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ON THE EXPERIMENTAL OPERATION 
OF A SODIUM HEAT PIPE 

R. E. Hol tz ,  G. A. McLennan, and E. R. Koehl 

This  r epor t  documents the opera t ion  of a 28 inch long sodium 
hea t  pipe i n  the  Heat: Pipe T e s t  F a c i l i t y  (HPTF) i n s t a l l e d  a t  
Argonne Nat ional  Laboratory.  Experiment da t a  were gathered t o  
s imula te  condi t ions  p ru to typ ic  of both a f l u i d i z e d  bed coa l  com- 
bus tor  a p p l i c a t i o n  and a space environment app l i ca t ion .  Both sets  
of experiment d a t a  show good agreement wi th  the  heat pipe 
a n a l y t i c a l  model. The  hea t  t r a n s f e r  performance of t he  heat  pipe 
proved reliable over a substantial period of operat ion and over 
much thermal cycl ing.  Addi t iona l  t e s t i n g  of longer  hea t  p ipes  
under con t ro l l ed  1abora.tory condi t ions  w i l l  be necessary t o  de t e r -  
mine performance l i m i t a t i o n s  and t o  complete the  design code 
v a l i d a t i o n .  

1. INRtODUCTION 

This  r epor t  desc r ibes  the t e s t i n g  and pos t - t e s t  examination of a high- 
temperature sodium heat  pipe. The heat  pipe was cons t ruc ted  from 2 in .  
nominal diameter  pipe and was 28 in .  long. Previous r e p o r t s  [1 ,2]  con ta in  
informat ion  p e r t i n e n t  t o  heat pipe design cons ide ra t ions ,  hea t  pipe ana lyses  
and code development, conceptual  design of coa l - f i red  power systems, pro to type  
l i q u i d  metal hea t  pipe development f o r  f luidized-bed combustors (FBC) , a 
d e s c r i p t i o n  of the  hea t  pipe test f a c i l i t y  and e a r l y  results of experiments.  

The i n i t i a l  work [ l ]  focused p r imar i ly  on the  use of heat  p ipes  as a 
method of d e l i v e r i n g  hea t  from an FBC t o  a closed-cycle pr ime mover, such as a 
closed-cycle  gas tu rb ine  o r  a S t i r l i n g  cyc le  engine. The cont inua t ion  of hea t  
p ipe  t e s t i n g  was d i r e c t e d  a t  the use of thermionics  as the prime mover. 
P o t e n t i a l  a p p l i c a t i o n s  inc lude  the  use of thermionics  as a topping cyc le  i n  a 
coa l  p l an t  o r  as a prime mover i n  a nuclear-reactor-dr iven space power system. 

S u b s t a n t i a l  background information i s  contained i n  Refs. 1 and 2. Hence, 
t h i s  r epor t  addresses  only the  heat pipe test f a c i l i t y ,  t h e  hea t  pipe,  t h e  
experimental  program, and post-test examination a c t i v i t i e s .  
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2. DESCRIPTION OF BBlpT PIPE TEST FACILITY 

2.1 DESIGN AND IAYOUT OF TEST APPARATUS 

The Argonne Nat ional  Laboratory (ANL) Heat Pipe Test F a c i l i t y  (HPTF) 
consists of a radio frequency (R-F) induction power supply, the heat pipe  
under tes t ,  a gas-coupled water ca lor imeter  (GCWC) , and temperature and 
coolan t  monitoring ins t rumenta t ion .  The HPTF is i l l u s t r a t e d  i n  Fig. 1. 

2.1.1 R-P Beat Source 

The power source is an R-F induct ion  power supply capable of providing 
25 kW of power at  a nominal 450 kHz i n t o  an appropr i a t e  load ,  e.g., a hea t  
pipe.  The R-F source induces a cu r ren t  i n  the  metal wall of the load from a 
water-cooled inductor  (R-F induct ion  c o i l )  placed around the  heat  pipe.  The 
hea t  pipe acts as a shor ted  tu rn  i n  the secondary of a t ransformer  i n  t h a t  the  
pipe wall  provides  a closed c i r c u i t  t h a t  a l lows induced cu r ren t  c i r c u l a t i o n .  
The heat  pipe appears  as a predominately resist ve load t o  the  R-F genera tor ,  
and the  amount of induced power d i s s i p a t e d  ( I  R hea t ing )  i n  the hea t  pipe \ 
(p,) 9 

watts , ( 1 )  
2 P, = I, Rw 

i s  a func t ion  of the induct ion  c o i l  c u r r e n t ,  number of c o i l  t u r n s ,  hea t  pipe 
phys ica l  dimensions,  and hea t  pipe e lec t romagnet ic  p rope r t i e s .  Since the hea t  
p ipe  r e s i s t a n c e  % e q u a l s  the r e s i s t a n c e  of the equ iva len t  c i r cumfe ren t i a l  
cu r ren t  pa th  of c r o s s  s e c t i o n  6,RW and l e n g t h  -rdw (approximately) ,  Eq. 1 can 
be w r i t t e n :  

watts , =- 
c c  

where 

IC i s  the  work c o i l  cu r ren t  i n  amperes, 

I, is t h e  hea t  pipe c u r r e n t  i n  amperes, 

Q is t he  heat  pipe r e s i s t a n c e  i n  ohms, 

Nc is the  number of work c o i l  t u r n s ,  

p, is t he  hea t  pipe r e s i s t i v i t y  i n  pohm-cm, 

d, is  the  hea t  pipe o u t s i d e  diameter i n  cm,  

6, i s  the  equiva len t  heat p ipe  cu r ren t  depth  i n  cm, and 

R w  is t he  l eng th  of hea t  pipe i n  cm. 

The equiva len t  DC heat  pipe cu r ren t  depth is def ined  as t h e  depth  a t  
which the cu r ren t  dens i ty  is equal  t o  36.7% of i t s  su r face  va lue ,  
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t pipe r e s i s t i v i t y  i n  ohm-cm, pw i s  the  permeabi l i ty  i n  
the ope ra t ing  frequency i n  Hz. For ANL's large Incoloy 

hea t  p i p e s  and the 450 kHz R-F power source,  6, = 0.084 cm, corresponding t o  
-30% of the  pipe w a l l  th ickness .  

The fol lowing are c h a r a c t e r i s t i c s  of induct ion  hea t ing :  

0 Surface or  subsurface hea t ing ,  

0 Axial r e s t r i c t i o n  of the R-F f i e l d  t o  wi th in  the  confines  of t he  

e Extremely rap id  heat  t r a n s f e r ,  

0 Heat developed wi th in  the  hea t  pipe i t s e l f ,  

e Mechanical and e lectr ical  i s o l a t i o n ,  and 

e Extremely high hea t  pipe temperatures .  

work c o i l ,  

Add i t iona l ly ,  induct ion  hea t ing  e l imina te s  concern over t he  ou t s ide  evaporator  
su r face  heat  t r a n s f e r  c o e f f i c i e n t ,  thus al lowing t e s t i n g  of the hea t  pipe a t  
power l e v e l s  t h a t  would otherwise be more d i f f i c u l t  and/or more c o s t l y  t o  
achieve.  Fu r the r ,  due t o  the  r ap id  hea t ing  a b i l i t y  of i nduc t ion  hea t ing ,  
investigations of some of the more troublesome operating modes of the heat 
pipe are poss ib le .  

2.1.2 Gas-Water Calorimeter 

The gas-coupled, water-cooled ca lo r ime te r  is a non-contact method t h a t  
enables  the  c o n t r o l  of t h e  hea t  t r a n s f e r  between two su r faces .  It is  
e s p e c i a l l y  e f f e c t i v e  f o r  su r faces  t h a t  have r e l a t i v e l y  low e m i s s i v i t i e s  (e.g., 
pol ished metal su r faces ) .  I n  the  case of t he  HPTF experimental  s e tup ,  hea t  i s  
t r a n s f e r r e d  from the  hea t  pipe w a l l  t o  the  ca lo r ime te r  by thermal r a d i a t i o n  
when the  ca lo r ime te r  enc losu re  is  evacuated. I f  gas  i s  added t o  t h e  
ca lo r ime te r  t h e  hea t  t r a n s f e r  i s  increased  because of t h e  e f f e c t s  of 
conduction and convect ion hea t  t r a n s f e r  being added t o  the  thermal r a d i a t i o n  
hea t  t r a n s f e r .  A schematic of t he  ca lo r ime te r  i s  shown i n  Fig. 2. 

Externa l  connect ions t o  the  ca lo r ime te r  a l low the  evacuat ion of t h e  space 
between the  heat  pipe and ca lo r ime te r  su r faces ,  as w e l l  as the  in t roduc t ion  of 
des i r ed  q u a n t i t i e s  and spec ie s  of conducting gases  i n t o  the  space. 

Minimum hea t  t r a n s f e r  i n  t h e  ca lo r ime te r  occurs  when the  space i s  
evacuated and thermal r a d i a t i o n  is  the only mode of hea t  t r a n s f e r  t h a t  is  
occurr ing.  I n  t h i s  case the  hea t  t r a n s f e r  from the hea t  pipe t o  the  
ca lor imeter  i s  \ 

Q =  

where 

I I 
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u = Stefan  Boltzman cons t an t ,  5.67 x W/m2*K4, 
2 A1 = heat  pipe condenser su r face  area, m , 

A2 = ca lor imeter  su r face  area, m , 
T1 = heat  pipe condenser su r face  temperature,  K, 

T2 = ca lor imeter  su r face  temperature ,  IC, 

= heat pipe su r face  emis s iv i ty ,  and 

2 

rz2 = ca lor imeter  su r face  emis s iv i ty .  

As  gas is added t o  the  space between the  hea t  pipe and the  ca lo r ime te r ,  
the hea t  t r a n s f e r  between the  hea t  pipe and ca lor imeter  can be s u b s t a n t i a l l y  
increased .  This  coupling between the  hea t  pipe and the  ca lo r ime te r  a l lows the 
s imula t ion  of var ious  hea t  pipe ope ra t ing  environments such as: 

0 A f l u i d i z e d  bed combustor a p p l i c a t i o n ,  which w i l l  have combined 
thermal r a d i a t i o n ,  conduction, and convection, and 

0 An a p p l i c a t i o n  i n  space,  where thermal r a d i a t i o n  is the  only 
mode of hea t  t r a n s f e r .  

During opera t ion  of the HPTF, the energy t r a n s f e r r e d  from the  heat pipe 
t o  the ca lo r ime te r  w a l l  is conducted through the ca lor imeter  w a l l  (copper) and 
removed by a water stream. The hea t  removed by the  water is: 

Qo = Cp AT, 

i = mass f lowra te ,  

AT = Tout - Tin = water temperature ,  d i f f e r e n c e ,  and 

Cp = water hea t  capac i ty .  

The heat  removed from the  ca lo r ime te r ,  &, is equal  t o  t h e  power i n p u t ,  
Pw, a t  t he  evapora tor  less r a d i a t e d  l o s s e s  i n  the a d i a b a t i c  s e c t i o n  and 
conduction l o s s e s  a t  the  hea t  p ipe /ca lor imeter  f lange .  

2.2 INSTRUMENTATION AND DBTA ACQUISITION SYSTEM 

Ins t rumenta t ion  f o r  t he  HPTF c o n s i s t s  of the  fol lowing:  

0 I r t r o n i c s  Model 3100BF non-contact i n f r a r e d  pyrometer wi th  
e m i s s i v i t y  compensation--temperature range,  1200-1800°F, 
s p e c t r a l  range, 0.9-1.1 l~ 

0 Acromag Model 319-BX-U d i f f e r e n t i a l ,  3-wire RTD r e s i s t a n c e  
br idge  

0 Omega Model PR-132, 100 ohm, 3-wire  RTD temperature sensor  

0 Doric Model 410A d i g i t a l  temperature ind ica tor - - ind ica tor  
range, 0.00-250.00°F k0.02OF 
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' 0 Type K thermocouple senso r s ,  s tandard  grade/accuracy 

0 D i g i t a l  temperature i n d i c a t o r ,  range 0-1999°F 

0 Water flowmeter, range 0-10 gpm 

0 R-F vol tage  probe 

0 R-F c u r r e n t  probe 

This  appara tus  a l lows appl ic .a t ion  of the  prev ious ly  s t a t e d  power equat ions  by 
measuring c e r t a i n  parameters of the heat  pipe ca lo r ime te r  system. 

The pyrometer provides a base l ine  re ference  temperature f o r  hea t  t r a n s f e r  
c a l c u l a t i o n s .  The R-F probes are intended t o  provide input  power informat ion;  
t he  RTD br idge and water flow monitor provide output  power information.  
Information on in te rmedia te  system l o s s e s  i s  determined from the var ious  
thermocouples a t t ached  t o  the a d i a b a t i c  s e c t i o n  and the  mounting f lange .  

The da ta  a c q u i s i t i o n  system is  a H e w l e t t  Packard 21MX E S e r i e s  16-bit 
minicomputer -based s y s  t e m  t h a t  opera tes  a high-speed mu1 t i channe 1 d i g i  t a l - to -  
analog conver te r  €or da t a  a c q u i s i t i o n .  Data are s t o r e d  on a 2.5 M byte  
removable d i s c  c a r t r i d g e  and backup magnetic tape  medium. The system executes  
For t r an  code i n  real t i m e ,  and can be used t o  provide s t a r t u p  and f a i l s a f e  
ope ra t ion  of the  HPTF. 



3. HEBT PIPE DESIGE AHD FABRICATIQN 

3.1 PRQTQTYPE ELepIENT DESIGN 

Two 70 c m  (28 i n . )  long heat pipe units were fab r i ca t ed .  The se l ec t ed  
hea t  p i p e  w a l l  material was 2 in .  IPS Schedule 10 Incoloy 800 pipe.  The 
design temperature was 788OC (1450°F) a t  the  e x t e r i o r  of the heat  p i p e  
evaporator .  The average design power w a s  7800 W (27,000 Btuh). Thermacore 
computer program A37 was used t o  e s t a b l i s h  the  wick s t r u c t u r e ,  power handling 
capac i ty ,  and temperature d i f f e r e n c e  of t he  hea t  pipe.  The se l ec t ed  design 
f o r  the  f i r s t  70 c m  heat  pipe cons i s t ed  of 2-1/2 wraps of 100 mesh screen  
l i n i n g  the  i n s i d e  w a l l .  Two l o n g i t u d i n a l  arteries of 3.18 mm (0.125 in . )  I D  
were used t o  provide the  necessary low-loss l i q u i d  r e t u r n  path. The 100 mesh 
wick served t o  d i s t r i b u t e  and c o l l e c t  the condensed sodium i n  the condenser 
and ca r ry  i t  c i r cumfe ren t i a l ly  t o  t h e  arteries. I n  the  evapora tor ,  the  screen  
provided c i r cumfe ren t i a l  d i s t r i b u t i o n  of a t h i n  f i l m  of sodium over the  e n t i r e  
i n s i d e  sur face  of the  heat  pipe. S p e c i f i c  dimensions, power l i m i t a t i o n s ,  and 
o the r  d e t a i l s  were c a l c u l a t e d ,  using Thermacore's hea t  pipe design code. A 
des ign  layout  f o r  both hea t  pipes  i s  presented i n  Fig. 3. As discussed i n  
Ref. 1, the  hea t  pipe was p ro tec t ed  from the  co r ros ive  and e ros ive  e f f e c t s  of 
t h e  FBC by coa t ing  i t  wi th  a l a y e r  of FeCrAlY (Fec ra ly )  and a l a y e r  of 
magnesium-zirconate. Accordingly,  tests w e r e  conducted on samples of t he  
s e l e c t e d  Incoloy 800 pipe t o  v a l i d a t e  the  i n t e g r i t y  of the  bond between the  
coa t ing  and the  underlying a l loy .  

Two Incoloy 800 samples 3 in .  long x 2-3/8 in .  OD were coated with 
Fecra ly  and magnesium-zirconate, One sample was hea t - t r ea t ed  t o  1652°F 
(850°C) by hea t ing  it very slowly i n  a vacuum. The second sample w a s  heat-  
t r e a t e d  i n  a i r  us ing  the  same hea t ing  schedule.  The vacuum-treated sample was 
thermally cycled th ree  t i m e s ,  us ing  a slow hea t ing  and cool ing  cycle.  Both 
samples were cycled e i g h t  times by p u t t i n g  the  room temperature p a r t  i n  t h e  
furnace a t  85OoC, leav ing  them f o r  one hour,  and removing the  hot  samples 
d i r e c t l y  i n t o  the  air. Nei ther  sample showed s i g n s  of any cracking o r  
s p a l l i n g  of the  coa t ings .  Then both samples were heated t o  850°C, removed, 
and plunged d i r e c t l y  i n t o  cold water. Again, n e i t h e r  sample showed cracking  
o r  o the r  s igns  of f a i l u r e .  The double-layered coa t ings  showed no s i g n s  of 
f a i l u r e  on e i t h e r  sample, and bonding i n t e g r i t y  was judged s a t i s f a c t o r y .  

3.2 FABRICATION 

The f i r s t  s t e p  i n  f a b r i c a t i o n  of t he  prototype hea t  pipe elements w a s  t o  
machine the p a r t s  from 2 in .  IPS Schedule 10 (2-3/8 in .  OD x 0.109 in .  w a l l )  
Incoloy 800 (Type H) pipe.  Following degreas ing ,  t he  f i r s t  wrap of 100 mesh 
sc reen  w a s  i n s e r t e d ,  a long  wi th  an expanding mandrel having a thermal 
expansion rate g r e a t e r  than t h a t  of Incoloy 800. The recommended procedure is  
t o  vacuum-fire t he  assembly t o  s i n t e r  t he  wick t o  the  pipe w a l l .  This  w a s  no t  
done wi th  the  f i r s t  element,  and hot s p o t s  developed between the  wick and 
o u t e r  w a l l ,  as d iscussed  i n  Sec. 3.3 .  

Following completion of t he  f i r s t  wick l a y e r ,  the  next s t e p  w a s  t o  p l ace  
a r t e r y  mandrels and 2-1/2 wraps of 100 mesh Type 304 s t a i n l e s s  steel (SS) 
s c reen  on a nylon mandrel and i n s e r t  t he  assembly i n t o  the  hea t  pipe.  Then 
t h e  nylon mandrel was removed and a rubber ba l loon  hose was  i n s e r t e d  and 



HEAT PIPE 
ELEMENT 

70 c m  u n i t s  

C 
DIMENS I O N  

A B 

3 '  - 4-314" 0' - 9" 2 '  - 7 - 3 1 4 "  2" IPS Sch. 10 
Inco loy  800 

7 '  - 3-314" 

80 g 
Sodium 

WORKING 
FLUID PIPE BODY 

A 

WICK STRUCTURE 

One wrap of 100 mesh SS sc reen  
s i n t e r e d  t o  w a l l ,  fo l lowed by 
two a d d i t i o n a l  wraps  of sc reen  
wi th  two 0 . 1 2 5 ' '  I D  a r t e r i e s .  

Knurled a t  5 0 f i n .  a long  Dim. 
"B" l e n g t h ,  fo l lowed  by two 
con t inuous  wraps of 100 mesh 
SS sc reen  wi th  two 0.125" I D  
arteries.  

Fig. 3 .  Design Layout f o r  P r o t o t y p e  Heat P i p e  Assemblies 
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p res su r i zed  t o  better form the  ar ter ies  and t o  p re s s  the  secondary wick layers 
i n t o  place.  Following removal of the  hose and a r t e r y  mandrels, the  evapora tor  
end of each a r t e r y  was pinched shu t ,  and the  heat  pipe end caps were welded i n  
place.  

The assembly was next purged i n  a glove box wi th  argon and 80 g of sodium 
The hea t  p ipes  were pumped down added through a s m a  1 f i l l  tube (see Fig. 3). 

t o  a vacuum of -lo-' t o r r ,  then sea l ed  by fus ion  c losu re  of the  f i l l  tube. 

The f i n a l  f a b r i c a t i o n  s t e p  involved the  a p p l i c a t i o n  of p r o t e c t i v e  su r face  
coa t ings  f o r  e ros ion ,  cor ros ion ,  and hydrogen permeation b a r r i e r s .  This  
involved a plasma spray coa t ing  of Fecra ly ,  followed by a l a y e r  of magnesium- 
z i r cona te  cladding. The coa t ings  were appl ied  t o  t h e  evaporator  or  in-bed 
s e c t i o n  only. 

3.3 LABORATORY ACCEPTANCE TESTS 

The pro to type  hea t  p ipes  were a l l  made of 2 in .  Schedule 10 Incoloy 800 
p i p e  (6.03 c m  OD, 0.34 cm wa l l )  and a s c r e e d a r t e r y  wick s t r u c t u r e  made of 100 
mesh Type 304 SS screen. Two arteries 3.18 mm (0.125 in . )  OD were used i n  
each heat  pipe.  Fur ther  d e t a i l s  of the  cons t ruc t ion  of t hese  hea t  pipes  is 
provided i n  Ref. 1. 

The f i r s t  hea t  pipe was removed from the  vacuum system where i t  had been 
processed and sea l ed ,  and was t e s t e d  i n  a i r  using an induc t ion  hea t  source.  
The f i r s t  tests were conducted wi th  the  hea t  pipe ho r i zon ta l .  A t  a power 
l e v e l  es t imated  a t  2450 W ,  t he  hea t  pipe operated wi th  an evapora tor  
temperature of 693°C (1280°F) and a AT of 12°C (22°F). The power w a s  
increased  t o  an es t imated  2875 W. Hot spo t s  appeared i n  the  evapora tor  area 
between the  arteries.  The hea t  pipe AT was 14°C (25"F), except  f o r  t he  hot 
s p o t s ,  which were about 100°C h o t t e r .  

Af t e r  t he  tes t ,  t he  hea t  pipe was plasma-spray-coated wi th  p r o t e c t i v e  
l a y e r s  of Fecra ly  and magnesium-zirconate. Then it w a s  subjec ted  t o  a flame 
heated l i f e  test a t  a nominal temperature of 871°C (1600°F). During t h i s  tes t  
the re  was no f u r t h e r  evidence of the  presence of gas, which would have caused 
a cold condenser end. There were seven on-off thermal cyc le s  during t h i s  l i f e  
test ,  ye t  t he re  was no evidence of degrada t ion  of t he  temperature  p r o f i l e ,  as 
had occurred during an earlier hea t  pipe l i f e  tes t  [ l ] .  It was  concluded t h a t  
t he  Fecraly/magnesium-zirconate coa t ing  was e f f e c t i v e  i n  suppress ing  hydrogen 
permeation and prevent ing sc ra t ch ing  of t he  permeat ion- res i s tan t  l aye r .  

Eventual ly ,  t he  hea t  p ipe  f a i l e d  due t o  a sodium leak  at  the  condenser 
end and the  tes t  was stopped. When the  heat pipe w a s  removed from the  test 
furnace ,  i t  was observed t h a t  a b l i s t e r  had developed i n  the  magnesium- 
z i r cona te  coa t ing  i n  the  area of flame impingement. The underlying Fecra ly  
w a s  ox id ized ,  but appeared t o  be i n t a c t  and w e l l  bonded t o  the  hea t  pipe.  The 
b l i s t e r  was most l i k e l y  caused by the  hot spo t s  observed i n  the  pre l iminary  
t e s t i n g  of t h i s  hea t  pipe.  

The area of sodium l eak  was x-rayed but the  cause was not  determined. I n  
subsequent d i scuss ions  wi th  Huntington Alloys personnel ,  it was learned  t h a t  
t h e r e  is evidence t h a t  cracking has occurred when 308 SS f i l l e r  rod is used 



1 1  

wi th  Incoloy 800. 
pip;, and probably was the cause of the sodium leak.  
weld rod was used f o r  the  second hea t  pipe.  

This  was the  process  weld material used i n  the  f a i l e d  hea t  
Inconel  F i l l e r  Metal 882 

The second Incoloy 800 heat  pipe w a s  removed from the  vacuum system a f t e r  
s e a l i n g ,  and t e s t e d  in a i r  in the  ho r i zon ta l  pos i t i on .  The AT w a s  14OC (25°F) 
a t  an evaporator  temperature of 693°C (1280'F) and a power es t imated  a t  2430 
W. The heat  pipe evaporator  was e leva ted  6.5O a g a i n s t  g r a v i t y  and the  power 
increased  t o  an es t imated  3840 W. Under continued t e s t i n g ,  a power of 7900 W 
was reached a t  835OC (1535OF) with  a AT of 28°C (50OF). No hot spo t s  were 
observed a t  any t i m e  during these  tests, demonstrating the  va lue  of s i n t e r -  
bonding of the  wick t o  the evaporator  w a l l .  This  hea t  pipe w a s  coated wi th  
Fecra ly  and magnesium-zirconate and de l ive red  t o  ANL. This  second heat  pipe 
w a s  used i n  the  Heat Pipe T e s t  F a c i l i t y  t o  ob ta in  hea t  pipe performance da ta .  
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4. HEBi PIPE TEST RESULTS 

The coupling of the condenser section of the heat pipe and the gas-water 
ca lo r ime te r  was the method employed i n  the  experiment t o  c o n t r o l  t he  o v e r a l l  
heat  t r a n s f e r  through the  hea t  pipe. Tight  coupling was obtained by having 
gas present  i n  the  ca lo r ima te r  gap t o  enhance the heat t r a n s f e r  from the  heat 
pipe t o  the  ca lo r ime te r .  This  allowed f o r  combined r a d i a t i o n ,  conduction, and 
convection i n  the  ca lo r ime te r  gas gap. A loose coupling was obtained by 
having the ca lo r ime te r  gap evacuated, making thermal r a d i a t i o n  the only mode 
of heat t r a n s f e r  between the  condenser s e c t i o n  of t he  heat  pipe and the 
ca lo r ime te r .  

The series of even t s  during t h e  test program can be summarized as 
fol lows : 

1. High-power tests using a t i g h t l y  coupled ca lo r ime te r  

2. F a i l u r e  and removal of t he  Fecraly/magnesium-zirconate coa t ing  

3. Low-power tests using a l o o s e l y  coupled ca lo r ime te r  

4. Heat pipe f a i l u r e  

5. Pos t - t e s t  examination of t he  f a i l e d  heat  pipe 

Table 1 con ta ins  the s t eady- s t a t e  hea t  pipe d a t a  obtained wi th  a t i g h t l y  
coupled ca lo r ime te r .  These d a t a  were obtained by s e t t i n g  a f i x e d  power l e v e l  
and f i x e d  c a l o r i m e t e r  flow and al lowing the  evaporator  temperature t o  reach 
equi l ibr ium. The power throughput during s t eady- s t a t e  ope ra t ion  was  obtained 
by an energy balance on the ca lo r ime te r .  These d a t a  are d i scussed  i n  Sec. 5. 

A f t e r  ob ta in ing  t h e  d a t a  presented i n  Table 1, f l a k i n g  of t he  Fec ra ly /  
magnesium-zirconate coa t ing  was observed on the  s u r f a c e  of t he  evaporator  
s e c t i o n .  A hot spo t  was evident  i n  the same gene ra l  area where the  f l a k i n g  
w a s  occurr ing.  It was f e l t  t h a t  t h i s  hot spo t  was  occu r r ing  because of t h e  
coating--the coa t ing  e i t h e r  w a s  of a nonuniform th i ckness  o r  was s e p a r a t i n g  
from the pipe w a l l .  The coa t ing  was removed by machining t o  a l low a d d i t i o n a l  
hea t  pipe t e s t i n g .  The examination and removal of the  Fecraly/magnesium- 
z i r c o n a t e  coa t ing  are descr ibed i n  Sec. 6. 

Removal of t he  Fecraly/magnesium-zirconate coa t ing  allowed hea t  pipe 
t e s t i n g  t o  continue. The  hot spo t  on the  hea t  pipe remained a f t e r  c o a t i n g  
removal, a l though the temperature a t  the  hot spot  was s i g n i f i c a n t l y  reduced. 

Addit ional  hea t  pipe t e s t i n g  w a s  conducted using a loose coupl ing wi th  
the  ca lo r ime te r .  The gas was  evacuated so that thermal r a d i a t i o n  was t he  only 
mode of hea t  t r a n s f e r  between the  condenser s e c t i o n  of the heat  pipe and t h e  
ca lo r ime te r .  The da ta  were gathered i n  two sets; t h e  second set was taken 
s e v e r a l  months a f t e r  t he  f i r s t  set t o  v e r i f y  hea t  pipe performance. These 
d a t a . a r e  shown i n  Table 2 ,  and are discussed i n  Sec. 5. 

S t a r t u p  and ope ra t ion  of t h e  hea t  pipe s e v e r a l  months a f t e r  t he  t ak ing  of 
t he  data i n  Table 2 r e s u l t e d  i n  a pinhole  l eak  i n  the  evaporator  s e c t i o n  of 
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Table 1 .  Steady-state Heat P i p e  Data 

Evaporator Calorimeter Power 
Temperature, Flow, AT, Throughput, 

OF gpm O C  kW 

1418 

1605 

1550 

1520 

1565 

1555 

1540 

1505 

1485 

1475 

1407 

1430 

1448 

1480 

1535 

1525 

1552 

1580 

1570 

2.0 

2.0 

3.0 

3.0 

4.0 

4.0 

4.0 

4.0 

4.0 

2.0 

2.0 

2.0 

2.0 

4.0 

4.0 

4.0 

4 .O 

4.0 

4.0 

13.0 

15.9 

9.95 

9.37 

7.80 

7.72 

7.51 

6.94 

6.66 

12.34 

12.68 

13.20 

13.38 

7.25 

7.38 

7.38 

7.54 

7.83 

7.58 

6.86 

8.39 

7.87 

7.42 

8.23 

8.15 

7.92 

7.32 

7.03 

6.51 

6.69 

6.96 

7.06 

7.65 

7.79 

7.79 

7.96 

8.26 

8.00 
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Table 2. Steady-state Data from Heat Pipe with Coating Removed ., 

Calorimeter 
Evaporator Temperature Flow AT Power 

(OF) (gpm) ("c>  (kW) 

1358 
1415 

1430 
1465 
1520 

1558 

1595 

1590 
1598 

1547 

1493 
1447 
1376 

1304 
1496 
1536 
1572 

1478 

1358 

First  S e t  

2.0 
2.0 

2 0  

2.0 
2.0 

2.0 

2.0 

2.0 
2.0 

2.0 
2.0 

2.0 
2.0 

Second S e t  

2.0 

2.0 
2.0 

2.0 

2.0 

2.0 

4.13 
4.17 

4.05 

4.49 
5.20 

5.81 

6.45 

6.45 
6.70 

5.77 

4.97 

4.35 
3.80 

3.28 

4.66 
5.43 
6.15 

4.90 
3.70 

2.18 
2.20 

2.14 

2.37 
2.75 
3.07 

3.41 

3.41 
3.54 

3.05 

2.62 
2.30 
2.01 

1.73 
2.46 
2.87 
3.25 

2.59 

1.95 
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t he .  heat  pipe i n  the  region of the  hot spot .  Since the  hea t  pipe w a s  being 
operated a t  less than one atmosphere, a i r  en te red  the  hea t  pipe through the  
pinhole  l eak  and the  sodium a i r  r e a c t i o n  was contained wi th in  the  hea t  pipe.  
The pos t - t e s t  examination of the  hea t  pipe is descr ibed  i n  Sec. 7. 
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5. DISCUSSION OF ESP- RESULTS 

5.1 COHPABISON OF EXPERIMENT MTA AND ~ L Y T I C A L  RESULTS--HEBT PIPE WLTH 
TIGHTLY COUPLED WRIMETRB 

Table 1 lists experiment d a t a  f o r  t he  heat pipe ope ra t ing  i n  the  range 
1400-1600°F, with hea t  t r a n s p o r t  rates i n  the  range 6.51-8.39 kW. The hea t  
p ipe  geometry was modeled by the  hea t  pipe a n a l y s i s  code ANL/HTP, which i s  
descr ibed  i n  Refs. 1 and 2. Calcu la t ions  were run t o  eva lua te  the pipe per- 
formance and ope ra t ing  states. 

Figure 4 shows the  d a t a  from Table 1 as open diamond shapes and t h e  
r e s u l t s  of t h e  ANL/HTP computer c a l c u l a t i o n s  as a s o l i d  l i n e ,  with va lues  
ca l cu la t ed  every 10°C. Appendix A is  a l i s t i n g  of t he  computer output  f o r  
t h i s  case, inc luding  the  hea t  t r a n s p o r t ,  t he  temperature drops through t h e  
p ipe  wall/wick, and the  vapor temperatures  a t  t he  beginning of the  evaporator  
and a t  t he  end of the  condenser. Also l i s t e d  are the  ca l cu la t ed  heat-  
t r a n s p o r t  l i m i t s  f o r  the  var ious  temperatures.  

A s  shown i n  Fig. 4,  t h e  experimental  d a t a  d i s p l a y  a nea r ly  l i n e a r  
v a r i a t i o n  wi th  evaporator  temperature ,  sugges t ing  n e a r l y  cons tan t  thermal 
r e s i s t a n c e  from the  evapora tor  w a l l  t o  the ca lor imeter .  The slope of a l i n e  
passed through these  data approximates the  t o t a l  thermal conductance,  and w a s  
used t o  eva lua te  the  hea t  t r a n s f e r  c o e f f i c i e n t  between the  condenser w a l l  and 
t h e  ca lor imeter .  From the  d a t a  shown i n  Fig. 4, and account ing f o r  t he  
thermal r e s i s t a n c e s  of t he  p e walls, t h i s  hea t  t r a n s f e r  c o e f f i c i e n t  w a s  
c a l c u l a t e d  t o  be 94 Btu/hr-f t  -F. This  high heat t r a n s f e r  c o e f f i c i e n t  was 
caused by the  presence of vacuum pump o i l  being trapped i n  the  ca lor imeter .  

9 

The a n a l y t i c a l  r e s u l t s  shown i n  Fig. 4 agree  w e l l  wi th  the  measured 
da ta .  The va lues  l i s t e d  i n  the  computer output  (Appendix A) i n d i c a t e  t h a t  t h e  
p ipe  ope ra t ion  was  normal, with the  vapor nea r ly  i so thermal ,  and the  pipe 
ope ra t ing  w e l l  below the  c a l c u l a t e d  performance l i m i t s .  

5.2 CO#IPABZSON OF EXPERIMENT DATA AND ANALYTICAL RESULTS-HEAT PIPE WITE 
LOOSELY COUPLED CALORIMETER 

Table 2 p re sen t s  measured da ta  f o r  t he  hea t  t r a n s p o r t  vs. evapora tor  
temperature ,  f o r  two d i f f e r e n t  test sequences. These test sequences were 
taken on d i f f e r e n t  d a t e s ,  wi th  t h e  annul  r gas gap i n  t h  ca lo r ime te r  
evacuated t o  vacuum l e v e l s  between 2 x IO-' t o r r  and 8 x 10 t o r r ,  which 
va r i ed  f o r  d i f f e r e n t  temperatures.  For these  vacuum l e v e l s ,  gas conduction 
and gas convection hea t  t r a n s f e r  can be considered n e g l i g i b l e  (i.e., l o o s e l y  
coupled t o  the  ca lo r ime te r ) ,  and the  hea t  t r a n s f e r  mode from the  condenser can 
be considered t o  be only thermal r ad ia t ion .  

-2 

Figures  5 and 6 show these  d a t a ,  a long wi th  a leas t - squares  curve,  f i t  t o  
the  equat ion  

4 Q = C(T4 - To ) , 
where T is assumed equal  t o  the  measured evapora tor  w a l l  temperature ,  and To 
i s  the  measured cool ing  water i n l e t  temperature.  The ca l cu la t ed  va lues  of C 
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Fig. 6. Comparison of Heat P i p e  Experimental Data (from Table  2 ,  
Second Se t )  and Calorimeter Radiat ion Model 
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were 1.800 x Kw/R4, r e spec t ive ly ,  f o r  the? curves 
i n  Figs.  5 and 6. Figure 7 shows a p l o t  of the d a t a  from Table 2 ,  and a 
least-squares curve i t  t o  a l l  t he  da ta .  For this curve the  ca l cu la t ed  value 
of C is 1.834 x 10-l' Kw/R4. 

Kw/R4 and 1.851 x 

To eva lua te  how w e l l  t hese  data c o r r e l a t e  t o  r a d i a t i o n  hea t  t r a n s f e r ,  i t  
is necessary t o  compare the  experimental  va lues  f o r  C aga ins t  va lues  calcu- 
l a t e d  from a r a d i a t i o n  model, using values  f o r  t he  hea t  t r a n s f e r  area and the  
o v e r a l l  e f f e c t i v e  emis s iv i ty ;  

4 4 ' -  4 4 
Q = C (T - To ) = E ~ A ( T  - To ) . 

From t h i s ,  t he  e f f e c t i v e  emis s iv i ty  is 

- c  E f -  

aA 

For the  hea t  p ipe  mounted i n  the ca lo r ime te r ,  the l eng th  r a d i a t i n g  was esti-  
mated t o  be about 18.25 in .  With a nominal diameter of 2.375 n. and an end 
cap and f i t t i n g ,  t he  r a d i a t i o n  area was stima ed t o  be 0.978 f t  . Using t h i s  
and an average value of C = 1.825 x 10-l' Kw/RZ, t he  e f f e c t i v e  emis s iv i ty  is 

12 

E t-3 0.372 , 
OA 

which is not an unrealistic value.  Thus, t he  measured d a t a  c o r r e l a t e  q u i t e  
w e l l  wi th  a r a d i a t i o n  model, using real is t ic  estimates f o r  the  su r face  area 
and o v e r a l l  e f f e c t i v e  emis s iv i ty ,  and the  ca lor imeter  appears  t o  be opera t ing  
i n  a r a d i a t i o n  mode, with reproducib le  r e s u l t s  obtained i n  independent exper i -  
mental  runs. 
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6. EXAMINATION OF TBE PscaULn/MGNESI~-ZIRCOABTE COATING ' 

The Fecraly/magnesium-zirconate coa t ing  was appl ied t o  the  2-3/8 in .  OD 
28 i n .  long heat pipe t o  a l low i t  t o  withstand hydrogen permeation, as w e l l  as 
the  harsh cond i t ions  i n  a fluidized-bed combustor (FBC). I n  an FBC app l i ca -  
t i o n ,  the heat pipe o u t s i d e  w a l l  temperature is f ixed  by the  bed temperature 
and the i n s i d e  wall temperature i s  f ixed  by the sodium temperature. The hea t  
t r a n s f e r  i n t o  the pipe i s  determined by the  thermal resistance of both the  
hea t  pipe w a l l  and the  p r o t e c t i v e  coa t ing  on the o u t s i d e  diameter of the pipe.  

I n  the HPTF, a n e a r l y  uniform heat gene ra t ion  rate occurs i n  the pipe 
w a l l ;  hence, a near uniform hea t  f l u x  i s  supp l i ed  t o  the  sodium i n  the  
evaporator  s ec t ion .  Since the  i n s i d e  w a l l  temperature of t he  evaporator  
s e c t i o n  of the pipe i s  determined by the sodium temperature ,  the o u t s i d e  w a l l  
temperature of the pipe w a l l  w i l l  have a nonuniform temperature as a func t ion  
of the combined thermal r e s i s t a n c e  of t he  hea t  pipe w a l l  and the Fec ra ly /  
magnesium-zirconate coat ing.  This  nonuniform temperature was observed during 
ope ra t ion ;  a photograph of t h i s  hea t  pipe during ope ra t ion  is shown i n  Fig. 
8.  The hot spo t  shown on the  top of the pipe i n  Fig. 8 w a s  a t  the same 
l o c a t i o n  on the  pipe r e g a r d l e s s  of t he  r o t a t i o n  of t he  pipe i n  the  test 
apparatus .  Hence, i t  was  determined t h a t  t he re  e x i s t e d  some d i f f i c u l t y  with 
the coa t ing  or  t h a t  t he  wick s t r u c t u r e  was not a t t ached  t o  the  i n s i d e  of t h e  
p ipe  a t  t h i s  l oca t ion .  Flaking of the coa t ing  began after a d d i t i o n a l  high- 
temperature ope ra t ion  of the pipe and i t  appeared t h a t  t he  nonuniform o u t s i d e  
w a l l  temperature was occurr ing because of coa t ing  th i ckness  v a r i a t i o n  o r  some 
o t h e r  d e f e c t  i n  the hea t  pipe. 

Figure 9 i l l u s t r a t e s  the coa t ing  i n  the  area of t he  hot spot  a f t e r  sub- 
s t a n t i a l  i n t e r m i t t e n t  ope ra t ion .  Figure 10 shows t h i s  same hot spo t  area from 
a d i f f e r e n t  angle. Apparently,  the l a r g e  temperature drop a c r o s s  the  Fec ra ly  
coa t ing  caused the coa t ing  t o  begin t o  sepa ra t e .  

I n  a d d i t i o n  t o  the  hot spot  area, Fecraly/magnesium-zirconate cladding 
problems a l s o  occurred i n  the v i c i n i t y  of t he  evaporator  end p l a t e .  Figure 11 
shows an end view of t h i s  heat  pipe where the  coa t ing  had f l aked  off t he  w a l l  
a t  the end p l a t e  weld bead corners .  Adjacent t o  the area where the c o a t i n g  
had f l aked  o f f ,  t h e r e  is a region where the  coa t ing  had begun t o  s e p a r a t e  
f a r t h e r  from the hea t  pipe material. 

Figure 12  i s  another  v i e w  of t he  coa t ing  s e p a r a t i n g  from the  heat  pipe 
w a l l  a t  t he  hot spot .  Figure 13 shows t h i s  same area of t he  hea t  pipe a f t e r  
t h e  loose coa t ing  had been manually removed. The balance of t he  coa t ing  i n  
t h i s  area is  s t i l l  s e c u r e l y  bonded t o  the heat  pipe. 

Figure 14 shows the  end view of the hea t  pipe evaporator  s ec t ion .  The 
d i sco lo red  region on the end of t he  hea t  pipe is  where the coa t ing  had been 
removed by g r ind ing  t o  measure temperature with an o p t i c a l  pyrometer. The 
area near  t he  end of the pipe where the coa t ing  had f l aked  off  and loosened is  
evident  i n  t h i s  photograph. Figure 15 shows t h i s  same area of t he  heat  pipe 
a f t e r  the loose  coa t ing  had been manually removed. The balance of t he  coa t ing  
i n  t h i s  area i s  st i l l  secu re ly  bonded t o  the  heat  pipe.  
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The areas of the heat  pipe where the coa t ing  l o s t  i ts bond t o  t h e  primary 
heat: pipe material were those where a hot spot  occurred dur ing  hea t  pipe 
opera t ion .  This  hot spot occurrence is i l l u s t r a t e d  i n  Figs.  9 ,  10, 12, and 
13. A hot spot  a l s o  was observed i n  the  area where the  coa t ing  loosened near 
the  end of the  hea t  pipe (Fig.  11). It appears  t h a t  the  loosening and f l a k i n g  
of t he  coa t ing  material from the  hea t  pipe is due p r imar i ly  t o  thermal 
expansion. Apparently,  v a r i a t i o n  i n  the  coa t ing  th ickness  was the primary 
candida te  reason f o r  the  i n i t i a l  occurrence of the hot spots .  

Removal and in spec t ion  of the  coa t ing  was i n i t i a t e d  t o  determine var ia -  
t i o n s  i n  coa t ing  th ickness .  Inspec t ion  of Figs.  11, 1 4 ,  and 15 shows t h a t  
t he re  was a bui ldup of the  coa t ing  material i n  the  c y l i n d r i c a l  region of the 
evapora tor  a t  the  end of t he  hea t  pipe.  This  is a cause f o r  the  occurrence of 
t he  hot  spot .  Also,  t he re  is  the  p o s s i b i l i t y  t h a t  edge e f f e c t s  make t h i s  
reg ion  more s u s c e p t i b l e  t o  f l a k i n g  and cracking. 

The hot  spot  on the  c y l i n d r i c a l  su r f ace  of the  coa t ing  was examined by 
machining o f f  a po r t ion  of t he  Fecraly/magnesium-zirconate coa t ing ,  as shown 
i n  Fig. 16. The r e s u l t s  show t h a t  the  pipe was out of round, the  l a t h e  having 
machined o f f  most of the coa t ing  except  i n  t h a t  reg ion  where the  hot  spot  
occurred.  It i s  a l s o  apparent  that the re  was a su r face  de fec t  ( i . e . ,  indenta-  
t i o n  i n  the  Incoloy 800 pipe wa l l )  on the  hea t  pipe i n  the  region where the  
hot  spo t  occurred. Both these  f a c t o r s  appear t o  have con t r ibu ted  t o  t h e  
excess ive  th i ckness  of the coa t ing  i n  the region of the  hot spot .  Figure 17 
i l l u s t r a t e s  the  o the r  s i d e  of t he  evaporator  s e c t i o n  of the  hea t  pipe a f t e r  
t h i s  machining took place.  The p o r t i o n  of t h e  hea t  p ipe  r e f l e c t i n g  the m o s t  
l i g h t  is where the  most material was removed, while the  darker  region shows 
p a r t  of t h e  e x i s t i n g  bond between the  coa t ing  and the  primary hea t  p ipe  
material. 

It appears  that the  bond between the  coa t ing  material and the  primary 
hea t  pipe material was very good over the  e n t i r e  cont inuous su r face  of t h e  
hea t  pipe.  Even i n  the  area of the  hot spot  (Fig.  161, the  bond between the  
primary hea t  pipe and coa t ing  appears  t o  have remained s t rong .  The coa t ing  
appa ren t ly  was destroyed due t o  its l o c a l i z e d  excess  th i ckness ,  which r e s u l t e d  
i n  large temperature g r a d i e n t s  ac ross  the  coating and excess ive  t h e r m a l  
stresses. Figure 18 i s  an a d d i t i o n a l  photograph showing the  su r face  d e f e c t s  
t h a t  r e s u l t e d  i n  the  hot  spot  i n  the  Fecraly/magnesium-zirconate coat ing .  
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Fig.  9. V i e w  of Coating i n  Area of H o t  Spo t  



Fig .  10.  V i e w  of H o t  Spot  Area from a D i f f e r e n t  Angle 
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F ig .  11. End V i e w  of Heat P i p e  where Coating H a s  Flaked 
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Fig.  1 2 .  V i e w  of Coating Separa t ing  from Heat P i p e  a t  Hot Spot 
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F i g .  13. V i e w  of Coating Separa t ing  from Heat P i p e  a f t e r  
Loose Coating Manually Removed 
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Fig .  15. End V i e w  of Heat P i p e  a f t e r  Loose Coating Manually Removed 
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Fig.  1 6 .  V i e w  of Machined O f f  Po r t ion  of Coating 
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F i g .  1 7 .  V i e w  of Heat P i p e  Evaporator Sect ion a f t e r  Machining 



Fig .  18. V i e w  of Heat P i p e  Defec t s  Resu l t ing  from Hot Spot 
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7. POST-TEST HEBT PIPE EXAMINATION 

Afte r  t he  pinhole  leak  occurred i n  the  evaporator  s e c t i o n  of the  hea t  
p ipe ,  a pos t - t e s t  examination w a s  conducted t o  a t tempt  t o  f ind  the  reasons 
contributing t o  the  f a i l u r e  of the  heat  pipe. This  pos t - t e s t  examination 
involved c u t t i n g  the heat pipe i n t o  s e c t i o n s  and photographing the  outside, 
w a l l ,  and i n s i d e  of t he  hea t  pipe.  

An i n spec t ion  of the  hea t  pipe i n t e r n a l s  showed t h a t  the  wick s t r u c t u r e  
of t he  pipe remained i n  i t s  i n i t i a l  con f igu ra t ion ,  and t h a t  a t  shutdown t h e  
sodium working f l u i d  was contained t o t a l l y  wi th in  the  wick s t r u c t u r e  of the 
hea t  p i p e .  

Figure 19 shows the  ou t s ide  of the  heat  pipe before  the  pipe was cut  
apart. The su r face  f law discussed i n  Sec. 6 i s  ev ident  i n  t h i s  photograph. 
Some of the d i s c o l o r i z a t i o n  i n  the  area of t he  pinhole  leak  i s  sodium oxide. 

Figure 20 i s  an end view of the cut  heat  p ipe ,  i l l u s t r a t i n g  the  l o c a t i o n  
of t he  pinhole  l e a k ,  and showing the  sodium working f l u i d  contained i n  the  
wick s t r u c t u r e .  Figure 21 shows a similar photograph, taken a t  a s l i g h t l y  
d i f f e r e n t  ang le ,  i l l u s t r a t i n g  the wick s t r u c t u r e  i n  place.  

Af t e r  removal of the  sodium and the  i n t e r n a l  wicking, it was observed 
t h a t  mel t ing of the  pipe wall had occurred i n  the  region around the hot spot  
and p inhole  l e a k  (Fig.  22). The pos tu l a t ed  reason f o r  t he  hot  spot  and 
r e s u l t a n t  pinhole  f a i l u r e  of t he  hea t  pipe w a s  t h a t  the  p ipe  w a s  out of round 
and had an observable  de fec t  on the  o u t s i d e  w a l l .  This  r e s u l t e d  i n  an excess  
th i ckness  of coa t ing  a t  t h i s  de fec t  l o c a t i o n ,  which r e s u l t e d  i n  a l o c a l l y  
l a r g e  r e s i s t a n c e  t o  hea t  t r a n s f e r .  I n  a d d i t i o n ,  because t h e  p ipe  w a s  ou t  of 
round, t he re  w a s  cons iderable  v a r i a t i o n  i n  w a l l  th ickness .  The w a l l  t h i ckness  
a t  the  hot  spot  was approximately 0.040 in .  t h i c k e r  than the  w a l l  180" around 
t h e  per imeter .  These f a c t o r s  produced a no t i ceab le  hot spot  i n  t h e  hea t  pipe 
( v i s i b l e  dur ing  p ipe  ope ra t ion ) ,  which produced a x i a l  thermal stresses i n  
excess  of the  y i e l d  stress. The r e s u l t i n g  thermal cyc l ing  of t he  hea t  pipe 
caused t h i s  f l a w  to propagate i n t o  the  w a l l  of t h e  p ipe ,  culminat ing i n  a 
leak.  F i n a l l y ,  t he  r e a c t i o n  between the  sodium and m i s t  a i r  t h a t  en tered  t h e  
hea t  p ipe  r e s u l t e d  i n  a s u f f i c i e n t  hea t  genera t ion  rate on the  i n s i d e  s u r f a c e  
of t he  pipe t o  melt some of t he  i n s i d e  su r face  and do s i g n i f i c a n t  l o c a l  damage 
t o  the  p ipe  wick s t r u c t u r e .  Figure 23 shows the melt ing t h a t  occurred on t h e  
i n s i d e  of t he  hea t  pipe during the  r e a c t i o n  between the sodium working f l u i d  
and the  moist  a i r  t h a t  en te red  the p ipe  through the  p inhole  leak.  
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Fig. 1 9 .  Evaporator End of Heat P ipe  P r i o r  t o  Post-Test Examination 
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F i g .  20. End V i e w  of Evaporation Sec t ion  of Cut Heat P ipe  
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Fig.  21. End V i e w  of Evaporat ion Sec t ion  of Cut Heat P i p e  
( d i f f e r e n t  angle)  
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Fig .  22 .  Heat P ipe  Cross-sect ions and I n t e r n a l  Wall 
Showing Melting of I n s i d e  Wall 
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Fig. 2 3 .  Heat P i p e  I n t e r n a l  Wall Showing Melting of Inslde Wall 
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8. SUMMARY BWD COIKLUSIONS 

The ope ra t ion  of a prototype hea t  pipe i n  the Heat Pipe Test Fac i l i ty  
(HPTF) has provided experimental  d a t a  wi th  both a t i g h t l y  coupled and a 
loose ly  coupled ca lor imeter .  The t i g h t l y  coupled ca lo r ime te r  r e s u l t s  are 
s imilar  t o  those t h a t  would be experienced i n  a f luidized-bed combustor 
a p p l i c a t i o n ,  and the  loose ly  coupled calorimeter r e s u l t s  are p ro to typ ic  of 
those  t h a t  would be experienced i n  a space environment. The experiment 
r e s u l t s  show good agreement with the  heat  pipe a n a l y t i c a l  model 12) .  Over a 
s u b s t a n t i a l  per iod of opera t ion  and over much thermal cyc l ing ,  t h e  hea t  
t r a n s f e r  performance of the  hea t  pipe proved r e l i a b l e .  Addi t iona l  t e s t i n g  of 
longer  heat  p ipes  under con t ro l l ed  l abora to ry  condi t ions  w i l l  be necessary t o  
determine performance l i m i t a t i o n s  and t o  complete the  design code v a l i d a t i o n .  

The f a i l u r e  of the  Fecraly/magnesium-zirconate coa t ing  can be a t t r i b u t e d  
t o  a s u b s t a n t i a l  f law in, t he  primary containment of t he  hea t  pipe and the  test 
condi t ions of the experiment. However, the evaluation of plasma-spray coating 
techniques ,  and poss ib l e  development of improved coa t ing  techniques and 
materials f o r  FBC a p p l i c a t i o n ,  should be pursued. 

Since these  tests were on a prototype hea t  pipe t h a t  w a s  b u i l t  t o  es tab-  
l i s h  the  techniques t o  f a b r i c a t e  long, high-temperature hea t  p ipes ,  no real 
q u a l i t y  c o n t r o l  of the  hea t  p i p e  materials o r  f a b r i c a t i o n  procedures were 
s p e c i f i e d .  The eventua l  f a i l u r e  of the  heat  pipe due t o  a f law i n  the  primary 
containment pipe i s  an i n d i c a t i o n  t h a t  an appropr i a t e  l e v e l  of q u a l i t y  c o n t r o l  
w i l l  be necessary t o  a s su re  r e l i a b l e  opera t ion  of heat  pipes .  

I n  the  HPTF, a nea r ly  uniform hea t  genera t ion  rate occurred i n  the  p ipe  
w a l l ;  hence, a near-uniform heat  f l u x  was suppl ied  t o  the  sodium i n  the  
evapora tor  s ec t ion .  Since the  i n s i d e  w a l l  temperature  of t he  evapora tor  
s e c t i o n  of the  pipe was determined by the  sodium temperature ,  the  o u t s i d e  w a l l  
temperature of the p ipe  wall had a nonuniform temperature due t o  variations i n  
thermal  r e s i s t a n c e .  The temperature nonuniformit ies  were a func t ion  of t he  
combined thermal r e s i s t a n c e  of t he  hea t  pipe w a l l  and the  Fecraly/magnesium- 
z i r c o n a t e  coa t ing .  I n  an FBC a p p l i c a t i o n ,  t he  hea t  pipe ou t s ide  w a l l  tempera- 
t u r e  is  f ixed  by the bed temperature and the i n s i d e  w a l l  temperature  i s  f ixed  
by the  sodium temperature.  The heat  t r a n s f e r  i n t o  the  pipe i s  determined by 
t h e  thermal r e s i s t a n c e  of both the  hea t  pipe w a l l  and the p r o t e c t i v e  coa t ing  
on the  ou t s ide  diameter of the  pipe.  Hence, the  s i t u a t i o n  t h a t  occurred 
dur ing  t h i s  hea t  pipe t e s t i n g  w i l l  not  occur  i n  an FBC a p p l i c a t i o n .  

I n  a space r a d i a t o r  a p p l i c a t i o n ,  the  c o n t r o l l i n g  f a c t o r s  are t h e  temp- 
e r a t u r e  of the  f l u i d  contained i n s i d e  the  hea t  pipe and the  thermal r e s i s t a n c e  
of t he  hea t  pipe w a l l .  Depending on des ign  cond i t ions ,  v a r i a t i o n s  i n  w a l l  
thermal  r e s i s t a n c e  might be a p o t e n t i a l  problem. This  p o t e n t i a l  problem can 
be avoided by appropr i a t e  design and q u a l i t y  c o n t r o l  cons idera t ions .  
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APPENDIX A. ANL/HTP COMPUTER CALCULATIONS OF HEAT P I P E  ' , 
PERFORMANCE FOR EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5.lt 

*+*%?ERERATING STATE REACHED, Q QMIN 6.523270Et03 7.385600Et04 

AXIAL HEAT TRANSPORT = 6.5233Et03 AVERAGE PIPE TEMPERATURE = 742.08 
SOLIRCE TEMPERATURE = 760.00 SINK TEMPERATURE = 355.68 
SOURCE H = 1.000Et07 SINK H = 5 .346E i02  

ACTUAL SOURCE TEMPERATURE = 760.00 SINK TEMPERATURE = 355 ~ 68 
ACTUAL SOURCE tl COEFF = 
VAFCR FEESSUDE = 

L I X T S :  QV= 2.0743Et10 

FLUID 

EVAP 
START 

_ _ _  ._ 

10000000.0 SINK H COEF = 534.65 
23672. CAPILLARY FRESSURE DIFF. = 2038. 

CIS= 1.7484Et05 QE= 7 .3856EtW QB= 1.2181Et07 

PRESSURES AND TEMPERATUEES 

EVAP COND C@!lD 
END START END - . . . . . . 

PVAP: 2.36719Et04 2.36625Et04 2.36615Et04 2.36549Et0% 
PLIQ: 2.15837Et04 2.15967Et04 2.16295E+04 2.15391Et04 
TVAP 742.08 742.04 742.04 742.05 

TEMPERATURE DROPS 
[ EVAP 1 [ COND 1 [VAPOR 1 

PED TO WALL 1.440E-02 HALL TO SINK 3.621Et02 EVAP: 3.394E-02 
CCROSS HALL 1.553Et01 ACROSS WALL 2.119E+01 A D I A :  3.662E-03 
ACROSS WICK 2.013Et00 ACROSS WICK 2.73GEtOO COND: -1.1$6E-J2 
BOILING 2.686E-01 CONDENSING 3 . 6 B E - 0  1 

***OPERERATItG STATE REACHED, Q QMIN 6.689578Et03 7.750359Et04 

AXIAL HEAT TRANSPORT = 6.6896Et03 AVERAGE PIPE TEMPERATUE 751.75 
SOURCE TEMPERATUZE = 770.00 SINK TEMPERATURE = 355.68 
SOURCE H = 1.000Et07 SINK H = 5.346E.i 02 

ACTUAL SOURCE TEMPERATURE = 770.00 SINK TEMPERATURE = 355.68 
ACTUAL SOURCE H COEFF = 10000000.0 SINK H COEF = 534.65 
VAPOR PRESSURE = 26535. CAPILLARY FRESSURE DIFF.  = 2073. 

L IMITS:  QV= 2.5719Et10 9% 1.9497Et05 QE= 7,.7504E+04 QB= i . 0 9 4 5 i t O 7  

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND COND 
START END START END 

PVAP: 2.65355Et04 2.65265Et04 2.65255Et04 2.65288Et04 
PLIQ: 2.44625Et04 2.44753Et04 2.45092EtC4 2.45130Et04 
TVAP: 751.75 751.72 751.72 75i .73 

TEMPERATURE DROPS 
[ EVAP 1 [ COND 1 [ VAPOR 1 

BED TO WALL 1.465E-02 WALL TO SINK 3.713Et02 EVAP: 2.954E-02 
ACROSS WALL 1 .591Et01  ACROSS WALL 2.157E+01 A O I A :  3.174E-03 
ACROSS HICK 2.073Et00 ACROSS WICK 2.810Et00 C0I:D: -1.05SE-02 
BOILING 2.524E-01 CONDENSING 3.420E-01 

' A l l  tabulated quantities are in SI units, except for temperature which is 
given in OC. 
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\ APPENDIX A. ANL/HTP COMPUTER CM,CULATIONS OF HEAT P I P E  

'PERFORMANCE FOR EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5.1 ( C o n t d . )  

***OPERERATING STATE REACHED, 4 QMIN 6.855973Et03 8.124631Et04 

AXIAL HEAT TRANSFORT = 6 .8560Et03  AVERAGE PIPE TEKPERATURE = 761 .42  
SOURCE TEMPERATURE = 780.00 SINK TEMPERATURE = 355.68 
SOURCE H = 1.000Et07 SINK H = 5 .345Et02  

ACTUAL SOURCE TEMPERATURE = 780.00 SINK TEMPERATURE = 355.68 
ACTUAL SOURCE !I COEFF = 10000000.0 SINK H COEF = 534.65 
VAFOR PRESSURE = 29582. CAPILLARY PRESSURE DIFF.  = 2G58. 

L IMITS:  QV= 3.1757Et10 9% 2.1696Et05 QE= 8 .1246Et04  Cis= 9.8519Et05 

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND 
START END START 

PVAP: 2.96518Et04 2.96735Et04 2.96726Et04 
PLIQ: 2 .76241 i+04  2.76376Et04 2.76717Et04 
TVAP : 761.42 761.40 761.40 

TEMPERATURE GROPS 
( EVAP 1 ( COND I 

RED TO WALL 1.514E-02 WALL TO SINK 3.806Et02 
ACROSS WALL 1 .619Et01  ACROSS HALL 2 .195Et01  
ACROSS HICK 2.132EtOO ACROSS HICK 2 .891Et00  
GOILINPJ 2.375E-01 CONDENSIbIG 3.220E-01 

COND 
END 

2.96756EtC4 
2.76816EtG4 

751 .41  

(VAPOR 1 
EVAP : 2 .49 0 E - 02 
ADIA: 2.4GSE-03 
CCND: -8.759E-03 

***OPERERATING STATE REACHED, Q QMIN 7.022434Et03 8.508231E+04 

AXIAL HEAT TRANSPORT = 7 .0224Et03  AVERAGE PIPE TEMPERATURE 771 .10  
S2UECE TEMPERATURE = 790.00 SINK TEMPERATU3E = 355.68 

5 . 3 4 5 t t 0 2  SOURCE H 1.000Et07 SINK H 

ACTilAL SOURCE TEMPERATURE = 790.00 SINK TEMPERATURE = 355 .68  
ACTUAL SCURCE H COEFF = 10000000.0 SINK H CCEF = 530.65 
VAPOR PRESSURE = 33132.  CAPILLARY PRESSURE DIFF.  = 2042. 

L IMITS:  QV= 3 .9054Et lO  QS= 2.4094Et05 QE= 8 .5082Et04  48- 8.&&CE+C5 

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND 
START END START 

PVAP: 3.31321E+04 3 .31241Et04  3.31234Et04 
PLIQ: 3.10897Et04 3.11034Et04 3.11381Et04 
TVAP: 771.10 771.08 771.08 

TEMPERATURE DROPS 
( EVAP 1 ( COND 1 

BED TO HALL 1 . 5 B E - 0 2  WALL TO SINK 3 .898Et02  
ACROSS HALL 1.647Et01 ACROSS WALL 2 .233Et01  
ACROSS WICK 2.193Et00 ACROSS WICK 2.973Et00 
BO1 L ING 2.239E-01 CONDENSING 3.035E-07 

COND 
END 

3.31262Et04 
3.11482Et04 

771.08 

(VAPOR 1 
EVAP: 2.173E-02 
ADIA: 2.197E-03 
COW: -7.565E-03 
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APPENDIX 
PERFORMANCE FOR 

i 
A. ANL/HTP COMPUTER CALCULATIONS OF HEAT P I P E  ' 
EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5 . 1 . ( C o n t d . )  

***OPERERATING STATE REACHED, 9 QMIN 7.188973Et03 8.901081Et04 

AXIAL HEAT TRANSPORT = 7.1890Et03 AVERAGE PIPE TEMPERATURE = 780.78 
SOUXCE TEIIPERATURE = 800.00 SINK TEMPERATUYE = 355.68 
SOURCE H = 1.000Et07 SINK H = 5.346Et02 

ACTUAL SOURCE TEMPERATURE = 800.00 SINK TEMPERATURE = 355.68 
ACTUAL SOURCE H COEFF = 10000000.0 SINK H COEF = 534.65 
VAPOR FRESSURE = 36909. CAPILLARY PRESSURE DIFF.  = 2027. 

L IH ITS:  QV= 4.7833Et10 QS= 2.6705Et05 QE= 8 .9011Et04  C;B= 8.0250E+05 

FLUID PRESSURES AN3 TEMPERATURES 

EVAP EVAP CO!XI COND 
START END START END 

PVAP: 3.69087Et04 3.69011Et04 3.69003Et04 3.69031EtG4 
p L I q :  3 .48815Et04 3.48955Et04 3.49308Et04 3.49411Et04 
TVAP: 780.78 780.76 730.76 780.76 

TEMPERATURE DROPS 
( EVAP 1 ( COND 1 I VAPOR 1 

BED TO WALL 1.587E-02 WALL TO SIHK 3 .990Et02  EVAP: 1.904E-02 
ACROSS WALL 1 .674Et01  ACROSS WALL 2 .270Et01  ADIA: 1.953E-03 
ACROSS WICK 2.253Et00 ACROSS HICK 3.055Et00 COXC: -6.8tSE-03 
BO1 L I NG 2.112E-01 COIiDENSING 2.864E-01 

***OPERERATING STATE REACHED, 9 QMIN 7.355594Et03 9.303C30€+04 

AXIAL HEAT TRANSPORT = 7.3555Et03 AVERAGE PIPE TEMPERATURE = 790.46 
SOUXCE TEMPERATURE = 810.00 SINK TEMPERATURE = 355.63 
SOURCE H = 1.000Et07 SINK H = 5.345€+02 

ACTUAL SOURCE TEMPERATURE = 810.00 SINK TEMPERATURE = 355.68 
ACTUAL SOURCE H COEFF = 10000000.0 SINK H COEF = 534.65 
VAPOR PRESSURE = 41034. CAPILLARY PRESSURE DIFF.  = 2012. 

L IH ITS:  QV= 5.8374Et10 QS= 2.9540Et05 QE= 9.3030EtC4 95= 7.2611Et06 

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND COE:D 
START END START END 

PVAP: 4.10345Et04 4.10274Et04 4.10267Et04 4.10292Et04 
PLIQ: 3.90226Et04 3.90368Et04 3.90727Et04 3.90832EtC4 
TVAP: 790.46 790.44 790.44 790.45 

TEMPERATURE DROPS 
(EVAP) . ( COND 1 ( VAPOR 1 

BED TO WALL 1.611E;02 WALL TO SINK 4.083Et02 EVAP: 1.636E-02 

ACROSS WICK 2.315Et00 ACROSS HICK 3.139Et00 COND: -5.859E-C3 
GOILING 1.997E-01 CONDENSIHG 2.705E-01 

ACROSS WALL 1 . 7 0 i ~ t o 1  ACROSS WALL 2 .307EtO l  ADIA: I . ~ W E - O ~  

. 
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4 
APPENDIX A. ANTJHTP COMPUTER CALCULATIONS OF HEAT PIPE 

PERFORMANCE FOR EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5.1 ( C o n t d . )  

*+*OPERERATING STATE REACHED, Q W I N  7.522293Et03 9.713859Et04 

AXIAL HEAT TRASSPORT = 7.5223Et03 AVERAGE PIPE TEHPERATURE = 800 .14  
SClURCE TEMPERATURE = 820.00 S I N K  TEHPERATUCE = 355.68 
SCUXE H = 1.00CEt07 Sit(!( H = 5.346:+02 

ACTUAL SOURCE TEMPERATURE = 820.00 SINK TEMPERATURE = 355.68 
ACTUAL SOURCE H COEFF = 10000300.0 SINK H COEF = 534.55 
VAPOR FRESSURE = 45534. CAPILLARY PRESSURE D I F F .  = 1997. 

L IMITS:  QV= 7.0965Et10 4% 3.2516Et05 QE= 9.7139Et04 G3= 6.5306Et06 

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND COS9 
START END START END 

PVAP: 4.55342Et04 4.55274Et04 4.55268Et04 4.55293Et04 
PLIQ: 4.35376Et04 4.3552@€+04 4.3%5E+04 4.35993EtC't 
TVAP: 800.14 800 .13  890.12 800.13 

TEHPERATURE DROPS 
( EVAP 1 ( COND 1 \'APC'I 1 

BED TO HALL 1.660E-32 WALL TO SINK 4.175Et02 EV4P: 1.41EE-02 
ACROSS UALL 1.728Et01 ACROSS HALL 2.343Et01 A D I A :  1.C65E-03 
ACrl03S WICK 2 .377Et00  ACROSS KICK 3.22GEt00 C0i:D: -4.E23E-03 
BOILINS 1 . M 7 E - 0 1  C0:EENSItiG 2.559E-01 

*++OPERERATING STATE REACHED, 4 QMIN 7.659062Et03 1.013349E+05 

AXIAL HEAT TRANSPORT = 7.6891Et03 AVERASE PIPE TEMPERATURE = 859 .22  
SOUXE TEElPERATURE = 830.00 SINK TEMPERATURE = 355.68 
SOURCE H = 7.000Et07 SINK H 5.3':6 E +02  

ACTUAL SOURCE TEMPERATURE = 830.00 SINK TEMFERATURE = 355.68 
ACTUAL SOURCE ti COEFF = 10000000.0 SINK H COEF 534.55 
VAPCR PRESSURE = 50433. CAPILLARY PRESSURE DIFF.  = 1951. 

L IMITS:  QV= 3 .5958Et lO  4% 3.5946E105 QE= 1.0133Et05 GB= 5.9732Et96 

FLUID PRESSURES AND TEHPERATURES 

EVAP EVAP COND 
START END STAFT 

PVAP: 5.04325Et04 5.04252Et04 5.04256Et04 
PLIQ: 4.84514Et04 4.84661Et04 4.85033Et04 
TVA?: 809 .82  8G9.81 809.81 

TEMPERATURE DROPS 
( EVAP 1 ( COND 1 

BED TO WALL 1.685E-02 HALL TO SI t iK 4 .268Et02  
ACROSS WALL 1 .754Et01  ACROSS WALL 2 .378Et01  
ACROSS WICK 2 .440Et00  ACROSS WICK 3.309Et00 
BOILING 1.787E-01 CONDESSING 2.424E-01 

CON9 
EHD 

5.04220Et04 
4.85142EtGG 

809 .81  

(VAPOR 1 
EVAP: 1.294E-82 
ADIA: 1.221E-03 
COND: -4.395E-G3 
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APPENDIX A. ANL/HTP COMPUTER CALCULATIONS OF HEAT P I P E  ' 
PERFORMANCE FOR EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5.1 ( C o n t d . ;  

***OPERERATING STATE REACHED, 9 QMIN 7.855922Et03 1.056168Et05 

AXIAL HEAT TRANSPORT = 7.8559Et03 AVERAGE PIPE TEMPERATURE = 819.51 
SOCWCE TEMPERATURE = 840.00 SINK TEMFERATURE = 355.68 
SOUXE ti = 1.000E+07 SINS h: = 5.346Et02 

ACTUAL SCLJRCE TEMPERATURE = 840.00 SINK TEMPERATURE = 355.58 
ACTUAL SOURCE H COEFF = 10000000.0 SINK H COEF = 5 3  .65 
VAPOR PRESSUFE = 55757. CAPILLARY FRESSURE DIFF. = 1766. 
LIMITS: QV= 1.0375Etll QS= 3.9545Et05 QE= 1.0562EiG5 48. 5.4300Et16 

FLUID FRESSUZES AND TEMPERATGRES 

EVAP EVAP COND COND 
START E ND START E?;D 

PVAP: 5.57566itO4 5.57506Et04 5.57501Et04 5.57522Et04 
PLIQ: 5.37305Et04 5.313054EtO4 5.38432Et04 5.38543EtO'i 
TVA?: 819.51 819.50 319.50 819.50 

TEMPERATURE DROPS 
( EVAP I [ COND I [VAPOR 1 

EED TO HL'.LC 1.733E-02 WALL TO SINK 4.361€+02 EVAP: 1.07GE-02 
ACROSS KALL 1.780Et01 ACROSS HALL 2.414E.tO1 ADIA: 9.756E-04 
ACROSS HICK 2.504Et00 ACROSS HICK 3.396Et00 CONI: -3.6522-03 
EOILINS 1.694E-01 CONDENSING 2.297E-01 

***OFERERATING STATE REACHED, 9 QMIN 8.022852Et03 1.099627E+05 

AXIAL HEAT TRANSPORT = 8.0229Et03 AVERAGE PIPE TEMPERATWE = 823.2E 
SGURCE TEMPERATURE = 850.00 SINK TEMPERATURE = 355.69 
SOURCE H = 1.000Et07 SINiC H = 5.346E;OZ 

ACTUAL SOURCE TEMPERATURE = 850.00 SINK TEMPERATURE = 355.68 
ACTUAL SGURCE,H COEFF = 1OOOCOOO.O SINK H CCJEF = 534.65 
VAFOR PiiESSCRE = 51533. CAPILLARY PRESSURE DIFF. = 135:. 
LIMITS: QV= 1.2477E+11 QS= 4.3421Et05 QE= 1.0976Et05 QB= 4.9445Et06 

FLUID PRESSURES AND TEMPERATURES 

EVAP EVAP COND 
START END START 

PVAP: 6.15331Et04 6.15275Et04 6.15269Et04 
PLIQ: 5.95622Et04 5.95974Et04 5.96359Et04 
TVAP: 829.20 829.19 829.19 

TEMPERATURE DROPS 
( EVAP I ( COND 1 

BED T? WALL 1.758E-02 WALL TO SINK 4.453€+02 
ACROSS HALL 1.805Et01 ACROSS HALL 2.448EtOl 
ACROSS HICK 2.569Et00 ACROSS WICK 3.483Et00 
B9ILItJG 1.609E-01 CONDENSINS 2.183E-01 

c0r:n 
END 

6.7529CE+04 
5.96471Et04 

829.19 

(VAPOR 1 
EVAP: 9.277E-03 
ADIA: 9.766E-04 
COND: -3.174E-03 

i 
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4 
APPENDIX A. ANL/HTP COMPUTER CALCULATIONS OF HEAT P I P E  

>PERFORMANCE FOR EXPERIMENT CONDITIONS DESCRIBED I N  SEC. 5.1 ( C o n t d . )  

***_OPERERATINS STATE REACHED, 9 QYIN 8 . 1 8 9 8 4 4 i t 0 3  1.143256Et05 

AXIAL HEAT TRANSPORT = 8.1898Et03 AVERAGE PIPE TEtlPERATURE 838.89 
SOUXE TEIIPERATURE 860.00 SINK TEHPERATURE = 355.65 
SOCRCE H = 1.000Et07 SIEX H = 5 .346Et02  

ACTUAL SOURCE TEMPERATURE = 860.00 SINK TEMPERATURE = 355.58 
ACTUAL SOURCE H CCEFF 1 0 0 0 0 0 0 ~ . 0  SIK!< H COEF = 534.65 
VAPOR PRESSURE 67791.  CAPILLARY PRESSWE DIFF.  = 19'5. 

L IMITS:  PV= 1.4946Et11 QS= 4.7571Et05 Q E =  1.1433Et05 QS= 4.5117Et06 

FLUID PRESSURES AND TEFPERATURES 

EVAP EVAP CO:4D COKE 
START Et10 START EEX! 

PVAP: 6.77906Et04 6.77950Et04 6.77845Et04 6.77865Et04 
P L I p :  6 .58549Et04 6.58704Et04 6.59094Et04 6.59205Et04 
TVAP: 838.89 838.83 838.82 838.~38 

TEMPERATURE DROFS 
( EVAP 1 cct:o 1 ( VAPCR 1 

6ED TO HALL 1.807E-02 WALL TO SII'K 4 .546Et02  EVAP: 8.545E-03 
ACROSS HALL 1 .831Et01  ACROSS HALL 2 .483Et01  ADIA: 7.324E-CG 

GOILIKG 1.533E-01 CC:IDEHSIEiG 2.078E-01 
ACROSS WICK 2 .634Et00  ACROSS HICK 3.532EtOO COND: -2.c53E-33 

*+*OPERERATING STATE REACHED, 9 WIN 8 .356914Et03  1.187619E+05 

AXIAL HEAT TRANSFORT = 8 .3569Et03  AVERAGE PIPE TEMPERATURE = ECS.58 
SOL'RCE TEMPERATURE = 870.00 SINK TEMPERATURE = 355 .68  
SCURCE H = 1.000Et07 SINK H = 5.3G6Et02 

ACTUAL SOURCE TEMPERATURE = 870.00 SINK TEHPERATURE 555.68 
ACTUAL SOURCE H COEFF = ~0000000.0 SINK H COEF = 5 3 4 . 6 5  
VAFCR PRESSURE 74558. CAPILLARY PRESSURE DIFF .  = 1920. 

L IH ITS:  QV= 1 .7845Et11  QS= 5.2030Et05 QE= 1.1876Et05 Q9= 4.1214E-06 

FLUID FRESSURES AND TEMPERATURES 

EVAP EVAP COND COH3 
START END START EE:3 

PVAP: 7.45%4Et04 7.45529Et04 7.45524Et04 7.45544Et04 
PLIQ: 7.26381Et04 7 .26538Et04  7.26936Et04 7.27051EtC4 
TVAP : 845.58 848.57 848.57 848.57 

TEMPERATURE DROPS 
( EVAP 1 ( COND 1 (VAPZR 1 

BED TO WALL 1.831E-02 WALL TO SINK 4.639Et02 EVAP: 7.813E-03 
ACROSS WALL 1 .856EtO l  ACROSS HALL 2 .516Et01  ADIA: 7.324E-04 
ACROSS WICK 2.700Et00 ACROSS WICK 3 . 6 6 i E t 0 0  COND: -2.686E-03 
BOILISG 1.460E-01 CONDENSING 1.978E-01 
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