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SUMMARY 

This  r e p o r t  d e s c r i b e s  a s e r i e s  of paramet r ic  i n v e s t i g a t i o n s  t o  determine 
t h e  e f f e c t  of va r ious  f l u i d  charges on t h e  performance of a 0.635-cm-diam C,%S ti.! 
s p i r a l - a r t e r y ,  l i q u i d - t r a p  diode i n  both  t h e  forward and r e v e r s e  modes. 
S p e c i f i c  parameters  such a s  forward- and reverse-mode conductances,  shutdown 
t imes and ene rg i e s ,  and recovery t o  forward-mode ope ra t ion ,  a r e  eva lua ted  f o r  
e thane  a s  a working f l u i d  i n  t h e  temperature range 170 K t o  220 K.  

Resu l t s  i n d i c a t e  t h a t  t h e  h e a t  p ipe  w i l l  no t  r e l i a b l y  s t a r t  up i n  t h e  
forward mode. However, s t a r t u p  can be  i n i t i a t e d  when preceded by a d iode  
r e v e r s a l .  Also included a r e  d a t a  which show t h e  s u s c e p t i b i l i t y  of t h e  d iode  
t o  f l u i d  charge and tilt. The optimum f l u i d  charge was found t o  be  2.67 g ,  
and t r a n s p o r t  c a p a b i l i t y  a t  t h i s  charge was i n  excess  of 1200 W-cm a t  200 K. 
The diode i n  t h e  r e v e r s e  mode exh ib i t ed  a r ap id  shutdown (wi th in  9 min) w i th  
a shutdown energy of 1150 J (0.32 Wh). 

INTRODUCTION 

Extensive s t u d i e s  have been c a r r i e d  out  on both a c t i v e  and pas s ive  h e a t  
p ipes  f o r  f i n e  temperature c o n t r o l  aboard spacec ra f t .  However, many 
a p p l i c a t i o n s  e x i s t  where t h e  a b i l i t y  of t h e  h e a t  p ipe  t o  conduct h e a t  
e f f i c i e n t l y  i n  one d i r e c t i o n ,  and t o  shut  o f f  i n  t h e  r e v e r s e  d i r e c t i o n ,  is  
of primary importance. Such hea t  p ipes  a r e  descr ibed  a s  thermal  d iodes  
( r e f s .  1 , 2 ) .  These thermal  diodes a r e  a t t r a c t i v e  f o r  u se  i n  t h e  cryogenic 
temperature range. I n  t h e  near  f u t u r e  a l a r g e  number of cryogenic payloads 
a r e  due t o  be  flown. I n  one proposed a p p l i c a t i o n  ( r e f .  3 ) ,  diode  h e a t  p ipes  
a r e  used t o  e x t r a c t  h e a t  from a low-temperature s enso r ,  such a s  an  i n f r a r e d  
d e t e c t o r ,  and t o  thermal ly  disconnect  t h e  sensor  t o  prevent  overhea t ing  should 
t h e  r a d i a t o r  be  exposed t o  a sudden h igh  e x t e r n a l  h e a t  f l u x .  Using t h i s  
concept,  low-temperature cool ing  can be  provided i n  low subso la r  Ear th  o r b i t s  
where r a d i a t o r  cool ing  was never be fo re  considered poss ib l e .  

This  paper p r e s e n t s  t h e  paramet r ic  r e s u l t s  of t e s t s  on one such diode 
concept:  t h e  l i q u i d  t r a p  ( r e f .  4 ) .  The l i q u i d - t r a p  concept employs a 
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r e s e r v o i r  s i t u a t e d  a t  the  normal evaporator  end of t h e  p i p e  which does no t  
communicate w i th  t h e  wick. I n  normal ope ra t ion  t h e  t r a p  con ta ins  no l i q u i d ,  
and t h e  d iode  performs a s  a normal h e a t  p ipe .  During reverse-mode ope ra t ion  
t h e  t r a p  becomes t h e  co ld  end of t he  p i p e ,  and condensat ion of t h e  working 
f l u i d  occurs  i n s i d e  t h e  t r a p .  The wick is thus  deple ted  of working f l u i d ,  
and a  r ap id  r educ t ion  of t r a n s p o r t  c a p a b i l i t y  r e s u l t s  u n t i l  a l l  t h e  f l u i d  i s  
condensed i n  t h e  t r a p .  Throughput is  then  l i m i t e d  t o  conduction h e a t  t r a n s -  
f e r  a long t h e  h e a t  p ipe  w a l l  and wick. 

Both a r t e r i a l  wicks and a x i a l  grooves ( r e f .  5) a r e  s u i t a b l e  f o r  t h i s  
type  of diode.  Axial  grooves, whi le  more r e l i a b l e ,  a r e  i n f e r i o r  i n  t r a n s p o r t  
capac i ty  t o  s i m i l a r l y  s i z e d  a r t e r i a l  wicks. A t  p r e sen t  t h e  a x i a l  grooves 
have only been t e s t e d  wi th  aluminum which r e s u l t s  i n  a h igher  reverse-mode 
conductance over a  s t a i n l e s s  s t e e l  diode.  

The fo l lowing  s e c t i o n s  cover  t h e  diode des ign ,  t h e  e f f e c t  of f l u i d  
inventory ,  and t i l t  o r  a t t i t u d e  angle .  They a l s o  d e s c r i b e  v a r i o u s  anomalies 
i n  t h e  behavior  of t h e  l i qu id - t r ap  diode.  

DIODE CONSTRUCTION AND TEST SETUP 

The f a b r i c a t e d  diode cons i s t ed  of f o u r  s e c t i o n s :  an evapora tor ,  a  
t r a n s p o r t  s e c t i o n ,  a  condenser,  and a  l i q u i d  t r a p .  The wick was a s p i r a l  
a r t e r y  formed by wrapping 250-mesh s t a i n l e s s  s t e e l  s c reen  and 0.04-cm-diam 
space r s  on a  mandrel ( see  f i g .  1 ) .  

A t r a n s i t i o n  s e c t i o n  a t  t h e  evaporator  end of t h e  p ipe  i s  i n t e g r a l  wi th  
a  c y l i n d r i c a l  r e s e r v o i r  having an  i n n e r  c o r e  of aluminum channel .  De ta i l ed  
des ign  of t h e  p ipe  i s  summarized below i n  t a b l e  1. 

No l i q u i d  communication, i . e . ,  no c a p i l l a r y  connect ion,  was provided 
between t h e  r e s e r v o i r  and s p i r a l  a r t e r y .  Liquid communication between a r t e r y  
and p ipe  w a l l  was achieved w i t h  t h r e e  sc ro l l - t ype  webs of 250-mesh sc reen  
equa l ly  s p a c e d ' i n  t h e  condenser and evaporator  on ly .  Ci rcumferent ia l  grooves 
(63lcm) were used i n  t h e  evaporator  and condenser s e c t i o n s  and s t a n d o f f s  
were provided on t h e  a r t e r y  f o r  support  i n  t h e  unblocked t r a n s p o r t  s e c t i o n .  

Three aluminum masses were a t t ached  t o  t h e  h e a t  p ipe :  an  evapora tor  
mass of 0.163 kg t o  s imu la t e  a  d e t e c t o r  block,  a  r e s e r v o i r  mass of 0.423 kg, 
and a  condenser mass of 1.063 kg f o r  e a s e  of mounting t h e  hea t  p i p e  assembly 
t o  a  l i q u i d  n i t r o g e n  (LN2) s ink .  S t r i p  h e a t e r s  were f ixed  t o  t h e  r e s e r v o i r  
and evaporator  blocks t o  s imu la t e  forward-mode h e a t  l o a d s ,  wh i l e  rod h e a t e r s  
i n  t h e  condenser block c o n t r o l l e d  t h e  forward-mode temperature and e l eva t ed  
condenser temperature dur ing  d iode  r e v e r s a l .  

The l o c a t i o n s  of t h e  ins t rumenta t ion  used t o  monitor t he  temperature 
of t h e  h e a t  p ipe  a r e  shown i n  f i g u r e  2.  The rod h e a t e r s  t oge the r  w i th  
thermocouple number 19 a r e  connected t o  a  u n i t  which provides  temperature 
c o n t r o l  f o r  t h e  condenser l i q u i d  n i t r o g e n  s ink .  Once assembled, t he  diode 



TABLE 1.- HEAT PIPE DESIGN DATA 

Design parameter 

Length, cm 
Evaporator 10.160 #/ '  
Transport 28.257 I ' ~ ' " ~  

Condenser 30.48 !a3. ,$ 

Reservoir 15-56 A::-$' 
Transition 1.524 0.e ':; 
Charge tube 4.445 !I?"' 

Inactive sections 2.540 
" 

Effective 48.57 ;d, I2 " 

Diameter, cm !, 

Pipe OD -635 O.LS 

Pipe ID . 493 D,' QG' l1 

Artery OD .300 "ed* 
Solid tunnel OD .051 @,a2 " t+  

Reservoir OD 1.588 @ 8&p*s'  
Charge tube OD .318 k5],!8.4 " 

Other pertinent design information includes: 
Pipe : 304 - 118 HD stainless steel 
Screening: 250-mesh 304 stainless steel 
Circumferential grooves: 63/cm (160lin.) 
Reservoir: 6061 Aluminum laminates 

0.239 cm thick with 
0.127 cmwide x 0.127 cm deep 
axial machined grooves. Core 
machined to 1.448 cm OD for 
press fit into 304 - 118 HD 
stainless steel cylindrical shell 

package was wrapped in approximately 15 layers of multilayer insulation 
(MLI) before being inserted in the vacuum chamber. All testing was performed 
in this vacuum chamber, which had no provision for cooling of the walls. 

PERFORMANCE TESTS 

Low-temperature thermal performance tests were carried out with ethane 
in both the forward and reverse modes of operation. Using the physical 
dimensions and the permeability of the wick structure, the diode's theoretical 
fluid charge was calculated, and tests were performed with four separate 
filling conditions. These fluid charges were: 3.08, 2.85, 2.67, and 2.53 g 
which correspond to 115, 106, 100, and 95% of theoretical charge at 200 K. 
These charges were preprocessed in a separate stainless steel cylinder by a 
freeze/thaw process before being introduced to the diode heat pipe. This 



process  w a s  requi red  because i n i t i a l l y  a  g r e a t  d e a l  of t r o u b l e  w a s  encountered 
which w a s  apparent ly  due t o  t h e  impuri ty  of t h e  e thane  working f l u i d  a s  
rece ived  from t h e  s u p p l i e r .  

Forward-mode t e s t s  were performed a t  va r ious  l e v e l s  of tilt (evaporator  
above condenser) ;  reverse-mode t e s t s  were conducted i n  a  h o r i z o n t a l  
a t t i t u d e .  

PARAMETRIC RESULTS FOR FORWARD MODE 

With t h e  h e a t  p ipe  conta in ing  t h e  3.08-g charge (115% t h e o r e t i c a l ) ,  
t h e  temperature c o n t r o l l e r  was ad jus t ed  t o  g ive  a  nominal o p e r a t i n g  
temperature of 180 K ,  and wi th  the  h e a t  p ipe  h o r i z o n t a l ,  forward-mode 
tests were c a r r i e d  ou t .  These i n i t i a l  t e s t s  a t tempted t o  s t a r t  up t h e  h e a t  
p ipe  d i r e c t l y  i n  t h e  forward mode by adding 3 W t o  t h e  evapora to r ,  a l lowing 
t h e  p ipe  t o  thermally s t a b i l i z e ,  and then  i n c r e a s i n g  t h e  h e a t  i n p u t s  i n  
increments up t o  t h e  burnout condi t ion .  Burnout i n  t h i s  ca se  was def ined  
as t h e  evapora tor  temperature (thermocouple no. 14)  being 1 0  K o r  more above 
t h e  t r a n s p o r t  s e c t i o n .  Using t h i s  method of s t a r t u p  t h e  p i p e  burned o u t  a t  
10  W ( f i g .  3 ) ,  t h e  t h e o r e t i c a l  p r e d i c t i o n  being i n  excess  of 28 W a t  200 K. 
Repeating t h i s  procedure wi th  1.2-cm r e f l u x  t i l t  produced s i m i l a r  r e s u l t s  
( f i g .  4 ) .  This  premature burnout was probably due t o  t h e  i n a b i l i t y  of t h e  
wick s t r u c t u r e  t o  completely prime by c a p i l l a r y  a c t i o n  a lone .  To completely 
prime t h e  wick, a  p re s su re  o r  Clapeyron priming technique ( r e f .  6)  w a s  
employed which w i l l  now be descr ibed .  

1. The hea t  p ipe  was f i r s t  i so thermal ized  a t  165 K wi th  no h e a t  i npu t .  

2. The s e t  po in t  of t h e  temperature c o n t r o l l e r  was inc reased  t o  
180 K caus ing  t h e  condenser temperature t o  r i s e  by approximately 1 K/min 
and making t h e  diode perform a hea t  p ip ing  a c t i o n  i n  t h e  r e v e r s e  mode, 
condensing f l u i d  i n  t h e  normal evapora tor  and thus  ensur ing  t h a t  s u f f i c i e n t  
f l u i d  was a v a i l a b l e  i n  t h e  evapora tor  when h e a t  was app l i ed .  

3. A s  t h e  condenser temperature approached 180 K ,  3  W were app l i ed  
t o  t h e  normal evapora tor .  

I f  t h e  wick was unprimed a t  t h i s  t ime,  i t  would have contained s a t u r a t e d  
vapor and some l i q u i d  a t  a  p re s su re  corresponding t o  t h e  l i q u i d  temperature.  
When t h e  h e a t  load  was appl ied ,  t h e  p re s su re  of t h i s  vapor was l e s s  than  t h a t  
of the main vapor space s i n c e  any l i q u i d  l eav ing  t h e  condenser does so  a t  a  
subcooled temperature r e l a t i v e  t o  t h e  main vapor space. This  d i f f e r e n c e  i n  
p re s su res  w a s  s u f f i c i e n t  t o  cause l i q u i d  t o  flow i n t o  t h e  wick and completely 
f i l l  it. This  p re s su re ,  o r  Clapeyron, priming technique,  i s  a ve ry  powerful 
priming mechanism when compared wi th  c a p i l l a r y  f o r c e s ,  p a r t i c u l a r l y  f o r  
f l u i d  w i t h  h igh  s a t u r a t i o n  p re s su res .  For example, w i t h  e thane  a t  200 K, 
a  temperature d i f f e r e n c e  of on ly  0.015 K i s  s u f f i c i e n t  t o  provide  a  l i q u i d  
p re s su re  head of 2.5 cm. It is  t h e r e f o r e  p o s s i b l e  i n  a  1-g s i t u a t i o n  t o  
prime wicks which could not  be primed by s u r f a c e  t ens ion  f o r c e s  a lone .  



Once t h e  hea t  p i p e  had s t a b i l i z e d  a t  3 W ,  t h e  forward-mode t e s t s  were 
repea ted  a s  before .  These r e s u l t s  a r e  shown i n  f i g u r e  5. A s  can be seen ,  
t h e  h e a t  p i p e  was i so thermal  up t o  t h e  en t r ance  of t h e  condenser f o r  h e a t  
i npu t s  up t o  21 W i n d i c a t i n g  a f u l l  hea t  p ip ing  a c t i o n ,  w i t h  burnout ' 

occurr ing  a t  25 W .  The temperature g rad ien t  i n  t h e  condenser w a s  probably 
due t o  t h e  excess  f l u i d  charge which formed a l i q u i d  s l u g  a t  t h e  f a r  end of 
t h e  condenser and rendered i t  i n a c t i v e .  However, c a l c u l a t i o n s  i n d i c a t e  a 
blocked l e n g t h  of on ly  10.5 cm i n  t h e  condenser vapor space f o r  t h i s  amount 
of excess  charge ,  Therefore,  t h e  excess  f l u i d  was probably priming a c r o s s  
t h e  smal l  vapor space i n  o t h e r  p a r t s  of t h e  condenser,  and b locking  o f f  t h e  
a r e a  downstream. Fur the r  t e s t s  were run wi th  the  p ipe  l e v e l  us ing  t h i s  
Clapeyron s t a r t u p  procedure a t  a temperature approximately 20 K below t h e  
f i r s t  ca se ,  These r e s u l t s  a r e  shown i n  f i g u r e  6. I n  t h i s  ca se ,  t h e  h e a t  
input  w a s  t aken  d i r e c t l y  from 3 W t o  1 5  W. The temperature drop a c r o s s  t h e  
condenser i n  t h i s  ca se  a t  15  W was only 3 K a s  opposed t o  n e a r l y  6 K f o r  t h e  
previous h ighe r  temperature case .  This can be  a t t r i b u t e d  t o  t h e  h igher  
l i q u i d  d e n s i t y  of e thane  a t  t h e  lower temperature producing a sma l l e r  excess  
volume of l i q u i d .  

Severa l  f u r t h e r  t e s t s  were undertaken wi th  t h i s  f l u i d  charge a t  va r ious  
l e v e l s  of t i l t .  Figure  7 shows t h e  2-cm t i l t  case .  Apart from t h e  h ighe r  
temperature drop a c r o s s  t h e  condenser,  t h e r e  i s  l i t t l e  d i f f e r e n c e  between 
t h i s  case  and t h e  h o r i z o n t a l  condi t ion .  I n  f a c t ,  t h i s  t r end  cont inues  f o r  
h igher  va lues  of t i l t  ( f i g s .  8 and 9 ) .  

I n  a l l  of t h e s e  cases ,  t he  thermocouples i n  t h e  t r a n s p o r t  s e c t i o n  read  
approximately 1 K t o  2 K above both  t h e  evaporator  and condenser thermo- 
couples.  Addi t iona l  thermocouples were taped t o  t h e  o u t s i d e  of t h e  hea t  p ipe  
i n  t h e  t r a n s p o r t  s e c t i o n ,  and t h e  reading  from t h e s e  thermocouples substan-  
t i a t e d  those  of t h e  o r i g i n a l  spot-welded thermocouples. A t e s t  performed wi th  
t h r e e  t imes t h e  normal amount of i n s u l a t i o n ,  t h e  maximum f e a s i b l e  w i t h  t h e  
p re sen t  t e s t  s e tup ,  s t i l l  produced t h e  high t r a n s p o r t  s e c t i o n  temperatures .  

A t  p r e sen t  t h i s  phenomenon cannot b e  s a t i s f a c t o r i l y  expla ined  and 
prec ludes  any reasonable  e s t ima te s  being made of t h e  i n d i v i d u a l  evapora tor  
and condenser c o e f f i c i e n t s .  La t e r  i n  t h e  r e p o r t ,  o v e r a l l  c o e f f i c i e n t s  from 
t h i s  device  w i l l  be  compared wi th  those  from o t h e r  systems. 

A f t e r  completing t h e s e  t e s t s ,  t h e  diode was removed from t h e  thermal  
vacuum chamber, and a smal l  amount of working f l u i d  b led  from t h e  h e a t  p i p e  
i n t o  a vacuum. This  reduced t h e  f l u i d  charge t o  2.85 g (106% of t h e o r e t i c a l  
a t  200 K ) .  

F igure  10  shows t h e  r e s u l t s  f o r  t h i s  f l u i d  charge wi th  t h e  p ipe  
ho r i zon ta l .  A s  can be  seen,  t h e  temperature p r o f i l e  of t h e  h e a t  p ipe  was 
nea r ly  i so thermal  up t o  15  W. However, a s  t h e  h e a t  input  was inc reased ,  t h e  
g rad ien t  a c r o s s  t h e  condenser increased .  From t h e  d a t a  i t  appears  t h a t  a t  
l e a s t  h a l f  t h e  condenser (15 cm) is blocked a t  25 W. The amount of l i q u i d  
requi red  t o  f i l l  t h i s  volume i s  0.7 g o r  approximately 25% of t h e  p re sen t  
charge. 



This  was u n l i k e l y ,  a s  s m a l l  r educ t ions  i n  working f l u i d  charge from t h e  
100% cond i t i on  cause  a  d r a s t i c  reduct ion  i n  t r a n s p o r t  c a p a c i t y  ( s ee  l a t e r  
s e c t i o n  on 96% t h e o r e t i c a l  charge) .  Again t h e  l i q u i d  was probably priming 
a c r o s s  t h e  vapor space ,  blocking o f f  l a r g e  p o r t i o n s  of t h e  condenser.  The 
temperature a t  t h e  end of t h e  condenser a s  t h e  hea t  i npu t  was increased  above 
25 W can be  seen t o  decrease  ( f i g .  10 ) .  This  would i n d i c a t e  some s l u g  of  
l i q u i d  i n  t h e  condenser be ing  i s o l a t e d  from t h e  a c t i v e  p a r t  of t h e  condenser,  
and being subcooled by t h e  l i q u i d  n i t r o g e n  i n  t h e  condenser block.  

The 2- and 3-cm tilt t e s t  r e s u l t s  of f i g u r e s  11 and 12 a r e  s i m i l a r  i n  
t rend  t o  t h e  r e s u l t s  f o r  t h e  h o r i z o n t a l  p ipe  and t h e  e a r l i e r  t e s t s  a t  t h e s e  
t i l t s  wi th  t h e  l a r g e r  f l u i d  charges.  For h e a t  i n p u t s  above 20 W ,  a  g rad ien t  
of up t o  1 .5  K was observed t o  develop between t h e  top  and bottom of t h e  
p ipe  which became even g r e a t e r  nea r  burnout .  This  cond i t i on  was probably due 
t o  t h e  h y d r o s t a t i c  p re s su re  d i f f e r e n c e  a c r o s s  t h e  p ipe ' s  d iameter  (25.6 N-m-2) 
and would not  occur ,  of course ,  i n  a  zero-g environment. 

I n i t i a l  t e s t s  w i t h  t h e  2.67 g charge (100% t h e o r e t i c a l )  and a h o r i z o n t a l  
p ipe  produced a  burnout a t  20 W. I n  f i g u r e  1 3  n o t i c e  t h a t  t h e  ' temperature 
a t  t h e  end of t h e  condenser a t  t h i s  hea t  i npu t  has  dropped by 3 K. This  may 
have produced a "pressure  depriming" process ,  whereby t h e  tempera ture ,  and 
thus  t h e  p re s su re ,  of t h e  condenser drops below t h a t  of t h e  a r t e r y .  This  
p re s su re  d i f f e r e n c e  causes  an excess ive  amount of l i q u i d  t o  b e  drawn ou t  
of t h e  a r t e r y ,  t hus  depriming i t  and r e s u l t i n g  i n  a  premature burnout.  The 
two tilt t e s t s  a t  2  and 3 cm ( f i g s .  14 and 15)  produced b e t t e r  r e s u l t s ,  w i th  
burnout no t  occu r r ing  u n t i l  28 W. I n  t h e s e  c a s e s ,  t h e  temperature drop ac ros s  
t h e  condenser was a t  most 2  K which would i n d i c a t e  t h a t  t h e  h e a t  p i p e  w a s  
ope ra t ing  w i t h  a near  optimum f l u i d  charge. Again, h igh  temperatures  i n  t h e  
t r a n s p o r t  s e c t i o n  were ev ident  f o r  a l l  va lues  of tilt. 

The f i n a l  va lue  of f l u i d  charge t e s t e d  was 2.53 g (95% t h e o r e t i c a l  a t  
200 K). These r e s u l t s  a r e  shown i n  f i g u r e s  16  and 17.  F igure  1 5  shows t h e  
r e s u l t s  f o r  a  nominal no-load ope ra t ing  temperature of 180 K.  Burnout 
occurred a t  10  W. The temperature p r o f i l e  was i so thermal  i n d i c a t i n g  no 
l i q u i d  blockage. Inc reas ing  t h e  s e t  p o i n t  t o  210 K had t h e  e f f e c t  of pos t -  
poning t h e  burnout u n t i l  12.5 W. This  was simply due t o  t h e  sma l l e r  f l u i d  
charge r equ i r ed  f o r  s a t i s f a c t o r y  ope ra t ion  a t  t h i s  h ighe r  temperature.  

A s  mentioned e a r l i e r ,  i n d i v i d u a l  evapora tor  and condenser c o e f f i c i e n t s  
cannot be c a l c u l a t e d  due t o  t h e  h igh  t r a n s p o r t  s e c t i o n  temperatures .  However, 
o v e r a l l  c o e f f i c i e n t s  can b e  c a l c u l a t e d  and compared wi th  e x i s t i n g  d a t a .  
Table 2 shows t h i s  comparison f o r  h o r i z o n t a l  h e a t  p ipes .  

where 

= h e a t  i npu t  

A = condenser a r e a  + evapora tor  a r e a  

AT = (average evaporator  temperature)  - (average 
condenser temperature)  



TABLE 2.- COMPARISON OF OVERALL HEAT TRANSFER 
COEFFICIENTS FOR VARIOUS HEAT PIPES 

a P r i v a t e  communication, J. Ala r io ,  Grumrnan Aerospace 
Corp., A p r i l  1977. 

Heat p ipe  

Axial  groove ( r e f .  5)  
Liquid-blockage diodea 
Graded-porosity s l a b  wick ( r e f .  8 )  
Liquid-trap diode 

For t i l ts  up t o  3 cm, t h e  o v e r a l l  c o e f f i c i e n t s  decrease  by only  10%. 
However, w i t h  t h e  overcharged l i q u i d - t r a p  diode,  t h e  c o e f f i c i e n t s  were 
reduced by a s  much a s  30%. This i s  due t o  t h e  t h i c k e r  l a y e r  of l i q u i d  
p re sen t  i n  t h e  evapora tor  wi th  l a r g e r  temperature d i f f e r e n c e  a c r o s s  t h i s  
l a y e r ,  and t h e  smal le r  e f f e c t i v e  condenser a r e a  due t o  t h e  excess  l i q u i d  
s lug .  

u ( ~ . m - ~  a K - ~ )  

855 
723 
37 7 
953 

F i n a l l y ,  i n  f i g u r e  18  a  h e a t  f l u x  v s  tilt curve f o r  t h e  100% charge 
i s  presented  showing both experimental  r e s u l t s  and t h e  t h e o r e t i c a l  p r e d i c t i o n  
of t h e  hea t  p i p e ' s  performance a t  200 K. I n  gene ra l ,  t h e  l a r g e r  t han  
t h e o r e t i c a l  va lues  of throughput a r e  c h a r a c t e r i s t i c  of h e a t  p ipes  opera ted  
i n  a  t i l t e d  mode. The r e s u l t s  of t e s t s  on a  l iquid-blockage d iode  wi th  a  
s i m i l a r  wick s t r u c t u r e  ( r e f .  7) i s  shown f o r  comparison. 

STARTUP BEHAVIOR 

A s  was s t a t e d  e a r l i e r ,  d i r e c t  s t a r t u p  o f  the  heat-pipe d iode  i n  t h e  
forward mode a f t e r  cooldown from ambient, and recovery a f t e r  a  burnout 
condi t ion  have presented d i f f i c u l t i e s .  This  is  be l ieved  t o  be due t o  h igh  
f l u i d  r e s i s t a n c e  s e c t i o n s  i n  t h e  wick s t r u c t u r e  (e.g. ,  a r t e r y  t o  web i n t e r -  
f ace )  making i t  d i f f i c u l t  f o r  t h e  wick t o  prime by c a p i l l a r y  a c t i o n  a lone .  
Re l i ab l e  s t a r t u p  was induced i n  a l l  of t h e  foregoing  t e s t s  by us ing  t h e  
diode r e v e r s a l  pressure-priming (Clapeyron-priming) technique p rev ious ly  
descr ibed .  I n  s e p a r a t e  tests c a r r i e d  ou t  i n  an a t tempt  t o  prime t h e  d iode  
wick, a  smal l  amount of h e a t  (2 W t o  2-112 W) w a s  app l i ed  t o  t h e  evapora tor ,  
and t h e  h e a t  p ipe  l e f t  i n  t h i s  cond i t i on  f o r  s e v e r a l  hours .  The h e a t  i npu t  
was then increased  t o  1 5  W ( f i g .  19 )  which r e s u l t e d  i n  a  burnout.  Therefore,  
i t  appears  t h a t  t h e  f o r c e s  which r e s i s t  t h e  priming of t h e  h e a t  p i p e  wick 
cannot be overcome wi th  a  "heat soak" procedure such as t h i s .  The only  
r e l i a b l e  s t a r t u p  procedure i s  t h e  p re s su re  o r  Clapeyron technique.  



REVERSE-MODE TEST RESULTS 

The reverse-mode t e s t  r e s u l t s  f o r  t h e  va r ious  f l u i d  charges  a r e  very  
s i m i l a r ;  t h e r e f o r e ,  on ly  t h e  r e s u l t s  f o r  t h e  2.67-g charge (100% t h e o r e t i c a l )  
w i l l  be  presented ,  and comments r e l a t i n g  t o  t h i s  charge a l s o  r e f e r  t o  t h e  
o t h e r  f l u i d  charges.  

Two types  of r e v e r s a l  t e s t s  were undertaken. Once s t eady- s t a t e  
forward-mode ope ra t ion  was e s t a b l i s h e d ,  evapora tor  power w a s  e i t h e r  tu rned  
o f f  o r  l e f t  on a t  a low wattage.  The magnitude of evapora tor  power de t e r -  
mined t h e  r i s e  i n  evapora tor  temperature dur ing  r e v e r s a l .  

F igure  20 shows t h e  diode temperatures  dur ing  r e v e r s a l .  A t  t ime zero ,  
power was removed from t h e  evapora tor  h e a t e r  and approximately 150 W app l i ed  
t o  t h e  condenser block,  w i th  no r educ t ion  of l i q u i d  n i t r o g e n  flow. Af t e r  
5 min t h e  p i p e  began t o  dry  o u t ,  and t h e  condenser r o s e  i n  temperature above 
t h e  r e s t  of t h e  p ipe .  Complete shutdown was achieved a f t e r  approximately 
9 min. Shutdown time i s  def ined  a s  t h e  t ime a t  which t h e  r a t e  of i nc rease  
i n  temperature of t h e  l i q u i d  t r a p  becomes a  minimum. This t ime i s  somewhat 
unce r t a in  as t h e  p o s i t i o n  of t h e  minimum r a t e  of i n c r e a s e  i n  temperature is 
somewhat a r b i t r a r y  ( see  t a b l e  3 ) .  

TABLE 3.- VARIATION OF TRAP TEMPERATURE WITH TIME 

The shutdown energy Q can a l s o  be obta ined  from t h i s  t a b l e  and is  
s d 

def ined  a s :  

Trap temp., K 

192.9 
193.3 
194.1 
194.7 
195.0 
195.2 
195.5 
195.7 
195.9 
196.0 

where 
MCD = thermal  capac i tance  of t r a p  and aluminum block  

To = temperature of t r a p  a t  start  of r e v e r s a l  

Time, min 

0 
1 
2 
3 
4 
5  
6 
7 
8 
9 

Tsd = temperature of t r a p  a t  complete shutdown 

6 = evapora tor  power 

T = shutdown time 

AT, K 

0.4 
0.8 
0.6 
0.3 
0.2 
0.3 
0.2 
0.2 
0.1 

Trap temp., K 

196.2 
196.3 
196.5 
196.6 
196.7 
196.8 
196.9 
197 .O 
197.1 

Time, min 

1 0  
11 
12 
1 3  
14 
1 5  
16  
17  
1 8  

AT, K 

0.2 
0 . 1  
0.2 
0 .1  
0 .1  
0 .1  
0.1 
0.1 
0 .1  



I f  t h e  shutdown time was chosen t o  be 9 min, t h i s  produces a c a l c u l a t e d  
shutdown energy of 1150 J (0.32 Wh). I f  a  t ime of 11 min w a s  chosen, 
Qsd = 1261 J ,  and a  t ime of 1 3  min produces Qsd = 1372 J. The l a t e n t  hea t  
energy s t o r e d  i n  t h e  2.67 g charge a t  200 K w a s  1228 J;  t h e r e f o r e ,  t h e  
9-min shutdown time w a s  probably the  c o r r e c t  f i g u r e .  F igure  21 shows t h e  
continuous response of t h e  condenser and l i q u i d  t r a p  f o r  t h e  same cond i t i ons .  
The r e v e r s e  hea t  flow through t h e  hea t  p ipe  w a s  equal  t o  t h e  t ime d e r i v a t i v e  
of t h e  evapora to r / t r ap  temperature h i s t o r y  mul t ip l i ed  by i t s  h e a t  capac i ty .  
This  g ives  a  reverse-mode h e a t  l e a k  of 0.844 W ,  a  reverse-mode conductance of 
0.037 w/K,  and a  turndown r a t i o  (forward- t o  reverse-mode conductance) of  
243:l .  

Seve ra l  reverse-mode t e s t s  were performed without  removing evapora tor  
power dur ing  r e v e r s a l .  F igure  22 shows a  " reverse  and recover" t e s t  where 
t h e  evapora tor  h e a t e r  was l e f t  on wi th  1 .5  W ,  w i t h  no power be ing  app l i ed  
t o  t h e  t r a p .  The f i g u r e  shows t h a t  1 .5  W of evapora tor  power produces an  
i n c r e a s e  i n  evaporator  temperature of 24 K/h. 

For t h e  va lue  of thermal capac i tance  represented  by t h i s  s i z e  of 
evapora tor  block,  t h e  r a t e  of i n c r e a s e  i n  temperature would probably n o t  be 
s a t i s f a c t o r y  i f  a  d e t e c t o r  were being cooled,  t h e  maximum d e s i r a b l e  tempera- 
t u r e  i n c r e a s e  be ing  on t h e  o rde r  of 10  K i n  an hour.  The o t h e r  f a c t o r  
ev ident  from t h i s  t e s t  was t h a t  a condenser temperature cooldown r a t e  of 
1 .5  K/min w a s  too  f a s t  f o r  a  recovery t o  forward-mode ope ra t ion ,  i . e . ,  t h e  
condenser temperature keeps decreas ing  and evapora tor  tempera ture  keeps 
inc reas ing  wi thout  t h e  coupling e f f e c t  of  h e a t  p ip ing  a c t i o n  t a k i n g  e f f e c t .  

Leaving t h e  evapora tor  h e a t e r  on dur ing  r e v e r s a l  h a s  t h e  e f f e c t  of 
r e t a r d i n g  t h e  shutdown process .  The forward-mode h e a t  p ip ing  a c t i o n  has  t o  
be overcome and reversed  be fo re  shutdown can commence. This  w a s  evidenced 
i n  s l i g h t l y  longer  shutdown t i m e s .  

F igures  23 and 24 show an a t tempt  t o  recover  t h e  diode t o  forward-mode 
ope ra t ion  a f t e r  a r e v e r s a l .  The f i g u r e  shows t h a t  w i th  a condenser cooldown 
rate of 1 K/min, t h e  evapora tor  temperature r a t e  of i n c r e a s e  (with a h e a t  
i n p u t  of 0.3 W) could be  a r r e s t e d  and r eve r sed .  The f u l l  d iode  temperature 
p r o f i l e s  a r e  shown i n  f i g u r e  23. It i s  thought t h a t  i f  t h e  evaporator  and 
t r a p  were thermal ly  coupled, t h e i r  temperatures  would be  n e a r l y  equal  a f t e r ,  
as w e l l  as be fo re ,  r e v e r s a l .  F igure  23 a l s o  shows t h a t  t h e  d iode  does n o t  
f u l l y  r e t u r n  t o  i so thermal  cond i t i ons ,  t h e  t r a n s p o r t  s e c t i o n  remaining h igher  
i n  temperature.  The h e a t  p ipe  a f t e r  t h e  r e v e r s a l  and recovery is  a b l e  t o  
t r a n s p o r t  3  14, b u t  burns o u t  a t  1 5  W, which aga in  i s  i n d i c a t i v e  of a p a r t i a l l y  
primed system. 

F i n a l l y ,  a  s t r i p - c h a r t  record ing  of t h e  performance of t h e  d iode  i n  a 
r e v e r s e  and recover  ope ra t ion  i s  shown i n  f i g u r e  25. By a d j u s t i n g  t h e  
h e a t e r  power l e v e l s  i n  p ropor t ion  t o  t h e i r  a r e a s ,  t h e  evapora tor  and t r a p  
temperatures  w e r e  made t o  t r a c k  one another .  The main p o i n t s  of i n t e r e s t  i n  
t h i s  graph a r e  centered  around t h e  c rossover  p o i n t  between t h e  dec reas ing  
condenser and inc reas ing  evaporator  and t r a p  temperatures .  



The evapora tor  temperature can be seen  t o  decrease  momentarily, and 
then  cont inue  t o  i n c r e a s e  f o r  an  a d d i t i o n a l  1 0  min whi le  t h e  t r a p  temperature 
decreases  w i t h  s l i g h t  f l u c t u a t i o n s  dur ing  t h i s  per iod .  These s l i g h t  f l uc tua -  
t i o n s  may be  due t o  t h e  b o i l i n g  a c t i o n  t ak ing  p l ace  i n s i d e  t h e  l i q u i d  t r a p .  
The t h e o r e t i c a l  t ime taken t o  evapora te  t h e  f l u i d  charge i s  approximately 
equal  t o  t h e  t ime taken between t h e  p o i n t  when t h e  condenser temperature drops 
below t h e  evapora to r / t r ap  temperature,  and t h e  i n f l e c t i o n  p o i n t s  i n  t h e  
evaporator  and t r a p  temperature p r o f i l e s .  

Af t e r  t h e  i n f l e c t i o n  p o i n t ,  t h e  t r a p  temperature i n c r e a s e s  a t  a uniform 
r a t e  c o n s i s t e n t  wi th  i t s  s teady  hea t  i npu t  of 0.9 W .  ( I t  i s  thought t h a t  
i f  t r a p  and evapora tor  were thermal ly  coupled they  would t r a c k  one another  
without  t h e  use  of a u x i l i a r y  h e a t  i n p u t s . )  The condenser and evapora tor  
temperatures  cont inue  t o  decrease  i n  p a r a l l e l  u n t i l  t h e  temperature c o n t r o l l e r  
t akes  over and produces s t a b l e  condi t ions .  The average tempera ture  d i f f e r -  
ences between evaporator  and condenser a t  t h i s  po in t  were 1 .3  K ;  t h e  t r ans -  
p o r t  s e c t i o n  was 4.1 K above t h e  evapora tor  temperature.  This  s t r i p  c h a r t  
a l s o  emphasizes t h e  d i f f i c u l t y  i n  determining t h e  shutdown t i m e - a s  t h e  change 
i n  s lope  of t h e  l i q u i d - t r a p  temperature p r o f i l e  i s  no t  e a s i l y  d i sce rnab le .  

CONCLUSIONS 

1. The s p i r a l - a r t e r y  hea t  p ipe  diode i s  a high-heat t r a n s p o r t  dev ice  
capable of c a r r y i n g  i n  excess  of 1215 W-cm i n  a h o r i z o n t a l  a t t i t u d e  w i t h  
ethane a s  a working f l u i d  a t  200 K. 

2 .  The h e a t  p ipe  would no t  r e l i a b l y  s t a r t  up i n  t h e  forward mode, 
i . e . ,  s t a r t  up a f t e r  cooldown from ambient,  a f t e r  burnout o r  s t a r t  up a f t e r  
s e v e r a l  hours  a t  a low h e a t  i npu t .  However, r e l i a b l e  s t a r t u p  can be 
i n i t i a t e d  when preceded by a d iode  r e v e r s a l  accompanied by a p r e s s u r e  o r  
Clapeyron pr iming . technique .  

3 .  The performance of t h e  p ipe  was very  s u s c e p t i b l e  t o  f l u i d  inventory .  
In  an overcharged cond i t i on ,  t h e  excess  f l u i d  would appa ren t ly  prime a c r o s s  
t h e  vapor space and block l a r g e  p o r t i o n s  of t h e  condenser.  I f  t h e  p ipe  was 
undercharged, i t s  a b i l i t y  t o  t r a n s p o r t . h e a t  was d r a s t i c a l l y  reduced; f o r  
example, an undercharge of 5% reduced i t s  h e a t  ca r ry ing  c a p a c i t y  by over 
50%. The n e a r  optimum charge w a s  found t o  be 2.67 g ,  t h e  charge  p red ic t ed  
by theory.  

4. The diode would r a p i d l y  shut  down w i t h  any r e v e r s a l  of t h e  normal 
temperature g rad ien t  a s  no a u x i l i a r y  energy was requi red  f o r  shutdown. 
However, t h e  de te rmina t ion  of shutdown energy can only  be considered a n  
e s t ima te  due t o  t h e  i n a b i l i t y  t o  a c c u r a t e l y  measure t h e  shutdown t i m e .  The 
measured shutdown t imes and ene rg i e s  were 9 min and 1150 J (0.32 Wh), 
r e s p e c t i v e l y .  

5. The condenser cooldown r a t e  dur ing  recovery had t o  be 1 K/min o r  l e s s  
i n  o rde r  t o  a l low t h e  r e i n i t i a t i o n  of hea t  p ipe  a c t i o n .  



6. There was a finite delay time after the condenser temperature 
dropped below the evaporator temperature before it started to decrease. This 
delay was equivalent to the time taken to evaporate all the working fluid 
in the trap. 

7. The detector or evaporator load had to be kept to 0.3 W or below 
for this size of evaporator block so that the rise in evaporator temperature 
could be kept within reasonable bounds during reversal. For this situation, 
therefore, it appears unnecessary to use a high-performance heat pipe such as 
this at only 1.2% (0.3125) of its capacity. 
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The liquid-trap diode would not directly recover to forward-mode 

operation after a burnout or a reversal. Therefore, nnot at this 
moment be considered as a viable passive cryogenic h 
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Figure  1.- Wick geometry. 
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Figure 2.- Instrumentation of heat pipe diode. 
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Figure 3.- Forward mode temperature profiles. 



HORtZONTAL PIPE 1.27 cm REFLUX TILT 
FLUID CHARGE = 3.08 g 
FORWARD MODE START-UP 

0 10 20 30 40 50 60 70 80 90 
AXIAL POSITION (cm) 

Figure  4.- Forward mode temperature  p r o f i l e s ,  r e f l u x  tilt. 



FORWARD MODE HORIZONTAL PIPE 
FLUID CHARGE = 3.08 g 

10 20 30 40 50 60 70 80 90 
AXIAL POSITION (cm) 

Figure 5.- Temperature profiles, Clapeyron priming at 200 K.  
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Figure 6.- Temperature profiles, Clapeyron priming at 180 K. 
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Figure 7.- Forward mode temperature profiles, 2 cm tilt. 
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Figure 81- Forward mode temperature profiles, 3.2 cm tilt. 
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Figu re  9.- Forward mode tempera ture  p r o f i l e s ,  6 c m  tilt. 
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Figure 10.- Forward mode temperature profiles, horizontal pipe. 
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Figure 11.- Forward mode temperature profiles, 2 cm tilt. 
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Figure 12.- Forward mode temperature p r o f i l e s ,  3 cm tilt.  
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Figure 13.- Forward mode temperature profiles, horizontal pipe. 



FLUID CHARGE = 2.67 g 

0 10 20 30 40 50 60 70 80 90 
AXIAL POSITION (cm) 

Figure  14.- Forward mode tempera ture  p r o f i l e s ,  2 cm t i l t .  
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Figu re  15.- Forward mode temperature  p r o f i l e s ,  3 cm tilt .  
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Figure 16.- Forward mode temperature profiles, horizontal pipe at 183 K. 



FLUID CHARGE = 2.53 g 

0 10 20 30 40 50 60 70 80 90 
AXIAL POSITION (cm) 

Figure  17.-  Forward mode tempera ture  p r o f i l e s ,  h o r i z o n t a l  p i p e  a t  203 K.  
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Figure 18,- Forward mode throughput c h a r a c t e r i s t i c s .  
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Figure 19.- Forward mode startup behavior. 
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Figure 20.- ~ e m ~ e r a t u r e  p r o f i l e s  dur ing  r e v e r s a l  (evaporator  h e a t e r  o f f ) .  
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Figure  21.- Shutdown response of condenser and l i q u i d  t r a p .  
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Figure 22.- Trans ient  response during r e v e r s a l  and attempted recovery.  
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Figure 23.- Transient response during reversal and recovery. 
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Figure 25.- S t r i p  c h a r t  r eco rd ing  of r e v e r s a l  and recovery.  
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