
magnitude less  at the s a m e  t e m p e r a t u r e s .  Phys ica l ly ,  this means  that ,  in per iodic  heating even at low f r e -  
quencies ,  t e m p e r a t u r e  d i f fe rences  a r e  produced c lose  to the s e n s o r  su r f ace  at  sma l l  d i s t ances ,  which a r e  dif-  
f icult  to r e a l i z e  in the s teady method (this r equ i r e s  too na r row  a gap: for  toluene at 30~ and 20 Hz, l = 27 p). 
T h e r e f o r e ,  the heat flux is much l a r g e r  with r e spec t  to the radiant  flux in the nonsteady method than in the 
s t e a d y - s t a t e  method,  and i n c r e a s e s  with f requency.  

As a l ready  noted, in s teady methods to d e t e r m i n e  the f rac t ion  of the energy t r a n s f e r r e d  by radia t ion,  it 
is n e c e s s a r y  to va ry  the gap between the p la tes  producing the heat  flux through the s amp le  m a t e r i a l ,  which in-  
volves ve ry  g r e a t  compl ica t ion both of the appara tus  and of the exper imen t  i t se l f  in the case  of exper iments  at 
high t e m p e r a t u r e s .  In the nonsteady method,  the f rac t ion  of radiant  energy may be de te rmined ,  in p r inc ip le ,  
by varying the f requency.  This  is only poss ib le  in p r ac t i ce  in the low-IR region ,  where  the f rac t ion  of radiant  
energy is of a m e a s u r a b l e  s i ze .  Special  measu r ing  equipment mus t  be developed for  such an exper imen t .  In 
the avai lab le  appara tus  at f requenc ies  above 20 Hz, radia t ion may only be detected at high t e m p e r a t u r e s .  

N O T A T I O N  

h, heat conduction of the medium;  p ,  densi ty of the medium;  Cp, speci f ic  heat at constant p r e s s u r e ;  b = 
hCpp, coefficient  of t h e r m a l  act ivi ty  of medium;  c,  spec i f ic  heat of foil ma te r i a l ;  m,  fo i l - - s enso r  m a s s ;  s ,  

foil su r f ace  a r e a  (one side}; W, power  input to foil  by e l ec t r i ca l  heating; ~ ,  angular  f requency of a cu r r en t  
heating foil; x,  y ,  z,  r ec tangu la r  coordinates ;  T (x), t e m p e r a t u r e  of medium; 7r, mean t e m p e r a t u r e  of medium; 
T(x), complex ampli tude of t e m p e r a t u r e  pulsat ions of medium; T l, foil t e m p e r a t u r e ;  Ti ,  mean foil t e m p e r -  
a ture ;  T 1 , complex ampli tude of t e m p e r a t u r e  pulsat ions of foil; q(x), radiant  energy  flux in medium; Q, r a d i a -  
t i v e - c o n d u c t i v e  energy  flux f r o m  foil  su r face ;  l ,  damping length of t e m p e r a t u r e  wave; o, Stefan--Bol tzmann 
constant;  n, r e f r a c t i v e  index of medium;  a ,  absorp t ion  coefficient  of medium;  Bi = 4~n~T~/,/X, Blot number ;  i ,  
imag ina ry  unity; R,  re f l ec t ive  index of foil su r face ;  d = cm4-~',x/s, p a r a m e t e r  cha rac te r i z ing  hea t - ine r t i a  p r o -  
pe r t i e s  of foil .  
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Fig.  1. Schemat ic  var ia t ion  of low-boil ing component  con-  
cent ra t ion  x ,  y with heat  pipe radius  r ,  according  to the 
diffusion model  (a), and in the heat pipe evapora to r  (b). I) 
Wall; II) in te r face  su r face .  

two-component  heat pipes have a cons iderably  wider  range  of operat ing t e m p e r a t u r e s  than pipes 
using one of the chosen components;  

the addition to  a h e a t - t r a n s f e r  agent  of even a s m a l l  amount of a second component  with a higher  
boiling t e m p e r a t u r e  and be t te r  cap i l l a ry  p rope r t i e s  cons iderably  i n c r e a s e s  the heat pipe max imu m 
power; 

two-component  liquid meta l  h e a t - t r a n s f e r  agents  with a composi t ion  c lose  to eutect ic ,  having a 
compara t ive ly  low mel t ing t e m p e r a t u r e ,  can apprec iab ly  s impl i fy  the  s t a r t - u p  f r o m  a s t a te  with 
f rozen  h e a t - t r a n s f e r  agent .  

Fo r  the h e a t - t r a n s f e r  agent  in two-component  heat  p ipes ,  one can use  any liquids that  do not chemica l ly  
in te rac t  and f o r  which the t e m p e r a t u r e  r anges  between the c r i t i ca l  and the t r i p l e  points par t i a l ly  over lap .  A 
detai led ana lys i s  of the va r ious  types  of b inary  mix tu res  has been given in [4]. 

To develop a technique for  designing two-component  heat  p ipes ,  and to c lar i fy  the poss ibi l i ty  of reducing 
the t e m p e r a t u r e  drop along the pipe typ ica l  of t h e s e ,  one mus t  have a c l ea r  understanding of the hea t -  and 
m a s s - t r a n s f e r  p r o c e s s e s  in such heat p ipes .  

The authors  of the f i r s t  t heo re t i ca l  papers  [1, 2] put fo rward  a physica l  model  where  t he r e  is a comple te  
separa t ion  of the two-component  mix tu re  into its const i tuents ,  in the heat pipe operat ing under steady condi-  
t ions .  The component  with the higher  boiling t e m p e r a t u r e  (the high-boil ing component) occupies par t  of the 
heat pipe on the evapora t ion  zone s ide ,  while the second (the low-boiling) component  occupies a region on the 
condensat ion zone s ide ,  and each component  exis ts  at  i ts  own sa tura t ion  t e m p e r a t u r e ,  cor responding  to the 
p r e s s u r e  in the pipe. It is a s s um ed  that  the zones of the pure  components a r e  s epa ra t ed  by a shor t  t r ans i t ion  
sec t ion ,  along which t he r e  is a continuous var ia t ion  in the composi t ion and t e m p e r a t u r e  of the h e a t - t r a u s f e r  
agent .  

However ,  exper imen t s  [3-7] have shown that  no comple te  divis ion of the components in a heat pipe is  
observed  and a mix tu re  of va r i ab l e  composi t ion occupies p rac t ica l ly  the en t i re  length. At p re sen t  the  phys i -  
cal model  adopted to explain the m e c h a n i s m  of division in a two-component  heat pipe is that  of [4-6], which 
uses  e lements  f r o m  the theory  for  rec t i f i ca t ion  of binary mix tu re s .  The model  is based on two conditions. 
F r o m  the m a s s  conserva t ion  law at  any c r o s s  sec t ion  of the pipe,  the m a s s - m e a n  composi t ion of the phases  
a r e  equal,  x = y .  Simul taneously ,  in thin l a y e r s ,  adjacent  to the  phase  in te r face ,  t he rmodynamic  equi l ibr ium 
of the liquid and vapor  is obtained. In fac t ,  in heat pipes the r a t e  of convect ive motion of the vapor  because  
of phase  t rans i t ion  is usual ly much less  than the veloci t ies  of t h e r m a l  motion of molecules  of each component .  
He re  the condition of t he rm odynam i c  equi l ibr ium at the edge of the in te r face  holds very  r igorous ly  [11], and 
the concentra t ions  of the low-boiling component  in the boundary l aye r s  x s ,  Ys a r e  de te rmined  by the equil i -  
b r i u m  curve  for  the b inary  mix ture .  At the in te r face  su r face  the vapor  is enriched with low-boil ing compo-  
nent.  Thus ,  at each t r a n s v e r s e  heat pipe sect ion t he r e  is a significant rad ia l  concentra t ion gradient ,  which 
causes  a diffusion flux Md of low-boil ing component  f r o m  the liquid to the in te r face  su r f ace ,  and f r o m  the 
in te r face  su r face  to the vapor .  The dis t r ibut ion of low-boil ing component concentra t ion with heat pipe rad ius ,  
sa t i s fying both model  condit ions,  is shown schemat ica l ly  in Fig. l a .  Since the main var ia t ion  in the content 
of low-boil ing component  occurs  in the ve ry  thin boundary l aye r s  adjacent  to the in te r face  s u r f a c e ,  the con-  
centra t ion of low-boil ing component  is a s sumed  constant in the remaining  par t  of the pipe c ross  sect ion,  and 
coincides quite accura te ly  with its m e a n - m a s s  value x = y  = x = y .  The diffusion flux of low-boiling component  
pe r  unit in te r face  a r e a  pe r  unit t ime  is g iven by the express ion  
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where 

M d = Pv(Y s - - i )  = ~z ( ~ - - X s )  = k ( y * - -  ~), 

1 m k - - - - - - + m  

Pz pv 

To reach  equilibrium at the in terface  there  must  be evaporation of low-boiling component f rom the 
liquid phase,  and condensation of high-boiling component f rom the vapor  phase.  This p rocess  is adiabatic 
and equimolar .  Thus,  the division of the mixture  resul ts  f rom radial  adiabatic mass  t r ans fe r  in each heat 
pipe c ross  sect ion,  and the driving force  is assumed to be the radial  difference in component concentrat ions.  
The heat pipe contains a mixture of variable composit ion with a content of low-boiling component which in- 
c reases  f rom the evaporator  to the condenser.  

The degree  of division Ax, which we shall take to be the difference in the mean -mass  concentrations of 
components at opposite ends of the heat pipe, depends on the type of mixture used,  its initial composit ion,  the 
thermal  conditions, and the total length of the heat pipe. 

The diffusion model considered undoubtedly ref lects  more  real is t ica l ly  the p rocesses  occurr ing in a two- 
component heat pipe than the above-mentioned complete separat ion model.  However,  even it is very  much 
simplif ied,  and does not take into account some of the actual genera l  features  of mass  t r ans fe r  during rec t i f i -  
cation of binary mix tures ,  nor the special  fea tures ,  determined by the specific heat pipe conditions. The ob- 
ject ive of the present  paper  is to experimental ly elucidate special  features  of the heat-  and m a s s - t r a n s f e r  
p rocesses  in the different zones of a two-component  heat pipe, and, in par t icu la r ,  to determine the maximum 
the rmal  power of the pipe as a function of the initial composit ion of hea t - t r ans fe r  agent,  the effects of heat-  
t r ans f e r  agent composit ion,  heat power t r an s f e r r ed ,  and the intensity of evaporation and condensation p ro -  
cesses  on the degree  of component division in the pipe. 

Experimental  Equipment and Experimental  Technique. The experimental  investigations were ca r r i ed  
out in a heat pipe in which water and ethanol were used as the hea t - t r ans fe r  agent.  

This hea t - t r ans fe r  agent was chosen so that one could qualitatively compare  the resul ts  of these t es t s  
with the resul ts  of [3-6], where experiments were conducted on mixtures  of water  and alcohol. Five working 
mixtures with the following composit ion (in volume percent) were investigated: 100 of water; 75 of water--25 
of ethanol; 50 of water--50 of ethanol; 25 of water--75 of ethanol; 100 of ethanol. 

The tests  were car r ied  out on a single heat pipe. The cyl indrical  case ,  of type KhlSN10T stainless  
s teel ,  had an outer d iameter  of 0.016 m, a wall thickness of 0.0015 m, and a length of 0.6 m. The wick was 
a per fora ted  nickel mesh (TU16-538082-70), which was fitted closely to the inner sur face  of the heat pipe. 
One end of the case  ~as closed off, and the other was attached to a vacuum valve of bellows type,  which al-  
lowed the heat pipe to be charged repeatedly with hea t - t r ans fe r  agent. Three  vacuum manometers  were 
attached to the case ,  to measure  p re s su re  within the heat pipe cavity.  

The wall t empera tu res  were measured  by means of 12 Chromel--Copel  thermocouples .  The t he rmo-  
couples were attached in longitudinal slots on the outside ~ i 1  of the case.  The vapor channel t empera tu re  
was measured  by a movable thermocouple ,  which moved along the heat pipe axis.  The thermocouple  readings 
were recorded  by means of a type PP-63  dc potent iometer  (accuracy class  0.05) and a type ]~Pl~-09 potentio- 
met r ic  r e c o r d e r .  Heat was supplied to the heat pipe evaporator  f rom an ohmic radiative heater ,  which was 
connected via a regulator  and voltage s tabi l izer  to s ingle-phase  mains (220 V, 50 Hz). The heater  e lec t r ica l  
pa ramete r s  were measured  by means of a type D-553 ammete r  (accuracy class  0.2) and a type D-567 volt-  
meter  (accuracy class  (0.5). The heat was removed f rom the tube at the condenser  by means of a control led-  
length cooler .  The the rmal  power of the pipe was determined f rom the heater  and the mass  flow of water in it. 
The inc rease  in the water t empera tu re  was measured  by means of a differential thermocouple  and was regu-  
lated f rom the readings of two mercu ry  the rmomete r s  (with subdivisions of 0.1~K). Mass flow rate  was mea-  
sured by means of a type RS mass  f lowmeter (accuracy class  2.5). An auxiliary heater  was provided to main-  
tain a given water  t empera tu re  at the cooler  entrance.  The heat pipe t ranspor t  zone ~ s  thermal ly  insulated 
by a layer  of foam plastic of thickness 70 mm.  

After charging with the required amount of hea t - t r ans fe r  agent of each of the above composi t ions,  the 
heat pipe was tested subsequently in three  se r ies  of t es t s .  In the f i rs t  ser ies  of experiments  we determined 
the effective initial hea t - t r ans fe r  agent composit ion on the maximum power t ransmit ted  by the heat pipe, and 
also on the level of separat ion of the components within it. To do this the mass flow and tempera tu re  of the 
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TABLE 1. Maximum Power Transmit ted  by the Heat Pipe 

Ethanol content in the initial mixture, % 

Max. power transmitted by the heat pipe, W 

I 
100 75 50 I 25 

105 225 303 { 363 

0 

368 

TABLE 2. Degree of Separation of Components in the Heat Pipe, 
and Mean-Mass Concentration of Ethanol in the Evaporator  for  the 
75% Water--25% Ethanol Mixture 

Max. vapor temp. in the 
evaporator, ~ K 

Degree of separation of components. 
mole fraction 

Mean-mass concn, in evaporator, 
mole fraction 

351 
0,835 

0,16 

357 
0,7 

0,14 

360 
0,63 

0,1 

378 
0,615 

0 

390 
0,61 

IJ~Evaporator _ ,Transport zone Condenser 

l \ a .  ! i ; l /  

0,1 0,2 0,3 gu Off O~6L 

Fig. 2. Variation in vapor t empera tu re  
T v, ~K (a) and of m e a n - m a s s  ethanol con-  
centrat ion x = y ,  mole f ract ion (b) as  a 
function of L, m,  of the heat pipe, f o r  a 
h e a t e r p o w e r o f 3 0 0 W :  1) ethanoleontent  
inthe initial mixture  25%; 2) 50; 3) 75. 
The heat pipe wal l tempera ture :  [:]) e tha-  
nol content inthe initial mixture  25%: 
(3) 50; A) 75. L is in mete r s .  

" water  at the cooler  entrance were kept constant ,  and the heater  power was increased in s teps.  Correspond-  
ingly, the the rmal  power t ransmi t ted  by the pipe was increased  up to its limiting value. At each of the s teady-  
s tate  conditions measurements  were made of the t empera tu re  drop and the p r e s s u r e  in the vapor volume. 
These values were then used to de termine  the degree  of separat ion in the heat pipe, using the phase equilibrium 
diagram.  In the second se r i e s  of tes ts  we determined the influence of the power t r ans f e r r ed  by the pipe on the 
degree of separat ion of the components within it. The heat pipe p r e s s u r e  was kept constant by controlling the 
heater  power and the flow ra te  of water through the cooler ,  and the power t r ans fe r r ed  was increased by steps.  
In each of the s teady-s ta te  conditions we determined the degree  of separat ion.  The objective of the third 
ser ies  of tes ts  was to determine the influence of the intensity of the evaporation and condensation processes  
on the degree of separat ion.  During the tes ts  the p r e s s u r e  and the power t r ans fe r r ed  by the heat pipe were 
kept constant.  The intensity of evaporation and condensation were varied by varying the areas  of the heat pipe 

evaporator  and condenser .  

Experimental  Results and Discussion.  The tes ts  to determine the maximum power t r ans fe r r ed  as a 
function of the initial mixture composit ion confirmed the suggest ion of the authors of [2, 4] that even smal l  
additions of high-boiling component with bet ter  capil lary proper t ies  to the hea t - t r ans fe r  agent appreciably 
increased  the maximum power t r ans f e r r ed  by the heat pipe. As can be seen f rom Table 1, this pa ramete r  
increases  with increase  of water content. 

The maximum power for the mixture  of 25% water--75% ethanol was g rea t e r  by a factor  of two than for  
pure ethanol. This can be explained by the fact that water ,  having a higher surface  tension coefficient,  is 
predominant in the evaporator ,  as a resul t  of mass  t r ans fe r  and division of components.  The available capri- 
la ry  head, and, correspondingly,  the maximum thermal  power both increase .  It should be noted that the r e -  
lative increase  in power with increase  in water content dec reases .  The values obtained for the 75% water--25% 
ethanol mixture and for pure water a re  pract ical ly  equal. 
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TABLE 3. Measured Drop in Vapor Tempera tu re  and P r e s s u r e  in 
the Heat Pipe for the 75% Water--25% Ethanol Mixture 

Power. W, transferred by the 
heat pipe 

Pressure. N/m z 

Temp. drop in vaporspace,OK 

196 
1,71.I0 ~ 

20,5 

260 
1,71.  !O a 

20,5 

312 
1,72.  I0 ~ 

21 

350 
1.71-10 s 

20,5 

J68 

o,1 o,~ 4~ o,~ o,y oS t 

Fig. 3 Fig. 4 
Fig. 3. Phas e equilibrium diagram,  t empera tu re  T, ~ versus  composi t ion x, y,  mole fract ion,  of 
binary water--ethanol sys tem,  for  p r e s su re  P = 9.81.101 N/m 2. 

Fig. 4. Distribution of vapor t empera tu re  T v ,  ~ along the length L, m, of a heat plpe, with 
variat ion in intensity of the sur face  of evaporation (a) and condensation (b). 1) condenser  
0.2 m; 2) 0.37 m; b) 1) evaporator  length 0.2 m; 2) 0.3 m. 

Figure  2a, by ~ay of example,  shows the vapor t empera tu re  along the heat pipe, measured  under s teady-  
state conditions at a heater power of 300 W, for various initial hea t - t r ans fe r  agent composit ions.  F rom these 
measuremen t s ,  car r ied  out using the movable thermocouple ,  one can elucidate some special  features on the 
t empera tu re  distribution along the pipe, wlfich were not noted in [1-7]. As can be seen from Fig. 2a, one can 
single out three basic zones in the heat pipe under steady conditions (apart f rom the dependence on hea t - t r an s -  
fer  agent composition): there  is an a lmost  i so thermal  zone, occupying the major  part  of the evaporator ;  a zone 
charac te r ized  by a slight nonisothermal  state,  which occupies par t  of the t ranspor t  sect ion and the heat pipe 
condenser ,  and joining these two there  is a short  zone with a t empera tu re  charac te r i s t i c  varying sharply along 
the length. For  each reg ime the variat ion in hea t - t r ans fe r  agent composition along the pipe was determined 
by means of the phase equilibrium diagram.  Figure  2b, by way of example,  shows the variat ion in mean -mass  
concentrat ion of the low-boiling component along the heat pipe, for various initial compositions of the heat-  
t r ans fe r  agent. It can be seen that the composition of the hea t - t r ans fe r  agent affects the degree  of separat ion 
of components.  Its grea tes t  value was obtained for the 75~ water-25% ethanol mixture (Ax = 0.66 mole fraction), and its 
least  value was obtained for  the 25,~ ~ t e r - - 7 5 %  ethanol mixture (Ax = 0.53 mole fraction).  

F r o m  the test  resul ts  it also follows that,  with increase  of evaporator  t empera tu re ,  and therefore ,  of 
p r e s s u r e  in the heat pipe, the degree  of separat ion Ax decreases  to a value which is quite definite for a given 
hea t - t r ans fe r  agent composit ion,  and then remains  roughly constant.  Table 2 shows the values for  the degree 
of separat ion of components,  for various evaporator  t empera tu re s ,  for the 75% water--25% ethanol mixture.  

For  all the hea t - t r ans fe r  agent composit ions investigated, the heat pipe evaporator  is occupied by a mix-  
ture  with an appreciable preponderance of water ,  or  by pure water. With increase  of t empera tu re  and p r e s -  
su re  the content of ethanol in the evaporator  diminishes.  Table 2 shows values of mean -mass  ethanol concen- 
t rat ion in the heat pipe evaporator  for  the 75% water--25% ethanol mLxture. Par t  of the t r anspor t  section and 
the condenser  of the heat pipe a re  occupied by a mixture with a preponderance of ethanol. In this zone the 
m a s s - t r a n s f e r  p rocess  occurs ,  and as a resul t  the ethanol content somewhat increases  along the zone, and the 
tempera ture  fails. The m e a n - m a s s  ethanol concentrat ion here varies  in the range x =7 = 0.5-0.7 mole fraction. The 
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m a x i m u m  local  h e a t - t r a n s f e r  eff ic iency,  and cor responding ly ,  the main division of the mLxture is observed 
in a shor t  i n t e rmed ia t e  zone (roughly 1 / 6 - t h  pa r t  of the heat pipe) ,  occupying the beginning of the t r a n s p o r t  
sect ion.  The m e a n - m a s s  ethanol concent ra t ion  in this zone va r i e s  in the range R =~ = 0.05-0.4 mole f ract ion.  Such an 
e x t r e m e  c h a r a c t e r  in the dependence of m a s s - t r a n s f e r  eff iciency on the mean  mix tu re  composi t ion cannot be 
explained by the diffusion model  for  m a s s  t r a n s f e r  sugges ted  by the authors  of [4-6]. The mot ive  fo rce  for  
m a s s  t r a n s f e r  in the diffusion model  is a s s umed  to be d i f ference  in concentra t ions  of the components ,  as  was 
ment ioned.  Here  m a s s  t r a n s f e r  between phases ,  which has an apprec iab le  influence on the m a s s - t r a n s f e r  
p r o c e s s ,  is  comple te ly  neglected.  In ac tual  fac t ,  i t  follows f r o m  the phase  equi l ibr ium d iag ram (Fig. 3) that  
with equali ty of m e a n - m a s s  composi t ions  of liquid and vapor  x = y  between the phases  at each t r a n s v e r s e  s e c -  
tion of the heat p ipe ,  t he r e  is a t e m p e r a t u r e  gradient .  This  grad ien t  de te rmines  the heat t r a n s f e r  between 
the vapor  and the liquid. F o r  the flow conditions of s t r e a m s  meet ing in a heat p ipe ,  one can a s s u m e  that  the 
heat t r a n s f e r  causes  condensation of vapor  and evapora t ion  of liquid f r o m  the boundary l aye r s  adjacent  to the 
phase  in te r face  su r f ace ,  which a r e  in t he rmodynamic  equi l ibr ium.  As was noted in [8, 9], where aspec t s  of 
rec t i f i ca t ion  theory  were  de sc r ibed ,  the  s imul taneous  o c c u r r e n c e  of evapora t ion  and condensation p r o c e s s e s  
leads to the appea rance  of an addit ional convect ive  m a s s  flux of low-boil ing component  (in our case  ethanol) 
f r o m  the liquid to the vapor .  An express ion  for  th i s ,  under  conditions where  the m o l a r  heat of evaporat ion is 
the s a m e  for  the two components ,  can be wri t ten in the f o r m  

C~ V 
M c  = ~ -  (u~ - xs) (r5 - ~'z ) = - 7 -  (us - x 0  @v - r~ 

l 

_ k~ (y~ - x  0 (~v --Tz ). 
l 

Therefore, transfer of low-boiling components in the process of separation of the mixture in a two-component 
heat pipe should be computed as the sum of a diffusion flux Md and a convective flux Me: 

M = M d q - M  c. 

It can be seen  f r o m  the phase  equi l ibr ium d i a g r a m  that  the t e m p e r a t u r e  grad ien t  between the phases ,  
and cor responding ly ,  the addit ional flux of m a t e r i a l  f r o m  t h e r m a l  rec t i f ica t ion  a r e  pa r t i cu la r ly  significant 
in  the range of concent ra t ion  of low-boi l ing component  ~ =7 = 0.05-0.4 mole  f ract ion.  This  explains the ex t r ema l  nature  
of m a s s  t r a n s f e r  in the two-component  heat p ipe ,  for  which the g r e a t e s t  eff ic iency was observed  in the  zone 
of main  sepa ra t ion  of components .  In addition, t he r e  is one m o r e  fac tor  which, in our opinion, may p romote  
addit ional i m p r o v e m e n t  of m a s s  t r a n s f e r  in the zone of main  component  separa t ion .  Since t h e r e  is no externa l  
heat t r a n s f e r  in the t r a n s p o r t  zone of a heat pipe,  and the t h e r m a l  r e s i s t a n c e  to in ternal  heat t r a n s f e r  in the 
liquid phase  is apprec iab ly  l ess  than in the vapor  phase ,  one can sugges t  that  the en t i re  rad ia l  t e m p e r a t u r e  
d rop  occurs  in the vapor ,  and the liquid t e m p e r a t u r e  is constant  with pipe r ad ius ,  and equal to the phase  in-  
t e r f a c e  su r f ace  t e m p e r a t u r e .  Here  the liquid at  the wall  and in the mean  l aye r s  is heated,  as a r e su l t  of 
which it may boil .  The vapor  bubbles fo rmed  cause  the liquid to move ,  and the m a s s  t r a n s f e r  in the liquid is 
i nc r ea sed .  

Measu remen t s  conducted in the heat pipe evapo ra to r  show that  for  the 75% water--25% ethanol and the 
50% water--50% ethanol mix tu res  the t e m p e r a t u r e  and the vapor  composi t ion a r e  constant  or  va ry  ve ry  l i t t le  
along the pipe.  This  kind of va r ia t ion  of these  quant i t ies  was noted even fo r  condltions when the m e a n - m a s s  concen t ra -  
t ion of ethanol he re  l ies  in the range  offe r ing the g r ea t e s t  m a s s  t r a n s f e r  eff iciency R = ~ = 0.05- 0.4 mole  f ract ion.  T he 
t e m p e r a t u r e  curve  of the  heat pipe e v a p o r a t o r ,  for  an init ial  mix tu re  composi t ion  of 25% water--75% ethanol,  
is not smooth  e v e r y w h e r e ,  but has s e v e r a l  sma l l  peaks  (of 1-2~ and val leys (Fig. 2a,  curve  3). However ,  
even here  the h e a t - t r a n s f e r  agent ,  t e m p e r a t u r e  and composi t ion  a r e  roughly constant  along the length. Thus ,  
the deg ree  of component  sepa ra t ion  in the evapora to r  of a two-component  heat pipe is ve ry  sma l l  for  all  init ial  
composi t ions  of  h e a t - t r a n s f e r  agent .  

This  f ea tu re  can be explained in t e r m s  of the s imp le  qual i ta t ive model  for  the m a s s - t r a n s f e r  mechan i sm 
that  we have p roposed .  If t he re  is no mix tu re  of components  in the evapo ra to r ,  then,  for  the r easons  desc r ibed  
above,  m a s s  t r a n s f e r  t he r e  will occur  between the opposing s t r e a m s  of liquid and vapor .  The l ayer  of liquid 
adjacent  to  the phase  in te r face  su r f ace  gene ra t e s  vapor  whose concentra t ion of low-boil ing component  Ys is 
above the m e a n - m a s s  value x = y .  At the s a m e  t ime ,  the heat  supply f r o m  the ex te rna l  hea te r  causes  vapor  
fo rma t ion  f r o m  the wall liquid l aye r .  The possibi l i ty  of such operat ing conditions was conf i rmed e x p e r i m e n -  
ta l ly  in [10]. This  r e g i m e  is no rm a l  for  heat pipes with a nonmetal l ic  h e a t - t r a n s f e r  agent at the heat f luxes 
and p r e s s u r e s  of our t e s t s .  The t e m p e r a t u r e  of the wall l aye r  is above the a v e r a g e  liquid t e m p e r a t u r e ,  and 
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t h e r e f o r e  the concentra t ion  of low-boil ing component  x w t h e r e ,  and a l s o i n  the vapor  fo rmed  Yw a r e  below 
the m e a n - m a s s  value (see Fig.  lb ) .  The m e a n - m a s s  concentra t ion x = y  in a g iven sec t ion  of the evapora to r  
is de te rmined  by the ra t io  of the amount  of vapor ,  and a l so  by the content of low-boil ing component ,  in the 
f luxes a r r i v ing  f r o m  the wall l aye r  and the su r f ace  l aye r s  of liquid. With the flux f r o m  the wall l a y e r  p r e -  
dominant ,  the m e a n - m a s s  concentra t ion of low-boil ing component  r emains  a l m o s t  constant  along the evapo-  
r a t o r  length. And if this  quantity of vapor  with low content of low-boil ing component  is insufficient  to c o m -  
pensa te  for  the i n c r e a s e  in concentra t ion  of the la t te r  due to  m a s s  t r a n s f e r  f r o m  the su r f ace  l aye r  of liquid, 
then the m e a n - m a s s  concentra t ion of low-boil ing component  i n c r e a s e s  along the evapora to r  length. However ,  
this p r o c e s s  ~dll be cons iderably  less  intense than in the zone where  the main sepa ra t ion  of components  occur s .  

Table  3 shows the t e m p e r a t u r e  drop  along the en t i re  pipe length,  m e a s u r e d  in a t e s t  to d e t e r m i n e  the 
influence of power  t r a n s f e r r e d  by the heat pipe on the deg ree  of separa t ion  in it .  The initial  concentra t ion of 
h e a t - t r a n s f e r  agent  in this case  was 75% water--25% ethanol,  and the p r e s s u r e  in the pipe was 1.71" 105 N/m 2. 
The vapor  t e m p e r a t u r e  in the evapora to r  was 389~ 

As can be seen ,  the to ta l  t e m p e r a t u r e  drop  in the vapor  s t a te  is p rac t ica l ly  constant  ove r  the whole range  
of var ia t ion  of power  t r ansmi t t ed .  Fo r  constant  p r e s s u r e  in the  heat  pipe this indicates  that  the  deg r ee  of s epa -  
rat ion of components  is constant  t he re .  S imi la r  r esu l t s  were  obtained a lso  for  the other  initial  heat t r a n s f e r  
agent  composi t ions .  

F igure  4a and b shows the vapor  t e m p e r a t u r e  d is t r ibut ions  along the heat pipe,  charged with a 75% wate r - -  
25% ethanol mix tu re ,  obtained in the t e s t  to d e t e r m i n e  the influence of the intensi ty of evaporat ion and conden- 
sa t ion p r o c e s s e s  on the deg ree  of sepa ra t ion .  The power  t r a n s f e r r e d  and the p r e s s u r e  in the  pipe were ,  r e s -  
pec t ive ly ,  275 W and 1.25.105 N / m  2. It can be seen  that  the va r ia t ion  in condensat ion intensi ty has prac t ica l ly  
no influence on the t e m p e r a t u r e  d is t r ibut ion ,  and cor responding ly ,  on the deg ree  of component  sepa ra t ion  in 
the condenser ,  and a lso  in the heat pipe as a whole. The i n c r e a s e  in intensi ty  of evapora t ion  leads to some 
d e c r e a s e  in the m e a s u r e d  t e m p e r a t u r e  drop ,  which a l so  means  in the deg ree  of sepa ra t ion  in the heat  pipe 
e v a p o r a t o r ,  and a d e c r e a s e  in intensi ty leads to an i n c r e a s e  in the t e m p e r a t u r e  d rop  and in the deg ree  of s e p a -  
ra t ion  in the evapora to r .  Here  the total  deg ree  of separa t ion  in the heat pipe r e m a i n s  constant .  Thus ,  v a r i a -  
t ion in the intensi ty  of evapora t ion  causes  only a red is t r ibu t ion  in the eff iciency of m a s s  t r a n s f e r ,  which d e t e r -  
mines  the deg ree  of s epa ra t ion ,  along the sec t ion  in which this var ia t ion  occurs .  The tota l  degree  of s e p a r a -  
t ion of components  in the heat pipe r e m a i n s  constant .  

NOTATION 

x, y, concentrations of low-boiling component in the liquid and vapor, respectively; x, y, mean-mass 
concentration of low-boiling component in the liquid and vapor, respectively; x s, Ys, concentration of low-boil- 
ing component at the phase interface surface in the liquid and vapor, respectively; Xw, Yw, concentration of 
low-boiling component at the heat pipe wall in the liquid and vapor, respectively; y*, concentration of low-boil- 
ing component in the vapor in equilibrium with x; Ax, degree of separation of components; Tl' mean liquid 
t e m p e r a t u r e ;  Tv ,  mean  vapor  t e m p e r a t u r e ;  Ti ,  t e m p e r a t u r e  of the phase  in te r face  sur face ;  fll ,  ~v, coefficient  
of m a s s - r e m o v a l  in the liquid and vapor ,  r e spec t ive ly ;  a l , a v ,  coefficient  of h e a t - r e m o v a l  in the liquid and 
vapor ,  r e spec t ive ly ;  k, k t ,  coefficient  of m a s s  t r a n s f e r  and heat t r a n s f e r ,  r e spec t ive ly ;  l ,  m o l a r  heat of 
vapor iza t ion;  m ,  tangent of the angle of inclination of the equi l ibr ium line; Md, diffusion flux of ma te r i a l ;  Mc, 
convect ive flux of ma te r i a l ;  M, to ta l  flux of m a t e r i a l .  
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B U B B L E  M O D E  O F  F L O W  O F  A G A S - - L I Q U I D  

M I X T U R E  IN A V E R T I C A L  P I P E  

M.  N i i n o ,  O .  N .  K a s h i n s k i i ,  UDC532.529.5 
V .  P .  O d n o r a l  

The r e su l t s  of the m e a s u r e m e n t  of the local  f r ic t iona l  s t r e s s  a t  the wall  in an ascending 
two-phase  s t r e a m  using the  e l ec t rochemica l  method a r e  p resen ted .  

The need to de t e rmine  the coeff icients  of f r ic t ion  and heat t r a n s f e r  in two-phase  f lows,  caused by p rob-  
l e m s  of nuclear  power  engineer ing and chemica l  technology,  in p a r t i c u l a r ,  has led to the appearance  of a l a rge  
number  of invest igat ions of the in tegra l  p a r a m e t e r s  of such flows and the development  of a number  of s e m i -  
emp i r i ca l  and e m p i r i c a l  calculat ion methods based on t hem [1, 2]. The d ive r s i ty  of f o r m s  of flow of two-phase  
media ,  however ,  leads to the fact  that  t he r e  is p resen t ly  an absence  of sufficiently un ive r sa l  calculat ing m e t h -  
ods yielding sa t i s f ac to ry  r e su l t s  in the ent i re  range  of va r ia t ion  of the flow p a r a m e t e r s .  The p rob lem of in-  
vest igat ing the detai led s t r u c t u r e  of two-phase  flows in o rde r  to  c r ea t e  ma themat i ca l  models  which m o r e  ade -  
quately re f l ec t  the flow p rope r t i e s  becomes  urgent  in this  connection. 

Recent ly ,  t he r e  have appeared  a number  of r epo r t s  devoted to measu r ing  the dis t r ibut ions over  a channel 
c ro s s  sect ion of the local  veloci t ies  of the phases  and the  gas  content,  as well  as the s imp le s t  pulsat ion c h a r a c -  
t e r i s t i c s  of the flow [3-6]. To obtain fu l le r  informat ion  about two-phase  s t r e a m s  one mus t ,  in addition to ex-  
panding the range  of var ia t ion  of the p a r a m e t e r s ,  supplement  the r e su l t s  of the above- indica ted  work by the 
m e a s u r e m e n t  of o ther  impor tan t  flow c h a r a c t e r i s t i c s ,  one of which is the local  f r ic t ional  s t r e s s  at  the wall.  

The goal of the p re sen t  work is to  d e t e r m i n e  the behavior  of the coeff icient  of f r ic t ion during the a s -  
cending flow of a gas- - l iquid  mix tu re  in the bubble mode and at the s t a r t  of the  plug mode using the e l e c t r o c h e m i -  
cal  method,  which allows one to de t e rmine  the local  shea r  s t r e s s  at the pipe wall.  

The exper imen t s  were  c a r r i e d  out on an ins ta l la t ion for  which a d i a g r a m  is p resen ted  in Fig,  1. The 
ins ta l la t ion  consis ts  of a l iquid-t ight  c i rcula t ion  loop having ascending and descending channels of round c ro s s  
sec t ion  with an inner  d i a m e t e r  of 86.4 m m .  All the m e a s u r e m e n t s  were  made  in the ascending sect ion.  The  
channel  had t r a n s p a r e n t  i n s e r t s  of p las t ic  for  v isual  observa t ion .  

The liquid was pumped through the  loop with a cent r i fugal  pump having a m a x i m u m  output of 50 m3/h. 
The gas  was supplied,  as shown in Fig .  l c ,  through the cy l indr ica l  sec t ion  of a porous pipe 40 m m  in d i a m e t e r  
and 80 m m  long located at the en t rance  to  the ascending channel.  The  liquid and gas  we re  the rmos ta t i ca l ly  
control led a t  a t e m p e r a t u r e  of 24 •176 ahead of the ent rance  to the working sect ion.  The flow r a t e s  of the 
liquid and gas  were  de te rmined  with f lowmete r  d i aph ragms .  The m e a s u r e m e n t s  were  made in the c ross  s e c -  
t ion lying at a d is tance  of 4.750 m (55 d i ame te r s )  f r o m  the point of gas  supply.  A constant  p r e s s u r e  of 1.5 a tm.  
abe.  was maintained in the m e a s u r e m e n t  c ro s s  sect ion wi~h the help of th ro t t le  devices  a t  the outlet of the work-  
ing sect ion.  
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