coup led  to  the  e n v i r o n m e n t  t h rough  a 2 - m m - d i a m e t e r  end face  hole  which p e r m i t t e d  
m a i n t e n a n c e  of a c o n s t a n t  s a t u r a t i o n  t e m p e r a t u r e  d u r i n g  the  e x p e r i m e n t .  The  m a g n i t u d e  of th i s  t e m p e r a t u r e  
was  c h e c k e d  by  a s p e c i a l  t h e r m o c o u p l e  p r o b e .  The  p r o b a b i l i t y  of e n t r a i n m e n t  of the  i n t e r m e d i a t e  hea t  c a r r i e r  
in the  e n v i r o n m e n t  was  d e t e r m i n e d  by c h e c k i n g  m e a s u r e m e n t s  on the  quan t i t y  of f lu id  b e f o r e  and  a f t e r  c o n d u c t -  
ing the  e x p e r i m e n t .  H e a t - c a r r i e r  e n t r a i n m e n t  is  not o b s e r v e d  in 7 -h  con t inuous  o p e r a t i o n  of the  ET fo r  ~ -< 
30%. M e a s u r e m e n t  of the  i n t e r m e d i a t e  h e a t - c a r r i e r  t e m p e r a t u r e  in open t h e r m o s i p h o n s  was  p e r f o r m e d  by 
t h e r m o c o u p l e s  whose  m e t h o d  of f a s t e n i n g  is d e s c r i b e d  in [12]. 

The  r e l a t i o n  be tween  the  s t a t e  of i n t e r m e d i a t e  h e a t - c a r r i e r  s a t u r a t i o n  a t  the  t i m e  of c r i s i s  and the  d e -  
g r e e  of f u l l n e s s  was  d e t e r m i n e d  e x p e r i m e n t a l l y  in [5]. The  s t a b l e  n a t u r e  of such  a r e l a t i o n ,  independen t  of 
the  coo l i ng  cond i t i ons  and d e t e r m i n e d  only by  the  t h e r m o p h y s i c a l  p r o p e r t i e s  of the  s u b s t a n c e  and the  d e g r e e  of 
f u l l n e s s ,  is  of known i n t e r e s t  fo r  e n g i n e e r i n g  c o m p u t a t i o n s .  The  s m a l l  a m o u n t  of e x p e r i m e n t a l  m a t e r i a l  (9 
po in t s  in a l l )  m a d e  it n e c e s s a r y  to v e r i f y  the  r e s u l t s  ob ta ined  in [5]. A c o m p a r i s o n  p e r f o r m e d  p e r m i t t e d  the  
c o n c l u s i o n  tha t  the  d e r i v a t i o n s  of [5] a r e  p a r t i c u l a r  in n a t u r e  and canno t  be  e x t e n d e d  to the  c a s e  of ET with 
l a t e r a l  hea t  supp ly  and  outgo.  In c o n t r a s t  to [5], w h e r e  the  c r i s i s  f o r  ~2 = 20-30% c o r r e s p o n d s  to  the  c r i t i c a l  
s t a t e  of t he  i n t e r m e d i a t e  hea t  c a r r i e r ,  d i s t u r b a n c e  of the  hea t  t r a n s f e r  s e t  in e a r l i e r  f o r  l a t e r a l  he a t i ng  (Fig .  2). 
The  h y p o t h e s i s  p r o p o s e d  in [5] about  the  t h e r m o d y n a m i c  n a t u r e  of the  c r i s i s  canno t  exp la in  the  fac t  of the  in-  
f l uence  of the  ET d i a m e t e r  and  the  me thod  of d e l i v e r i n g  the  hea t  f lux on the  v a l u e  of the  c r i t i c a l  l oad  (F ig .  2). 
M o r e o v e r ,  the  q u a l i t a t i v e  a g r e e m e n t  b e t w e e n  the  da ta  ob ta ined  f r o m  [5] should  be noted in tha t  the  m a x i m u m  
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Fig. 2. Comparison between resul ts  of testing closed 
evaporative thermosiphons and the data in [5]: I) data 
f rom [5]; II, III) authors '  resul ts l  II) thermosiphon 
diameter  22 mm; III) 10 mm (notation for the points 
is presented in Fig. 3 and Table 1). 

t ransferable  heat fluxes are  observed for ~ = 20-30% (the so-ca l led  "optimal ~ degree of fullness).  

An analysis  of the results  obtained permits  the conclusion that the influence of the heat del ivery method 
(endface or lateral)  and the constr ic t ion (diameter} on the hea t - t r ans fe r  c r i s i s  can be explained by conditions 
for vapor -phase  format ion on the heating section, i .e . ,  f rom the aspect  of the hydrodynamic theory of c r i ses .  

The most  complete experimental  study of the c r i s i s  in open ET was performed in [6, 7]. The influence 
of the lengths of the heating sections (200, 300, and 1000 mm), the diameters  (10.7 and 28.4 ram), the heat-  
c a r r i e r  proper t ies  (water distillation, ethyl alcohol, normal  hexane, carbon tetraehloride),  the heating condi- 
tions (q = coast ,  t = coast),  and the underheating of the intermediate heat c a r r i e r  to saturation (Atsu b = 2-54~ 
on the condition for the hea t - t r ans fe r  c r i s i s  was studied. The c r i s i s  was investigated in the annular gap on the 
heated section (5 = 1.6, 4.7, 8.2 mm). To do this, a d isplacer  (rod} was placed within the element. The r e -  
suits obtained a re  extended in c r i t e r ia l  form and agree  sa t is factor i ly  with the data [14, 15] {Fig. 3). The se lec-  
tion of the c r i te r ia  in [1] is done within the f ramework of dimensional analysis  and on the basis of conceptions 
about the hydrodynamic nature of the process .  The results  of visual observations are  the foundation for such 
an approach.  Definite agreement  between these resul ts  is established in a compar ison of  the intr insic  mid 
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Fig. 3. Comparison between tes t  resul ts  for open 
evaporative thermosiphons and the data in [6, 7, 14, 
15]: 1') data f rom I6, 7]; 9') [14]; 13') [15]; solid 
lines are  the data f rom (1) and the dashed are  the 
au thors '  resul ts .  The values of our results  are  
presented in Table 1. II = ( a / # " ) ( p ' ~ t / p " # " ) ( S / F h )  [1.0 + 
5 .0 (p '  / p " ) ~  A t s u b / r )  ]. 
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l i t e r a t u r e  da ta  [6, 7, 14, 15] on the  i n v e s t i g a t i o n  of the  h e a t - t r a n s f e r  c r i s i s  in open and c l o s e d  ET.  The  c o r -  
r e c t e d  d e p e n d e n c e  [6, 7] ( F i g .  3) 

can  be u s e d  with  the  m a x i m u m  e r r o r  of 100%, 

S ince  the  i n v e s t i g a t i o n s  in [6, 7, 14, 15] w e r e  conduc ted  with u n d e r h e a t i n g ,  the c r i t i c a l  hea t  f luxes  e x c e e d  
the  r e s u l t s  ob t a ined  in th i s  p a p e r  u n d e r  s a t u r a t i o n  c o n d i t i o n s .  

The  i n v e s t i g a t i o n s  p e r f o r m e d  showed tha t  the  l i m i t i n g  r e d u c e d  r a t e  of v a p o r  f o r m a t i o n  w" = [ q h / r p " ] m a x  
is r e l a t e d  to the  bo i l i ng  c r i s i s ,  but  canno t  be  p r o j e c t e d  a s  the  g o v e r n i n g  c h a r a c t e r i s t i c  of a c r i s i s  s i n c e  the  
func t ion  w" = f(qh) has  an  e x t r e m u m  and the  c r i s i s  can  s e t  in  at  a d i f f e r e n t  p o i n t  of  the  c u r v e  depend ing  on 
the  s p e c i e s  of hea t  c a r r i e r ,  the  g e o m e t r i c  c h a r a c t e r i s t i c s ,  e t c .  Th i s  can  e x p l a i n  the  s i g n i f i c a n t  s p r e a d  in the  
t e s t  da ta  in F i g .  3. 

The  h y d r o d y n a m i c  t h e o r y  of the  n u c l e a t e  bo i l i ng  c r i s i s  in an unbounded v o l u m e  a s s u m e s  the s e l f - s i m i l a r  
n a t u r e  of the c r i s i s  r e l a t i v e  to the  s i z e  of the  h e a t e r  under  f r e e  c o n v e c t i o n  c ond i t i ons  [16]: fo r  1~ > d o/g(p' - p") 
f o r  h o r i z o n t a l  c y l i n d e r s ,  and  fo r  B > 0 . 2 5 4 a / g ( p '  - p")  fo r  v e r t i c a l  c y l i n d e r s .  

The  i n f l uence  of t h e  s u r f a c e  s i z e  on the c r i t i c a l  hea t  .flux was  e x a m i n e d  in [17, t 8 ] .  A s i g n i f i c a n t  in -  
c r e a s e  ( two- to f i v e - f o l d )  i n t h e  c r i t i e a l h e a t  f lux is d e t e c t e d  e x p e r i m e n t a l l y  in a n u m b e r  of p a p e r s  fo r  a d i m i n u -  
t ion  in the  r a d i i  of h o r i z o n t a l  c y l i n d e r s  (wi res )  and  s p h e r e s  a s  c o m p a r e d  with the  c r i t i c a l  hea t  f lux  d u r i n g  b o i l -  
ing  on p lane  s u r f a c e s  ( q m a x ~ ) .  A h y p o t h e s i s  was  e x p r e s s e d  in [17] abou t  the  mutua l  r e l a t i o n  be tween  the  
s e p a r a t e d  d i a m e t e r  of t h e  bubble  (Do) and  the  c r i t i c a l  hea t  f lux (qmax) in the  f o r m  

D| 2 

1 / 3  . D |  2 g ( P '  p.) , (31 

w h e r e  D,o is  the  s e p a r a t e d  bubb le  d i a m e t e r  d u r i n g  bo i l i ng  on a p lane  s u r f a c e  in a la . rge  vo lume .  

A n  e s t i m a t e  of the  in f luence  of the  p o s i t i v e  c u r v a t u r e  (boi l ing on a convex  s u r f a c e )  on the  s e p a r a t e d  d i -  
a m e t e r  of a v a p o r  bubb le  is p r e s e n t e d  in [17, 18] on t h e  b a s i s  of the  b a l a n c e  equa t ion  fo r  the  s u r f a c e  t e n s i o n  
f o r c e s  and  the  l i f t  f o r c e s  a c t i n g  on a bubb le  

_~ V ' - -  2R [ 2R .-}- D= /- 2R -4- D| ]t,~ 
D O = D| 2R + D| 4R -{- 0.273 ~ /  R 4- 0.277 , (4) 

w h e r e  R is the  r a d i u s  of a c u r v i l i n e a r  s u r f a c e .  It i s  e a s y  to s e e  tha t  D + ---D.o, a n d - t h e r e f o r e  

~m+ax/qmax ~ 1.0. (5) 

B y  u s i n g  the a p p r o a c h  of [17, 18], the  f o l l o w i n g  equa t ion  fo r  the  s e p a r a t e d  bubb le  d i a m e t e r ,  f o r m e d  wi th in  the  

p i p e  ( t h e r m o s i p h o n ) :  

2R 
- -  - -  cos 0 

sinO 1 ~ g(p, 0 ~) (6) 

can  be o b t a i n e d  f o r  a q u a l i t a t i v e  e s t i m a t e  of the  inf luence  of nega t ive  c u r v a t u r e  (a c o n c a v e  s u r f a c e )  on the  b o i l ,  

ing c r i s i s .  Hence ,  D~ -> D.~ and t h e r e f o r e  

qmaxlq . . . .  ~ 1.0. (7) 

Equa t i ons  (4) and  (6) s a t i s f y  the  cond i t ion  f o r  p a s s a g e  to  the  l i m i t  a s  R - -  ~o and t ake  the  f o r m  of the  equa t ion  
f o r  the  s e p a r a t e d  v a p o r  bubb le  d i a m e t e r  on a f l a t  s u r f a c e  (D~). Howeve r ,  (6) can  be  u sed  only f o r  a q u a l i t a t i v e  
a n a l y s i s  s i n c e  the  bubb le  f o r m a t i o n  m e c h a n i s m  u n d e r  c o n s t r a i n e d  c ond i t i ons  is  d i s t i n g u i s h e d  by g r e a t  c o m -  
p l ex i ty .  It was  noted in [19] tha t  the  " c l o s e n e s s  e f fec t"  is  tha t  f o r  a s m a l l  s y s t e m  v o l u m e  o r  fo r  a high f r e -  
quency  of nuc l eus  f o r m a t i o n  the  a p p e a r a n c e  of bubb l e s  c h a n g e s  the  s t a t e  of  t he  m e d i u m ,  which  i s  v e r y  c o m -  
p l i c a t e d  to t ake  into accoun t .  H y d r o s t a t i c  p r e s s u r e  f o r c e s ,  which  tend  to s q u e e z e  the  bubb le s  to the  s u r f a c e ,  
a l s o  e x e r t  in f luence  on the cond i t ion  of bubb le  f o r m a t i o n  wi thin  the  pipe ,  which  c a n  a l s o  i n c r e a s e  the  s e p a r a t e d  

d i a m e t e r  [20]. 
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Fig.  4. Extension of t es t  data on the h e a t - t r a n s f e r  c r i s i s  of 
c losed and open thermos iphons  within the f r a m e w o r k  of the hydro-  
dynamic theory  of c r i s e s ,  taking account  of the infIuence of s u r -  
face  curva ture :  I, I I )data  for  boiling on a convex sur face ;  I ) c o r -  
responds  to Eq. (2); II) to (8); III) au thors '  data extended by 
dependence (9) (values of the points a r e  p resen ted  in Table  1). 

Equation (2) a g r e e s  qual i ta t ively with the exper imenta l  data [17, 18] but does not yield sa t i s f ac to ry  quan-  
t i ta t ive a g r e e m e n t  because  of the assumpt ions  made in the der ivat ion.  Consequently, the t es t  data in [17, 18] 
a r e  extended by an e m p i r i c a l  dependence whose functional re la t ionship  is de te rmined  f rom an analys is  of (2)- 
(4) (Fig. 4): 

q~%x 1 +  2.55exp (- -3 .44 V / R  V g(P'~-P"' ) = [  (R V '  g(P'~-P")-) (8) 
qmax ~ ' -- ' " 

The resu l t s  of extending the tes t  data on the h e a t - t r a n s f e r  c r i s i s  in ET, obtained in this paper ,  a r e  r e p r e -  
sented in Fig. 4. The data ag ree  with (7) and a r e  extended with a m a x i m u m  e r r o r  of 20% by the empi r i ca l  
dependence 

q~" =C2[0"4+0"024R ~ g(p' ] q,~.~ o r 2, (9) 

q . . . .  = 0.14 r V ' ~  ~/g (p' - -  p"), (10) 

where  C =A{d/lo)-~176 for  ~2 - 35%, A = 0.538 and n = 0.13, while for  ~} - 35~ A = 3.54 and n = 
-0 .37 .  The domain of applicat ion of dependence (9) is bounded by the condition 

1.0~R~ V g (P'-- P")o ~30. (1.1) 

Dependence (9) obtained is more  re l iab le  than (1), extends the t es t  data (see Table  1) on the h e a t - t r a n s f e r  
c r i s i s  in c losed and open ET in a broad  range of changes in the degree  of ful lness  by the in termedia te  heat 
c a r r i e r  (2.9% --< fl -< 60%), the geomet r i c  c h a r a c t e r i s t i c s  (d = 5-22 mm;  d/l o = 0.0161-0.22; d/l i = 0.04-0.22), 
the orientat ion in space  (go = 90-4~ the the rmophys ica l  p rope r t i e s  of the heat c a r r i e r ,  and for  the boundary 
conditions t ~ const  and q = coas t  on the heating section.  

According to (9), the complex taking account  of the influence of the slope (sin go) has prac t ica l ly  no in- 
fluence on the value of the m ax i m um  specif ic  heat  flux. As a recommendat ion  for  the design of s y s t e m s  with 
ET it can be mentioned that an insignificant e x t r e m u m  of the dependence qmax = f(sin go) a r r i v e s  at a slope of 
go = 45-65 o. 

NOTATION 

q, specif ic  heat  flux; Q, heat flux; 12, degree  of heat c a r r i e r  ful lness;  d, thermosiphon d iamete r ;  
l, length; S, thermosiphon c r o s s  section;  F, heating su r face  a rea ;  R, thermosiphon (cy l inder ) rad ius ;  
D, bubble d iamete r ;  6, s ize  of the annular  gap; r, latent  heat of vapor  format ion;  p, density; a, sur face  
tension;  p, dynamic v iscos i ty ;  Cp, specif ic  heat;  t, t e m p e r a t u r e ;  w, velocity;  g, f r e e - f a l l  acce lera t ion;  
A, a coeff icient ;  go, slope; O, wetting angle.  The subscr ip t s  a re :  0, cooling; max, g rea tes t ;  h, heating; 
", vapor  phase; ' ,  liquid phase;  sub, underheat ing the fluid to the s ta te  of saturat ion;  ~, boiling in an infi- 
nite volume,  +, a convex, and - ,  a concave sur face .  
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