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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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Sep tember ,  1978. Original  a r t i c l e  submit ted  March 21, 1977. 
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Fig. 1. Scheme for  de te rmin ing  the r e s i s t ance  coefficient.  

Fig. 2. Stability c r i t e r ion  K 1 as  a function of L' : 1) wa te r  [2]; 2) n-hexane 
[2]; 3) CC14 [2]; 4) ethane [2]; 5) F reon  1t [5]; 6) wa te r  [5]; 7) wa t e r  [4l; 8) 
F reon  11 [4]; 9) wa t e r  [6]; 10) ethanol [6]; 11) F reon  12 [6]. 

the initial f o r ce - ba l ance  equation was  so ex tens ive ly  s impl i f ied that the p ic ture  was not that  of the r ea l  phys i -  
cal  si tuation at  all.  

Considerable  in t e re s t  a t taches  to [6], in which the c r i s i s  in hea t  (mass) t r a n s f e r  was  r ep re sen t ed  as  due 
to hydrodynamic  instabi l i ty in the two-phase  flow. This  cor responds  to the actual  si tuation in the p r o c e s s ,  
since the hydrodynamic  instabi l i ty  is fundamental .  Unfortunately,  the main conclusions of [6] a re  incor rec t .  
For  example ,  it was  a s s e r t e d  that the h e a t - t r a n s f e r  c r i s i s  is independent o f t h e  geomet r i ca l  d imensions  of the 
t he rma l  siphon, which is in conflit  with the au thor ' s  own data as well  as with the r e su l t s  of [5]. The re  is no 
just i f icat ion for  dist inguishing two modes  of c r i s i s ,  since the graph (Fig. 4 on p. 596 of [6]) for  the two condi-  
tions can be desc r ibed  by a single equation with an e r r o r  of +35%. There  is no bas i s  for  re la t ing  the m a x i m u m  
heat  t r a n s f e r  and the change in flow conditions to the physical ly  unimpor tant  thickness  of the liquid f i lm.  

He re  we desc r ibe  the avai lable  data on the h e a t - t r a n s f e r  c r i s i s  in a t he rma l  siphon f r o m  a unified v i ew-  
point and der ive  a re la t ionship  for  the onset  of the l imi t ing  hea t  flux. 

The hea t  t r a n s f e r  in a siphon occurs  by evapora t ion ,  m a s s  t r a n s f e r ,  and condensation; the m a s s  t r a n s f e r  
is d is rupted p r i m a r i l y  on account  of rad ica l  change in the hydrodynamic  and t he rma l  p a r a m e t e r s .  We now 
desc r ibe  the hydrodynamic  flow pa t t e rn  p reced ing  the c r i s i s .  The descr ip t ion  is based on our  own visual  
observa t ions .  

The d i rec t ion  of the heat  flux has a m a rked  ef fec t  on the motion of the vapor  in such a siphon (heat input 
f r o m  the side or  end). The hea t  t r a n s f e r  with input f r o m  the end is the m o r e  s i m i l a r  of the two to boiling in a 
la rge  vo lume,  so we consider  it as a pa r t i cu l a r  case  of the l a t t e r  l a t e r  on. 

We f i r s t  consider  the m o r e  compl ica ted and m o r e  common case  of l a t e ra l  input; h e r e  there  a r e  dis t inct  
ca ses  in which the working liquid fi l ls  e i the r  a smal l  (1-5% of the cavity) or  a l a rge  (5-35%) propor t ion .  In the 
f i r s t  c a s e ,  the heat  t r ans f e r  occurs  in the flowing f i lm of condensate.  The vapor  is genera ted  in the f i lm and 
init ial ly moves  radia l ly ,  but then moves  axial ly in r e sponse  to the overa l l  p r e s s u r e  d i f ference  along the siphon. 
The change in d i rec t ion involves some loss  of p r e s s u r e  a r i s ing  f r o m  eddies ,  which is the g r e a t e r ,  the l a r g e r  
the rad ia l  component  of the velocity.  If the heat  loading is smal l  (q < 1 W/cm 2 for  wa te r ) ,  evapora t ion  occurs  
d i rec t ly  f r o m  the f i lm,  whe reas  at  higher  heat  loads ,  up to the cr i t ica l  value,  one gets boiling in the f i lm,  with 
the fo rmat ion  of a l a rge  number  of bubbles. When these b reak ,  they e jec t  je t s  of vapor  in a rad ia l  d i rec t ion 
(the momen tum of which is  the l a r g e r ,  the g r ea t e r  the heat  input). 

I t  has been shown [7] that  the p r e s s u r e  loss  in natura l  convection a r i s ing  f r o m  sha rp  changes in d i r e c -  
tion makes  a substant ia l  contribution to the ove ra l l  p r e s s u r e  loss  in the the rma l  siphon. 

If  the fil l ing fac tor  is s m a l l ,  the su r face  dry ing  is local  and causes  an inc rease  in the local  r e s i s t ance ;  
the p r e s s u r e  loss  a r i s ing  f r o m  the local  r e s i s t ance  at loads close to the c r i t i ca l  value tends to r e t a r d  the f i lm 
of condensate and b r e a k  it up. The disrupt ion by the bubbles a lso  tends to produce uncovered  a r e a s ,  since 
drops  of liquid a re  e jec ted  [8]. The p r e s s u r e  loss  due to eddies is substant ia l ly  dependent on the s ize  of the 
siphon. If the d i a m e t e r  Dtu is smal l  (6-8 mm) ,  the f i lm is d is rupted and r e t a r d e d ,  with the r e su l t  that the 
cooling zone tends to become choked with the condensate [4, 9]. 
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Comparison of the present  
resul ts  with those of [111: 1) e tha-  
nol; 2) water ;  3) ethanol [111; 4) i so-  
propanol [11]; 5) methanol [11]; 6) 
water  [11]. 

A somewhat cifferent picture precedes  the onset of c r i s i s  when the filling factor  is large;  the t r ans i -  
tional state of boiling shows a large number of part ial ly fused bubbles at the evaporation surface.  The size 
of the evaporation patches is small  by compar ison with the total hea t - t r ans fe r  surface,  and the escape of 
vapor into the vapor space is hindered,  which resul ts  in an increase  in the vapor content within the liquid. 
The vapor content increases  rapidly as the cr i t ical  load is approached,  and there is a r ise in the overal l  p r e s -  
sure difference in the sys tem,  so some of the vapo r - l i qu id  mixture is displaced to the upper par t  of the 
volume, and a region with an elevated vapor  content is formed within the core of the working liquid, while a 
film moves along the wall,  as in the f i r s t  case. Uncovered surface a reas  then ar ise  as descr ibed above. This 
p rocess  is accompanied by the ejection of much of the liquid to the condensation end in a smal l -d iamete r  s ip-  
hon, which resembles  the p rocess  descr ibed above. 

There fore ,  the main cause of a l imit  to the mass  t ransfer  is the increase  in the local res is tance  ar is ing 
f rom the sharp change in vapor flow direct ion,  which resul ts  in a fall in the p re s su re  at any local res is tance .  

A key aspect  of this is to determine the res is tance  coefficient for a two-phase siphon; Fig. 1 shows an 
approximation for  our model ,  where the entry of the vapor into the cavity is taken as resembling the entry 
of liquid into a col lector  with a s t ra ight  generator  (conical collector  without an end wall) [10]. It that case the 
res is tance  coefficient is 

where ~ is dependent on the relat ive length / /Def  and on the convergence angle go of the flow, F 1 while is the 
effective c ross  sect ion of the channel, which is defined as the difference between the c ross  section F 0 of the 
tube and that of the annular region formed by the equivalent d iameter  of the bubble. The convergence angle 
and the relat ive length are  somewhat a rb i t r a ry ,  since they are  dependent on the angle subtended by the bubble 
at the instant of burst ing (vapor ejection). Experimental  data on this aspect  are  lacking, so we are  forced to 
es t imate  go and/ /Def .  

The qualitative picture of [8] and e lec t r ica l  simulation of bubble burst ing [4] indicate that the angle of 
escape of the vapor f rom a bubble var ies  within fair ly narrow limits (about 30-60~ The angle tends to be 
less if a flow of liquid s t r ikes  the top of the bubble; correspondingly,  go var ies  f rom 120 to 150 ~ Geometr ical  
considerat ions indicate that I can vary  f rom 0.5r b to 0.85r b within this angular range. Then ~ may be de te r -  
mined with an e r r o r  not more  than +6% within these pa rame te r  ranges.  Here we assumed go = 140 ~ I = 0.7rb, 
and Def = D t u - 2 d  b. 

We have seen above that ~ is dependent on the tube diameter ;  we take the capil lary constant d b as our 
length scale to relate ~ to DTu/db; the ~ = f(Dtu/db) function constructed f rom the data [2, 4-6] shows that the 
res i s tance  increases  considerably in tubes of small  c ross  section, while there is a monotonic fall as the 
diameter  increases ,  

The res i s tance  coefficient then allows us to discuss  the stability of the countercurrent  system. The 
stability of a two-phase flow is dependent on Kutateladze 's  stability cr i ter ion [8]: 

,, ~ 4  p,,) .  (2) 
K = o~c~Vp/~%g (p'-- 
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In our model,  this takes the form 

Ki = (0"- P') (37 
The published measurements  and our own studies indicate that K1 is dependent on the l inear  dimension of the 
sys tem L' = Dtu/db, i .e . ,  the corre la t ion  equation K1 = f(L') applies. Figure 2 shows K 1 as a function of L ' .  
This approximate relat ion for K 1 applies for a wide range of p r e s s u r e s  (0.02-20 bar) and for  wide ranges in the 
geometr ical  pa r ame te r s  (Dtu = 6-50 mm) for various liquids (water~ ethanol, F reons ,  n-hexane,  and CC14) and 
is 

Kt = 0.36 (L') -~ (4) 

with an e r r o r  of +35%. 

Any increase  in the d iameter  or  in the heat  input f rom the end should resul t  in a c loser  analogy with 
boiling in a large volume for  heaters  of finite length, so we pe r fo rm a compar ison with that case. A thermal  
siphon or  a hea ter  in a large volume will show free convection and the same type of hea t - t r ans fe r  c r i s i s .  The 
difference lies in the mode of vapor generation. Latera l  heat input causes additional p r e s s u r e  loss due to 
the eddies,  which resul ts  in an ea r l i e r  c r i s i s  at the heating surface.  

We use the data of [11], in which the onset of cr is is  was examined with plates of finite dimensions,  whereas  
in other studies boiling was examined in large tanks. The data [11] were p rocessed  in (qmax/qmaxz,  L 2 n v ~ - ~  
coordinates ,  which requi res  a conversion for our purpose.  The ratio of qmax to qmaxz  represen ts  the Kuta- 
t e l a d z e - Z u b e r  equation, as has been demonstra ted [12]; q m a x z  was taken as charac te r i s t i c  of the boiling 
liquid to which qmax should be re fe r red .  The quantity L' = L 2 m / ~ - ~ s  a dimensionless l inear  charac te r i s t i c  
of the hea te r ,  which is expressed  in t e rms  of Taylor- ins tabi l i ty  wavelengths for the vapor escaping f rom the 
v a p o r - l i q u i d  sur face ,  and ~d = 2~3~/g(p ' -p" )  is the mos t  sensit ive wavelength of the Taylor  instability for a 
horizontal  interface.  A corre la t ion  relat ionship was formulated:  

qmax/qmaxz. = f ( L ' ) ,  (5) 

which applies also in our eases .  We compare  our conclusions with (6) by express ing  our relat ive dimension 
DtuA/~r/g~o'-p") in t e rms  of wavelengths by dividing by 2 ~  

Figure 3 compares  the data examined here  with those of [11]; the compar ison is made for a single jet. 
In [11], Zuber ' s  model was used with various numbers  of vapor jets at the hea te r ,  including a single jet  
bounded by ver t ical  wal ls ,  which is s imi lar  to the situation in a thermal  siphon. The compar ison was p e r -  
formed for  ethanol and water .  Although the range of our data for ethanol is na r rower  than that in [11], the 
resul ts  are  in good agreement  for L '  ~ 1; the agreement  should also be sa t is factory for L' < 1, because the 
relationship is of the form repor ted  for  ethanol [11] in the case of water ,  where the range of conditions was 
wider.  

Borishanskii  [16] has shown that qmax is effected by the v iscos i ty ,  which can be charac te r ized  by N = 
pa/tt2; it has also been pointed out [13] that induced convection has a considerable effect for  L '  < 1, i .e . ,  v i s -  
cosity affects qmax. If N is introduced into I = v ~  "r', which represents  the rat io of the inertial and su r face -  
tension forces  to the viscous fo rces ,  we obtain [13] the following correlat ion:  

qraax/qraaxz = f (L' ,  I) .  (6) 

Figure  4 shows qmayJqmax z as a function of I for  the range L' = 0.4-4; c lear ly ,  no viscosi ty  effect ap-  
pears  for the various liquids for I > 800, as has been concluded elsewhere [13]. Since we did not examine 
any values I < 800, no compar ison is made for  this range. 
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Fig. 4. Maximum heat flux as a function 
of I for L' = 0.4-4.0: I) ethanol [ I I ] ;  2) 
ethanol [6]; 3) water  [4]; 4) Freon  12 [6]. 
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N O T A T I O N  

is the local r e s i s t ance  coefficient;  
is the reduced cr i t ica l  ra te  of vapor  formation;  
a re  the densi t ies  of liquid and vapor  respect ive ly ;  
is the angle of flow constr ict ion;  
Is the half-width of bubble core;  
~s the internal  tube d iameter ;  
~s the effective d iamete r  of vapor  flow; 
~s the equivalent bubble radius;  
is the equivalent bubble d iameter ;  
~s the surface  tension; 
~s the acce le ra t ion  of gravity;  
is the Kutateladze 's  stability cr i te r ion;  
Is the c r i t e r ion  for  two-phase flow stabili ty in siphon; 
is the l inear  dimension; 
is the heat- f lux density; 
~s the exper imenta l  maximum heat  flux density; 
~s the maximum heat-f lux density given by K u ta t e l ad ze -Zu b e r  equation; 
is the wavelength of Tay lor  instabili ty;  
~s the pa rame te r ;  
is the Borishanski i  number .  
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