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I .  I N T R O D U C T I O N  

Heat  p ipes  is  the name given to c losed autonomous e v a p o r a t i v e - c o n d e n s i n g  devices .  The re  is as ye t  no 
unique t e rmino logy  for  hea t  p ipes  and it is difficult  to say what  should be included in this concept. The name 
hea t  pipe came f r o m  English l i t e r a tu r e  and does not fully r e f l ec t  the spec ia l  f ea tu re s  of hea t  and m a s s  t r a n s f e r  
in e v a p o r a t i v e -  condensing devices  of c losed type. 

Heat  p ipes  a re  one of the as tonishing inventions of sc ience  in the 1960's and, in the au thor ' s  opinion, a re  
capable  o f  being as widely d i s semina ted  as l a s e r s  in the i r  appl icat ions and the i r  value for  industry.  

The ma in  function of hea t  p ipes  is the t r a n s f e r  of heat  f r o m  one region of space  to another  without s igni f -  
icant  loss .  The pe r f ec t  hea t  pipe should p o s s e s s  v e r y  smal l  t he rma l  r e s i s t a n c e ,  l e s s  by a f ac to r  of tens of 
thousands than the t h e r m a l  r e s i s t a n c e  of a copper  ba r  of the same  geomet r i ca l  s ize.  

In addition, it can be used success fu l ly ,  for  example ,  as a t e m p e r a t u r e  r egu la to r ,  a t he rma l  diode, a 
t r a n s f o r m e r ,  an accumula to r ,  a ba t t e ry ,  and a device for  conver t ing heat  energy  into mechanica l  ene rgy ,  
calcula ted ene rgy ,  etc.  With the help of hea t  p ipes  one can s to re  t he rma l  ene rgy  and r e l e a s e  it rapidly  at the 
r equ i red  t ime.  T h e r e f o r e ,  the r e q u i r e m e n t s  as r e g a r d s  these  pipes  di f fer  f r o m  those appl icable  to c l a s s i c a l  
examples  of heat  pipes .  

I I .  S O M E  A S P E C T S  O F  H E A T - P I P E  T H E O R Y  

1. Since the re  is a liquid and i ts  .vapors in any heat  pipe,  the opera t ing  t e m p e r a t u r e  range  is l imi ted ,  on 
the one han d, by the t r ip le  point T t r  and,  on  the other  hand,  by the c r i t i ca l  point Tcr .  Depending on the t e m -  
p e r a t u r e  at which the hea t  pipe is used (near T t r  or  n e a r  Tcr)  d i f ferent  f ac to r s  will dominate:  Near  the t r ip le  
point the dominant  f a c t o r s  a re  vapor  dynamics ,  the acoust ic  l imi t ,  the l imi t  of in teract ion of the vapor  with 
the liquid, the k inet ics  of phase  t r ans i t i ons ,  e tc . ;  nea r  the c r i t i ca l  point the high p r e s s u r e  may cause mechan-  
ical  rup tu re  of the s t ruc tu re ,  and the l a ten t  hea t  of vapor iza t ion  of the liquid is  dec reased .  

F r o m  the t he rmodynamic  viewpoint  an opera t ing  r e g i m e  n e a r  the c r i t i ca l  point is p r e f e r r e d ,  since the de -  
pendence of vapor  p r e s s u r e  on t e m p e r a t u r e  in this region is f l a t t e r ,  and the p r e s s u r e  drop produces  only in-  
s ignif icant  t e m p e r a t u r e  changes.  

According to the C l a u s i u s - C l a p e y r o n  equation,  the phase  equi l ibr ium condition f (P ,  T) = 0 should hold 
at  the l i q u i d - v a p o r  in te r face ,  and ff we a s s u m e  that  the la tent  heat  of vapor iza t ion  is constant  and that  the 
vapor  is a pe r f ec t  gas ,  then the following re la t ion  is val id:  

(p/po) = exp (_  ~,T ) . (1) 

Because  of the cu rva tu re  of  the l i q u i d - v a p o r  in te r face  in the pores  of the evapo ra to r  of a hea t  pipe and 
because  of the t e m p e r a t u r e  gradient ,  the liquid m u s t  be superhea ted  in the evapora to r .  When the superheat ing 
r e a c h e s  a c r i t i ca l  va lue ,  liquid boiling begins.  

The vapor  is superhea ted  re la t ive  to the liquid in the po re s  in the hea t -p ipe  condenser .  T h e r e f o r e ,  un-  
der  speci f ic  conditions the re  may  be liquid d rop le t s  in the vapor  (a mi s t ) ,  both in the evapo ra to r  and in the con-  

denser .  
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Fig. 1. A heat pipe. R is the radius 
of the per fora ted  inser t ;  R t and R 2 are 
the radii  of the inner and outer body 
surfaces .  

The p rocess  of vapor  t ranspor t  in a heat pipe is analogous, to some extent,  to the t ranspor t  p rocess  in 
a conve rgen t -d ive rgen t  nozzle. In the adiabatic zone the vapor  can expand, accompanied by the J o u l e - T h o m -  
son effect [1]. We therefore  find grea t  var ie ty  (factors of 10) in the s t ruc tu res  of heat  pipes and vapor  cham-  
bers  in which the only common features  are  the hea t - t r ans fe r  p rocess  in the evaporator  and in the condenser 
in the presence  of phase t rans i t ions ,  while the method and type of mass  t rans fe r  and the features  of the phase 
t ransi t ions  may be so d iverse  that one can only say that it is impossible to create  a single theory for the p rocesses  
of t ransi t ion of energy and mat te r  in heat pipes. 

It is convenient to establish some general concepts for the t ranspor t  p rocess  in heat pipes - for the c las -  
sical heat  pipes used under steady conditions. The problem of liquid and vapor mechanics  in c lassical  pipes 
has three components:  

1) t ranspor t  of vapor along the heat pipe f rom the evaporator  to the condenser;  

2) t r anspor t  of liquid f rom the condenser  to the evapora tor  under a capil lary potential gradient;  

3) interaction between the vapor and the liquid. 

An analytical solution of all these problems is very  difficult, especial ly for the problem of t ranspor t  of 
liquid in the porous s t ructure  of a heat-pipe wick. The boundary conditions at the inlet and exit (evaporation 
and condensation) depend strongly on the t empera tu re  field, the liquid concentration field, and on the the rmo-  
dynamic conditions of equilibrium. 

A change in the operat ing conditions of a heat  pipe can affect the nature of the flow of the t ranspor t  p ro -  
cesses .  For  example,  depending on the thermal  conditions and the operating t empera tu re ,  the conditions of 
vapor motion may be laminar  or  turbulent,  and the vapor may be compress ible  or  incompressible .  The char -  
ac te r i s t i cs  of any par t icular  vapor  flow regime can be expressed  as a function of the Reynolds number Re and 
the Mach number M in the adiabatic zone: 

�9 Q / i v _  R 7~. (2) 
Re=  aRQRL~Iv , M- -  aR~L~ 1/ % 

There fore ,  the t r anspor t  p rocess  in the vapor or  the liquid phase can be considered separately  only under 
specific assumptions.  In par t icu la r ,  we assume that the vapor flow is isothermal  and that the thermal  condi- 
tions of heat t r ans fe r  are constant in the evapora tor  and in the condenser;  thus,  we can consider  the vapor 
flow dynamics  independently of the tempera ture  field and of the liquid flow in the wick. 

We can probably formulate  the t r anspor t  problem in a heat pipe more  r igorous ly  than in the associated 
case where all the basic t r anspor t  p roces se s  in the vapor and liquid phases are considered simultaneously. 
In par t icu la r ,  a formulat ion of this problem was given in [2]. For  long, cyl indrical ,  h igh- tempera tu re  pipes 
with a capil lary s t ruc ture  in the form of a coaxial gap between the body and the perfora ted  sc reen ,  assuming 
turbulent mixing vapor ,  p a r a m e t e r s  such as the density PV and the t empera tu re  T V depend only slightly an 
the radial  coordinate r (Fig. 1). 

There fo re ,  the averaged sys tem of equations descr ib ing the vapor  motion, averaged over  the c ross  s ec -  
tion of the vapor channel, has the following form:  

d 
d-~ % :') - 

d 
d--~- [Pv + fiPv v~l 

2 
T%=R ; 

R (3) 

2 
�9 ~; (4) 

R 
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d[ ( dx 9v v Hv + ~ -  = ~ - -  
2 

('~*//v)I,=R; 
R 

9v R*Tv . 
Pv = Mv ' 

R 

v = R-- q v~rdr; ~ = v~r--- ~ 
0 

R 

t 2 v~ rdr, 
a = v3R-----~. 

0 

R .I v~ rdr; 
0 

(5) 

(6) 

(7) 

where  v x is  the vapor  ve loc i ty  component  along the x axis.  

The s y s t e m  of equat ions (3)-(5) can be c losed ff we know the momen tum flux coefficient  B, the f r ic t ion 
fo rce  coeff icient  r ~ ,  and the condensat ion coeff icient  k. 

The t r a n s p o r t  in the shell  and the wick of a heat  pipe include t r a n s p o r t  of heat  and f i l t ra t ion of liquid 
through the cap i l l a ry  s t ruc tu re .  In the shell  the hea t  propagat ion  is desc r ibed  by the equation 

OF __O'T --I 07" = 
Ox ~ - ~ -  + Or" + r Or O, (8) 

while the propagat ion  of hea t  through the l aye r  of h e a t - t r a n s f e r  agent in the coaxial  gap is given by 

0 r * H l --L + r x t H  l - ; ~  OT 
o5 0 =o.  

(9) 

The value of Re for  the liquid is l e s s  than 1, and we can the re fo re  use the Stokes approximat ion:  

0% + Oru~. = 0; 
ax Or (10) 
Our ~ OPt OPt ' I t  0 r = ; - -  = 0 ,  

r Or Or ] Ox Or 

where  u x and u r a re  the liquid ve loc i ty  components .  

If the hea t  flux at the outer  su r face  of the pipe is given,  the cor responding  sy s t em of boundary conditions 
and coupling conditions t akes  the f o r m  

OT ~=R" "~*-- 2~zF 
L'~ = - -  3' - ~ r  ' 2 - -~ ,  

Tv!r=R To[ " " - -  ' = l +  V / 2 ~ _ x ,  

vfx=o = v!x~z = 0, 

OTox x=0 - -  oxOT x=~ = 0; 

__)~OT , R, R~ . 
0-7 = =qr  R---~'' 

- -  ~ - i ~ - [ V P ~  P(ro) 

"~* ] " 
8FP (To) [~ + [~ (I - -  ~)l ' 

T* 
U x jr=R( : Ux f r = R ,  = Ur [ r = R ,  = O; U r Ir~R ~= - -  

Pt 

( i i )  

(12) 

(13) 

(14) 

(15) 

(16) 

where  T O is the t e m p e r a t u r e  of the liquid sur face  at r = R; P(T0) is the sa tu ra ted  vapor  p r e s s u r e  at To; and F 
is the sur face  poros i ty .  To solve this p rob l e m we mus t  sa t i s fy  the condition 

max [(Pv, -- Pv,) -- (PI~ -- Pk ) -- (Pv, v~, -- pt~ u~) -- 

-- (Pv2 v~, -- pz, u~)l < P~ ~a~ ; (17) 
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2~ ~J 
P~ max= r~-- cos Oo --- ~ -  , (18) 

where  r* is the rad ius  of the s c r een  po re s ;  00 is the l imit ing boundary wett ing angle. 

Natura l ly ,  this  s t a tement  of the p rob lem should be cons idered  as  one var ian t  of a s p e c i a l p r o b l e m  for  
this  specif ic  type of h i gh - t em pe ra t u r e ,  l iqu id-meta l  heat pipe.  

2. T r a n s p o r t  P r o c e s s e s  in Hea t -P ipe  Wicks.  In mos t  f o r m s  of l o w - t e m p e r a t u r e  heat  pipes the chief 
l imi t ing fac tor  in t r a n s p o r t  is  the r a t e  of mot ion of liquid along the capi l la ry  s t ruc ture .  F r o m  the viewpoint 
of liquid mechan ics  this i s  a v e r y  complex  p rob lem involving l iqu id - t r anspor t  e f fec ts  in the porous  s t ruc tu re  
and in teract ion p r o c e s s e s  between the liquid and the vapor ,  su r f ace - t ens ion  fo r ce s  with pronounced effects  at  
the l i q u i d - s o l i d  wall  and l i q u i d - v a p o r  in te r faces  (since the porous  s t ruc tu re  is e x t r e m e l y  thin), and, f inal ly,  
phase - t r ans i t i on  p r o c e s s e s  ( evapora t ion -bo i l i ng  and condensation).  

The r e q u i r e m e n t s  in r e g a r d  to the capi l la ry  s t ruc tu re  a re  conflicting: To achieve a high capi l la ry  p r e s -  
sure  drop and to improve  the h e a t - t r a n s f e r  conditions one should d e c r e a s e  the s ize of the po res  and the wick 
th ickness ;  to improve  the t r a n s p o r t  p r o p e r t i e s  of the porous  s t ruc tu r e ,  on the other  hand, one should inc rease  
the s ize  of the po re s  and the wick th ickness .  These  conflicting r e q u i r e m e n t s  a re  sa t i s f ied  by composi te  wicks 
which have low hydrodynamic  r e s i s t a n c e  and high cap i l l a ry  potential.  

3. Effect  of Wick-S t ruc tu re  C h a r a c t e r i s t i c s  on the Convective L iqu id -T ranspo r t  P roce s s .  The liquid 
flux in a porous  solid or  a cap i l l a ry  s t ruc tu re  can be de te rmined  f r o m  the Darcy  law 

Kt m = PZ ~$ grad P (19) 
~t  

or  by the Poiseui l le  fo rmula .  Correspondingly ,  the p r e s s u r e  l o s se s  for  motion of liquid under the action of 
capi l la ry  fo rces  a re  as  fol lows: 

for  m e t a l - c e r a m i c ,  l a t t i ce ,  or  f i be r - type  s t r u c t u r e s  

~l Ql~ f 
ef l~ +/con+ Za z ; (20) 

API = KI plYibaL++-!p Pz gsinT; lp - 2 " " 

where  b is the width; a is the th ickness ;  and K l is the pe rmeab i l i t y .  

F o r  a s y s t e m  of longitudinal channels and a r t e r i e s  of t r i angu la r ,  r ec t angu la r ,  t r apezo ida l ,  and c i rcu la r  
shape 

32u l Ql~ f 
AP l -- p1LAD~ f +_ lp Pl gsiny; (21) 

where  Def = 4A/wetted p e r i m e t e r  of the channel,  and A is the channel c r o s s - s e c t i o n a l  a rea .  The m a x i m u m  
cap i l l a ry  p r e s s u r e  is 

hPcapmax ~ AP/: 2G( cos0, cos 0., '), 
q r2 , (22) 

where  01 and 02 a re  the contact  wett ing angles in the evapo ra to r  and condenser ;  r l  and r 2 a re  the radi i  of cu rv a -  
tu re  of the l i q u i d - v a p o r  in ter face  in the evapora to r  and the condenser ;  

APcapmax = 2or cos01 . (23) 
%f 

and r e f  is the effect ive  radius .  

F o r  an i so t rop ic  porous  s t ruc tu re ,  the effect ive  rad ius  is the ave rage  pore  radius .  
nel [3] 

h 
ref csc (a - -  1) (24) 

Fo r  s e m i c i r c u l a r  channels 

Fo r  a t r i angu la r  chan-  

%f -- (25) 
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F o r  square  channels  

ref = h. (26) 

A particularly complex problem is the transport process in the metal-ceramic, felt, and lattice struc- 
tures. For these the permeability K depends on the porosity, the sinuosity of the path, and the degree of filling 
of the pores. For large heat loads the saturation of the porous wick with respect to the liquid varies along the 
pipe, i.e., it depends on the coordinate: 

K = f(TI, b), (27) 

Most porous bodies are semicapillary structures having a differential curve for the distribution of sur- 
face permeability f(K) [4]: 

N 

f (K) = ~ 8A,, (2s) 
i = 1  

where  A i a r e  constants  sa t i s fy ing  the condition 
N 

Ai = 1; (29) 

and N is the final value.  

4. Dynamics  of the T r a n s p o r t  P r o c e s s  in Heat  Pipes_. The motion of a liquid in a s emicap i l l a ry  wick  
with a t e m p e r a t u r e  gradient  can be calcula ted by solving the cap i l l a ry  diffusion equation 

Ou , aT~7~ T (30) 
- -  a m V ' U - 7  rn-- " 

Ox 

If  we neglec t  the t e m p e r a t u r e  gradient  along the pipe,  it is val id to use the di f ferent ia l  diffusion equa-  
t ion,  allowing for  l a m i n a r  convect ive t r anspo r t :  

am 02o am 
- -  = D - -  W z  - -  , (31) 

O'r Oz ~- Oz 

where  D is  a d i spe r s ion  coeff icient  accounting for  d i f fe ren t  t r a n s p o r t  m e c h a n i s m s  such as m o l e c u l a r  diffusion, 
t u rbu len t  vo r t i c i t y ,  r ec i r cu la t ion  of liquid in the po re s  due to local  p r e s s u r e  g rad ien t s ,  t he rma l  and viscous  
s l ip ,  m a c r o s c o p i c  d i spe r s ion ,  e tc . ;  W z is a convect ive t e r m  given by the Darcy  law; and w is the m a s s  concen-  

t ra t ion .  

If the re  is turbulent  liquid t r a n s p o r t  (an e x t r e m e l y  r a r e  case  in porous  media) ,  Eq. (31) can be wri t ten  

in the f o r m  
Oo _, Oo a ( D,,h O--~z~ ) (32) 
aT  T- Vi OZi (gZ i i ,k . . . .  1 , 2 , 3  

where  D i , k . . .  is a s e c o n d - r a n k  t ensor .  

5. Heat  and Mass  T r a n s f e r  in L o w - T e m p e r a t u r e  Hea t -P ipe  Wicks.  In l o w - t e m p e r a t u r e  heat  p ipes ,  a c -  
cording to the Lykov theory  [5], the t he rm odynamic  mot ive  fo r ce s  for  t r a n s p o r t  of liquid in a porous  medium 
a re  the p r e s s u r e  gradient  (VP),  the t e m p e r a t u r e  gradient  (VT), and the concentrat ion gradient  (VU). 

The s y s t e m  of d i f ferent ia l  hea t -  and m a s s - t r a n s f e r  equations has  the f o r m  

OT 2 , (33) ----- kll V T -7 klev ~U + k13v 2P; 
O* 

OU -- k21v~'T + te22v~U + k~v2P; (34) 
ax 

OP = k31v'T + Ie3~v2U + ksav2P, (35) 
0x 

where  ki~ j (i, j = 1, 2, 3) a re  the h e a t -  and m a s s - t r a n s f e r  coeff icients  and the the rmodynamic  c h a r a c t e r i s t i c s .  
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Fig. 2. Heat flux in the evaporator  of a heat pipe as a function of the 
ver tex  angle of a t r iangular  channel (the hea t - t r ans fe r  agent is acetone; 
the wall mater ia l  is b rass ) :  1) experiment ;  2) data of [42]. 2S 0 = const= 
0.~ mm; Xma x = const = 40 ram; qmax,  W/m2" deg. 

Fig. 3. The maximum flux in the evapora tor  as a function of the length 
of the t r iangular  channel Xmax: 1) experiment ;  2) data of [42]. 2S 0 = 
const = 0.4 mm; 2a = const = 30~ Xma x, m. 

If the hea t - t r ans fe r  conditions cause intense vaporizat ion of the liquid in the pores ,  a supp lemen ta ryp res -  
sure gradient (qPv)  

aU 
epo 0"~ div (~vPv)' (36) 

where e is the dimensionless  vaporizat ion coefficient (0 < e < 1); 00 is the dry wick density; and ~ is the r e l a -  
tive fi l trat ion coefficient. This additional p r e s su re  gradient of the vapor inside a porous body causes ejection 
of liquid droplets  f rom the porous mater ia l  into the vapor  channel. 

If we assume that the local vapor and liquid tempera ture  within the porous body is equal to the wall t em-  
pera ture  of the pores ,  then we can wri te ,  for the vapor  moving along the pores ,  

OT 
Cpo - -  ---- div (;wT) + Ldiv (~VPv), (37) 

where c is the specific heat of the porous body, saturated with liquid. 

Under steady conditions 0 T / S t  = 0 the p r e s s u r e  distribution field will be s imi lar  to the tempera ture  
field. 

For  a liquid the unsteady t r anspor t  p rocess  in a porous body in the presence  of volume evaporat ion within 
the pores  can be descr ibed by the equation 

OU 
- -  ---- div [a,~ (vU --? 8vT)] + Po div (@vPv). (38) 

Under s teady-s ta te  conditions we find s imi lar  fields for  the t empera tu re ,  p r e s s u r e ,  and concentration 
of liquid within the pores.  

The Four ie r  -Ki rchhof f  law is cus tomar i ly  used for  t r anspor t  of energy in a porous solid. If this law is 
applied separate ly  to the liquid in the pores  and to the skeleton o~ the porous solid, we obtain the following 
equation: 

OT 
[HOt cl  -- ( 1 - -  I-I) PoCo] ~ 4- c i P l d i v  [ I lTul  ] -- ~q div [V (I-IT] + ~o div [V ( I - -  l-I) T] -~-- div q*, (39) 

where 
1 1 

T ~ --l _ ri  TO = - - ~  T l (average quartr2ties); (40) 
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Fig. 4. The heat  flux in the evapora tor  as a function ol the 
p r e s s u r e  drop between the evapora tor  and the condenser.  
The channels are  rec tangular  (the dashed line is the Zuber 
formula  [1]). 2S 0 = const = 0.44 mm;  q, W/m2; Ap,  N/m 2. 

Fig. 5. Heat flux in the evapora tor  as a function of the geo-  
me t r i ca l  size of the channel: 1) data of [43]; 2) experiment .  

~l : 7l (average velocity); 
Pt 

q* = Pl ct[ut  TI - -  ul TI ] ~ (~l - -  ~'o) l_~_, f Tn_~ldA. (41) v/, 
The integration is ca r r i ed  out along the surface of contact of the liquid with the body pores  Ai; K0 --'1 is the unit 
vec tor  to the surface  A, bounding the volume V. 

Thus,  according to Eq. (39), the t r anspor t  p roces s  in a porous solid saturated with liquid is driven not 
only by the rma l  conduction, but a lso by contact heat t r ans fe rbe tween the  liquid and the skeleton, as well as by 
convective heat  t r ans f e r ,  which is par t icu lar ly  important  for  large heat  fluxes. 

6. Heat T r a n s f e r  in Heat Pipes.  Heat t r ans fe r  in heat-pipe evapora tors  takes place by means of evapora -  
tion or  boiling of the liquid. In the condensers  heat  t r ans fe r  occurs  during condensation of vapor  on the film 
of liquid or  direct ly  in the pores  of the wick. Cri t ical  boiling of the liquid in the pores  is one reason why the 
power t ransmi t ted  by a heat pipe is l imited. 

We now consider  heat  t r ans fe r  in evapora to r s  and take, as an example,  a s t ructure  in the form of chan- 
nels of t r iangular  and rec tangular  section. The tube wall mater ia l  is b r a s s ,  and the hea t - t r ans fe r  agent is 
acetone. The rec tangular  channels have ver tex  angles of 15, 30, 40, 45, and 90 ~ [6]. 

The capi l lary head of a single t r iangular  channel can be expressed  as 

a cos 0 
dPcap = Re (42) 

According to the Hagen -Po i s eu i l l e  formula ,  the p r e s s u r e  drop for  a liquid moving in a channel under 
i so thermal  conditions is 

dP 

dx 

Equation (43) can be wri t ten in the fo rm 

dP 
dx = f - -  

F r o m  equil ibrium of fo rces  at the phase interface 

PUg " f- " Re = v--D--D (43) 
~--2~e ' ~ -  Re ' v l 

ttu 4A h sin a 
; ; Re = (44) 

2D e De = Perimeter 1 - -  sin a 

dP = dPcap (45) 
dx dx 
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Along  the e v a p o r a t o r  we have  

dP := dPcap. (46) 

We can t r a n s f o r m  Eq. (45) to the f o r m  

u~ ~cos0_ . D e _  2tcos~. 
f 2~:~ - R~ I - s i n  

Subs t i t u t i ng  v a l u e s  of D e and R e into Eq. (47) we ob ta in  

rum Gt cos ~ ( i  - -  sin ~) 

cos 0 i - -  sin cz 

[ COS 
D (47) 
: ' e  2 ( 1 - -  sin cz) 

(48) 

We have verified this calculation by an experimental check of the effect of the triangle vertex angle on 
the heat flux from the evaporator surface, for constant temperature on the external surface (boundary condi- 
tions of the first kind) of the evaporator and condenser (Figs. 2-3) in the temperature range 10-100~ Heat 
fluxes up to 25 W/cm 2 were found over the entire area of the evaporator with acetone flowing in triangular 

channels of vertex angle 30 ~ The evaporator wall temperature was 64~ 

Figure 4 shows the specific heat flux as a function of the pressure drop along rectangular charmels of 
different depths. The curve q = f(AP) can be divided into three sections. In section OA is extracted heat by 
evaporation of liquid in the channel from the channel surface; in section AB there is a zone of stable bubble 
boiling; at the point B we observe critical boiling (qcr = 21.8 W/cm2). Starting atpointB we observe differentia- 
tion of the curves q = f(Ap) for different channel depths. The heat flux q in zone AB is proportional to the 
vapor pressure difference between the evaporation and condensation zones: 

q = N  z ( - - ) ' cosORcrK~VP C; 

k, =: 10-I; Rw _ 2~Ts 
r9 v (T s - -  T w ) '  

w h e r e  T w is  the wa l l  t e m p e r a t u r e ;  and T s  is  the s a t u r a t i o n  t e m p e r a t u r e .  

The  length  of s e c t i o n s  OA and AB d i f f e r s  v e r y  l i t t l e  fo r  a l l  the r e c t a n g u l a r  channe l  s e c t i o n s  i nves t i ga t ed .  
The  e x p e r i m e n t a l l y  d e t e r m i n e d  va lue  ^ m a x  = 21.8 W/era  2 a g r e e s  we l l  wi th  the Z u b e r  f o r m u I a  [1] Ucr 

- -  ~ f.,..L [ ~(~ - - o  )-1:'4/ 
% 2-4 ' L i t '  

The maximum value of q under boiling conditions is 35-40 W/ore 2, and the channel depth is twice the 
width, being 0.8 ram. Thus, when the liquid is boiling, the channel depth has an appreciable influence on q. 
The limiting factor is the liquid mass flux along the channel and the discharge resistance of the vapor bubbles. 
The deeper the channel, the greater the liquid mass flux and the larger the discharge resistance of the vapor 
bubbles. The dependence of qmax on the channel depth is shown in Fig. 5. The relation can be approximated 
by the formula 

q ~ x  = 0.253,~ cos 0 - r - l . 4 , ~  e x p  ( 0 , 3 6 5 n ) ,  n = ~ ' S U = 0 ,5 t .  

Ill. APPLICATIONS OF HEAT PIPES 

The a p p l i c a t i o n s  of h e a t  p i p e s  can  be a s  d i v e r s e  a s  t h e i r  s h a p e s .  We c a n c e r t a i n l y s a y t h a t t h e s e  e n g i -  
n e e r i n g  d e v i c e s  a r e  i m p o r t a n t  for  many  f i e l d s .  It is  d i f f i cu l t  to give p r e f e r e n c e  to any p a r t i c u l a r  b r a n c h  of 
i n d u s t r y .  F o r  e x a m p l e ,  the i n t r o d u c t i o n  of hea t  e x c h a n g e r s  o p e r a t i n g  on the h e a t - p i p e  p r i n c i p l e  in the  o i l  and 
gas  i n d u s t r i e s  in the  USSR h a s  s o l v e d  the f u n d a m e n t a l  p r o b l e m  of l a y i n g  oi l  and g a s  l i n e s  in the  p e r m a f r o s t  
r e g i o n s ,  coo l ing  hot  gas  fo l lowing  c o m p r e s s o r  s t a g e s ,  u t i l i z i n g  the h e a t  of w a s t e  g a s e s ,  g a s e f y i n g  l ique f i ed  
gas  at  s t o r a g e  and d e m a n d  l o c a t i o n s ;  f o r  t h e r m a l  s t a b i l i z a t i o n  of so i l  a l o n g g a s  and o i l  l i n e s ,  to p r e v e n t  f r e e z i n g  
and d a m a g e ;  and fo r  c o n s t r u c t i n g  ice  pon toons  t h rough  m a r s h e s  and the  founda t ions  of d r i l l i n g  t o w e r s ,  a s  we l l  
a s  r o a d s  in p e r m a f r o s t  r e g i o n s .  

About  100,000 h e a t  p i p e s ,  r a n g i n g  in length  f r o m  10 to 20 m ,  a r e  be ing  u s e d  f o r  t h e r m a l  c on t ro l  of the 
p e r m a f r o s t  zone in c o n s t r u c t i n g  an oi l  p i p e l i n e  in A l a s k a ,  in the USA, of l eng th  798 m i l e s .  Each  of t h e s e  i s  
c apab l e  of g iv ing  up to 300 W of t h e r m a l  p o w e r  fo r  a t e m p e r a t u r e  d r o p  of l e s s  than  I~ o v e r  i t s  length  f o r  
a p e r i o d  of 30 y e a r s  wi thou t  m a i n t e n a n c e .  
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The USA is developing a dr i l l  for  u l t radeep  dr i l l ing of a bore  in the f o r m  of a minia ture  f a s t -neu t ron  
r e a c t o r  cooled by means  of heat  pipes .  

The re  a re  g rea t  poss ib i l i t i e s  for  using heat  pipes in the power  and e l ec t r i ca l - eng inee r ing  industr ies .  
F o r  example ,  centr i fugal  hea t  p ipes  can be used  effect ively as heat  exchangers  for  heat ing a i r  and cooling 
liquids and for  t e m p e r a t u r e  control  of windings,  shaf t s ,  and r o t o r s  of e l ec t r i ca l  m a c h i n e r y ,  fans ,  bear ings  
of gas t u rb ines ,  and oven fans.  Centr i fugal  hea t  pipes a re  used  for  cooling asynchronous  mo to r s  with sh o r t -  
c i rcui ted  cas t  ro to r s .  

Such m o t o r s  a re  used  mainly  in mechan ica l  engineering.  With the use of centr i fugal  heat  pipes in a ro to r  
it has  become  poss ib le  to control  the mo to r  speed e l ec t r i ca l l y ,  e l iminat ing the need for  complex t r a n s m i s s i o n s  
and gear  t r a ins .  The asynchronous  moto r  b e c o m e s  a compet i to r  of the dc m o t o r ,  and its cost  is s eve ra l  t imes  
l e s s .  Significant succes s  has  been achieved in this d i rec t ion  in s eve ra l  countr ies .  The Japanese  f i rm  Fu j i t -  
su Fanuka and the Siemens Company (Federa l  Republic  of Germany)  began c o m m e r c i a l  production in 1975 of dc 
torque m o t o r s  with a heat  pipe in the ro to r .  

The centr i fugal  heat  pipe has  been used success fu l ly  as a h i g h - m a s s  moto r  in a number  of specia l  a syn-  
chronous e l ec t r i c  mo to r s .  The t h e r m a l  r e s i s t a n c e  of this type of ro to r  has  been dec rea sed  by a fac tor  of 10, 
and the heat  flux f r o m  the s t a to r  to the ro to r  has  been inc reased  signif icant ly,  leading to an apprec iable  r educ -  
t ion in the s ta to r  winding t e m p e r a t u r e  (by 15-20~ The ro to r  t e m p e r a t u r e  is then d e c r e a s e d  by more  than 
30~ Bes ides  the a x i s y m m e t r i c  centr i fugal  hea t  pipe,  centr i fugal  heat  pipes with n e a r - a x i a l  ro ta t ion,  located 
at some dis tance f r o m  the r o t o r  ax is ,  a re  used  for  s i m i l a r  purposes .  C lass ica l  heat  pipes with a capi l la ry  
pump a re  used  to cool the s ta to r  windings of e l ec t r i ca l  machinery .  

In the e l ec t r i c a l - eng inee r ing  industry  heat  pipes a re  used successfu l ly  not only to cool e l ec t r i ca l  m a -  
chinery ,  but also to cool h igh-vol tage  copper  contact  switches.  The m a t e r i a l  of the pipe is copper ,  and the 
h e a t - t r a n s f e r  agent  is wa te r .  These  tubes reduce  the t e m p e r a t u r e  of the moving contacts  by 45-50~ and the 
t e m p e r a t u r e  of the fixed contac ts  by 30~ The t r ansmi t t ed  power is 200-300 W. 

Invest igat ions  a re  cur ren t ly  in p r o g r e s s  in the USSR to explore  the possible  use of heat  pipes to cool 
t r a n s f o r m e r s ,  both a i r - f i l l ed  and off - f i l led ,  min ia tu re  and h igh-power ,  and for  cooling of e l ec t r i ca l  busbars .  

Broadly based  r e s e a r c h  is in p r o g r e s s  to apply hea t  pipes in h igh-power  e lec t r i ca l  engineer ing and e l ec -  
t ron ics  to cool semiconductor  devices  ( thyr is tors)  and cu r ren t  r e c t i f i e r s  and to suppres s  sho r t - c i r cu i t  cu r -  

ren t s .  

Fo r  example ,  the West  G e r m a n  f i r m  Brown Bover i  Corpora t ion  has  developed a sy s t em of e lec t ronic  

devices  with heat  p ipes .  

A. T h y r i s t o r  s y s t e m s  of power g r e a t e r  than 1 kW; the t h e r m a l  r e s i s t a n c e  R of the heat  pipe is 0.035~ 
and the cooling a i r  veloci ty  is v = 6 m/sec .  

B. A device for  a por table  cu r r en t  r e c t i f i e r  sy s t em (700 W; t h e r m a l  r e s i s t a n c e  0.055~ cooling a i r  

veloci ty  v = 6 m/ sec ) .  

Heat  p ipes  have proved  adaptable to the incorpora t ion  of e lec t ron ic  equipment ,  thereby increas ing  the 

cooling ef fec t  by f ac t o r s  of 10. 

P roduc t s  of the Br i t i sh  SRDE l abora to ry  (Signal R e s e a r c h  and Development  Establ ishment)  include the 
following: hea t  p ipes  in the f o r m  of p lanar  e l ec t r i c a l  insu la tors ,  a h e a t  pipe of ve ry  smal l  d i a m e t e r ,  and var ious  
combinat ions of heat  p ipes  and the rma l ly  insulat ing modules .  

Very  in te res t ing  poss ib i l i t i e s  have opened up for  producing s tat ic  ba t t e r i e s  and t he rma l  energy  co n v e r t -  
e r s  based on heat  p ipes ,  t h e r m a l  diodes ,  vapo r  c h a m b e r s ,  e tc . ,  and m a t e r i a l s  which va ry  their  aggregate  
s ta te  (fused sa l t s ,  m e t a l s ,  sulfur  with ha logens ,  e tc . ;  opera t ing  t e m p e r a t u r e  500-800~ the ma te r i a l  of the 
heat  pipes is s ta in less  s tee l ,  and the h e a t - t r a n s f e r  agent is sodium. The t he rma l  power s to red  can be up to 
10-100 k W ' h .  H i g h - t e m p e r a t u r e  hea t  p ipes  using alkal i  me ta l s  can be employed successfu l ly  as e l ec t rodes  

in p l a sma  gene ra to r s .  

In the energy  industry there  is a t rend to build e lec t r i c  s ta t ions using solar  energy and hot spr ings .  At 
p r e sen t ,  an e l ec t r i c  stat ion of power of at l eas t  100 kW is under construct ion in the southern USA; it takes the 
f o r m  of a ba t t e ry  of h i g h - t e m p e r a t u r e  heat  p ipes ,  heated by the sun, and working into w a t e r - v a p o r  genera to r s  
or  t h e r m o e l e c t r i c  conve r t e r s .  Such ba t t e r i e s  of heat  p ipes ,  linked to h e a t - s t o r a g e  units ,  will make it poss ible  
to develop e l ec t r i ca l  energy  around the clock. The re  a re  plans to use heat  pipes as e l ec t r i c  cables  and d i s -  

t r ibut ion l ines.  
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Heat  p ipes ,  in conjunction with t h e r m a l - e n e r g y - s t o r a g e  uni ts ,  offer  a complete  solution to the p rob lem 
of energy  product ion and cooling of autonomous meteoro log ica l  radio s tat ions,  opera t ing  on ba t t e r i e s  in i n acce s -  
sible locat ions (the F a r  Eas t ,  An ta rc t i ca ,  etc.) .  When t r ansmi t t ing ,  these  s ta t ions can have s h o r t - t e r m  en-  
e rgy  r e q u i r e m e n t s  up to 2 KW, and the t h e r m a l  ene rgy  l ibe ra ted  i s  t r ansmi t t ed  by means  of heat  pipes to t h e r -  
m a l - s t o r a g e  uni ts ,  f i l led with a substance  which undergoes  a phase  t rans i t ion  (octadecane).  When the s ta t ion 
is r ece iv ing ,  the requ i red  power  is no m o r e  than 100 W. In this case  it is n e c e s s a r y  to supplement  the heat ing 
of the ba t t e ry  f r o m  the t h e r m a l  s to rage  by means  of heat  pipes.  

Heat  pipes can produce inexpensive t e m p e r a t u r e  control  cel ls  for  ch roma tog raphs ,  for  mach inery  used 
in h igh-speed  dry ing  of pape r  and cloth,  fo r  h e a t - t r e a t m e n t  of med ic ines ,  and for  pas teur iza t ion  of mi lk  and 
f ru i t ju i ce .  In the  automobile industry,  h e a t e x c h a n g e r s  using heat  p ipes  a re  used to cool oil in the c r ankcase ,  
for  t e m p e r a t u r e  control  of liquid in the cooling and t r a n s m i s s i o n  s y s t e m s ,  for  a i r  conditioning of t:~e cabin,  
and so on. 

According  to data of the United Kingdom National Engineer ing Labo ra to ry  in Glasgow (East  Kilbr ide) ,  
heat  p ipes  and the rmos iphons  are  being used success fu l ly  in in ternal  combust ion engines to vapor /ze  gasoline 
accumula t ing  in the lower  pa r t  of the c a r b u r e t o r  in o rde r  to supply a uni form mix ture  to the cyl inders .  The 
exhaus t  gas  hea t  is used  for  th i s ,  and the fuel saving is substant ia l .  

The s ame  l abo ra to ry  u se s  heat  exchangers  employing hea t  pipes to hea t  the cabins of automobi les  and 
other  types  of industr ia l  veh ic le s ,  as r e g e n e r a t o r s  to uti l ize heat ,  and so on. 

The i r  a s s o c i a t e s  in Wales  (in Cardiff) have cons t ruc ted  heat  pipes using organic  h e a t - t r a n s f e r  agents ,  
capable  of t r ansmi t t i ng  s e v e r a l  kilowatts  of t h e r m a l  power to d is tances  of 3-4 m at an opera t ing  t e m p e r a t u r e  
of 300~ The shell  of these  pipes  is s t a in less  s tee l ,  and the h e a t - t r a n s f e r  agent  is T h e r m a x  (a eutect ic  m i x -  
ture  of 73.5% diphenyl oxide and 26.5% diphenyl). The wick is a s ta in less  s teel  mesh.  Stainless s teel  heat  
p ipes  a r e  a lso  used  with an in ternal  copper  shell  and a copper  wick,  and these  can opera te  for  m o r e  than 
10,000 h at t e m p e r a t u r e s  of 250~ and above. This  l abo ra to ry  is cu r r en t ly  producing hea t -p ipe  devices  o p e r -  
ating in the t e m p e r a t u r e  range 50-2500~ F o r  improved  wetting of s ta in less  s teel ,  0.05% diethyl(sodium suI -  
fonate) suceinate  is  added to the water .  This  s u r f a c e - a c t i v e  subs tance  cons iderab ly  improves  the wetting 
power  of the tube su r face  with r e g a r d  to water .  The F ia t  Company is  c a r r y i n g  out a wide range of studies to 
use  aqueous hea t  p ipes  in the automobi le  and aviation indust r ies .  

To m e e t  the needs of the automobile  and t r a c t o r  indus t r ies ,  the USSR is invest igat ing the p a r a m e t e r s  of 
heat  exchangers  based  on hea t  p ipes ,  the object ive being to produce a r a d i a t o r - t e m p e r a t u r e  controUer  using 
g a s - g e n e r a t o r  hea t  pipes and heat  exchangers  using o i l - w a t e r ,  o i l - a i r ,  w a t e r - g a s ,  etc.  The re  is g rea t  in-  
t e r e s t  in us ing heat  exchangers  employing heat  p ipes  to heat  the oil in the c r a n k c a s e s  of t r a c t o r s  and automo-  
b i les  opera t ing  in winter  and for  cooling or heat ing the oil in t r a n s m i s s i o n s ,  for  heat ing the fuel in refuel ing 
tanks ,  and so on. 

Heat  exchangers  based  on heat  pipes can be used with success  to cool the molds  in the cast ing of var ious  
engine par t s .  

Another  object ive  of g rea t  in te res t  is to use  the cooling ef fec t  of hea t  pipes to cons t ruc t  a cutting tool of 
inc reased  cutting ra te .  

Heat  exchanger s  involving t he rm a l  siphons a re  beginning to find use  in cooling and f reez ing  equipment.  

Abroad ,  pa r t i cu l a r ly  in the USA, there  has  been g rea t  p r o g r e s s  in the introduction of hea t  exchangers  
based  on hea t  p ipes  for  using and r egene ra t ing  heat  in f a c t o r i e s ,  industr ia l  p lan ts ,  and in the heat ing and a i r -  
conditioning fields.  This  type of hea t  exchanger  can be useful  for  a i r  conditioning in chemica l  f ac to r i e s ,  cooling 
of gas ,  heat ing of wa t e r  and a i r ,  and so on. F o r  example ,  the Q-Dot  Corpora t ion  has  a l ready marke t ed  more  
than t000 heat  exchangers  in which about 125,000 hea t  pipes are  used. I t  is pa r t i cu l a r ly  impor tan t  and n e c e s -  
s a r y ,  under the conditions of the ene rgy  c r i s i s ,  to use  energy  fo r - secondary  purpose ,  following a p r i m a r y  use.  

Heat  exchangers  using heat  pipes have apprec iab le  advantages  in compar i son  with c i rcu la t ion- type  heat  
exchangers :  

1) They contain no moving pa r t s  and a r e  comple te ly  se l f -conta ined;  each heat  pipe in a heat  exchanger  is 
insulated f r o m  the o the r s ,  i .e . ,  the heat  exchanger  has v e r y  g rea t  re l iab i l i ty ;  

2) they have a guaranteed opera t ing  l i fe ,  the re  being no need for  p reven t ive  main tenance  (a [~fe of 15- 
20 y e a r s  or  more ) ;  

1365 



3) they d o  not r equ i r e  an ex te rna l  dr ive  to pump the working substance;  the t e m p e r a t u r e  drop at  the ends 
of the hea t  pipe is the source  of m a s s  t r a n s f e r  inside the pipe; 

4) they guarantee  comple te  isolat ion of one gas s t r e a m  f r o m  the other ;  

5) the re  a r e  no r i go rous  l imi t s  with r e g a r d  to the geomet r i ca l  d imens ions  of the heat  exchangers ;  

6) hea t  exchanger s  us ing heat  p ipes  a re  m o r e  compact  than the c i rcula t ion type;  

7) it is poss ib le  to change the d i rec t ion  of the heat  flux insides  these  hea t  exchangers .  

Heat  exchanger s  us ing heat  p ipes  a re  pa r t i cu l a r l y  p r o m i s i n g  for  use  in dry ing  technology,  e .g . ,  for  d r y -  
ing cloth. Fo r  exam p l e ,  the use  of one hea t  exchanger  in a chamber  for  drying text i les  has  ut i l ized up to 70% 
of the exhaus t  hea t ,  which is  150-200 kW. A hea t  exchanger  using heat  p ipes  has  a dual function: a) I t  makes  
use  of the energy;  b) it cools the working vapo r  or  a i r  f r o m  a t e m p e r a t u r e  of 140~ down to the 60~ value 
n e c e s s a r y  fo r  n o r m a l  opera t ion  of the moni to r ing  ins t rumenta t ion  which is checking for  contaminat ion of the 
medium.  One v e r y  n e c e s s a r y  appl icat ion of this  type of hea t  exchanger  is to uti l ize waste  heat  in drying l a c -  
quer  coats  in the automobi le  industry.  I t  is  poss ib le  to make heat  exchangers  with a power  up to 500 kW with 
an eff ic iency of 65-70%. These  a re  also p r o m i s i n g  for  use  in the drying of enamel  coatings and semiconductor  
p roduc t s  in ovens with an i n f r a r ed  hea t  source .  

P r e s s e s  have been made in the f o r m  of heat  p ipes  and a re  a l ready  used for  p r e s s ing  g lass  and p las t ic  
v e s s e l s ,  to improve  the quali ty of gas hotpla tes ,  and so o n . .  

An in te res t ing  appl icat ion is c ryogenic  heat  p ipes  us ing liquid n i t rogen for  local  f r eez ing  of skin and 
human t i ssue .  The Hughes A i r c r a f t  Company (USA) has  success fu l ly  developed and introduced f lexible hea t  
p ipes  in the f o r m  of bel lows for  cooling moving a r t i c l e s ,  for  example ,  individual pa r t s  of machine tools ,  and 
so on. 

Heat  p ipes  a r e  being used  with s ucce s s  in the ins t rumenta t ion  industry  to produce p rec i s ion  ins t rumen t s ,  
such as  t e m p e r a t u r e  con t ro l l e r s ,  v i s c o m e t e r s ,  i n s t rument s  for  m e a s u r i n g  the rmophys ica l  p r o p e r t i e s  over  a 
wide t e m p e r a t u r e  r ange ,  absolute  b lack-body  mode l s ,  and so on. 

It  should be noted that  these  deve lopments  a r e  novel.  Fo r  example ,  it was  not known, even in 1974, that  
one could main ta in  the su r face  of t e m p e r a t u r e  control  devices  to be i so the rma l  to within 10 -S deg using heat  
pipes .  At p r e s e n t ,  such t h e r m o s t a t s  ex i s t  and a re  capable  of t e m p e r a t u r e  control  to within +0.1~ over  the 
t e m p e r a t u r e  range  100-1000~ (for c o m p a r i s o n ,  wa t e r  and oil t h e r m o s t a t s  can be used up to 250~ and t h e r -  
m o s t a t s  with a f luidized bed can be used  up to 600~ 

In the European  Atomic  Energy  Communi ty  the pr inc ip le  of action of gas -con t ro l l ed  heat  pipes is used to 
de tec t  m i c r o l e a k s  and f laws in f langed jo in ts ,  used over  a wide range  of t e m p e r a t u r e  and p r e s s u r e .  This  
l eak-de tec t ion  method is m o r e  accura te  and r e q u i r e s  cons iderably  l e s s  cost ly  ins t rumenta t ion  than the t r a d i -  

t ional methods.  

It  is p r o m i s i n g  and economica l ly  a t t r ac t ive  to use  hea t  pipes in spacec ra f t  under weight less  conditions. 
At p r e s e n t ,  an in ternat ional  p r o g r a m  is in p r o g r e s s  for  r e s e a r c h  on hea t  pipes and hea t  exchangers  in use  
under  weight less  conditions (The Internat ional  Hea t -P ipe  Exper iment ) .  The par t ic ipan ts  a re  the USA, the 
F e d e r a l  Republic  of G e r m a n y ,  Grea t  Br i ta in ,  and Holland. 

On October  4, 1974, a sounding rocke t  was  launched into space  (the Black Brant  Sounding Rocket) ,  which 
c a r r i e d  hea t  pipes made  by the NASA/Goddard Space Flight  Center ;  ESRO; GFW; Hughes A i r c r a f t  Company,  

NASA/Ame s; 

a) ESRO cons t ruc ted  two a luminum heat  pipes of length 885 m m  and d i a m e t e r  5 mm.  The wick  was a 
single l aye r  of s t a in less  s tee l  mesh  with an a r t e r y  d i ame te r  of 0.5 m m .  One pipe was fi l led with ammonia  
and the o the r  with acetone.  The acetone hea t  pipe t r ansmi t t ed  8.4 W of power ,  and the ammonia  pipe t r a n s -  
mi t ted  21 W. The heat  sink was  an a luminum block; 

b) GFW (Gesel fsehaf t  fiir Wel t raumforschung)  of the West  Ge rman  Minis t ry  of Technology cons t ruc ted  a 
f la t  a luminum heat  pipe in the f o r m  of a d isk  of d i a m e t e r  150 m m  and a t i tanium heat  pipe of length 600 m m ,  
charged  with methanol ,  with i ts  end face  joined to the d isk  by an a luminum tube. The f lat  heat  pipe was fil led 
with ace tone ,  and the other  end was  joined to a h e a t - s t o r a g e  device (a can i s t e r  with a mol ten  substance - "E ico-  
sane"  - w i t h  a f u s i o n t e m p e r a t u r e  of 35~ This  s y s t e m  t r a n s m i t t e d  26 W of power;  
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C) The Hughes A i r c r a f t  Company cons t ruc ted  two flexible heat  p ipes  made of s ta in less  s teel  (6.4 m m  in 
d i ame te r ;  270 ram in length). The working liquid is methanol ,  and the wick  is a meta l  mesh ;  

d) NASA/~mes cons t ruc ted  two s ta in less  s tee l  heat  p ipes  of length 910 m m  and d i ame te r  12.7 ram. The 
liquid is methanol ,  and the iner t  gas is ni t rogen.  The wick is a sc rew th read  on the body, and the a r t e r y  is a 
wafe r  of me ta l l i c  felt.  This  kind of a r t e r y  is insensi t ive  to the p r e sence  of noneondensible gas;  

e) NASA cons t ruc ted  a c ryogenic  heat  pipe made of a luminum with longitudinal channels of length 910 m m  
and d i ame te r  16 m m ,  charged  with methanol .  

Thus,  in the in ternat ional  e x p e r i m e n t  on October  4, 1974, the organiza t ions  NASA/GSFC (Grumman and 
TRW), NASA/Ames (Hughes), Hughes (Hughes), ESRO (the IKE Inst i tute in Stuttgart) ,  and GFW (DoE~ier) took 
p a r t  in the tes t ing  of heat  p ipes  in space.  Of these,  G r u m m a n  cons t ruc ted  five d i f ferent  groups  of heat  pipes,  
and TRW cons t ruc ted  three .  

The French  National Center  for  Space R e s e a r c h ,  CNS, independently of the Amer i can  and European Space 
Center  (USA), developed and opera ted  a p r o g r a m  of space  expe r imen t s  with hea t  p ipes ,  const ructed by the 
Aerospa t ia le  and SABCA compancies .  In N o v e m b e r ,  1974, the F rench  sounding rocke t  ERIDAN 214 was 
launched,  c a r ry ing  a r ad ia to r  of heat  pipes.  The a im of the expe r imen t  was to ve r i fy  the operat ional  capabil i ty 
of hea t  p ipes  under  weight less  conditions; to ve r i fy  that  the heat  pipes would be r eady  to opera te  at the s t a r t  of 
a rocke t  flight; and to se lec t  va r ious  hea t -p ipe  s t ruc tu r e s  for  spacec ra f t  equipment.  

T h r e e  types  of heat  pipe were  invest igated.  

1) A curved  hea t  pipe made by SABCA, of length 560 m m  and d i ame te r  3.2 m m ,  made of stairs s tee l ,  
the f i l t e r  being a s t a in less  s tee l  m e s h ,  with ammonia  as the h e a t - t r a n s f e r  agent. The t r ansmi t t ed  power was 
4 W. The pipe was flexible.  

2) A heat  pipe made by the CENG organiza t ion  (the a tomic  center  in Grenoble) of length 270 m m  and 
d i ame te r  5 ram,  made of copper ,  with a wick made of s in tered  bronze  powder.  The h e a t - t r a n s f e r  agent  was 
water .  The t r a n s m i t t e d  power  was  20 W. 

3) A SABCA heat  pipe,  s i m i l a r  to No. 1, but s t ra ight .  The t r ansmi t t ed  power  was 5 W. 

The heat  sink was  a box with a v a r i a b l e - p h a s e  fusible  substance  Tf = 28.5~ (n-octadecane).  ~ne energy 
source  was an e l ec t r i c  ba t t e ry  with U = 27 V. The total  weight  of the exper imen ta l  equipment  was 2.3 kg. 

In addition to the sounding r o c k e t s ,  NASA has  used a number  of sa te l l i t es  for  tes t ing  heat  p ipes ,  to 
evaluate  the effect  of l o n g - t e r m  weight less  conditions on hea t -p ipe  p a r a m e t e r s  (the spacec ra f t  Skylab, OAO- 
III,  ATS-6,  CTS, etc.).  

These  invest igat ions point ve ry  c lea r ly  to posi t ive  gains at p r e sen t ,  and we can confidently a s s e r t  that 
heat  pipes will find wide appl icat ions in space  in the nea r  future.  Fo r  example ,  the USA plans to use  heat  pipes 
for  t he rma l  control  and t h e r m a l  pro tec t ion  of the r eusab le  shuttle and a lso  for  the Spacelab space  labora tory .  
Fo r  t hese ,  the hea t - s ens i t i ve  equipment  will be located in boxes or  can i s t e r s  within which the t e m p e r a t u r e  will 
be held constant  by means  of hea t  pipes located in the wal ls  of the enclosure .  

In a s i m i l a r w a y ,  the engineer ing  appl icat ions  of h igh - t empe ra tu r e  hea t  pipes (based on liquid meta ls )  is 
being invest igated.  

In r e cen t  y e a r s  there  have been r e a l i s t i c  p roposa l s  for  the use  of l iqu id-meta l  heat  pipes in the a tomic  
energy  and ins t rumenta t ion  fields.  

F o r  example ,  heat  p ipes  using po tass ium and sodium are  being used successfu l ly  as p robes  to invest igate  
the p r o p e r t i e s  of va r ious  s t ruc tu ra l  m a t e r i a l s  in f a s t -neu t ron  r e a c t o r  c o r e s ,  and these  can r emove  :heat flux 
up to 10 kW at  t e m p e r a t u r e s  of 870-920 and 970-1050~ respec t ive ly .  The hea t -p ipe  d i a m e t e r  is 22.2 ram,  
and the length is 540 mm.  Since the pipes a re  mounted ve r t i c a l l y ' and  the liquid r e tu rn s  under  g rav i ty ,  a specia l  
type of wick is used to obtain uni form dis t r ibut ion of liquid in the pipe e v a p o r a t o r ,  in the f o r m  of a single l aye r  
of m e s h ,  and a sp i ra l  i m pa r t s  swir l  to the liquids. 

The re  is a v e r y  g rea t  potential  for  sea led  gaseous and gasdynamie  l a s e r s  us ing me ta l  vapor ,  opera t ing 
on the hea t -p ipe  pr inc ip le  and capable of l a rge  output power.  The evapo ra to r  of a l iqu id-meta l  hea t  pipe is a 
m e t a l - v a p o r  heat  source  (copper,  m e r c u r y ,  s i l ve r ,  etc.) .  The appl icat ion of an e l ec t r i ca l  d i scharge  in the 
d ischarge  in the t r a n s f e r  reg ion  of the hea t  pipe p roduces  the rmodynamic  nonequi l ibr ium of the s y s t e m  and 
leads  to l a s e r  i l lumination of the medium.  An expe r imen ta l  model  of a m e t a l - v a p o r  l a s e r  was  cons t ruc ted  and 
invest igated in the Los Alamos  l abo ra to ry  in the USA. 
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The l a s e r  has  an ex te rna l  d i a m e t e r  of 15 cm,  a height of 10 cm,  and a wall  th ickness  of 0.65 cm. The 
working p r e s s u r e  inside the l a s e r  is 7 a tm.  The h e a t - t r a n s f e r  agent is m e r c u r y .  The l a s e r  radia t ion is 
emi t t ed  through four  qua r t z  windows,  which a r e  also used  for  optical  m e a s u r e m e n t s .  The quar tz  windows 
w e r e  mounted on the end f aces  of four  g a s - g e n e r a t o r  heat  p ipes ,  a t tached to the main  heat  pipe - the l a se r .  
These  tubes have a d i a m e t e r  of 1.9 cm and a length of 15 cm. An iner t  gas is used to p ro tec t  the g lass  f r o m  
m e t a l - v a p o r  condensation.  A fifth aux i l i a ry  ve r t i c a l  heat  pipe is used to i n se r t  e l ec t rodes  into the l a s e r  and 
to p ro t ec t  the h igh-vol tage  h e r m e t i c  Tef lon sea l  f r o m  the ha rmfu l  action of the me ta l  vapor .  I ts  d i a m e t e r  is 
6.25 cm,  and i ts  length is 20 cm. The en t i re  l a s e r  is mounted in a conta iner  of d i ame te r  60 cm and height 
50 c m ,  through which a i r  is c i rcu la ted  for  added pro tec t ion  f rom the ha rmfu l  act ion of the m e r c u r y  vapor .  

L iqu id -meta l  hea t  pipes a re  of g rea t  p rac t i ca l  i n t e re s t  in the const ruct ion of new types  of engines (the 
St i f l ing or  the E r i c s on  engines).  The main  s u c c e s s e s  in this d i rec t ion  have been achieved in Holland (the 
Phi l l ips  Company at  Eindhoven). 

Scient is ts  a t  Phi l l ips  have used l iqu id-sodium heat  p ipes  to connect  a chemica l  energy  source  (a ch emi -  
cal r eac to r )  to a St i r l ing engine. An expe r imen ta l  model  of the machine ,  together  with the chemical  r e a c t o r ,  
has  a l ready  opera ted  for  m o r e  2 months  without  apprec iab le  change in i ts  p a r a m e t e r s .  The faci l i ty  is 6 m 
long, 3 m high, and 2.5 m wide. 

The chemica l  r e a c t o r  cons is t s  of s ix  sec t ions  in which a chemica l  r eac t ion  o c c u r s ,  l ibera t ing  hea t  f r o m  
in terac t ion  of l i thium with su l fohexachlor ide ,  r e su l t ing  in fo rmat ion  of l i thium chloride and l i thium sulfide. 
The ene rgy  r e l e a s e d  is 1200 k W - h  at a t e m p e r a t u r e  of 950~ 

L iqu id -meta l  hea t  p ipes  a re  a lso  used  as  hea t  sou rces  in l a rge  vacuum ovens.  

L iquid-sodium heat  p ipes  of 20 kW power  have  a d i ame te r  of 114 m m  and length 1.8 m (the evapora to r  is 
0.3 m ,  the t r a n s f e r  zone is 0.6 m ,  and the condensat ion zone is 0.9 m). The pipes  a r e  mounted hor izontal ly  
and hea ted  by methane.  The hea t  flux in the e v a p o r a t o r  is 190 k W / c m  2. The opera t ing  t e m p e r a t u r e  inside the 
vacuum oven is 1000~ The oven is intended for  vacuum fusion of me t a l s  (steel  alloys).  When heat  p ipes  a re  
used ,  the oven can be heated  or  cooled in 0.5 h (from r o o m  t e m p e r a t u r e  to 1000~ The total  me l t  cycle takes  
no m o r e  than 4 h. The weight  of me ta l  fused  is 250 kg. 

I V .  H E A T - P I P E  S T R U C T U R E S  

The c l a s s i ca l  hea t -p ipe  s t ruc tu re  is a c losed,  h e r m e t i c a l l y  sea led  shell  whose inside sur face  is covered  
with a l aye r  of porous  m a t e r i a l  f i l led with l iquid,  while the r ema in ing  space  is f i l led with vapor  (see Fig. 1). 
Heat  p ipes  of this  type a re  used  to t r a n s f e r  heat  f r o m  one region of space  to another.  

The intensive development  of poss ib le  use  of hea t  pipes has  taken a number  of in te res t ing  di rec t ions:  
f r o m  s imple  cyl indr ica l  p ipes  to r a d i a t o r s  for  in ternal  combust ion engines of complex shape,  f r o m  2-3 l a y e r s  
of me ta l  m e s h  as  a porous  s t ruc tu re  to mul t icomponent  porous  wicks  with a r t e r i e s .  

The re  a re  p r e sen t ly  s e v e r a l  tens  of d i f ferent  hea t -p ipe  s t ruc tu re s .  They can be c lass i f ied  according to 

a number  of p a r a m e t e r s .  

1. According  to t e m p e r a t u r e  range:  a) c ryogenic  heat  pipes 4~ < T < 200~ b) l o w - t e m p e r a t u r e  200~ < 
T < 550~ c) i n t e rmed ia t e  t e m p e r a t u r e  hea t  pipes 550~ < T < 750~ d) h i g h - t e m p e r a t u r e  heat  pipes T > 750~ 
Heat  pipes  can opera ted  in the t e m p e r a t u r e  range  4-2800~ 

2. According  to type of h e a t - t r a n s f e r  agent:  a) alkal i  me ta l  agent (used in h i g h - t e m p e r a t u r e  heat  pipes);  
b) nonmeta l l ic  agent  ( w a t e r ,  am m on i a ,  ace tone ,  F r eon ,  a lcohol ,  carbon t e t r ach lo r ide ,  benzene ,  cryogenic  
l iquids) ,  h i g h - t e m p e r a t u r e  organic  agents  (diphenyl, Dowtherm,  sulfur  with halogen addi t ives ,  fused sa l t s ,  

n i t rogen te t rox ide ,  etc.) .  

3. According  to heat - technology p a r a m e t e r s :  a) t h e r m a l  r e s i s t ance  R = (0.01-1~ b) heat-f lux 
densi ty  through the pipe c r o s s  seet ion q = 10 W/cm2-15  "kW/cm2;  c) radia l  heat - f lux densi ty  q r  = 0.1 W /  
cm2-1.5 kW/cm2;  d) t h e r m a l  ac t iv i ty  of the pipe.  

4. According to the m a t e r i a l  of the shell  and the wick: a) a luminum heat  p ipes  with s t aggered  m e s h -  
type wick of s ta in less  s tee l  o r  a luminum c e r m e t ;  b) copper  with a wick made of copper  mesh ,  felt ,  o r  c e r amic ;  
c) of s t a in less  o r  o rd ina ry  s tee l  with a m e s h - t y p e  wick made  of c e r m e t  of the s ame  mate r i a l ;  d) of nickel  o r  
t t m g s t e n - r h e n i u m  with a c e r m e t  of the s a m e  m a t e r i a l  o r  a nickel  o r  s ta in less  s tee l  mesh;  e) heat  pipes with 
longitudinal channels  of d i f ferent  shape (copper,  nickel ,  s teel ,  a luminum) and with g rooves  cove red  with mesh;  
f) hea t  p ipes  with a s c r ew  th read  and a mesh  o r  a c e r m e t  (felt) a r t e r y  of the s a m e  o r  of another  ma te r i a l .  The 
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Fig. 6. Rotational heat-pipe oven: 1) working volume; 
2) i so thermal  envelope - heat  pipe; 3-4) inner and 
outer  pipe walls;  5) pe r fo ra ted  connectors ;  6) hea t -  
t r ans fe r  agent; 7) axis of rotat ion;  8) bearing;  9) t h e r -  
mal insulation; 10) tube for  holding specimens of m a -  
ter ia l .  

Fig. 7. Rotational heat  pipe for  heat  p rocess ing  of 
liquids: 1) channel for  liquid; 2) inner pipe wall;  3) ac -  
tuator ;  4) endless  screw;  5) heat  source ;  6) safety valve; 
7) vapor  phase;  8) endless  screw;  9) porous plug for  
water  f i l t rat ion;  10) r e s e r v o i r ;  11) channel for  water  
supply; 12) tube for  pumping out water  vapor;  13) vapor  
vapor  space;  14) cooling device. 

poros i ty  and the cap i l l a ry  potential  of the a r t e r y  can va ry  along the pipe axis; g) glass or  ce ramic  heat  pipes 
with glass o r  s i l ica  wicks; h) with e las t ic  po lymer  inser t s  (polythene, Teflon, etc.) and elast ic  s i l ica  wicks. 

5. According to type of jump for  t ranspor t ing  the liquid f rom the condensation zone to the evaporat ion 
zone: a) with capi l lary  wicks;  b) gravitat ional  and antigravitat ional  thermosiphons;  c) centrifugal;  d) e l ec t rody-  
namic ,  e lec t rok ine t ic ,  and e lec t ros ta t ic ;  e) heat  pipes operat ing on the v ap o r - l ay e r  pump effect;  f) operating 
in an e lec t romagnet ic  field. 

6. According to pr inciple  of action: a) t rue heat  pipes;  b) heat  pipes with var iab le  the rmal  r e s i s t ance ,  
pa r t i cu la r ly  gas -gene ra to r  heat  pipes;  c) the rmal  diodes; d) the rmal  switching devices;  e) heat pipes with 
swirl ing vapor  flow (using a swi r l -genera t ing  screw);  f) with separa te  channels for  the vapor  and ~ae liquid; 
g) with hydros ta t ic  shut ters ;  h) e j ec to r  type. 

7. According to shape of shell  and wick: a) cyl indrical ;  b) f iat  plate;  c) vapor  chambers ;  d) coaxial ,  
annular ,  and other  types of heat  pipes. 

The length of a heat  pipe can be as large  as tens of m e t e r s ,  and its d iamete r  can vary  f rom severa l  
mi l l ime te r s  up to me te r s .  

V.  H E A T - P I P E  M O D I F I C A T I O N S  

The the rmal  r e s i s t ance  of heat  pipes or  the t r ansmi t t ed  heat  flux can be control led by means  of a non-  
condensible gas by adjusting the flux of vapor  of liquid or  by means  of centr ifugal ,  e lec t r ic ,  or  magnetic fields. 
Other means  of control  a re  also possible [7]. 

1. Gas-Contro l led  Heat  Pipes  [8-11]. A t p re sen t ,  wide use is made of heat pipes with a noncondensible 
gas for  s tabil izat ion of surface  heating. In addition to the active h ea t - t r an s f e r  sur face ,  these have a gas r e s e r -  
voir .  The following types of gas r e s e r v o i r  exist :  

a) cold r e s e r v o i r  with porous walls ;  

b) hot r e s e r v o i r  with porous wal ls ,  or  a cons tan t - t empera tu re  r e s e r v o i r ;  

c) a hot r e s e r v o i r  without a porous l aye r ;  

d) a s e r i e s  combination of seve ra l  heat  pipes with gas r e s e r v o i r s ;  
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Fig. 8. Rotational 
h ea t  pipe with an a r -  
t e ry :  1) evapora tor ;  2) 
condenser ;  3) a r t e ry ;  
4) porous  par t  of the 
a r t e ry ;  5) coupling r e -  
gion between the a r -  
t e ry  and the condenser ;  
6) liquid fi lm in the 
condensation zone. 

e) a r e s e r v o i r  f i l led with liquid in which a noncondensible gas is dissolved. In these heat  pipes condi- 
t ions for  good solubility of the gas in the liquid must  be obtained (the Ostwald c r i t e r ion  > 1); 

f) a gas r e s e r v o i r  in which the wa l l - t empe ra tu r e  change is control led by propor t ional  change of hea t -  
source  t empera tu re  by means  of an e l ec t r i c  f ield or  mechanical ly;  

g) heat  diodes with a noncondensible gas. 

2. Heat  Pipes  with Control led Vapor Flux [12]. Control  of the vapor  flux in a heat pipe can be achieved 
by means  of a valve located in the vapor  channel of the tube and connected to an actuator  (a bellows connection 
with a liquid r e s e r v o i r  in good the rma l  contact  with the heat  source).  

3. Heat Pipes  with Control led Liquid Flux [13]. The v a p o r - p r e s s u r e  var ia t ion in the heat  pipe due to a 
valve can be used to control  the liquid flux through the porous  wick of the heat  pipe,  ar t i f ic ia l ly  causing drying 
of the wick in the evaporat ion zone. If the t em p e ra tu r e  of the hea t -genera t ing  object r i s e s ,  the valve opens,  
the vapor  p r e s s u r e  in the evapora to r  d e c r e a s e s ,  and the liquid passes  along the porous wick (or the a r te ry)  to 
the evapora to r ,  cooling it. 

A liquid can also be used in a heat  pipe to produce heat  diodes [14]. 

4. Centrifugal Heat Pipes.  In these ,  the t r an s f e r  of liquid f rom the evapora tor  to the condenser  is ac -  
complished by means  of a centr i fugal  field. Considerably l a r g e r  heat - f lux densi t ies  can be achieved in cen t r i f -  
ugal  heat  pipes with boiling of liquid (up to 260 W/cm 2 in water ) ,  compared with ord inary  pipes having capil-  
l a ry -po r ous  pumps. Centrifugal pipes are  found with axial heat  t r ans fe r  [15-18] and radial  t r ans fe r  [19-21]. 
In the f i r s t  case there  is a continuously moving f i lm of liquid between the condenser  and the evapora tor .  In 
the second case liquid f rom the condenser  r e ach es  the evapora tor  in the fo rm of drops ,  sprayed by the cen t r i f -  
ugal field. It is pa r t i cu la r ly  eff icient  to use centr ifugal  heat  pipes for  cooling and t empera tu re  control of the 
r o t o r s  of e lec t r i ca l  mach ine ry ,  turbine shaf ts ,  and bear ings;  and to generate  efficient  g a s - g a s ,  g a s - l i qu id ,  
and l iqu id- l iqu id  heat  exchangers .  

At p re sen t ,  more  than 10 dif ferent  fo rms  of centr ifugal  heat  pipe a re  known, with both constant and 
var iab le  the rma l  r e s i s t ance .  Unfortunately,  the theory  lags behind the prac t ica l  application of heat  pipes. 
The well-known analyses  of the operat ion of these heat  pipes a re  based mainly on the Nussel t  theory  of heat  
t r a n s f e r  with condensation of vapor  in a laminar  liquid film. 

Impor tant  and in teres t ing  quest ions include the following: in teract ion of the vapor  and the liquid, along 
with the i r  the rmodynamic  equi l ibr ium in a centr i fugal  field; the compatibil i ty of ma te r i a l s ;  the effect  of the 
centr i fugal  f ield on the liquid boiling p roces s ;  and cr i t ica l  f ields.  

F igure  6 shows a centr ifugal  heat  pipe developed at the A. V. Lykov Institute of Heat and Mass T r a n s -  
f e r ,  Academy of Sciences of the Beloruss ian  SSR ( r rMo) ,  which can be used as an oven for  melt ing metals  or 
po lymers ;  and Fig. 7 shows a heat  pipe for  heat  p rocess ing  of milk,  f ru i t  ju ice ,  medicinal  p repara t ions ,  and 
other  hea t - sens i t ive  liquids. 

There  is grea t  p rac t i ca l  in te res t  in a centr i fugal  heat  pipe developed at ITMO which has an a r t e ry  for 
axial liquid t r a n s f e r  f rom the condenser  to the evapora to r  (Fig. 8). Supply of liquid f rom the a r t e ry  to the 
evapora to r  is accomplished by spraying it through a porous inse r t  under the centrifugal  field. 
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Fig. 9. Heat pipe with motion of liquid against gravity: I) 
body; 2) evaporator; 3) condenser; 4) waU of the vapor chan- 
nels; 5) liquid layer; 6) porous plug; 7) vapor chamber of 
evaporator; 8) porous structure of evaporator; 9) transport 
zone of porous wick; 10) connection of transport zone to porous 
plug; 11) vapor channel; 12) porous membrane as a water seal. 

Fig. 10. Heat pipe with vapor-ejection pump: 1) vapor genera- 
tor; 2) auxiliary condenser; 3) heat-pipe evaporator; 4) heat- 
pipe condenser; 5) ejector nozzle; 6) tube to supply liquid to 
the nozzle; 7) porous water seal above evaporator; 8) porous 
water seal of the vapor generator; 9, 10) porous structure of 
heat-pipe wick in the evaporator and condenser; 11) tubes to 
supply liquid from the liquid collector 12 to the porous water 
seal of the vapor generator; 13) porous wick of the vapor-gen- �9 
erator wall; 14) porous structure of the auxiliary condenser 
wall. 

5. Multicomponent Heat Pipes. In addition to mult icomponent heat pipes using liquids or noncondensible 
gas ,  there are  pipes with two or  severa l  liquids [1], e i ther  with a mixture of liquids and solid par t ic les  [22] 
(ileat pipes with noncondensible gas are  descr ibed in Para .  1). It is known that by using a mixture of liquids 
(e.g., water  and alcohol) one can frequently solve problems associa ted  with s tar t ing heat pipes in a better  
manner  than with a one-component  sys tem and can considerably expand the tempera ture  range.  For  example,  
heat  pipes with a mixture of water  and alcohol can be used in the t empera tu re  range 160-647~ while water  
pipes operate  in the t empera tu re  range 273-647~ and alcohol pipes,  in the range 158-516~ A peculiari ty 
of two-component  heat pipes is that their  thermal  res i s tance  depends only slightly on t empera tu re  [6], while 
there  is a pronounced maximum in the dependence for a one-component  pipe. 

6. Endless -Screw Heat Pipes.  In low- tempera ture  heat pipes,  used both in weightless conditions and 
in a gravitational field, it is often neces sa ry  to reduce the thermal  res i s tance .  Installation of an endless 
screw inside the heat pipe is one convenient solution to this prob2em [19, 29, 30]. The swirl ing of the vapor  
flux generated by the screw makes it possible to intensify the hea t - t r ans fe r  p rocess  in vaporizat ion and con- 
densation and to keep the noncondensing gas,  formed in the pipe as t ime passes ,  away f rom the condensation 
surface.  The endless screw can be porous and has the function of an ar te ry .  

It was shown in [19, 28, 31] that the thermal  res i s t ance  of heat pipes with an endless screw can be less  
by a fac tor  of 2-3 than that of heat  pipes without a screw. The screw can be movable and rotate under the ac -  
tion of the vapor flux, per forming  mechanical  work. 

7. Gravitational Two-Phase  Thermosiphons  and Heat Pipes with Water  Valves. Two-phase closed t he r -  
mosiphons are  heat  pipes without a porous s t ruc tu re ,  where the role of the pump to re tu rn  the liquid f rom the 
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condensation zone to the evaporat ion zone is p e r f o r m e d  by gravi ty [24, 25]. This type of heat-pipe s t ruc tu re  
finds wide use in heat  exchangers ,  devices  to maintain the f rozen  conditions of the soil  when off and gas pipes 
are  instal led in p e r m a f r o s t  reg ions ,  etc.  Usually,  heat  is r emoved  in the heating zone in two-phase t h e r m o -  
siphons by boiling the liquid, although a possible r eg ime  is surface  evaporat ion of a liquid film. The condens-  
e r  is located above the evapora to r .  Thermosiphons  have la rge  the rmal  r e s i s t ance  compared  with heat  pipes ,  
and the i r  value l ies  in the s implici ty  of fabr icat ion.  

In the las t  3 or  4 y e a r s  the so-ca l led  "ant igravi ty"  thermosiphon has  been descr ibed  in the l i t e ra tu re  
[23, 26]; it  uses  the "ai r l i f t"  ef fect ,  i . e . ,  the p r e s s u r e  drop in the vapor  phase ,  to r e tu rn  liquid f rom the con- 
densation zone to the evaporat ion zone. Antigravity thermosiphons  probably include heat pipes with porous 
evapora to r s  and membranes  [27]. In these  devices  the evapora to r  is located above the condenser .  The d is -  
tance between them can be 1-2 m. 

The ITMO has developed heat -p ipe  s t ruc tu re s  which allow heat  to be pumped downward to a distance of 
1-2 m and more .  F igures  9-11 show schemat ic  d iagrams of these devices.  In the heat  pipe (Fig. 9) the evap -  
o ra to r  is l ined inside with a m e t a l - c e r a m i c  or  a meta l  sheet  and separa ted  f ro m  the liquid channel by a w a t e r -  
seal  membrane .  Thus ,  the wate r  seal  is separa ted  f rom the h ea t - t r an s f e r  surface.  The liquid channel takes 
the fo rm of a coaxial gap between the vapor  channel and the outside wall of the heat  pipe. The liquid is pumped 
f rom the condenser  to the wa te r  seal  by the p r e s s u r e  gradient  of the vapor ,  due to the t empera tu re  di f ference 
between the evapora to r  and the condenser .  

F igure  10 shows the const ruct ion of a var iable  the rma l  r e s i s t ance  heat  pipe with a vapo r - e j ec to r  pump. 
Control of t r a n s f e r  of liquid f rom the condenser  to the evapora tor  is achieved by means of a supplementary 
evaporat ion device to genera te  vapor ,  which moves  through the e jec to r  and sucks liquid upward f rom below. 

The var iab le  the rma l  r e s i s t ance  heat  pipe in which liquid is sucked f ro m  the condenser  to the evapora tor  
by means  of an additional evaporat ion device which supplies vapor  to a capi l lary fi l led with liquid, and t r a n s -  
por ts  liquid upward f rom below with the help of the a i r l i f t  phenomenon, is shown in Fig. 11. 

8. E lec t rodynamic  Heat Pipes .  In these pipes the pump which moves  d ie lec t r ic  liquids f rom the conden- 
e r  to the evapora tor  takes  the fo rm of a high-voltage e l ec t r i c  f ield between the pipe body and one of severa l  
internal  e lec t rodes .  The grea t  advantages of the e lec t rodynamic  heat  pipes are  the minimum res i s t ance  to the 
flow of moving liquid ( there is no porous  wick) between the e lec t rode  and the wall and the intensified heat  t r a n s -  
f e r  when the liquid boils (bubbles of vapor  a re  e jec ted  f rom the liquid by the e lec t r i c  field) and the vapor con- 
denses.  These  pipes opera te  in a stable fashion even when the surface  of the e lec t rodes  is par t ia l ly  dried.  
The the rma l  r e s i s t ance  of the pipe can be va r i ed  smoothly by adjusting the e l ec t r i c - f i e ld  intensity [7, 32-33]. 

9. E lec t roosmot i c  Heat Pipes .  An e l ec t ros t a t i c  f ield,  applied to the porous wick of a heat  pipe,  made of 
a d ie lec t r ic  and f i l led with a d ie lec t r i c  or  weakly po la r  liquid (alcohol), allows the liquid to be pumped f rom the 
condensation zone to the evaporat ion zone [34, 35]. In con t ras t  with e lec t rodynamic  heat pipes, e lec t roosmot ic  
pipes can use  a lower  e l ec t r i c - f i e ld  intensity.  

10. Heat Pipes  Using a Magnetic Field.  A colloidal solution of magnetosensi t ive  solid par t i c les  (ferr i tes)  
in a liquid, used as a heat-pipe h e a t - t r a n s f e r  agent,  allows the liquid to be moved f rom the condenser  to the 
evapora to r  under the action of a magnet ic  field. The var iable  magnetic  field causes  the liquid flow to swir l ,  
makes  it turbulent ,  and intensif ies  the hea t -exchange  p r o c e s s  in the evaporat ion and condensation zones [22]. 

11. Heat Pipe s Using the Airl i f t  Phenomenon and Vapor-Ej  e c to r  Pumps o The dec t ea se  in effect ive den-  
sity of a two-phase medium ( l iqu id -vapor ) ,  in compar i son  with a s ingle-phase medium (liquid), can be used 
successful ly  to t r a n s f e r  liquid in heat  pipes [36]. Usually the two-phase l i q u id -v ap o r  bubble medium fo rms  
when the liquid boils  in na r row channels or  pipes and the vapor  bubbles dr ive  the liquid upward like a piston. 

T h e r e f o r e ,  by vary ing  the intensity of the heat  supplies to the pipe wal ls ,  one can control  the flux of 
liquid f r om the condenser  to the evapora to r ,  i . e . ,  one can change the the rmal  r e s i s t ance  of the heat  pipe. 

Vapor - e j ec to r  pumps are  used to r a i s e  the liquid up the tubes against  gravity.  These  pumps are  also 
used to r emove  vapor  bubbles or  noncondensible gas f r o m  the a r t e r i e s  of heat  pipes [37]. The pr inciple  of 
action of the pump is that when vapor  flows through a sl i t  or  a shaped nozzle a local  region of reduced p r e s s u r e  
is c rea ted  which causes  the liquid to r i s e  in the capi l lary.  

12. Coaxial Heat Pipes.  Coaxial heat  pipes find wide use as high-grade t empera tu re  con t ro l le r s  ( tem- 
pe ra tu re  constant to 0.001~ for  cooling and the rma l  control  of cyl indr ical  hea t -genera t ing  e lements  (fuel e l e -  
ments ,  c ry s t a l s ,  etc.) .  In these the evapora to r  and the condenser  have different  d iamete r s  and a re  mounted 
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Fig. 11. Heat  pipe with the a i r l i f t  effect:  1, 2) e v a p o r a -  
tor  and condenser ;  3) wa t e r  seal ;  4) porous  evapora to r  
s t ruc tu re ;  5) condenser  col lector ;  6) porous  connector;  
7) auxi l ia ry  vapor  gene ra to r ;  8) two-phase  liquid flow, 
vapor  (airlift);  9) auxi l iary  condenser ;  10) l aye r  of liquid 
in the auxi l ia ry  condenser ;  11) vapor  channel of the vapor  
genera to r ;  12, 13) t h e r m a l  insulation; 14) porous  s t r u c -  
ture  of vapor  genera to r .  

coaxial ly ,  and the hea t  t r a n s f e r  occu r s  in the rad ia l  or  r a d i a l - a x i a l  d i rec t ions .  T r a n s p o r t  of liquid f rom the 
condenser  to the evapo ra to r  takes  place by means  of porous  in te rmedia te  connections between the capi l la ry  
s t r u c t u r e s  of the evapora to r  and the condenser  [19, 38-39]. Since the in te rmedia te  connectors  do not affect  
the h e a t - t r a n s f e r  p r o c e s s  in the evapo ra to r  and the condenser ,  they can be made of ma t e r i a l  with low the rma l  
conductivity ( f iberg lass ,  porous  p o l y m e r ,  etc.) .  

In addition to o rd inary  coaxial  heat  p ipes ,  gas -con t ro l l ed  coaxial  heat  pipes a r e  used with a r e s e r v o i r  
for  noncondensible gas [40, 41]. 
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is the t e m p e r a t u r e ;  
is the p r e s s u r e ;  
is the un ive r sa l  gas constant;  
is  the heat  flux;; 
a re  the hea t  capac i t ies ;  
is the la tent  heat  of vapor iza t ion ;  
is the rad ius  of the vapor  channel; 
a r e  the k inemat ic  and dynamic  v i scos i t i e s ;  
a r e  the vapor  t e m p e r a t u r e  and densi ty;  
a re  the rad ia l  and axial  coordinates ;  
~s the vapor  veloci ty;  
is the vapo r  flux densi ty through the l a t e r a l  sur face  of the vapor  channel; 
is the f r ic t ion  fo rce  acting pe r  unit l a t e ra l  channel sur face ;  
is the molecu la r  weight  of vapor ;  
m the rad ius  of the vapor  channel; 
~s the flow m om en t um coefficient;  
is the condensat ion coefficient;  
is the t h e r m a l  conductivity of the liquid; 
is the enthalpy of the liquid; 
is the veloci ty  of the liquid; 
is the su r face  poros i ty ;  
~s the wet t ing angle; 
~s the s u r f ace - t en s i on  coefficient;  
is  the liquid densi ty;  
is the pe rmeab i l i t y  of the cap i l l a ry  s t ruc tu re ;  
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is the volumetric liquid flow rate;  
is the width of the capillary structure;  
is the thickness of the capillary structure;  
is the porosity; 
LS the effective pipe length; 
xs the length of the adiabatic zone; 
is the length of the evaporator;  
is the length of the condenser; 
~s  the cross-sect ional  a rea  of channel; 
i s  the effective channel diameter;  
is the acceleration of gravity; 
is the angle of inclination of the pipe to the horizontal; 
,s the channel height; 
is the vertex angle of triangle; 
is the coefficient of thermal  diffusion of liquid in the porous body; 

is the concentration gradient; 
is the friction coefficient; 
is the heat flux removed by one evaporator channel; 
is the channel width; 
ts the maximum length of liquid travel  in the channel ; 
is the parameter  describing the liquid propert ies  iN/= paL/T); 
ts the crit ical bubble radius. 
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