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This p a p e r  examines  p r o b l e m s  a r i s ing  in building ve r t i ca l  h i g h - t e m p e r a t u r e  heat  pipes with 
s imple  and compos i t e  wicks.  The au t h o r ' s  t e s t  r e su l t s  with g a s - f r e e  and ga s - con t ro l l ed  
sodium heat  pipes a re  p resen ted .  

Ver t ica l ly  located h i g h - t e m p e r a t u r e  heat  pipes can be used in nuc lear  engineering,  e lec t ronic  technology, 
chemica l  technology, and other  technology a r ea s .  In building them one mus t  frequently;  1) supply heat  to a 
cons ide rab le  height of pipe, s o m e t i m e s  up to 0.5 m; 2) insure  high heat  t r ans fe r ;  3) provide  t he rma l  s tab i l i -  
zation. It is not ea sy  to fulfill these  conditions,  even individually. And in combinat ion they p r e sen t  conflicting 
r e q u i r e m e n t s  as to choice of cap i l l a ry  s t ruc tu re .  

To avoid overburn ing  of the pipe under  boundary  conditions of the second kind, the cap i l l a ry  s t ruc tu re  
mus t  be wet ted with the liquid o v e r  the en t i re  height of the heating zone, even in the s t a r t - u p  p rocess .  Fo r  ex-  
ample ,  this type of s t r u c t u r e  may  be a mesh  d i r ec t ly  at the wall,  ve ry  fine channels ,  o r  an annular  gap of ve ry  
sma l l  s ize  under  a f inely porous  sc reen .  However ,  a un i form cap i l l a ry  s t ruc tu re  sa t is fying this condition is 
incapable  of high heat  t r a n s f e r  for  reasonab le  wick thickness .  

High specif ic  heat  t r a n s f e r  (more  than 0.5 kW/cm 2) can be obtained by using the so -ca l l ed  compos i te  
wicks (of r ing or  a r t e r i a l  type) .  In compos i t e  wicks the high cap i l l a ry  head is c rea ted  by the liquid in ve ry  
fine po re s  of the wick s c r e e n s  which take the f o r m  of fine s in te red  pa r t i c l e s  or  a fine mesh ,  usual ly  of s e r g e -  
type weave.  To reduce  the hydraul ic  d rag  in compos i t e  wicks one mus t  have cap i l l a ry  channels (of r ing type 
or  in a r t e r i e s  ) of l a rge  enough hydraulic d iamete r .  In con t ra s t  with plain wicks,  the compos i te  type a r e  
capr ic ious  in operat ion,  They provide  high heat  t r a n s f e r  only with a full cha rge  of liquid. The p r e sence  of un- 
wetted a r e a s ,  or  vapor  or  v a p o r - g a s  bubbles in the hea te r  zone leads to boiling of liquid inside the ~ c k ,  the 
fo rmat ion  of "hot spots ,"  to drying out of the wick, and even to overburning of the heat  pipe [1]. It  is difficult 
to build ga s - con t ro l l ed  heat  p ipes  with compos i te  wicks because  of the poss ib le  ing ress  of gas into the liquid 
fi l l ing the cap i l l a ry  s t ruc tu re .  Combination s imple  wicks,  which have channels of d i f ferent  s izes ,  a re  more  
re l iab le  and capable  of opera t ing  with noncondensible gases  p resen t .  But they provide  only modera te  heat  
t r a n s f e r .  

The appl icat ion and cons t ruc t ion  of ve r t i ca l  h i g h - t e m p e r a t u r e  heat  pipes of modera te  power  has been 
d i scussed  in [2-4] .  An a t tempt  to use  heat  pipes with compos i te  a r t e r i a l  wicks in [3] did not provide posi t ive  
resu l t s .  Heat p ipes  (HP) with s c r e w - t y p e  open g rooves  have been built,  giving conditions of modera t e  heat 
t r ans f e r .  However ,  the quest ion of achieving opera t ion of HP with composi te  wicks continues to r e m a i n  an 
urgen t  one. 

To sa t i s fy  conditions 1) and 2) one needs a cap i l l a ry  s t ruc tu re  with at l eas t  two types of channels:  fine 
channels  to ensu re  wett ing of the hea t e r  zone in the s t a r t - u p  per iod,  and c o a r s e  channels,  c losed on the vapor  
channel side by a f inely porous  sc reen ,  and designed for  high heat  t r ans fe r .  

With ve r t i ca l  heat  pipes it  is  f requent ly  difficult  to count on guaran teed  initial  filling of a compos i te  wick 
with liquid. One mus t  t he re fo re  c a r r y  out the filling durIng operat ion.  

We now cons ider  conditions for  s t a r t - u p  of an HP with a compos i t e  wick with channels  of two s izes  (Fig. 
1). In the analys is  we shall  a s s u m e  that the HP compos i t e  wick ope ra t e s  in evapora t ion  conditions. At the 
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F i l l i n g  of  c h a n n e l s  wi th  l i qu id  in a v e r t i c a l  h e a t  p ipe  wi th  a 
t w o - c h a n n e l  c o m p o s i t e  wick .  

i n i t i a l  t i m e  the w ick  i s  not  c o m p l e t e l y  f i l l e d  wi th  l iquid .  D u r i n g  the s t a r t - u p  a p r e s s u r e  d r o p  w i l l  a r i s e  in the 
v a p o r  r e g i o n ,  and th i s  can  p r o m o t e  f i l l i n g  wi th  l iqu id  o f  the  c h a n n e l  of l a r g e r  d i a m e t e r .  We s h a l l  d e t e r m i n e  
c o n d i t i o n s  f o r  which  t h e r e  can  be  s e l f - f i l l i n g  of  the  l a r g e r  w i c k  channe l ,  i f  the  cond i t i on  fo r  f i l l i ng  of  the  f i r s t  
( s m a l l e r )  channe l  a long  the h e a t e r  zone  i s  s a t i s f i e d :  

Po.t - 2 a t ~  ~ pgl~. (1) 
Yt 

F i g u r e  1 shows  the l o c a t i o n  of  l i qu id  in  the HP and the p r e s s u r e  v a r i a t i o n  a t  t h r e e  c h a r a c t e r i s t i c  t i m e s  
of  the s t a r t - u p :  a) i n i t i a l l y ,  when t h e r e  i s  a s  y e t  no hea t  supp ly ;  b )  when t h e r e  i s  h e a t  supp ly  and the HP op-  
e r a t i n g  c o n d i t i o n s  a r e  son ic  wi th  a v a p o r  p r e s s u r e  d r o p  in  the  c o n d e n s e r  s e c t i o n ;  and c) a t  the  o n s e t  of s u b -  
s o n i c  c o n d i t i o n s ,  when bo th  c h a n n e l s  (1 and 2) c a n  be  f i l l e d  o v e r  the  e n t i r e  he igh t  of  the  p ipe ,  and r e a d y  to 
conduc t  l iqu id .  A t  t i m e  c (" t inning")  t h e r e  i s  an e x c e s s  of l iqu id  b e l o w  the  p ipe ,  and  i t  is  t r a n s p o r t e d  to the  
zone  s e c t i o n  by  f i l m  flow. At  t i m e  c,  i f  c o n d i t i o n s  a r e  f a v o r a b l e  fo r  v a p o r  bubb le  c o n d e n s a t i o n  [1] ,  the  l i qu id  
f i l l s  the  e n t i r e  l eng th  o f  the l a r g e r  channe l .  The  l e a s t  v a p o r  p r e s s u r e  (o r  t e m p e r a t u r e )  f o r  which  t h e r e  can  be  
f i l l i n g  of the  l a r g e r  channe l  of  a c o m p o s i t e  wick  in the  e v a p o r a t i o n  zone  ( F i g .  l c )  c o r r e s p o n d s  to the cond i t i on  

I P" (x) - -  P' (x) Imax = Pa,2- (2 )  

F o r  s i m p l i c i t y  we  a s s u m e  tha t  the s p e c i f i c  h e a t  f l uxes  a r e  c o n s t a n t  a long  the e v a p o r a t i o n  zone  and tha t  
the t inn ing  he igh t  i s  s m a l l  and  can  b e  n e g l e c t e d .  At  the low v a p o r  p r e s s u r e s  t y p i c a l  fo r  the  c a s e  c o n s i d e r e d ,  
the  i n e r t i a  e f f e c t  d o m i n a t e s  o v e r  f r i c t i o n ,  and  the p r e s s u r e  d i s t r i b u t i o n  a long  the h e a t e r  zone  i s  rough ly  p a r a -  
b o l i c :  

Q2X2 
P" (x) - -  P '  (0) '-~ 8p~L2R4I ~ . (3) 

The  l iqu id  p r e s s u r e  v a r i a t i o n  in th i s  zone  i s  due m a i n l y  to the  h y d r o s t a t i c  e f fec t ,  and fo l lows  an a l m o s t  l i n e a r  

l aw a long  the zone  

P' (x) - -  P' (0) "" p'gx. (4) 

The  m a x i m u m  p r e s s u r e  d r o p  f o r  the  c a s e  c o r r e s p o n d i n g  to t i m e  c (as  c a n  be  shown by  f inding  the e x t r e m u m )  
l i e s  in the m i d d l e  of  the  e v a p o r a t i o n  zone ,  and i s  o n e - q u a r t e r  of the  t o t a l  v a p o r  p r e s s u r e  d r o p  o v e r  the e v a p -  
o r a t i o n  zone .  Consequen t l y ,  cond i t ion  (2) w i l l  then  t ake  the  f o r m  

1 Q2x2 2a cos 0 
4 8p"LaR4I~ = P c , 2  ~ r2  ( 5 )  

I t  i s  n e c e s s a r y  tha t  the  l a r g e  channe l  a l s o  b e  f i l l ed  in the  a d i a b a t i c  zone.  If we n e g l e c t  the v a p o r  p r e s -  
s u r e  v a r i a t i o n  in th i s  zone ,  then the  cond i t i on  fo r  f i l l i ng  o f  the  l a r g e  gap  t h e r e  can  b e  w r i t t e n  a s :  

p' gla ~ Pa.2. (6) 

To s i m p l i f y  the  c a l c u l a t i o n s  i t  i s  c o n v e n i e n t  to c o n s t r u c t  and  u s e  a n o m o g r a m  (F ig .  2) .  F o r  a g iven  l eng th  of  
e v a p o r a t i o n  zone  we can  u s e  the n o m o g r a m  to f ind the  p o w e r  and the  t e m p e r a t u r e ,  and a l so  the  m a x i m u m  
s i z e s  of the  e f f e c t i v e  r a d i u s  of  the l a r g e  channe l  fo r  which  s e l f - f i l l i n g  of a c o m p o s i t e  wick  can  o c c u r  d u r i n g  
s t a r t - u p  of  the h e a t  p ipe .  I t  fo l lows  f r o m  F ig .  2 tha t  fo r  c o n s t a n t  s p e c i f i c  hea t  f lux a long the e v a p o r a t i o n  zone ,  
the  q u a n t i t y  r 1 m u s t  be  l e s s  than r 2 by  a f a c t o r  of no l e s s  than  4. The he igh t  of  the  a d i a b a t i c  zone  m u s t  be  no 
m o r e  than  o n e - q u a r t e r  of  the  l eng th  of  the  h e a t e r  zone .  
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Fig.  2. Nomogram for checking 
the f i l l ing  capac i ty  of channels  of 
a compos i t e  wick in a v e r t i c a l  heat  
pipe.  

f ! 

a 

f 

2. 

C 

Fig.  3. Sect ions of heat  p ipes  [a) No. 1; b) No. 2; c) No. 3]; 1) 
p ipe  body; 2) s t a g g e r e d  f i n e - m e s h  s c r e e n s ;  3) combined wick of 
fine mesh  with in te rna l  channels .  

It is c l e a r  that  condit ions for  f i l l ing of a compos i t e  wick with l iquid can be improved  by shaping the spe -  
cif ic  heat  flux along tile evapora t ion  zone,  o r  by shaping the vapor  channel  c r o s s  sect ion.  E s t i m a t e s  show 
that  the condi t ions for  s e l f - f i l l i ng  of the a r t e r i e s  of the type GK-1 and GK-3 pipes  in [3] a r e  not fulf i l led and 
t h e r e f o r e  high heat  t r a n s f e r  cannot be achieved.  

The authors  s tudied  the heat  t r a n s f e r  e x p e r i m e n t a l l y  in th ree  sodium heat  p ipes  with s imple  and com-  
pos i t e  wicks  (see  Table 1). Heat pipe No. 1 had a combined s impIe  wick, made of s e v e r a l  l a y e r s  of one-way 
s e r g e  weave mesh  No. 450 ( d i a m e t e r  of ba se  w i r e s  0.09 ram, and of the woof 0.055 ram) .  Along the wick, be -  
tween the mesh  l a y e r s ,  n a r r o w  s t r i p s  of the s ame  mesh  were  spo t -welded ,  fo rming  12 channels ,  8 of width two 
mesh  l a y e r s ,  and 4 of width one l a y e r  (Fig.  3). 

The heat  pipe was t e s ted  with the lower  p a r t  heated by noncondensible  gas  (to a height of 50 ram) ,  i .e . ,  
the h e a t - t r a n s f e r  condi t ions were  of the f i r s t  kind. Heat Was removed  by means  of a wa te r  c a l o r i m e t e r  via  
the g a s - c o n t r o l l e d  gap. In the f i r s t  s e r i e s  of t es t s  the condense r  length was 280 ram, and in the second s e r i e s  
i t  was 120 ram. The heat  pipe was equipped with a s y s t e m  for  supplying i ts  vapor  space  with a quanti ty of 
hel ium,  m e t e r e d  by means  of a pis ton.  Tes t s  we re  conducted both with no noncondensible  gas  in the pipe vapor  
space ,  and aIso with he l ium there .  The r e p e a t a b i l i t y  of the r e s u l t s  was s a t i s f a c t o r y ,  up to the l imi t s  of power  
t r a n s f e r r e d ,  f ixed by the beginning of t h e r m a l  r e s i s t a n c e  of the pipe.  The t e s t  r e s u l t s  a r e  shown in Fig. 4. 
The l im i t s  of power  t r a n s f e r ,  as shown by the f i r s t  s e r i e s  of t e s t s ,  were  independent  of ' the p r e s e n c e  of hel ium 
in the pipe,  and v a r i e d  ve ry  l i t t l e  as  a function of t e m p e r a t u r e .  Some d i f fe rence  in the power  l imi t s  was ob- 
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TABLE 1. P a r a m e t e r s  of the Sodium Heat  P ipes  

Heat pil~ No. 1 2 3 

He supplied No gas He supplied Gas presence 
Length, ram 

total 
heater zone 
adiabatic 120" 
condensation 280 ~ 

Diam., mm 
body, outer 
body, inner 
vapor channel 

Wick type 
Effective radius of screen pores, /lm 
Heater 

Cooling 

Power reached, W 
Specific heat flux in the evapora- 
tion zone, W/cm ~ 
Corresponding temp., ~ 

1000 
400 
280 
120 

27,5 
22,1 . 
18,0 T 

Simple 

Condensation 
of sodium 

By.water . 
tnrougn the 
gap 

5800 

25,0 
760--810 

96O 
400 
2O 

487 

18,0 $ 
14,15 
11,9 

Composite 
17 

Electron bom- 
bardment 

By radiation to 
v a c u u m  

1520 

10,0 
86O 

680 
94 
40 

340 

16,9 
14,05 
12,9 

composite 
22 

Condensation 
of sodium 

By water through 
the gap 

6900 

166,5 
76O 

*In the f i r s t  s e r i e s  of t e s t s .  
t At  the cen t e r  of the pipe there  was a tube of d i a m e t e r  12 m m  for  
locat ing the a u x i l i a r y  hea te r .  
SA copper  l a y e r  of d i a m e t e r  32 m m  was s o l d e r e d  to the pipe body 
in the h e a t e r  zone and in the cooling zone a copper  l a y e r  of d i a m e -  
t e r  24 m m  was s o l d e r e d  to the body and held  by a sc rew.  

s e r v e d  when a change was made to a l a r g e r  length of ad iaba t ic  zone, and s imul t aneous ly  a reduced  condensa-  
t ion zone length. The c h a r a c t e r i s t i c s  of t e m p e r a t u r e  v a r i a t i o n  at  d i f fe ren t  power s  in a g a s - c o n t r o l l e d  hea t  p ipe ,  
obtained in the second s e r i e s  of t e s t s ,  depend on the h e a t - t r a n s f e r  level .  Within the t h e r m a l  cont ro l  reg ion  
the l e a s t  t e m p e r a t u r e  va r i a t i on  for  a given power  va r i a t i on  was o b s e r v e d  when the t h e r m a l  conduct ivi ty  of the 
gas  gap was g r e a t e s t .  On the whole,  i t  was e s t ab l i shed  that  by us ing a combined wick one can bui ld g a s - c o n -  
t r o l l e d  hea t  p ipes  with c o m p a r a t i v e l y  high hea t  t r a n s f e r  (up to 5 kW/cm2) .  

Heat  pipe No. 2 had a compos i t e  wick (Fig.  3), in the f o r m  of two s c r e e n s ,  joined " h e r m e t i c a l l y "  to the 
body,  and made of fine one-way No. 685 s e r g e - w e a v e  mesh  ( d i a m e t e r  of base  w i r e s  0.064 ram, and of the woof 
0.032 ram) .  The s c r e e n s  we re  made  of t h r ee  l a y e r s  of mesh ,  t ight ly  ro l l ed  and welded along the s ides .  The 
nomina l  gap between the body and the f i r s t  s c r e e n  was 0.225 ram, and between the s c r e e n s  i t  was 0.125 mm. 
However,  s ince  cen te r ing  was done only at  the ends of the pipe,  the ac tua l  gaps  d i f fe red  f rom the above values .  

The lower  p a r t  of the hea t  pipe was hea ted  by e l e c t r o n  bom ba r dm e n t ,  i . e . ,  the heat  supply condi t ions 
we re  of the second kind. In the upper  p a r t  of the pipe the hea t  r e m o v a l  to the w a t e r  was by r ad i a t i on  in vac-  
uum. S t a r t - u p  was accompl i shed  without  p r e l i m i n a r y  heat ing by  supplying a power  s tep  of up to 1520 W. Ini t ia l  
f i l l ing  of the compos i t e  wick with h e a t - t r a n s f e r  agent  while  s t i l l  in the hor izon ta l  posi t ion,  combined with the 
m a s s i v e  cons t ruc t ion  to give the n e c e s s a r y  t h e r m a l  i ne r t i a ,  p romoted  absence  of dry ing  out of the hea t  pipe 
when sub jec t  to the s tepwise  power  prof i le .  F r e e z i n g  of the h e a t - t r a n s f e r  agent  in the cooling zone was p r e -  
vented by the l ow- l eve l  heat  r e m o v a l  method used:  with r ad i a t i on  in vacuum the s t a r t i ng  w a r m - u p  and the 
cool ing a f t e r  swi tch-of f  o c c u r r e d  in low h e a t - t r a n s f e r  r a t e  condi t ions.  F i g u r e  4 shows the e x p e r i m e n t a l l y  ob- 
ta ined r e l a t i onsh ip  between the power  suppl ied  and the pipe t e m p e r a t u r e .  The t e s t s  conf i rmed  the p o s s i b i l i t y  
of an ope rab l e  compos i t e  wick, using r ad ia t ion  in vacuum as a c rude  t h e r m a l  s t ab i l i za t ion  method. The main  
advantage of the s y s t e m  used  is  the p o s s i b i l i t y  of s t a r t - u p  by applying a power  s tep without p r e l i m i n a r y  hea t -  
ing. 

To p rove  the p o s s i b i l i t y  of opera t ing  g a s - f i l l e d  hea t  p ipes  with compos i t e  wicks,  we conducted tes t s  on 
a hor i zon ta l  hea t  pipe,  No. 3. In this  pipe the wick had a s ingle  s c r e e n ,  made  in the s a m e  way as for  the p r e -  
v ious  pipe ,  No. 2 (F ig .  3). The s c r e e n  s tood off f r om the housing body with a gap of 0.275 mm. The pipe was 
h e a t e d  by  condensed  vapor ,  and cooled by a wa te r  c a l o r i m e t e r  via  the g a s - c o n t r o l l e d  gap. There  was a s y s t e m  
for  supplying m e a s u r e d  por t ions  of he l ium to the vapor  s p a c e  of the opera t ing  pipe .  Tes t s  conducted with no 
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Fig. 4. Relat ion between the power  supplied and the t e m p e r a t u r e  
for  heat  pipes Nos. 1 and 2 (Q in kW; T in ~ The tes t s  on pipe 
No. 1 had a condenser  length of 280 ram: 1) without gas  filling, 
sonic l imit;  2) without gas  filling, power  l imits ;  3) with gas f i l l -  
ing, power  l imit .  Tes t s  on heat  pipe No. 1 with a condenser  length 
of 120 m m  and gas  filling: 4) the hel ium p r e s s u r e  in the gap v a r -  
ied, power  l imit ;  5) a rgon in the gap, no l imit;  6) hel ium in the 
gap, no l imit ;  7) vacuum in the gap, no l imit ;  8) sonic l i m i t ,  
theory;  9) pipe with no gas  filling, theory.  Tes t s  on heat  pipe No. 
2. 10) no gas  filling, condenser  cooling by rad ia t ion  to vacuum. 

gas  showed that  the compos i t e  wick was operable .  The m a x i m u m  specif ic  power  at t e m p e r a t u r e  708~ was 
4.16 kW/cm 2. Supplying m e a s u r e d  amounts of hel ium to the vapor  channel of the opera t ing pipe did not lead to 
loss  of  operat ion.  F o r  example ,  at  a t e m p e r a t u r e  of 759~ the m e a s u r e d  m a x i m u m  heat  t r a n s f e r  for  a ga s -  
fi l led pipe of this type was 5.25 kW/cm 2. T h e r m a l  drying out did not affect  the operabi l i ty  of the heat  pipe. On 
r epea t ed  supply of power ,  following p r e l i m i n a r y  chill ing [5 ], the s a m e  high heat  t r a n s f e r  was again obtained 
in the heat  pipe. 

N O T A T I O N  

g, acce l e ra t ion  due to grav i ty ;  I l ,  la ,  l c , length of the evaporat ion,  the adiabatic,  and the condensat ion 
zones;  L, la tent  heat  of vaporization;; P ' ,  P",  p r e s s u r e  of the vapor  and of the liquid; Pa,1, Pa,2, cap i l l a ry  
p r e s s u r e  for  the smal l  and l a rge  channels;  AP~, vapo r p r e s s u r e  drop in the evapora t ion  zone; Ap~, liquid 
p r e s s u r e  drop in the evapora t ion  zone due to the hydros ta t ic  effect;  r l ,  r2, effect ive radi i  of the smal l  and 
l a rge  channels;  x, longitudinal coordinate;  R, radius  of the vapor  channel; To, t e m p e r a t u r e  at the beginning 
of the evapora t ion  zone; Q, t h e r m a l  power  t r a n s f e r r e d  by the pipe; Qs, sonic power  l imit;  ~, wetting angle 
p ' ,  p" ,  dens i ty  of liquid and vapor ;  or, coeff icient  of su r face  tension; T, t empe ra tu r e .  
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2. 

3. 
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