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q, heat flux, W/m2; AT, t e m p e r a t u r e  differential ,  ~ a ,  h e a t - t r a n s f e r  coefficient ,  W / m  2. ~ P, p r e s s u r e ,  
N/m2; Pcr ,  c r i t i ca l  p r e s s u r e ,  N/m2; P . ,  r e f e r e n c e  p r e s s u r e ,  N/m2; n, a power exponent; C, a propor t ional i ty  
factor ;  4~, F l, specia l  functions. 
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The max im um  heat fluxes in the heating zone and the sonic l imi t s  of power t r an s f e r  in sodium 
heat pipes and vapor  cham be r s  with composi te  (channel) wicks a re  invest igated exper imenta l ly .  

Heat pipes with composi te  wicks [1] a r e  a t t r ac t ive  for the r a the r  unique poss ib i l i t ies  that they afford for 
heat t r a n s f e r  and operat ion in var ious  posit ions re la t ive  to the field of gravi ty .  However ,  they have a subs tan-  
tial drawback:  Thei r  cap i l l a ry  h y s t e r e s i s  effect  is such that  even the s l ightes t  drying of the wick is enough to 
d ras t i ca l ly  reduce  heat  t r ans fe r .  It is espec ia l ly  impor tant ,  the re fo re ,  to know the l imit ing c h a r a c t e r i s t i c s  of 
such heat  pipes and to a sce r t a in  all the p r o c e s s e s  that can lead to dryout of composi te  wicks. 

Specific Heat Fluxes.  We have conducted invest igations of these  effects  in the heating zone in a sodium 
vapor  chamber .  The working sur face  to be  heated by condensed sodium vapor  had a d iamete r  of 24 m m  and a 
thickness  of 0.3 mm;  it was fo rmed on a flat  ve r t i ca l  h e a t - r e s i s t a n t  s teel  wall.  It was equipped with a com-  
posi te  wick, whose pe r fo ra ted  s c r een  was si tuated at a dis tance of 0.45 m m  f r o m  the wall. A sc reen  having a 
smal l  sur face  poros i ty  e = 0.08 was used in o rder  to at tain high specif ic  heat  fluxes on the evaporat ion m i r r o r .  
The holes in the sc reen  had a d iamete r  of 0.15 m m  and were  a r r a y e d  in a s taggered  pat tern  with a spacing of 
0.5 ram. We meas u red  the t e m p e r a t u r e  of the heated wall,  the vapor  t e m p e r a t u r e  in the vapor  chamber ,  and 
the heating and flow of wa te r  t r anspor t ing  heat  f r o m  the vapor  chamber .  Typical  data f r o m  these  exper imen t s  
a re  s u m m a r i z e d  in Table  1. 

At low vapor  p r e s s u r e s  the specif ic  heat fluxes a r e  l imi ted  by kinetic evaporat ion.  The m a x i m u m  heat 
flux for evaporat ion in vacuum can be r e p r e s e n t e d  by the express ion  

(q0)max = f LoPo (1) 
( 2~RTo/~ " 

If, on the other hand, the vapor  has  p r e s s u r e  Pv and the cor responding  sa tura t ion t e m p e r a t u r e  Tv, the 
following re la t ion  can be used for  the heat  flux in evaporat ion [2]: 

(2) 

Trans l a t ed  f r o m  Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 33, No. 5, pp. 832-837, November ,  1977. Original 
a r t i c l e  submit ted  November  22, 1976. 
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where 

w ; = 
1 / f - I / 2 T -  v/4c c g ~ t  

The evaporation coefficient is close to unity for liquid metals  having a clean surface.  An accumulation of 
contaminants on the unrenewed surface  can cause a reduction in f. In evaporation tes ts ,  for example, Knudsen 
[3] observed a decrease  in the evaporation coefficient to a value of o rde r  10 -3 for mercury .  Although one 
should not expect such strong effects due to contaminants for alkali metals as for mercu ry ,  cer ta in ly  the de- 
gree of influence can be es t imated in the experiments .  The calculation of f according to expression (2) for the 
experimental  data shows that the evaporation coefficient is close to unity. 

The vapor chamber  was flushed twice with sodium condensate pr ior  to the experiments.  The data given 
above were obtained after 20 h of operation in the evaporation reg ime  with large heat fluxes. Dryout of the 
composi te  wick was observed in the sodium vapor chamber  experiments.  Calculations show that the total 
v a p o r - l i q u i d  p re s su re  difference in this reg ime is close to the available capi l lary head and that the greates t  
contribution is f rom the p r e s s u r e  difference at the phase transition. 

Sonic Limits.  We have conducted an experimental  study of the sonic (gasdynamic-choktng) l imits of 
power t rans fe r  in two modifications of horizontal  sodium heat pipes differing in their  geometr ic  dimensions. 
The f i rs t  heat pipe had a vapor-channel  14 mm in diameter ,  a heating length of 100 mm, an adiabatic section 
50 mm tong, and a condenser  section 550 mm long. The sc reen  of the composite wick was a thin-walIed tube 
perfora ted  with a s taggered a r r a y  of holes 0.45 mm in diameter  in the heating zone. The surface  poros i ty  of 
the screen  was 33%. The space between the body of the pipe and the screen  was 0.5 mm. 

The second heat pipe had a vapor-channel  diameter  of 12 mm and was heated over a length of 400 mm. 
The adiabatic and  condenser  had respec t ive  lengths of 150 and 450 mm. The sc reen  of the composite wick com-  
pr ised  f ine -mesh  porous tubes. The effective pore radius was 0.013 ram, and the space for passage of the 
liquid was 0.23 ram. 

The heat pipes were  heated by condensed sodium vapor. Cooling was effected by water through a gas-  
filled buffer space with a regulated thermal  res i s tance .  The tempera tu re  along the length of the vapor space 
of the heat pipes was measured  with a movable thermocouple,  which was moved in a case 1 mm tn diameter .  
The resul t s  of our exper imentals  for hea t - t r ans fe r  values up to 8 kW/cm 2 are  given in Fig. 1. 

The sonic limit of power t ransfer  in heat pipes has been investigated in severa l  theoret ical  and experi-  
mental papers ,  for example [4-6]. The dispari t ies  between the resu l t s  of calculations according to the r e l a -  
tions given in those papers [s sizable. The s imples t  hydrodynamic model on which the indicated relat ions are  
based is the ideal mass- in jec t ion  nozzle. The lat ter  is cha rac te r i zed  by isentropic gas flow. What this means 
in application to the heat pipe is that the vapor entering the main flow must have the same charac te r i s t i c s  as 
the main flow. 

An analytical  model based on an [senthalpic mass- in jec t ion  nozzle (Levy [5]) is more  consistent  with the 
vapor-f low conditions in heat pipes. However,  Levy [5] ignores the effect of fr ict ion on the sonic limit and 
postulates a discontinuous (shock) veloci ty profile. 

TABLE 1. Specific Heat Fluxes in Evaporation 

Experimental point 
Wall temperature Tw, *C 
Evaporation surface temperature~f T 0, "C 
Vapor temperature at evaporation surfaces T v, "C 
Vapor temperature in vapor chamber Tw ~ 
Heat flux it wall qw, W/cm ~ 
Heat flux at evaporation surface q0, W/cm~ 

*Regime preceded by dryout. 

1 2* 3 
685 700 730 
645 655 700 
550 565 655 
6t0 620 670 
345 390 235 

2100 2500 2750 

~r Tempera tu re  calculated with allowance for crowding of heat-flux 
lines at pore surfaces  (numerical solution). 
$ Tempera tu re  calculated with allowance for p r e s su re  r e c o v e r y  
during outflow of vapor f rom wick pores.  
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Fig. 1. Compar i son  of calcula ted and exper imen ta l  values  of the sonic l imit  Qso, 
k W / c m  2, v e r s u s  t e m p e r a t u r e  T, ~ in sodium heat pipes.  1) I sen t ropic  thick-  
walled nozzle  model [6]; 2) au thors '  calculat ion for  isenthalpic mass - in j ec t ion  noz-  
zle model  with fr ict ion;  3) isenthalpie  mass - in j ec t i on  nozzle  without f r ic t ion [5]; 4) 
i sent roptc  mass - in j ec t ion  nozzle  model;  a) exper imenta l  data of K e m m e  [4]; b) heat  
pipe No. 1; c) No. 2. 

Fig. 2. Variat ion of the sonic l imi t  of power t r a n s f e r  Qso, kW/cm2, and the ra t io  of 
the vapor  p r e s s u r e  in the c r i t i ca l  c ro s s  sect ion to the p r e s s u r e  at en t ry  to the 
evaporat ion sect ion P s o / P i n  v e r s u s  length of the evapora to r  section.  
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Fig. 3. Power l imitat ions in expe r imen t s  on heat pipe No. 3. a) Dryout of hea tp ipe ;  
b) no dryout; 1) sonic l imit ;  2) cap i l l a ry  l imi t  curve  fitted to the exper imenta l  points. 

Fig. 4. P r e s s u r e  var ia t ion  of vapor  (solid curves)  and liquid (dashed curves)  along 
heat  pipe in Sonic r e g i m e  as a function of cooling r a t e  of condenser  section. The 
cooling r a t e  i nc rea se s  f r o m  a to c. I) Evapora to r  section; 1I) adiabat ic  section;  III) 
condenser  section.  

To desc r ibe  the hydrodynamics  of the vapor  in heat  pipes we use  the one-d imens iona l  energy  equation 
for v a r i a b l e - m a s s  flow; f o r a  pipe of constant  c ro s s  sect ion it has the f o r m  [7] 

_ _  W 2 dx  
do -4- ~JWdW + W2d~3 -~ p W  z. dG + ~ _ _  - O. (3) 
p G 2 dv 

The lengthwise momentum-f lux  coefficient  fl along the evapora to r  and adiabat ic  sect ions  is calculated by nu-  
m e r i c a l  integrat ion of the veloci ty  prof i le  over  the pipe c r o s s  section.  The ve loc i ty  prof i le  in the evapora to r  
seet ion is specif ied as  a function of the local  values  of the Reynolds axia l - f low and c ross f low Reynolds number s  
accord ing  to equations der ived by Busse  [8]. In the adiabat ic  zone we a s s u m e  the veloci ty  prof i le  of s tabi l ized 
cons t an t -mass  flow. We a s s u m e  that the f r ic t ion  coefficient  in the f i r s t  approximat ion depends only on the axial  
Reynolds number  without r e g a r d  for  dis tor t ion of the veloci ty  profi le  by evaporat ion.  Under this assumpt ion  
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the influence of friction in the evaporator  section is only slightly overes t imated  for short  evaporator  sect ions,  
i.e., such that the overal l  influence of fr ict ion is small .  The e r r o r s  incurred by the given assumption can be 
appreciable  for long evaporator  sections.  The energy-f lux equation (3) is augmented with the equation of con- 
tinuity and the equation of state of the vapor.  

We integrated the sys tem of equations numer ica l ly  on a computer .  The initial conditions were specified 
at the end of the heat pipe. The pa rame te r s  of the vapor along the length of the pipe were calculated with al-  
lowance for flow compress ib i l i ty  on the assumption of an equilibrium state at the saturation line. The in tegra-  
tion was ca r r i ed  out by an i terative procedure  until the Much number  M attained a value of unity at the entrance 
to the condenser  section. 

The resu l t s  of numer ica l  integration according to the p r o g r a m  written for the problem are  given in Fig. 
1. A compar ison  with our experimental  data and with those of Kemme [4] shows that the computational resu l t s  
are  in good agreement  with experiment.  The model of a f r ic t ionless  isenthalpic mass- in jec t ion  nozzle [5] 
yields acceptable resu l t s  for heat pipes with compara t ive ly  short  evaporator  and adiabatic sections.  The 
isentropic mass- in jec t ion  nozzle model gives excess ive  resu l t s .  

F igure  2 i l lustrates  the influence of friction on the sonic l imits  as a function of the length of the evapora-  
tor section according to our computations.  Up to re la t ive ly  large evaporator  lengths (l ev/dv -100) ,  the in- 
fluence of friction is small ,  not more  than 15%. Its influence in the adiabatic section is also inconsequential. 

It was observed in the sodium heat pipe experiments  that dryout of the wick due to capi l lary  limits can 
occur  in sonic r eg imes ,  extending to part  of the sonic- l imi t  curve.  

The resu l t s  of measurements  of the peak power output of a sodium heat pipe operat ing in the horizontal  
position are  given in Fig. 3. A pipe 960 mm in length with a vapor channel 11 mm in diameter  was heated over 
a length of 400 ram. The wick was a porous tube consis t ing of three layers  of se rge  mesh with surface pores 
48 p in diameter .  The wick was installed in the body of the pipe with a 0.55-ram space for passageof the l iqu id .  
Dryout was obtained by increas ing the t empera tu re  of the heat pipe with rapid cooling of the condenser section 
(i.e., moving upward along the sonic limit curve) and by making the t ransi t ion f rom the subsonic to the sonic 
reg ime with a simultaneous increase  in the cooling ra te  and decrease  in the t empera tu re  of the heat pipe. The 
Imssibili ty of the capi l lary  l imits  extending to part  of the sonic- l imi t  curve is explained by the fact that the 
p re s su re  differentials can va ry  f rom a maximum value equal to the p re s su re  Pin at the entrance to the heating 
zone to a minimum value Pin - Pso, where Pso is the p r e s s u r e  in the cr i t ica l  c ross  section, depending on the 
cooling ra te  for one given value of the t r ans fe r r ed  power in the sonic reg ime  (Fig. 4). Under the condition 
that the p r e s s u r e  differentials in the liquid inside the wick are  small ,  the lower bound of the sonic power 
(Qso)min at which capi l la ry  limitations set in for the case of rapid cooling can be approximately determined 
from the relat ion 

(Q~o)m~,,/(Qso) ..... _~ 1 --  ~o/Ph~ (4) 

in which (Qso)max is the power corresponding to the intersection of the curves for the sonic and capillary 

limits (Fig. 3). 

We point out that the ratio Pso/Pin is not constant; because of friction, it depends on the lengths of the 
evaporator and adiabatic sections (Fig. 2). For heat pipes with short evaporator and adiabatic sections the 

ratio Pso/Pin =0.4, and, accordingly, (Qso)min/(Qso)max =0.6. For the experiments represented in Fig. 3, 
according to analytical estimates, we have (Qso)min/(Qso)max =0.75, which is not inconsistent with the mea- 
surement results 

The possible inception of capillary limitations in sonic regimes must be taken into account when heat 
pipes are intended to be used for maximum heat delivery under conditions such that isothermicity of the heat 
pipe is not significant. 

NOTATION 

P, vapor p ressure ;  T, t empera ture ;  p,  density; p,  molecular  weight; L, latent heat of vaporization; q, 
specific heat flux in heating zone; Q, specific heat t ransfer  along heat pipe; G, mass  flow of vapor in pipe c ross  
section; W, average vapor flow veloci ty in pipe; e,  surface poros i ty  of wick; R, universal  gas constant; f, co- 
efficient of evaporation; fi, momentum-f lux coefficient; ~, coefficient of friction; dr, diameter of heat pipe 
vapor channel. Indices:  0, liquid surface;  v, vapor at liquid surface;  w,.wall surface;  in, entrance to heating 
zone; so, cr i t ica l  c ross  section. 
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