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The main  hea t -exchange  laws in the hea t - supply  zone of a two-phase thermosiphon a re  es tabl i shed.  
The hea t -exchange  intensity duringboi l ing of the heat  c a r r i e r  inthe h e a t - t r a n s f e r  e lement  is de t e r -  
m i n e d a s  a function of the geome t r i ca l  and operat ing p a r a m e t e r s .  

Two-phase  thermos tphons ,  which a r e  s imple ,  re l iab le ,  and r a the r  highly eff icient  h e a t - t r a n s f e r  devices ,  
can be employed successfu l ly  in var ious  b ranches  of engineer ing [1-5]. A two-phase  thermoslphon consis ts  
of a c losed cavi ty  par t ia l ly  filled with a heat  c a r r i e r  having a phase change in the h e a t - t r a n s f e r  p r o c e s s .  The 
high eff iciency of such a device is expla inedby the ut i l izat ion of the Ia ten thea t  of vapor iza t ion .  There  a re  wel l -  
known r epo r t s  [6-9] devoted to the investigation of the hea t -exchange  p r o c e s s e s  in the hea t -supply  zones of two- 
phase thermos[phons .  But the resu l t s  p resen ted  in these pape r s  have a pa r t i cu la r  c h a r a c t e r ,  a n d s o m e t [ m e s  
they a lso  cont radic t  each other  s ignif icant ly .  An a t tempt  to genera l ize  the exper imenta l  data was made in [10]. 
Unfortunately,  the genera l iz ing functions obta ined a re cons t ruc ted  on a f o rma l  ba s is, do not re f lec t  the phys ics 
of the p r o c e s s e s  taking place,  anddo nota l low for  the influence of the length of the heat -supply  zone. 

In the p resen t  pape r  the r e su l t s  of an exper imenta l  study of the heat -exchange laws in the heat -supply  
zone of a two-phase  thermosiphon as a function of the geomet r i ca l ,  physical ,  and operat ing p a r a m e t e r s  a re  p r e -  
sented.  The studies were  c a r r i e d  out on copper  thermosiphons  witha d i ame te r  din = 6-24 m m ,  a length of 250- 
700 m m ,  andf i I led  to 20-50% of the internal  volume of the thermosiphon withthe workingt iquid.  The tes ts  were  
conducted in the range of heat- f lux densi t ies  q =(0.3-110) �9 103 W/m2at angles of inclination ~I, =5-90 ~ Freons  
11, 113, and 142 se rved  as theworking  liquids in a l l the  thermosiphons  invest igated.  Dist i l led w a t e r a n d  ethanol 
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Fig.  1. Dependence of h e a t - t r a n s f e r  coefficient  ~ ,  W/  
m z - deg, on the heat-f lux densi tyq,  W/m2: F reon  113, 
f2 =30%, ~,, =90 ~ d i n = 2 4 m m ;  I - I I ' )  region o f f r e e - c o n -  
vect ive hea texchange  and undeveloped boiling; I I I , - rv)  
developed bubble boiling; IV-V) region of hydrodynamic  
s tabi l izat ion of the p roces s  of developed bubble boiling. 
Air  cooling. 1) l = 5 0  ram; 2) 100 m m ; 3 )  200 mm;  water  
cooling: 4) 50ram;  5) 100 m m ;  6) 200ram.  
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Fig. 2. Dependence of coefficient ~, W/m 2 �9 deg, 
on heat-flux densi tyq,  W/m ~, and saturat ion p re s -  
su rePs ,  bar:  I) din=24 mmlII )  12mm; III)6 mm.  
Air  cooling: 1) Freon 11, ~ =30%, l =50 ram; 2) 
~2 = 2 0 % ,  l = 1 0 0 r a m ;  3 )  f l  = 2 5 % ,  Z =2-00 mm;4)  
Freon 113, ~2 = 50%, l =100 ram;5) Freon 142, 17 = 
2 0 % ,  1 = 5 0  ram. Water cooling: 6) Freon  113, I1 = 
20%, l=100 mm; 7) 12 =33%, l=200 mm; 8) Freon 
142, 12 =50%, l =50 ram; 9) 12 =20%, l = 200 ram. 

were also used in addition to the heat c a r r i e r s  enumerated above in the hea t - t r ans fe r  element with din = 24 ram. 
The inner surfaces  of the thermosiphons were polishedto eliminate the effect of roughness on the heat-exchange 
laws. The thermosiphons were filled with the working liquid ona special stand which assured  the purity and 
deaerat ion of the workingliquid, as well as the evacuation of the cavity of the e lement to  a residual  p ressu re  
p = 10 -3 to r r  and filling with a measured  amount of working liquid with an accuracy  of ~5%. 

The investigations were per formed on an experimental  installation with a i r  and water  cooling. The veloc-  
ity of the_cooling air  was varied in the range of w =1-60 m / s e c  andthat  of the water  in the range ofw = ( 2 9 )  �9 
10 -~ m / s e c .  In all the experiments  the length of the cooling zone was 200 mm.  The p ressu re  in the cavity of the 
thermosiphonwas  varied f rom 0.025 to 15 bar .  The heat was suppliedwith a res is tance  heater .  The loadwas 
varied with a voltage regulator  connected tothe ac power line (220 V, 50 Hz) through a voltage s tabi l izer .  The 
power supplied was measured  witha typeD57 wattmeter  (accuracy class  0.1) .  The tempera ture  distribution in 
the wall of a thermosiphon was measured  with copper -- Constantan thermocouples (leads 0.16 mm in diameter) 
caulked in longitudinal channels on the outer surface .  Depending on the geometr ica l  dimens ions of the thermos i- 
phons and the lengths of the heat-supply zones, the thermocouples were distributed with two to three  inn c ross  
section, separated from each other by a distance of 10-15 ram. The saturat ion tempera ture  was measured  with 
thermocouples introduced into the inner cavity of the element through sleeves soldered into the end plugs. The 
emf of the thermocouples  was measuredwi th  anR37-1 de potentiometer  (accuracy class  0.01).  The average 
hea t - t r ans fe r  coefficients ~ were determined for each mode on the basis of the result ing distributions of the 
tempera tures  over the length and pe r imete r  of the heat-supply zone and of the saturation temperature  in the 
volume of the heat c a r r i e r .  

The dependence ~ =f(q, l ) f o r  different cooling conditions is presented in Fig.  1. This dependence is 
typical for different d iameters  of the hea t - t r ans fe r  elements,  degrees of filling, angles of inclination, and 
working liquids. An analysis  of the experimental  data showed that, depending on the heat-flux density q, there 
are  three heat-exchange regions,  the existence of which was also confirmed by visual observations of the inter-  
nal p rocesses  in glass  thermosiphons 0.5 m long and with diameters  din = 6, 12, and24 mm operating on 
Freons  I i  and 113. 

Region I-II  corresponds  to free convection and undeveloped boiling. At low values of q < 2000 W/m 2 in the 
heat-supply zone one observes  f ree -convec t ivehea t  exchange which is charac te r ized  by considerable superheat-  
ing of the liquid. The free convection is accompanied by the evaporat innof  the heat c a r r i e r  f rom its surface .  
The existence of the evaporation process  is indicatedby the runoff of a very thin film of condensate, which is 
most  c lear ly  seen in the adiabatic zone. Undeveloped boiling is observed in the heat-supply zone at q > 2000 
W/m ~-. This heat-exchange mode corresponds  to a low density of evaporation centers  , a decrease  inthe super-  
heat ingof the liquid, and a decrease  in the wall t empera tu re .  Intense convection is observed alongwiththe 
evaporation.  In region I - I I  the hea t - t r ans fe r  coefficient depends weakly on the length of the supply zone and is 
approxlmatedby the curve ~ r q0.25 
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Fig. 3. Generalizationof experimental data onboiling in t~vo- 
phase tbermosiphons: I} Freon 11, din = 24 mm, ~ =90~ ~.) 12 
mm, ~ =30~ 6 ram, ~=5~ 4) Freon  113, din =24 ram, ~=  
60~ 5) 12 mm,  ,I, =90~ 6) 6 ram, ,I, = 30~ 7) Freon  142, din = 
24 mm, ~ =90~ 8) 12 ram, ~ =30~ 9)6 ram, ,D =90~ 10) water,  
d i n = 2 4 m m ,  ~=90~ 11)ethanol ,  d i n = 2 4 m m ,  ~=90 ~ 

A further  increase in the heat load leads to a sharp decrease  in thewall  tempera ture ,  with the l iquidtem- 
pera ture  approaching the saturation tempera ture  in the p rocess .  A transi t ion sets in to the reg tonof  developed 
bubble boiling TIT-IV, where a set of evaporation centers  develops whose number increases  with an increase in 
q. The heat-exchange process  is s e l f - s imi l a r  with respec t  to l and is descr ibed bythe function ~ c~ q0.~. 

The region W-V corresponds  to the mode of hydrodynamic stabilization of the process  of developed bubble 
boiling. The boiling in the heat-supply zone proceeds so vigorously that the entire volume of liquid through 
which the bubbles float up consists  of a saturated two-phase mixture whose volume is considerably g rea te r  than 
the volume of the original  filling. The hea t - t r ans fe r  coefficient in the region of hydrodynamic stabilization 
essential ly depends on the length of the supply zone and is approximatedby the function ~ ~q0.SB 

A compar ison of our observations with the resul ts  of the investigation of [11] showed thatboth in a large 
volume and in two-phase thermos iphons free convection and undeveloped boiling precede developed bubble boil-  
ing. Qualitative agreement  is observedbetween the heat-exchange processes  in the unstable boiling mode in 
thermosiphons and in a large volume. In connection with the l imi teds lzes  of the heat-supply zone andthe phase 
interface in two-phase thermosiphons ,  the heat-exchange laws in the region of developed boiling differ e s sen-  
tially from the well-known concepts on the mechanism of the process  under the conditions of a large volume. 
This difference is expressed  in the fact that the vapor bubbles whichhave separated from the surface,  continu- 
ously colliding with each other,  change the directions of their motion, and this in turnleads  to a decrease  in 
the floating-up velocity and hinders their  emergence  at the free surface .  

The concentrat ion of the bubbles and the degree of their interaction increase as the evapora t i onmi r ro r  
is approached.  The limited size of the phase interface and the facts presented above a re  the reasons  why not 
all the bubbles are  able to emerge  at the free surface and be destroyed,  which leads to the appearance of a 
two-phase layer  with a high coneentrat ionof  the vapor phase.  The chaotic nature of the bubble mot ionand the 
thickness of the layer  saturated by the vapor phase increase with an increase in the heat load. Intense turbuli-  
zation of the boundarylayer  and the volume of the heat c a r r i e r  by chaotically movingbubbles is observed in the 
entire heat-supply zone. 

Water  cooling of the condensation zone increases the intens ity of heat removal ,  which leads to a decrease  
in the saturation p ressu re  in the cavity of the thermosiphon.  The decrease  in the p res su re  Ps does not cause a 
qualitative or quantitative change in the intensity of heat t ransfer  in region T-IT, but the reg ionof  f r ee -convec-  
tive heat exchange and undeveloped boiling ( I - IT ' ) increases  somewhat in the p rocess .  Inany case,  the s t a r t o f  
the boiling zone III ' -IV depends on the kind of liquid and the p ressu re  in the system,  since the cr i t ical  radius 
of a vapor bubble is de terminedby the thermophysical  proper t ies  of the liquid and by the saturation tempera ture  
t s. The extent of the reg ionof  unstable boiling and the s ta r t  of developedboiling are  charac te r ized  bythe 
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Fig.  4. General izat ion of experLmental  data on 
boiling in two-phase thermosiphons  in the coo r -  
dinates { Nu.(x'/pU~'cb) ~ )~ u~'~'/ff} : 
1) F reon  11; 2) Freon113;  3) F reon  142; 4) 
water ;  5) ethanol.  

eombined action of the saturatLon p r e s s u r e  Ps and the supplied heat-f lux density q, on whichthe number  of act ive  
e~caporation cen te rs  depends.  

The hea t -exchange  intensity during developed bubble boiling and the t ransi t ion to the region of hydrodynam-  
ic s tabi l izat ion a lso  depend on Ps and q. In this r eg ionan  increase  of 1.5 t imes  inthe p r e s s u r e  Ps withq =const  
causes  an increase  of 20-25% in ~ .  The exper iments  showed that with a twofold dec rea se  in the p r e s s u r e  Ps '  
upon a threefold i nc rea se  in q the boiling p ro ce s s  chantes to the region of hydrodynamic  s tabi l izat ion.  

Although the region of convection and undeveloped bubble boiling is of definite in te res t  in an investigation 
of the h e a t - t r a n s f e r  capaci ty  of two-phase  thermos iphons ,  s ince it cha r ac t e r i z e s  the s t a r t - u p  andthe beginning 
of the ir  eff icient  operat ion,  in the p re sen t  work m o r e  attention was pa id to regions I I I ' -  IV and IV-V, s ince they 
a r e  m o r e  cha r ac t e r i s t i c  in the s table  operat ion of the rmos iphons .  

InF ig .  2 it is shown that the hea ' t - t r ans fe r  coefficient  ~ does not depend on the length of the heat -supply  
zone or  the degree  of filling, although it is affected by the inner d i ame te r  of the thermos iphon .  With a dec rease  
in the d i ame te r  the escape  of the vapor  phase f rom the hea t - supply  zone is hindered,  and this leads ton dec rea se  
in the  hea t -exchange  intensity.  

The empi r i ca l  dependence of & on the heat-f lux dens ity and the sa tura t ion  p r e s s u r e  in regions  I I I ' -  IV and 
W-V has the fo rm 

0.22 
~ =  Cq~ , (1) 

where  C =11.7 for  din= 6 ram,  C =14.1 fo rd in  =12 ram,  and C =16.5 for  din =24 ram.  

Adopting as the basLs a s imi l a r i t y  equation of the fo rm 

Nu, = C Re,"Pr ~  ~o.65 -.p , (2) 

recommended by S, S. Kutateladze for generalized heatexchange duringbolling, as a result of the generalization 
of our test data on the boiling of Freons 11, 113, and 142 as wellas water and ethanol under the conditions of a 
closed thermosiphon in the range of q= (0.6-110) �9 103 W//m 2, p~ = (0.1-15) bar, anddin- 6-24 ram, we obtained 
the equation 

Nu, = 0.0123Re~ ~ Pr ~ ~o.a4 /" din ~0,17 
" "  t- b! ' ca) 

vchich desc r ibes  the exper imen ta l  data wt than  e r r o r o f  • (see Fig .  3). The resu l t s  of the genera l iza t ion  
show that during developed boiling of the heat  c a r r i e r  in a two-phase  t he rmos  iphon, its or ienta t ion in space in a 
wide range  of var ia t ion of the angle of inclination ~z =5-90 + does not affect  the heat  t r a n s f e r .  

A compar i son  of Eq. (3) with s i m i l a r  functions obtained for  the conditions of liquid boiling ina la rge  
volume [11, 12] shows that  the higher heat -exchange [ntens ity in a the rmos  [phon is re f lec ted  with the help of 
the appropr ia te  values of the constant  and of the exponents to R e .  and Kp and by the introduction of the s implex 
din/d b, which in sum c h a r a c t e r i z e s  the turbul izat ion of the boundary layer  by the separa t ing  andmoving  vapor  
bubbles .  

The resu l t s  of the expe r imen ta l  investigation were  analyzed f rom the point of view of the analogy of the 
heat -exchange p roces s  during boiling onsol id  su r faces  and of the bubbl ingof  a liquid by a gas through a 
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per fora ted  wa ll [13, 14]. It was found that the  heat-exchange intensity in two-phase thermosiphons is proport ional  
to the bubbling velocity U~ =q / rp"  to the power n =1/2 .  The analysis of the resu l t s  made it possible to assume 
that the number  Nu. is proport ional  to the c r i t e r ion  K ~ ~. The exper imenta l  data obtained for  all the invest igat-  
ed liquids were  genera l ized  (see Fig.  4) with a sca t t e r  of • 20% inthe f o r m o f  the equation 

( d b  ~ ~ 
Nu, = 4.05.10-~ K, ~ \ - d ~ a ]  " (4) 

As one would expect ,  the constant coeff icient  in Eq.  (4) has a considerably higher  value, i . e . ,  2.7 t imes 
higher,  than that in Eq.  (12) of [14], which descr ibes  the boiling process  in a large volume. 

N O T A T I O N  

number;  Kp =p/4ag(p '  -- p"),  p r e s s u r e  number;  K.  = Pe./M2. " ' ' " ' 
number;  M~ = p Wa/g(p '  -- p " ) /p ,  Math number .  = (pU~ Cp/k ); P e ,  = U 04a/g(p 

~,  average  hea t - t r ans fe r  coefficient  in the heat-supply zone; q, supplied heat-f lux density normal ized  to 
surface  of heating zone; p, p r e s su re ;  p ' ,  p",  densi t ies  of liquid and vapor; a, p, r ,  a, X, coefficients of surface  
tension, dynamic and kinematic  viscos ity, thermal  diffus ivity, and thermal  conductivity; Cp, specific heat 
capacity at constant p re s su re ;  a . ,  veloci ty of sound; l ,  length of supply zone; din, inner diameter ;  ~, degree 

N 
of volume filling, normal ized  to volume of thermosiphon;  r ,  latent heat of vaporization; U 0 =q/rp" ,  reduced 
velocity of vapor; ~, angle of inclination; Re .  = q 4~/g(p '  -- p ") /rp  "v, Reynolds number;  P r  = v / a ,  Prandt l  

-- p " ) / a . ,  Pec le t  
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