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W O R K  ON H E A T  P I P E S  IN E U R O P E  

M.  G r o l l '  

This  p a p e r  g ives  a su rvey  of the work  done in  Europe on hea t  p ipes .  The subs tance  of this  su rvey  
i s  based  in l a r g e  m e a s u r e  on the r e p o r t s  p r e s e n t e d  at the F i r s t  In te rna t iona l  Conference on Heat P ipes ,  
held  at  S tu t tgar t  in  1973. 

The au thor  is  g ra te fu l  to the o rgan iza t ions  that  have prov ided  in fo rmat ion  and have made c o r r e c t i o n s  
or  changes in the p r e l i m i n a r y  d ra f t  of the a r t i c l e .  

ABBR E V I A  T I O N S  

R - -  r e s e a r c h ;  FT  - -  fundamental  theory ;  FE --  fundamental  e x p e r i m e n t a t i o n ;  AP -- ana lys i s  and 
ope ra t ion  of hea t  p ipes ;  C - -  cons i s tency ;  A - -  app l i ca t ions :  AT - -  at  ground condit ions;  AC -- in indus -  
t r y ,  manufac tur ing  of heat  p ipes ;  AS --  in  space  veh ic l e s .  

A s s u m e d  C l a s s i f i c a t i o n  o f  T y p e s  o f  H e a t  P i p e s  

B a s e d  o n  T h e i r  O p e r a t i n g  T e m p e r a t u r e  R a n g e  

Cryogenic  heat  p ipe s :  T < ~200~ l o w - t e m p e r a t u r e  heat  p ipes :  ~'200~ < T < ~550~ heat  p ipes  
for  the  m o d e r a t e  t e m p e r a t u r e  r ange :  ~550~ < T < ~750~ h i g h - t e m p e r a t u r e  heat  p ipes .  T > ~750~ 
( h i g h - t e m p e r a t u r e  heat  p ipes  opera t ing  only in an ine r t  a t m o s p h e r e :  T > ~l ,400~ 

B e l g i u m  

SABCA (Brusse l s ) :  A (AT, AC, AS). F l ex ib l e  s m a l l - d i a m e t e r  ammonia  heat  p ipes  have been  de -  
ve loped.  The wick is  made  in  the  fo rm of a s t a i n l e s s  s t ee l  mesh .  The length of the pipes  is 1 m, and the 
inner  d i a m e t e r  is  3.2 mm.  The t r a n s f e r r e d  power  is  m o r e  than 10 W in the t e m p e r a t u r e  range  f rom --20 
to  +80~ in a ho r i zon ta l  pos i t ion  and a 5 - m m  negat ive  inc l ina t ion .  The t e m p e r a t u r e  drop  for  a 10-W t h e r -  
mal  load is  l e s s  than 4 ~ at  a d i s t ance  of 5 m m  f rom the h e a t e r  and 20 mm f rom the ends of the heat  pipe.  
The weight of the hea t  p ipe  is  33 g. 

Be lg ian  d e s i g n e r s  have a l so  developed heat  p ipes  with inner  d i a m e t e r s  of 6.4 mm and 12.8 mm, 
which can a l s o  be  used  at  ground or  space  condi t ions .  

C z e c h o s l o v a k i a  

State R e s e a r c h  Ins t i tu te  of Machine Cons t ruc t ion  (Bechovice nea r  Prague)*  R (AP), A (AT). An ex-  
t en s ive  p r o g r a m  has been  worked out for  r e s e a r c h  and deve lopment  of heat  p ipes  with l i qu id -me ta l  cool -  
an t s .  The me ta l s  used  a r e  m e r c u r y ,  po t a s s ium,  and sodium.  The heat  p ipes  have mesh  wicks .  In heat  
p ipes  with longi tudinal ly  cut g rooves  the coolant  used  was sodium.  The ma in  purpose  of the work done was 
to  inves t iga te  the l imi t ing  heat  fluxes t r a n s f e r r e d  to  the heat  p ipes .  

T h e o r e t i c a l  and e x p e r i m e n t a l  work was done on the inves t iga t ion  of centr i fugal  heat  p ipes  for  the 
cooling of e l e c t r i c a l  mach ine ry .  The hollow shaft  of a two-po le  asynchronous  e l e c t r i c  motor  of the en-  
c losed  type  (output power  10 kW, v = 1,800 rpm)  was used as a cen t r i fuga l  heat  p ipe .  The t h e r m a l  

*The in fo rma t ion  used  h e r e  is  taken f rom the r e p o r t s  p r e s e n t e d  by m e m b e r s  of the State R e s e a r c h  Ins t i -  
tute  a t  the F i r s t  In te rna t iona l  Conference  on Heat P ipes ,  held at  S tu t tgar t .  
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r e s i s t ance  of the sha f twas  reduced by a factor  of 10, and the heat flux f rom the s ta tor  to the ro to r  was 
considerably increased,  resul t ing in a substantial  reduct ion in the t empera tu re  of the s ta tor  winding (by 
approximately  14~ The tempera tu re  in the ro to r  winding was reduced by about 33~ 

For  the cooling of high-speed copper circuit  b reake r s ,  r ibbed copper heat pipes with water  coolant 
were developed (length of pipe L = 115 mm, inner d iameter  d = 28 mm, t r ans f e r r ed  power Q = 150-250 W); 
these reduce the t empera tu re  of the moving contact by  44~ and the t empera tu re  of the fixed contacts by 
33~ 

F e d e r a l  R e p u b l i c  o f  G e r m a n y  

B r o w n B o v e r i  and Company (BBC) (Heidelberg): R (FE*, C*), A (AT, AC, AS*). Heat pipes made 
of Nb -- 1% + Zr, with cesium and sodium coolants, have been developed for cooling the col lectors  of 
thermionic  conver te r s .  

Prolonged r e sou rce  tests  were pe r fo rmed  on one ces ium and one sodium heat pipe (length L = 400 
ram, inner d iameter  d = 10 mm, 64 grooves  along the axis :  0.25 mm wide and 0.4 mm deep). The heat 
pipes operated in a gravitat ional  field at 1,100~ when there  was a heat flux of Q ~ 60 W / c m  2 at the eva- 
pora to r .  After  operating for 1,600 h (Na) and 20,000 h (Cs), the heat pipes were found to have leaks at the 
evaporator  weld. They were refit ted and refil led with coolant. After  28,000 h of operation, the sodium 
heat pipe was found to have a large number of smal l  openings in the evaporator .  After  this the pipe was 
refi t ted and again refil led with coolant. The experiments  were stopped af ter  40,000 h of operation for the 
sodium pipe and 32,000 h for the cesium pipe. 

In addition, sodium heat pipes with two col lectors  were tested together  with thermionic  conver ters  
for 32,000 h and 27,500 h, respect ively,  at T ~ 900~ and a heat flux of Q = 40 W / c m  2 at the collector .  

Systems for cooling electronic  inst ruments  by means of heat pipes have been developed: a) a ther -  
mis to r  sys tem (1,200 W, thermal  res i s tance  0.035~ ra te  of cooling of a i r  v = 6 m/see ) ;  b) an appara-  
tus for portable cur rent  rec t i f ie r  sys tems  (700 W, thermal  res i s t ance  0.055~ rate  of cooling of a i r  
v = 6 m/ sec ) .  

Thermal ly  regulatable heat pipes which maintain a constant t empera tu re  in the object being cooled 
have been developed. 

Dorn ie r :  R (FE*,  AP*,  C*), A (AT, AS*). Dornier  has developed a cryogenic  heat pipe (length 
L = 25 cm, inner d iameter  d = 1 cm, pipe and meshes  made of stainless steel,  working liquid LN2, maxi-  
mum power 5 W, t empera tu re  drop 17~ evapora tor  t empera tu re  100~ 

Units for the desalination of seawater ,  using sun-heated heat pipes, have been developed. The heat 
pipes were made of aluminum. The wicks used were meshes  made of stainless steel and saturated with 
various liquids. The working tempera tu re  of the pipes should be about 100~ The first  stage consisted 
in the development of a 20-m 2 unit, followed by one with a surface  a rea  of 400 m 2. 

*Joint BBC/Dorn ie r  Development.  Regulatable heat pipes were developed and manufactured.  A 
handbook of data on heat pipes was prepared .  

Joint BBC/Dorn ie r  Development:  R (FE, AP, C), A (AS). Experiments  were conducted with 28 dif- 
ferent combinations of working fluid and heat-pipe shell mater ia l .  Experimental  investigations were con- 
ducted on the proper t ies  of capi l lary s t ruc tures  made of baked spher ical  par t ic les  and mult i layer  meshes ;  
the proper t ies  included capi l lary p r e s su re ,  permeabil i ty ,  and ra te  of evaporat ion of the liquid in the eva- 
pora tor  of the heat pipe. 

Resea rche r s  developed an e lect r ical ly  insulated heat pipe with a ce ramic  s t ruc ture  in the adiabatic 
zone (the working fluid was a carbon compound of PP1 with SF6). 

Prototypes  of heat pipes capable of operating in ou te r - space  conditions were constructed:  an alu- 
minum rad ia tor  (356 • 374 • 8.4 ram) with five flat aluminum heat pipes and an acetone coolant for cooling 
t ravel ing-wave tubes (radiated power approximately 43 W, working t empera tu re  5~ a rad ia tor  with ten 
vapor chambers  made of titanium, with water as with coolant (117 • 360 • 10 mm). The radiated power 
was 45 W at 73~ for water  and 57~ for acetone.  

A sys t em of heat pipes used for cooling cons tan t -cur ren t  power conver te rs  was designed. It consists  
of four copper heat pipes which use water  as the coolant and whose cyl indrical  evapora tors  are  attached by 
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means of an epoxy re s in  to the mounting plate of a con tac t -cur ren t  conver te r .  Rectangular  condensers  
a re  soldered to the base o f  a plate at an angle of 90 ~ to the plane of the mounting plate. When the cooling 
device is at a working t empera tu re  of 50~ the maximum tempera tu re  drop is less than 20~ A honey-  
comb-type  cold plate with eight aluminum heat pipes and acetone coolant (total power 150 W at about T 
= 30~ is used as the re f r ige ra t ing  device.  

The heat-pipe a t tachments  (the ]unctions of the absorbing elements  with the loop of the cooling device) 
a r e  made of a luminum, and the coolant used is acetone (maximum power 150 W, evaporation t empera tu re  
35~ t e m p e r a t u r e d r o p  7~ 

A regulatable a luminum heat pipe with feedback and an acetone coolant was developed. Helium is 
used as the noncondensing gas.  The pipe has three  integral  s lo t - type ribbed rad ia tors .  The e r r o r  in the 
maintenance of constant t empera tu re  is I~ when the t r a n s f e r r e d  power var ies  f rom 5 W to 60 W. 

A sys t em of heat pipes developed for the cooling of the so lar  bat ter ies  in the thermal  module of the 
German  AEROS satel l i te  uses  a heat  pipe with chambers  (an aluminum heat pipe with a cel lular  s t ruc ture  
and an acetone coolant is connected to the so la r  bat ter ies) ,  an axial heat pipe, a t i tanium heat pipe with an 
a r t e r y  and a s tandard coolant which passes  through the shell of the satel l i te and is connected to a seg-  
mented heat pipe which has rad ia tors  (an aluminum heat pipe with a mesh  and an acetone coolant). The 
total  length of the sy s t em is about 85 em, and the nominal t r an s f e r r ed  power var ies  f rom 10 W to 40 W. 
The total t empera tu re  drop is large because  there  a re  four bolts .  The t empera tu re  drop in three heat 
pipes at approximately  30 W is 12 + 8 + 1 = 21~ 

Plans a re  being made for the use of an analogous sys tem (without using a heat pipe with radia tors)  
in which the heat sink will be a ba t te ry  made of a mater ia l  whose state of aggregat ion will be variable,  for 
the launching of a meteorologica l  rocket  under the NASA r e s e a r c h  p rog ram.  

Institut ffir Kernenerget ik  (IKE), Universi ty of Stuttgart,  Institut ffir Kerntechnik und Energtewand- 
lung (IKE e. V.) (Stuttgart): R (FE, AP, C), A (AT, AC, AS). Experimental  investigations have been 
conducted on the var ious  cha rac te r i s t i c s  of heat-pipe  wicks (baked powders of s tainless  steel and copper, 
a s ta inless  steel mesh,  and a phosphor -bronze  mesh):  capi l lary p r e s su re ,  permeabi l i ty ,  thermal  conduc- 
t ivity under sa tura t ion conditions, maximum ra te  of evaporat ion of liquid f rom the wick. The coolant 
genera l ly  used was disti l led water .  An apparatus constructed for the measuremen t  of thermal  conductivity 
used heat pipes for i so thermal  heating and cooling. 

R e s e a r c h e r s  have ca r r i ed  out an extensive p r o g r a m  to investigate different var iants  of low- tempera -  
tu re  coolants and s t ruc tura l  proper t ies  of mate r ia l s .  Theoret ica l  and experimental  investigations were 
ca r r i ed  out on two-component  heat pipes (the coolants used were mainly ethyl and methyl alcohol). 

Various types (heat pipes with meshes ,  with grooves  cut along the axis, plane and curved a r t e r i e s ,  
regulatable heat pipes with an a r t e ry ,  annular pipes) of cryogenic,  low- tempera ture ,  and h igh- tempera -  
ture  pipes using m e r c u r y  and alkali metals  a re  being used in ground and space applications.  

Work on the use of heat pipes in outer space is being conducted along the following lines. 

1. The development of heat pipes made of copper, in which the coolant used is acetone (length i m, 
inner  d iamete r  12 mm, length of evapora tor  15 cm, length of condenser  15 cm; the design consists  of six 
a r t e r i e s ,  the t r a n s f e r r e d  power is 100 W in a t empera tu re  range f rom --20 to 60~ and the maximum 
tempera tu re  drop is 6~ 

2. Determinat ion of the charac te r i s t i c s  of flexible aluminum heat pipes with a r t e r i e s  made of stain-  
less  steel,  in which the coolant used is ammonia  (length 1 m, inner d iameter  7 mm, length of evaporator  
8 cm, length of condenser  8 cm), in a t empera tu re  range f rom 0 to 80~ The limiting t r ans f e r r ed  power 
for these pipes (with a 5-ram inclination) was 55-60 W at 30~ and 35-40 W at 60~ The maximum tem-  
pe ra tu re  drop was less than 5~ 

In May, 1974, somewhat  modified heat pipes of this type, using ammonia and acetone as the coolant, 
were tes ted in the launching of a NASA meteorologica l  rocket .  

3. The development of an e lec t r ica l ly  regulatable heat pipe with feedback, made of stainless steel,  
in which ammonia  is used as the coolant and which is used for regulating a p resc r ibed  variable t e m p e r a -  
tu re  (25-45~ The length of the pipe is 1,010 mm, the inner d iameter  is 10 mm, the r e s e r v o i r  length is 
350 ram, and the i nne r  d iameter  of the r e s e r v o i r  is 32 mm. The condensing gas used was argon. A large 
number  of a r t e r i e s  were  used in the pipe. The t empera tu re  control  in this pipe was ~0.5~ (the on- -  off 
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dead zone of the r egu la to r  was ~0.3~ when the power  var ied  f r o m  20 to 100 W and back.  The deviat ion 
f r o m  the p r e s c r i b e d  value was approx ima te ly  0.3~ ( res tora t ion  t ime  4-5 rain), and the deviat ion f rom the 
value actual ly  obtained was approx ima te ly  0.2~ ( res tora t ion  t ime  2 min). The power  of the g a s - r e s e r v o i r  
h e a t e r  was 10 W. 

4. Development  of an appara tus  made of a ma t e r i a l  with va r i ab le  phase  s ta te  (PCM). The value of 
the accumula ted  energy  was 50 W/h, the m a x i m u m  heat input was 100 W, and the min imum melt ing t ime  
(or f reez ing  t ime)  of the PCM m a t e r i a l  was 4 h. 

Octadecane (melting point ~28~ was used as the m a t e r i a l  with va r i ab le  phase  s ta te ,  and a luminum 
was used as  the m a t e r i a l  for  the wall and the porous  f i l le r .  

5. Development  of a s y s t e m  of heat  pipes with va r i ab le  conductivity for  controll ing the t e m p e r a t u r e  
of a mic rowave  sou rce .  

The development  of heat  pipes used under  ground conditions includes the development  of s tandard  
l o w - t e m p e r a t u r e  heat  pipes used in heat  exchangers  and r e c u p e r a t o r s ,  for  cooling e lec t ron ic  devices;  
centr i fugal  heat  pipes in the fo rm of a rota t ing d rum (soft s tee l /d iphenyl  + diphenyl oxide) for  the manufac-  
tu re  of p las t ic  f i laments  and wires ;  p lunger - type  heat  pipes made of s ta in less  s teel ,  using po ta s s ium as 
the coolant, for  the manufac ture  of g lass  bot t les ;  models  of an absolute ly  black body on the bas i s  of 
s ta in less  s tee l  heat  p ipes .  The coolants used in these  a r e  po t a s s ium and sodium. In heat  pipes made of 
Inconel the coolant used is sodium; the development  of coaxial  heat  pipes used as components of p ipe- type  
furnaces  for  c rea t ing  i so the rma l  conditions; a s s e m b l i e s  (heat pipes made of s ta in less  s teel ,  using sodium 
as  the coolant, and vapor  c h a m b e r s ,  t h e r m a l  diodes,  switchable heat  pipes)  used in h e a t - t r a n s f e r  and 
ene rgy -accumula t ion  s y s t e m s  in low-power  energy  conver t e r s  (10-100 kW/h, operat ing t e m p e r a t u r e  600- 
800~ 

Kern fo r schungszen t rum Kar l s ruhe  (Karlsruhe) :  R. Theore t i ca l  and exper imenta l  invest igat ions 
were  conducted on heat  pipes with an e l ec t ros t a t i c  pump.  An e lec t r i c  field is used for  pumping a liquid 
d ie lec t r i c  f r o m  the condenser  into the evapora to r .  Tes t s  were  conducted on th ree  heat  pipes using n i t ro -  
benzene as the d ie lec t r i c  working fluid and having var ious  types  of des ign  for  the pumps and e lec t r i ca l  
condensers .  The m a x i m u m  t r a n s f e r r e d  power  as the r e su l t  of the e l ec t ros t a t i c  pumping was 8 W, the 
m a x i m u m  r i s e  in the height of the liquid was 105 ram. The intensi ty  of the applied e l ec t ros ta t i c  field was 
low (about 22 kV/cm) ,  and the a r e a  of the c ro s s  sec t ion  between the condenser  p la tes  was s eve ra l  tens of 
square  c e n t i m e t e r s .  Good a g r e e m e n t  between theory  and exper iment  was observed .  

F r a n c e  
[ . 

Centre  d 'Etudes  Nuclea l res  de Grenoble  (Grenoble): R (FE, AP).  Theore t i ca l  and exper imenta l  
s tudies  were  c a r r i e d  out on heat  pipes in which the coolants used were  water ,  alcohol,  and sodium; the 
main  purpose  of the invest igat ions was to study the operat ing capaci ty  of the heat  p ipes .  

Cent re  National d 'Etudes  Spatiales (CNES) (Br~ t igny-su r -Orge) :  A (AS). Heat -p ipe  r ad i a to r s  for  
cooling semiconduc tor  ins t rument s  were  developed.  The work was conducted by Societal Nationale Indus-  
t r i e l l e  A~rospa t ia le  (Cannes, France) ,  in conjunction with SABCA (Brusse ls ,  Belgium).  

Soci~t~ Nationale Indust r ie l le  Adrospa t ia le  (SNIAS) (Cannes): A (AS). Radia tors  made of heat  pipes 
manufac tured  by SABCA (Brusse l s ,  Belgium) a r e  being cons t ruc ted  and invest igated by SNIAS. The purpose  
of the r e s e a r c h  is to develop a s y s t e m  for  cooling a 44-W semiconduc tor  ins t rument  used on board  the 
French  communica t ions  sa te l l i t e  "Symphonie."  A conventional plane ve r t i ca l  r ad i a to r  (weight 1.3 kg) and 
a plane ve r t i ca l  r ad i a to r  made of a be ry l l i um alloy (weight 1.1 kg) have been developed.  Various" plane 
and honeycomb- type  r ad ia to r s  made up of heat  pipes have been invest igated.  A plane r ad ia to r  made of 
a luminum,  with seven  s t ra igh t  heat  p ipes ,  has been se lec ted  and c lass i f ied .  The weight of the r ad ia to r  is 
0.7 kg. 

Sodernes (Suresnes):  A (AT, AC). Coaxial  heat  pipes using alkal i  meta l s  as ~he coolant have been 
developed.  They a r e  being used in indust r ia l  tube furnaces  for  c rea t ing  i s o t h e r m a l  conditions. 

G r e a t  B r i t a i n  

Ges -Marcon i  E lec t ron ics  Ltd. (Chelmsford):  R (FE, AP), A (AT, AS). Special fea tures  of the 
technology involved in manufactur ing heat  pipes for  use  in the e lec t ron ics  indus t ry  at low t e m p e r a t u r e s  
(--10 to +200~ have been  inves t igated.  
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The r e s e a r c h  p r o g r a m  included the following: 

1) manufac tu re  of pipes and filling t hem with coolant; 

2) expe r imen t s  to de t e rmine  the opera t ing capaci ty  of var ious  heat  p ipes ,  some  of which were  con- 
s t ruc ted  in l abo ra to r i e s  and others  at  indus t r ia l  p lan ts .  T e s t s  we re  conducted to de t e rmine  the 
opera t ing capaci ty  of s t a in less  s tee l  heat  p ipes  using water ,  methyl  alcohol,  and ammonia  as 
coolants .  The ma in  coolant chosen for  the heat  p ipes  was water ;  

3) t heo re t i ca l  calculat ions of c h a r a c t e r i s t i c s  on the bas i s  of the data of computat ion p r o g r a m s  set  
up in the l abo ra to ry ;  

4) expe r imen ta l  de t e rmina t ion  of p e r m e a b i l i t y  and radius  of the cap i l l a r i e s  of hea t -p ipe  wicks, p a r -  
t i cu la r ly  f lexible wicks,  made  of s i l ica ,  in the p r o c e s s  of evapora t ion  of a liquid f r o m  them;  

5) study of the poss ib i l i t i e s  of using heat  pipes as expe r imen ta l  e l ec t ron ics  equipment under  ground 
conditions and o u t e r - s p a c e  condit ions.  

Hawker  Siddeley Dynamics  Ltd. (HSD) (Stevenage): A (AS). Invest igat ions were  c a r r i e d  out on 
va r ious  types  of heat  p ipes  for  use  on board  sa t e l l i t e s .  Special a t tent ion was devoted to g a s - r e g u l a t a b l e  
hea t  p ipes  for  t he rmos t a t i ng  e lec t ron ic  equipment  with l a rge  power  input. 

R e s e a r c h e r s  developed a luminum heat  pipes using ammonia  with wicks made of a baked mesh  of 
s t a in l e s s  s tee l  and fel t .  A s i m p l e  heat  pipe with an inner  d i a m e t e r  of 1.27 cm and a length of 66 cm and 
a r egu la tab le  heat  pipe with an inner  d i a m e t e r  of 1.27 cm and a length of 150 cm were  const ructed and 
t e s t ed .  The regu la tab le  heat  pipe has  a cold r e s e r v o i r  with a wick in which ni t rogen is used as the non- 
condensing gas .  

In ternat ional  R e s e a r c h  and Deve lopment  Co. Ltd. (IRD) (Newcastle upon Tyne):  R (AP), A (AT, AS). 
L o w - t e m p e r a t u r e  pipes  we re  developed for  use  under  ground conditions in the e lec t ron ics  industry  for 
cooling g e n e r a t o r  tubes ,  t r ave l i ng -wave  t u b e s ,  e tc .  

Heat  pipes for  use  in indust ry  and in everyday  life were  cons t ruc ted .  

Theore t i ca l  ana lys i s  and des ign work  was done on heat  pipes intended for  use  in compute r  eng inee r -  

ing. 

An a luminum heat  pipe with an a r t e r y  and a s ta in less  s tee l  mesh ,  using acetone as the coolant, was 
developed.  The length of the pipe is 1 m, the length of the evapora to r  is 8 cm, the inner d i a m e t e r  is ap-  
p r o x i m a t e l y  7 ram,  the input power  is 15-25 W, and the total  t e m p e r a t u r e  drop is approx imate ly  4~ 

R e s e a r c h e r s  have developed a regu la tab te  heat  pipe with e l ec t r i ca l  feedback, in which the working 
fluid was wa te r  and the noncondensing gas  was argon;  the purpose  of this  pipe was to mainta in  the t e m p e r -  
a t u r e s  of e l e c t r i c  h e a t e r s  mounted in the evapo ra to r  at 70~ in the power  range  of 10 to 80 W. In o rde r  
to make  the hea t  sink sma l l  for  sma l l  power  output, another  15 W mus t  be  added. The m a x i m u m  deviat ion 
of the p r e s c r i b e d  t e m p e r a t u r e  value was 7 ~ upward and 9 ~ downward, while the t e m p e r a t u r e  of the evapo ra -  
t o r  was kept constant  to within 1 ~ for  a per iod  of 20 rain. 

National Engineer ing  L a b o r a t o r y  (East Kilbr ide,  Glasgow): A (AT). Invest igat ions were  conducted 
on heat  pipes and the rmos iphons  when the t e m p e r a t u r e  of the s t e a m  var ied  f r o m  0 to 400~ Heat pipes 
a r e  used  for  evapora t ion  by means  of the was te  heat  of the fuel accumula ted  in the lower  par t  of the c a r -  
b u r e t o r  of an i n t e rna l - combus t i on  engine in o rde r  to ensure  un i fo rm feed into the cy l inders .  This  r educes  
the fuel consumpt ion and gene ra t e s  m o r e  heat ;  i t  can be used for  a i r  heating in automobi les  and industr ia l  
t r a n s p o r t  equipment ,  for  r e c u p e r a t 0 r s  used for  r e c o v e r i n g  used  heat ,  etc. ,  and for  d rums  used in rota t ing 
d r i e r s .  

Attention is being g iven to the quest ion of using s t e a m - j e t  pumps  for  r a i s ing  liquids at ground condi-  
t ions,  which makes  it poss ib le  to p lace  the bo i l e r  of a t he rmos iphon  above the condenser .  

Redpoint Assoc i a t e s  Ltd. (Swindon): A (AT, AC). Product ion  of va r ious  types  of heat  pipes used 
for  cooling e lec t ron ic  equipment .  

Royal  A i r c r a f t  Es tab l i shmen t  (RAE) (Farnborough,  Hants) :  R (FT, FE, AP).  Exact  theore t ica l  ca l -  
culat ions a r e  being c a r r i e d  out on the c h a r a c t e r i s t i c s  of heat  pipes used  on board  spacec ra f t .  An extensive  
s u r v e y  on r e s e a r c h  concerning wick m a t e r i a l s  and wick s y s t e m s  has  been  c a r r i e d  out. 
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In o rder  to cor re la te  theory  with pract ice ,  the RAE has constructed a large number  of simple and g a s -  
regulated heat pipes using acetone or  ammonia  coolants and various sys tems  of wicks. 

Simple heat pipes (length 2,000 mm, d iameter  12.5 mm) were prepared ,  taking accoun to f  the r e -  
quirements  of spacecraf t .  Tests  were conducted on a gas - regu la ted  heat pipe using acetone (length 750 
mm, d iameter  12.5 ram) which had a dual wick with an a r t e ry .  Tests  will also be conducted on various 
specimens of gas - regu la ted  heat pipes 1,000 mm long with various types of wicks. An attempt is being 
made to s tandardize the experimental  conditions, in order  to make it possible to make comparat ive mea-  
surements  of the charac te r i s t i c s  of the heat pipes.  

Rutherford High Energy Labora tory  (Didcot): A (AT). Application of cryogenic heat pipes to the 
cooling of ta rge ts  on e l ementa ry -pa r t i c l e  acce le ra to r s .  

Signals Resea rch  and Development Establishment (SRDE) (Christchurch, Hants): A (AT). The heat-  
pipe r e s e a r c h  conducted at SRDE consists  in determining the possibi l i t ies  for  using heat pipes to t rans fe r  
heat in e lectronic  ins t ruments  under ground conditions. The possibi l i t ies  of heat pipes in such cases are  
evaluated by, conventional methods of r e s e a r c h  on conduction, convection, and radiation. 

In o rder  to obtain the range of working tempera tures  encountered in pract ice ,  the r e s e a r c h e r s  
worked with heat pipes using water,  ammonia,  and methyl alcohol as coolants.  Various types of wicks 
are  used in such heat pipes, for example, a uniform mesh, a mesh with a complex s t ructure ,  wire wicks 
with a r t e r i e s ,  and f iberglass .  

Resea rche r s  at SRDE considered special  types of heat pipes:  e lec t r ica l  insulators  of a flat plate, 
pipes of very  small  d iameter ,  and various combinations of heat pipes with the rmoelec t r i c  modules. 

Universi ty of Reading (Reading) : A (AT). Work included the development of heat pipes with liquid- 
metal  coolant which a re  being used in nuclear  engines and Stifling engines. 

A stainless  steel  heat pipe with a mesh wick, using sodium as the coolant, 90 em tong and 2.5 cm in 
inner d iameter ,  operated in a t empera tu re  range of 660-700~ with a power input of 1.2-1.4 kW. 

Work was done to determine the possibil i ty of using heat pipes with potass ium and sodium as the 
coolant (the shell of the pipe was made of nickel and stainless  steel), which could operate as heat pipes 
using a gas cushion for thermosta t ing a radiat ion sensor  (the shell of the pipe is made of stainless steel 
and holds a heat -genera t ing  element in the form of a thin rod, with a tube inner d iameter  of 9 mm and a 
tube length of 600 mm) at constant power, while the power level in a r eac to r  may vary  by a factor  of 5 
during the exper iments .  

Resea r che r s  a lso developed heat pipes with copper mesh, with water  as the working liquid, which 
a re  used for cooling e lect ronic  sys t ems .  

Universi ty College of S ~ n s e a  (Swansea): R (AP). Theoret ical  and experimental  investigations 
were conducted on wickless centrifugal heat pipes. The length of the experimental  heat pipe was 325 ram, 
the d iameter  of the outlet condenser  was 30 ram, and the d iameter  of the outlet evaporator  was 55 mm 
(angle of inclination 2~ Arkton 113, arkton 21, and water  were used as the working fluids. The r e -  
s ea r che r s  determined the equivalent thermal  conductivity of a heat pipe, which increases  with increas ing 
rotat  ion rate,  increas ing mass  of liquid input, and increas ing applied thermal  load. 

Universi ty of Wales, Cardiff:  A (AT). Investigations were conducted on the potential possibil i t ies 
of using organic liquids as the coolants in heat pipes used in everyday life. These heat pipes are  capable 
of t r ans fe r r ing  severa l  kilowatts of heat in a horizontal  direct ion to a distance of 3-4 m at a working t em-  
pe ra tu re  of about 300~ The r e s e a r c h e r s  considered heat pipes made of stainless steel or Thermax  (a 
eutectie mixture of 73.5% diphenyl oxide and 26.5% diphenyl with various types of s tainless  steel meshes .  

Eura tom:  1~ (FT, AP, C), A (AT). Theoret ical  studies were conducted on the hydrodynamics  of a 
s t r e a m  of vapor and liquid in heat pipes.  The purpose of the r e s e a r c h  was to determine the maximum 
limitis  of heat t r ans fe r  (sonic limit, viscous limit). 

Experiments  were conducted to determine the limits of heat t r ans fe r  along the axis in cylindrical  
heat pipes made of s tainless  steel with sodium as the coolant. 

Capil lary s t ruc tures  were developed for such heat pipes (effective d iameter  of pores  11 ~). The 
axial and radial  (evaporator) heat fluxes were found to range up to 15.5 and 1.25 kW/em 2. At low t empera -  
tu res  the data obtained confi rm the theoret ical  calculations on the viscous limit of heat t r ans fe r .  In the 
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range  of t e m p e r a t u r e  va r i a t ion  of the med ium the data co r r e spond  to the theore t i ca l  calculat ions of the 
sonic l imi t  of hea t  t r a n s f e r .  At high t e m p e r a t u r e s  the c r i t i ca l  heat  fluxes l ie  cons iderably  below the 
theo re t i ca l  l imi t  for  the wicks,  and points of overheat ing a r e  found. It was concluded that  these  pheno-  
mena  a r e  p robab ly  caused by the p r e s e n c e  of impur i t i e s .  

Compara t i ve  inves t igat ions  were  conducted on heat  exchange when sodium boils  in heat  pipes with a 
wick and when it boi ls  in a l a rge  volume.  

In the r eg ion  of h i g h - t e m p e r a t u r e  p ipes ,  an extensive  expe r imen ta l  study was conducted on heat  pipes 
made  of l i thium and s i l ve r .  Recent ly  expe r imen t s  were  conducted with th ree  heat  pipes (W --  26% Re /L i ,  
99.9%) at 1,600, 1,700, and 1,800~ and with two heat  p ipes  (W --  26% R e / L i ,  99.999%) at 2,000~ It was 
found that  the (W --  26% R e / L i )  heat  pipes a r e  capable  of operat ing for  many y e a r s  at 1,600~ After  one 
y e a r  of operat ion,  the heat  pipe exhibited cons iderab le  c o r r o s i o n  at 1,700~ and at 1,800~ the pipe ope r -  
ated for  only one month.  It was found that  (W - -  26% Re/Ag) heat  pipes can opera te  for  1,000 h at 2,000~ 
although at  that  t e m p e r a t u r e  the re  is cons iderab le  vapor iza t ion  of the Re.  

With r e g a r d  to the l o w - t e m p e r a t u r e  region,  s tudies a r e  being conducted on the operat ing r e g i m e s  of 
hea t  pipes in which wa te r  is used as  the coolant.  Stainless  s tee l  heat  pipes with wa te r  as the coolant have 
been  inves t iga ted  at  high t e m p e r a t u r e s  (~250~ Af te r  only a few hours  of operat ion,  it was found that 
t h e r e  was cons iderab le  genera t ion  of hydrogen in all  the s t a in less  s tee l  heat  p ipes ,  which had been cleaned 
and pickled by di f ferent  methods .  No hydrogen genera t ion  was observed  when a s ta in less  s tee l  heat pipe 
with a copper  inner  shel l  and a copper  wick was opera ted  for  10,000 h at 250~ Considera t ion  is being 
g iven  to the poss ib i l i ty  of using heat  p ipes  operat ing at t e m p e r a t u r e s  of 50-2,500~ for  scient i f ic  and in- 
dus t r i a l  p u r p o s e s .  

N e t h e r l a n d s  

European  Space R e s e a r c h  and Technology Center  (ESTEC) (Noordwi]k): R (C), A (AS). Phil ips 
(Eindhoven): R (FT, FE),  A (AT, AC). Extens ive  expe r imen ta l  and theore t i ca l  s tudies were  conducted 
on the des ign of mesh  wick s t r u c t u r e s ,  and the p r o p e r t i e s  of these  s t r u c t u r e s  were  de te rmined  (capil lary 
p r e s s u r e  and s t r e a m  r e s i s t a n c e ) .  

An appara tus  was developed for  m e a s u r i n g  the t h e r m a l  conductivity of mul t i l aye r  super insula t ing  
m a t e r i a l s  made of a foil, using a heat  pipe with a gas  cushion for  i so the rma l  heating and i so the rma l  cool-  
ing under  boiling conditions.  

Expe r imen ta l  r e s e a r c h  was conducted on heat  p ipes  using a gas  cushion: heat  pipes with a wa te r  
coolant and with he l ium as  the noncondensing gas ,  and heat  pipes with a sodium coolant and with a rgon  as 
the noncondensing gas .  

Coaxial  heat  pipes which a r e  used as  i s o t h e r m a l  s l eeves  in furnaces  have been developed.  The 
opera t ing  t e m p e r a t u r e s  of the p o t a s s i u m  heat  p ipes  a r e  ~450~ and those  of the sodium heat pipes range  
f r o m  700 to 850~ The operat ing t e m p e r a t u r e  of spec ia l ly  designed sodium pipes is 1,150~ 

Analogous heat  p ipes  used as  b lack-body  r a d i a t o r s  have  a l so  been  developed.  

Stainless  s tee l  sodium heat  pipes and vapor  chambe r s  a r e  being used in e l ec t r i ca l ly  heated s y s t e m s  
and hea t - exchange  s y s t e m s  of the hot f l ames  of S t i r l ing- type  engines.  

Univers i ty  of Delft  (Delft): R (FE). Measu remen t s  a r e  being conducted on the m a x i m u m  cap i l l a ry  
p r e s s u r e  of p e r m e a b i l i t y  of spec imens  made of s i n g l e - l a y e r  (size 180) mesh  and doub le - l aye r  (size 180) 
m e s h  with 3 x 6  m m  grooves  and with g rooves  covered  with s i n g l e - l a y e r  mesh .  The liquid coolant used 
was wa te r  with 0.05% dioc ty lsodiumsul f0succ ina te  added. This  s u r f a c e - a c t i v e  subs tance  was used for  i m -  
proving  the wet tabi l i ty  of the s t a in less  s tee l .  

U S S R  

Inst i tute  of Heat  and Mass  Exchange Academy of Sciences of the B e l o r u s s i a n  SSR (Minsk): R (FT, 
FE,  AP),  A (AT}. Theo re t i c a l  and expe r imen ta l  work was c a r r i e d  out on the dynamics  of liquids and 
gase s  and on heat  exchange in c a p i l l a r y - p o r o u s  so l ids .  The  theory  was based  on solution of the Navier  
- -  Stokes equations,  taking account  of addit ional ve loci ty  t e r m s  for  a s ingular  su r f ace  and the d i s c r e t e n e s s  
of the t h e r m o d y n a m i c  p r o p e r t i e s  on this  s u r f ace .  
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Presen t  plans call for the investigation of the problem of the t rans fe r  of momentum, energy, and 
mat te r  on the basis of nonlinear thermodynamics  of a capi l la ry-porous  solid. 

Experimental  r e s e a r c h  was conducted on evaporat ive cooling of porous solids in the presence  of 
external and internal heat fluxes under vacuum conditions. 

Theoret ica l  and experimental  studies were conducted on low- tempera ture  coaxial heat pipes made of 
s tainless  steel and using ethyl alcohol as the coolant; the evaporator  was placed inside the pipe, and the 
condenser  was placed outside. Various types of wicks a re  under investigation. The evaporator  and the 
condenser  a re  connected by porous disks covered with a metal  mesh.  

Centrifugal coaxial heat pipes made of copper and using water  as the coolant have been developed; 
the evaporator  is placed on the outer surface  of the heat pipe (a gas burner) ,  and the condenser  is placed 
inside the pipe (the inner cylindrical  cavity of the coaxial heat pipe is cooled by a s t r e a m  of water).  Spe- 
cial attention is being given to achieving optimum conditions of evaporat ion and condensation at minimum 
thermal  res i s tance .  

Resea rch  is being conducted on heat pipes (with a wick and an ar tery)  having variable thermal  con- 
ductivity. A special  type of heat pipe with a worm sc rew or helical  tube placed in the vapor space has been 
developed. F r e o n - l l ,  acetone, toluene, and carbon tetroxide have been used as working fluids. The use 
of a worm sc rew in the vapor space of the heat pipe resul ts  in turbulence of the vapor s t ream,  making the 
heat exchange approximately three t imes as grea t .  The use of a worm sc rew in the heat pipes with freon- 
11 as the coolant reduced the thermal  res i s t ance  by 55%, and in a heat pipe using acetone as a coolant the 
thermal  res i s tance  was reduced by 80%. 

High-Tempera ture  Institute, Academy of Sciences of the USSR (Moscow): R (FE, FT). A theoret ical  
analysis  of the hydrodynamics  of a heat pipe was car r ied  out, using a gasdynamics  approach based on the 
integral  equations of the boundary layer  in a cylindrical  channel under conditions of i so thermal  gas flow. 

Institute of Nuclear Physics  (Obninsk): R (FT, FE, AP)~ The pa rame te r s  of sodium heat pipes 
and vapor chambers  were investigated experimental ly.  

A mathematical  model taking account of the effect of fr ict ion on the sonic l imit was developed. The 
theory is based on the one-dimensional  equation of momentum for variable mass  flow, on the equation of 
continuity, and on the equation of state for the vapor.  

Moscow Power Insti tute:  R (FT, FE, AP). Theoret ica l  studies were car r ied  out on hydrodynamic 
effects in heat pipes of smal l  d iameter  at moderate  t empera tu res  for equal p r e s s u r e - d r o p  values in the 
vapor and the liquid. The dynamic effects produced by radial  mass  flow were considered.  The theory 
used the Navie r - -  Stokes equations for vapor flow and the following assumptions : a s t r eam of incompres -  
sible vapor with constant physical  proper t ies ;  constant heat flux and constant wall t empera tu re  in the eva- 
pora to r  and condenser  zones; the presence  of a constant thickness of moist  wick throughout the length of 
the heat pipe; an express ion for the radial  profi le of vapor velocity along the axis in t e rms  of a fourth- 
degree  polynomial in a dimensionless  radius coordinate;  the presence  of dry and saturated vapor;  negli- 
gibility of the t empera tu re  jump at the l iquid--  vapor interface.  

It was shown that the theory  is in good agreement  with experimental  resul ts .  Theoret ical  and ex- 
per imenta l  investigations were car r ied  out on low- tempera ture  heat pipes with a mesh s t ructure ,  taking 
account of the zone of deepening of the liquid in the evaporator ,  and low- tempera ture  heat pipes (for 
example, using water  as the working fluid) with variable thermal  conductivity which consists  of a cold 
r e s e r v o i r  and a wick. 

Y u g o s l a v i a  

Boris Kidric Institute (Belgrade): R (FT). Theoretical investigations of thermosiphons and heat 
pipes were carried out on the basis of a thermodynamic approach based onthe second law. 
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