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1.0 INTRODUCTION 

TRW has been a c t i v e l y  i nvo l ved  dur ing  the  l a s t  few years i n  the develop- 

ment o f  va r i ab le  conductance heat pipes f o r  a p p l i c a t i o n  i n  advanced space 

thermal c o n t r o l  systenls. I n  1975, under Contract  NAS2-8310 t o  Ames Research 

Center, TfYpi f ab r i ca ted  and tes ted  two pro to type vapor-modulated heat pipes 

which achieved va r iab le  conductance by induced wick/groove dry-out.  The f i r s t  

p ro to type was designed f o r  moderate capac i ty  i n  a double-heat-pipe conf igura-  

t i o n .  Tests of t h i s  p ro to type showed the  roundness of t he  new induced-dry-out 

n~echanisn~ and uncovered sonle secondary elements t h a t  adversely a f f e c t e d  per- 

formance. Recon~nrendations fo r  an improved design were subsequently incorporated 

i n  t he  f a b r i c a t i o n  o f  a second high-capaci t y  vapor-modul ated prototype.  The 

new design, which uses a s h o r t  vapor-modulated heat  p ipe  t o  couple two conven- 

t i o n a l  heat  pipes, was tes ted  successfu l ly .  The heat  p ipe  operated a t  tvdice 

the  100-watt design heat load, and the source temperature was p r a c t i c a l l y  inde- 

pendent of s i nk  cond i t ions  and increased w i t h  heat  load a t  a r a t e  o f  on ly  0.03"C 

p e r  wat t .  The r e s u l t s  o f  the p re l im ina ry  tes ts ,  as w e l l  as d e t a i l s  o f  the con- 

f i g u r a t i o n  o f  the heat pipe, are presented i n  a research repor t ,  CR-137782, 

prepared f o r  A~nes Research Center. 

I n  1977, under Contract NAS 2-9834, TRW undertook a program t o  use the 

aforementioned h igh-capaci ty  vapor-modulated heat p ipe  t o  study p r o t e c t i o n  from 

f reezing-poi  nt: f a i l u r e ,  increased con t ro l  s e n s i t i v i t y ,  and t r a n s i e n t  behavior 

u ~ d e r  a wide range o f  operat ing cond i t ions  i n  order  t o  determine the f u l l  per- 

fornlance p o t e n t i a l  o f  the vapor-modulated heat p ipe.  I n  add i t ion ,  a new con- 

cept, based on the  vapor- i  nduced-dry-out p r i n c i p l e ,  was developed f o r  passive 

feed back temperature con t ro l  as a heat p ipe  diode. 

This  r e p o r t  docutnents the work perfornied under the con t rac t  and describes 
1 

I 
a )  the experimental and t h e o r e t i  ca l  i n v e s t i g a t i o n  of the performance o f  the 

vapor-modulated hea t  p ipe,  and b )  tile design, f a b r i c a t i o n  and t e s t  o f  the heat  

p ipe  diode. 



@ 
2.0 FURTt-1EK RESEARCH ON THE VAPOR MODULATE0 HEAT PIPE (vMHP), 

Design. 
The de ta i l s  of the VMtiP are preselited i n  Research Report CR-137782, pre- 

pared fo r  Atlres Researctl Center. However, f c r  conlpleteness , certai  11 basic 
derign features of the heat p i  pa are  briefly descl-i bed i ti what fo1 lows, The 

high-capacity design has a triple-heat-pipe configuration. The tested config- 
irrati on i s  shown i n  F i  gur-s 2.1 (c) . Two cunven t i  ona 1 1 .%7-c1e OD, urli forla pcaros- 
i t y  nretal f i  bctr slab wick heat pipes itre coilpled by it 2.54-clli OD vapor 111odu- 
latied hea t  pipe 15.2-cm long, Ttie coupler heat pipe uses a wick assenrbly with  
a two-step gradation in por-osily. The wick porosity 011 the cot~denser side of 
the bu1 kiieatt , wliicli supporxts the be1 1 ows/val ve asselably , i s  SGX, and on the 
evaporator sfde i s  76%. A~iw~loi~ia i s  the working f luid in a11 three treat pipes. 
The be1 1 ows and sensor vu1 waes are Ti 1 1 cd \vi tti perf1 amopc~itane . 

2.2 Expel-l~nental Investigatio~i of Transient Response of VMIIP 

Test Procedure. 

Thc heat pipe \vi\s i ns trvn~on tcd \\ri t h  eigliteeli coppet--eor~statit;an ttlert~ro- 
couples lacated a1 tnlg the pipe as sho\v~i i n  SK 75061 in Appendix A.  A l l  the 

temperatures, except TC 7, were iaorrito~ed witll a 24-chanriel s t r i p  ctiar-t recorder.. 
Q\ving to  the rather' slaw rcspanse a? th is  i ~ i s t r ~ l ~ l l e ~ i t  (1.5 to  2 I I I ~ H U ~ ~ S  pri~lt-  

irlg interval 1, a f a s t  respallsc single-pen nlil l i vo l t  s t r i p  chart recorder was 
used tu con~t;inuoitsly 1noii-i t o r  the t r a t~s i en t  betiaviar- oT the i n p u t  tieat pipe 
adiabatic teltapera.Cur.e, l'f; 7 ,  Ccr'tain fcotures of ttli s i nstri~menC, such as i t s  
adjustable ezero arrd v a ~ i n b l e  span, were necessary i n  orcler to  absel-ve with high 
resolution ttla detrti 1s of the t~nrparatur-e response profi 1 es tha t  would enable a 
bettor uncler*slandii~g osF the chdractcl-istics a.f' t;tw vapor-induced dry out mecha- 
nism. A sa~iipl c\ tompe~~~t ; i~rc  pr-o.fi1tt ~*ecormJscl \v3itIl  t h i s  instri~nient durSng one o f  

the t e s t  PUIIS i s  S I I O ~ J I I  i n  I:igurt? t?.2. 

Two haat  s o u ~ c c  cotlfiguratians \verc used t o  simulats var~ialions i r r  tile 
Lhela~~ral trtass of thc ~tvc?p~ri\tor S C C ~ ~ O I I .  A 1 .3 Kg a1 L I I I ~ ~ I ~ U I I I  131 o ~ k  w i t h  tape 
Ireaterr aLt;act'led .Lo i t ,  ttntl tho sensor iilscrtcd i n t o  a tiole dl-i 1 led i n t o  i t ,  

\vas used fal- the hi:lh thar-ma1 ~~~i lss  s i i~~ul  a t i  en. Ta sln~ul a te  a thermal rdsi s ta~lce  
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F igure  2.2. Sample T rans ien t  Temperature P r o f i l e  of VMHP 

as Recorded w i  t h  Fas t-response Ins t rument  



between a heat p-ipe and the equipment whose temperature i s  being controlled, 

.006 inch o f  Teflon was placed between the heater block and the evaporator 

saddle . 
For the low thernial mass siniulation, the aluminum block was removed, and 

the tape heaters were .placed direct ly  on top of the evaporator saddle. The 
sensor was inserted into a copper flange and mounted on the saddle between the 

tape heaters. The copper flange was designed t o  provide a nearly uniforni tenl- 
perature distribution around the perimeter of the sensor tube. The thermal 

resistance between the source and the heat pipe resulted fro111 .006 inch of 
Teflon placed between the heat pipe and the evaporator saddle. 

The condenser section of the output heat pipe was clamped between two 

0.5-inch thick alunlinunl saddles and mounted on a tenlperature-controlled cold 

plate. To simulate a conderser thernially close-coupled to  a sink, a thin fill11 

of RTV was placed between the condenser saddle and the cold plate. The opera- 

tion of the heat pipe in space was siniulated by inserting 3/16 inch of Teflon 

between the condenser saddle and the cold plate.  

0 2.2.2 Test Parameters. 

Several operating parameters such as the source thermal mass, condenser 

thernial resistance, sink temperature, sensor volunie and power input were varied 
to deterniine the i r  effects  011 the transient behavior of the vapor modulated 

heat pipe. The range of these parameters i s  shown in Table 2.1 

Tab1 e 2.1. Range of Test Parameters 

Evaporator Block Mass ( M )  .13 - 1.3 Kg 

Control Sensor Vol unie ( V )  2.45 - 4.90 cc 

Input Power 3 - 100 watts 

Condenser Section Thernial .10 - .63 O~/watt  
Resi stance ( R )  

Sink Temperature -57 - -18 OC 

,.- 



2.2.3 Test Results. 

The results fro111 forty-two tes t  runs are sununari zed i n  Table 2.2. Selected 
transient profiles of the i n p u t  heat pipe adiabatic temperature are shown i n  

Figures 2 . 3  through 2.5. The salient effects of the operating parameters on 
the performance of the heat pipe are disctissed below. 

2.2.3.1 The Source Ftass. 
As expected, the tl~ei-a1a1 riiass o f  the heat source was the riiost i~nportant 

paranieter that detemined wlietller the heat pipe operates i n  a stable or unstable 
riiode. A1 1 tiigti tliass rutis were uncondi tional ly stab;e arid general ly  rharacter- 
i zed by a single dainped temperature oscillation after  a step change in power 

followed by stable operation. On the other hand, low mass runs were found to 
be characterized 'in general by temperature osci 11 ations \~ilose atilpl i tude and 
frequency depended to various degrees on other operating paran~eters. 

2 . 2 . 3 . 2  The Sink Teriiperature. 
Under stable operating conditions , the sink teli~perature lias a relatively 

minor effect,  na~i~ely a sh i f t  i n  tlie operating temperature level of the heat 

(3 pipe and the source. This effect c9n be seen in Figures 2.3 and 2.4, where 
the input heat pipe adiabatic teinperature i s  stlowti as tlie power i s  increased 
in steps froni 0 t o  100 watts f o r  sink conditions of -75uF and OQF, respectively. 
The transient profiles are seen t o  be quite sioiilar, except t h a t  the overall 
teii~perature level i s  2°F to 4'F higlier a t  O°F sink than  a t  -75'F sink. 

Fot- runs ~vl~ere temperature oscillations Ivere present, 1 ower sink tempera- 
tures had a stabilizing effect.  Ttiis can be seen in Figures 2.5, 2.6 and 2.7 

which stlo\\! the adiabatic temperature of the i t i p u t  heat pipe of tile VMliP operated 
a t  100 watts \vitli a slliall soirrce niass, large sensor, and the condenser close- 
coupled t o  the sink \vhich was held a t  teii~peratures of O a F ,  -3S0F, and -70°F, 
respectively . Large ter~~perature osci 11 a t i  ons a t  0°F are subs tantia'l ly reduced 
and eventually complet.ely da~liped as the sink dropped t o  -35OF and -70°F, re- 
spectively. For the lo~vest sink condition, tile onset of temperatiire oscil la- 
tions af ter  a period o f  stable operation can be attributed t o  an observed d r i f t  
upward of the sink teoiperature. This obset-vati on ~voul d seen1 to i ncii cate that 
the oscillations were cri tical ly da~ilped near a s ink  temperature of -7QaF, and 

Ga that further lo\~ering of the sink tee~perature could have resulted i n  continuous 
stable operatian a t  100 watts. 

I 
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RUNS 7-9 

Figure 2.3. Effect o f  Power on I n p u t  Heat Pipe Ad iabat ic  Temperature f o r  - 7 0 ' ~  Sink 
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Figure 2 .4 .  Effect of Power on Input Heat Pipt Adiabatic Temperature f o r  OOF S i n k  
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Figure 2.5.  T rans ien t  Response of I n p u t  Heat P ipe  f o r  O'F Sink 
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RUN 27 

ADIABATIC SECT1 OF! 
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t 2.2.3.3 The Power I npu t .  

Wi th  a  l a r g e  source mass, t he  response o f  t h e  hea t  p i p e  t o  a  s t e p  change 

i n  power was cha rac te r i zed  i n  genera l  by a s i n g l e  damped temperature o s c i l l a -  

t i o n  w i t h  a  p e r i o d  o f  l e s s  than  10 ni inutes fo l l owed by s teady o u e r a t i o n  a t  a  

temperature l e v e l  t h a t  decreased w i t h  i nc reas ing  power. The decrease of t h e  

ope ra t i ng  temperature a t  h i ghe r  power i s  a t t r i b u t e d  t o  t h e  h i ghe r  ope ra t i ng  tem- 

pe ra tu re  o f  t he  sensor which r e s u l t s  i n  lower  p ressure  drops across t h e  va lve .  

Sniall source rliass runs stiowed t h a t  t h e  response o f  t he  hea t  p i p e  t o  a  s tep  

change i n  power i s  g e n e r a l l y  cha rac te r i zed  by temperature o s c i l l a t i o n s .  The 

an lp l i tude and f requency o f  these o s c i l l a t i o n s  depend on t h e  power l e v e l  and 

o t h e r  o p e r a t i n g  paranletei a,  p a r t i c u l a r l y  t he  volunle o f  t h e  sensor and t he  s i n k  

tet i iperature.  Froti1 Tab le  2.2, i t  can be seen t h a t  t h e  p e r i o d  o f  t h e  o s c i l  l a -  

t i o n s  decreases w i t h  i n c r e a s i n g  power, which tends t o  favor  s t a b i l i t y .  The 

s t a b i l i z i n g  e f f e c t  o f  h i g l l  power can be seen i n  F i gu re  2.8, where t he  i n p u t  

h e a t  p i p e  a d i a b a t i c  te t i~pera tu re  i s  shown as t h e  MVHP was operated w i t h  t h e  

l a r g e r  sensor voluiiie and t he  condenser c lose-coupled t o  t he  s i n k  a t  -70°F. As 

shown, t h e  l a rge ,  va r i ab l e -a l p1  i tude  osc i  1 l a t i o n s  observed a t  50 w a t t s  becoriie 
+ *  
1 s t a b l e  a t  75 wa t t s  and c r i t i c a l l y  dantped a t  100 wa t t s .  

Ana lyz ing  t he  r e s u l t s  fro111 Runs 19 th rough  24, i t  can be seen t h a t  h i g h  

power can have a da~iipening e f f e c t  on teuiperature o s c i l l a t i o n s  p rov ided  the 

s i n k  ten~pera tu re  i s  s u f f i c i e n t l y  low. 

2.2.3.4 The Sensor Vol u~ile. 

One o f  t h e  o r i g i n a l  o b j e c t i v e s  i n  t he  expe r i ~ i i en ta l  i n v e s t i g a t i o n  of t h e  

t t i e r l~ la l  response o f  VMHP was t o  de te rn~ ine  whether o r  n o t  a  l a r g e r  sensor volunle 

cou ld  r e s u l t  i t i  i ticreased c o n t r o l  set is i  t i v i  ty. The exper imenta l  r e s u l t s  were 

o n l y  p a r t i a l l y  success fu l  i n  r e s o l v i n g  t h i s  i ssue .  As seen i n  Table  2.2, t h e  

r e s u l t s  w i t h  t h e  l a r g e r  setisor, Runs 25 th rough  42, show t h a t  the  s e t  p o i n t  

increased con t i nuous l y  du r i ng  t h i s  ptiase o f  t e s t i n g .  As a r e s u l t ,  a  v i a b l e  

coinparison between t h e  two sensors cannot; be made. 

Conlparing Runs 13 through 24 t o  Rutis 25 th rough  42, i t  can be seen t h a t  

under s in i i  l a r  ope ra t i ng  c o n d i t i o n s  , t h e  performance of t l i e  hea t  p i p e  w i t h  t h e  

sma l l e r  sensor  i s  s i g n i f i c a n t l y  11101-e s t a b l e  than w i t h  t he  l a r g e r  sensor.  Th i s  

f a c t  can be c o t ~ s t r u e d  as r e s u l  l i n g  f rom the  h i g h e r  s e n s i t i v i t y  o f  t h e  l a r g e r  

sensor. 



High source Illass Runs 34 through 42 sliow tha t  the s e t  point sh i f t s  upwards 
as the sink temperature i s  increased. I t  is surtnised tha t  the larger f luid 
vol uine expansion i n  the 1 arger sensor, particularly during source temperature 
overshoots, could have caused per~nanent en1 argement of the volume of the be1 1 ows 
subsequently requi ring higher set'lsor operating te~liperatures to  open the va1 ve. 
This seerns to  be supported by tlie experimental results.  I f  th i s  i s  correct,  

the larger sensor exceeded the design cvnstraints of the valve/bel lows assembly 
of the present vapor-modulated heat pipe. 

2.3 Investigation of the Use of Non-Condensible Gas 

During tes t s  of the VMHP cotiducted under "cie previous contract, reductiori 
of the sink te~uperature below the freezing point of the working f luid caused 
the heat pipe to  f a i l .  A proposed solution to the freezing-point l i~i i i ta t ion 
was t o  add non-condensible gas into the o u t p u t  heat pipe. 

2.3.1 Theoretical Analysis 

111 principle,  as the active portion o f  the o u t p u t  heat pipe f a l l s  i n  tem- 
perature, tlie gas exphnds and blocks an increasingly longer region of the con- 
denser. Wtiile the gas bloched region can freeze,  tl;e active portion i s  kept 
above the freezing point, arid tlie condensing liquid i s  f ree  t o  circulate.  The 
f la t-front  theory can be ilsed here t o  estilr~ate the amount of gas required. 
Ussumfng tliat a t  ~~iaxitiiu~ii heat load and highest sink temperature the active 
vapor temperature of the output 11cat pipe i s  70°F and a gas reservoir i s  a t  G O O F ,  

and under mi ninlum l oad and the 1 o w s t  sink condi t i  011s the active vapor tempera- 
ture i s  -lOO°F with the  sink a t  -200°F, then the required reservoir-to-condenser 
ra t io  i s  0.13. Because of th is  si~iall ra t io ,  the gas can be si~liply stored a t  the 
end of the condenser. For a condenser section 24 inclies long, the required 
atllount of gas i s  approsi~~i~itely 5 x lo-' 1 b-111olc. 

2.3.2 Experimental Resul t s  

During tlie transient response t e s t  rutis, i t  was found that sollle gas was 
present ill the output heat pipe as indicated by tciilperature gradients in the 
condenser section. This gas was vented prior t o  the final transfer of the cal- 
culated amount of ~iitrogeli gds  into tlie output heat pipe. 



The VMHP was i n s t r u ~ z n t e d  w i t h  thermocouples as i n  prev ious t e s t  runs, and 

was tes ted  w i t h  the h igh  source mass and the condenser thermal ly  close-coupled 

t o  the  c o l d  p l a t e  which was cooled w i t h  l i q u i d  n i t rogen.  The performance o f  

the  heat p i p e  under var ious heat  loads and sect ions of the condenser below the 

f reez ing  temperature o f  the  working f l u i d  i s  shown i n  F igure 2.9. A t  20 watts, 

the  ad iaba t i c  temperature o f  t he  i n p u t  heat  p ipe  i s  seen t o  o s c i l l a t e  about a 

mean temperature o f  80°F w i t h  an amplitude and frequency which remain steady 

f o r  more than 2.5 hours w i t h  most o f  the  condenser f rozen.  As the power i s  

increased t o  50 watts,  the  temperature o s c i l l a t i o n s  are  damped fo l lowed by 

steady opera t ion  w i t h  most o f  the condenser s t i l l  f rozen. A t  100 watts,  the 

gas f r o n t  i s  seen t o  move pas t  TC 13. Steady temperature c o n t r o l  can be ob- 

served f o r  40 minutes w i t h  more than ha l f  o f  t he  condenser below the  f reez ing  

p o i n t .  Thereaf ter ,  the f l ow  o f  l i q u i d  n i t rogen  was i n t e r r u p t e d  t o  a l l ow  the 

condenser t o  warm up. For the nex t  two hours, as the s ink  tc!mperature increases 

from -157°F t o  25OF, the i n p u t  heat p ipe  ad iaba t i c  teniperatu're i s  seen t o  re -  

main essen t i a l  l y  undisturbed by the l a r g e  changes i n  s ink cond i t ions  p o i n t i n g  

t o  the  excel l e n t  contt-01 charac ter i  s t i  cs o f  the VMHP. 
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Fi  gure 2.9. VMHP Performance a t  Sub-freezing Condit ions 



2.4 T h e o r e t i c a l  I n v e s t i g a t i o n  o f T r a n s i e n t  Response 

2.4.1 Discuss ion 

T r a n s i e n t  t e s t  r e s u l t s  o f  t h e  vapor modulated hea t  p i p e  show c y c l i c  

adiabatic te~ i rperature p r o f i l e s  t h a t  can be used as a  b a s i s  f o r  fo r r i i u la t ing  

an a n a l y t i c a l  niodel o f  t h e  va lve  perforrnance. F i gu re  2.10 i s  copy o f  da ta  

ob ta i ned  d u r i n g  t h e  f r eez ing  p o i n t  t e s t i n g .  P o r t i o n s  o f  t h e  cu r ve  a r e  

l a b e l e d  f o r  ease o f  d i scuss ion .  

The p o s t u l a t e d  phenol~lena caus ing t h i s  p r o f i l e  are:  A t  p o i n t  A t h e  va l ve  

c loses and t h e  vapor space i n  t h e  evaporator  s t a r t s  t o  be p ressu r i zed  by 

t h e  s t i l l - e v a p o r a t i n g  l i q u i d .  Ttie r i s e  i n  vapor p ressure  causes a  r i s e  i n  

we t ted-wa l l  teniperature,  and t h e  hea t  f l o w  f rom t h e  evaporator  Illass t o  t h e  

evaporator  w a l l  i s  reduced, w h i l e  t h e  source heat  f l o w  cont inues.  The 

d i f f e r e n c e  between t he  two heat f l ows  causes t h e  evapcra to r  mass t o  be 

heated t r a n s i e n t l y .  The r a t e  o f  hea t i ng  i s  reduced by t h e  remain ing evapor- 

a t i v e  c o o l i n g  as t h e  vapor i s  compressed and blows l i q u i d  ou t  o f  t h e  evapor- 

a t o r  w i ck  and vents  th rough  t he  w i ck  t o  t h e  condenser. 

The con t inued  evaporat ion and l o s s  o f  l i q u i d  blown through t h e  va lve  

bb l  ktiead causes t he  wick t o  desaturate .  With con t inued  d e s a t u r a t i  on, 

eventua l  l y  a  vapor-1 i qu i  d  pressure d i f f e r e n c e  ( s t r e s s )  i s  achieved s u f f i c i e n t  

t o  p reven t  cap i  1 l a r y  pu~riping up t h e  evaporator  w a l l  grooves. The groc~ve 

d r y - cu t  a t  p o i n t  B e l i ~ i i i n a t e s  t h e  b u l k  o f  t h e  evapora t i ve  coo l ing ,  and t h e  

b u l k  o f  t h e  hea t  f low goes i n t o  t r a n s i e n t  h e a t i n g  o f  t h e  evaporator  mass. 

Ttie s l ope  o f  the, t e ~ ~ l p e r a t u r e - t i l ~ l e  curve beconles s teep - 
P,s t h e  evaporator  Illass heats up, t h e  t he r~ i i osa t  volume heats up t oo ,  b u t  

w i t h  a  t i m e  l a g .  E v e n t u a l l y  the  thennos ta t  heats  up s u f f i c i e n t l y  t o  open 

t he  va l  ve enough f o r  t h e  ~ ~ ~ e n i s c u s  b r i d g i n g  i t  t o  r up tu re ,  and vapor evaporated 

on t h e  evapora t ion  s i d e  of t i l e  va lve  i s  vented, a l l o w i n g  l i q u i d  t o  rewet  t h e  

wick.  The r e w e t t i ~ l g  o f  t h e  wick  g ives  sollie coo l i ng ,  perhaps from b o i l i n g  i n  

t h e  wick,  and t h e  c o o l i t ~ g  reduces t h e  r a t e  o f  temperature r i s e  a t  p o i n t  C. 

The P u l l  l e n g t h  o f  t h e  \Jick i s  rewet  a t  p o i n t  D. 

The w ick  sa tu ra tes  s u f f i c ' i e n t l y  t o  a l l o w  t h e  grooves t o  repr ime, r e w e t t i n g  

t h e  evapora to r  w a l l  a t  p o i n t  E .  Now t h e  c o o l i n g  i s  r a p i d .  As t h e  evaporator -  



Figure 2.10. Telnperatut-3' Fluctiiations i t )  a 
Vapor-Valve-Controlled Heat Pipe 



mass temperature f a l l s ,  so does t h e  ther~ i ios ta t  temperature, b u t  w i t h  a t ime  

lag .  Eventual ly  the  thermostat closes t h e  valve a t  p o i n t  A: and t h e  cyc le  

repeats. 

It i s  desi red t o  computer-model the t r a n s i e n t  behavior i n  o rde r  t o  

q u a n t i f y  the  preceeding q u a l i t a t i v e  explanat ion. I f  t he  computer ~iiodel 

agrees reasonably w e l l  w i t h  the  observed behavior, then the  phenomena are 

probably understood, and the  e f fec ts  o f  var ious system parameters such as 

evaporator rnass and thermal res is tance can be detenni ned . 
2.4.2 m e m a t i c a l  Model El enients 

Equipriient and Heat Source. For s i n i p l i c i t y  the  equipment and heat source 
0 

w i  11 be tilode1 ed as a sing1 e 1 umped capac i ty  C1 heated a t  r a t e  Q and cooled by 

thermal coupl ing t o  t h e  vapor space a t  temperature T,,. The thermal coupl ing 

t o  Tv i s  by a main path t o  the evaporator wa l l  and an a u x i l i a r y  path v i a  the  

evaporator wick. A m i  nor  shunt conductance represent ing conduction t o  the 

condenser may be assu~iied as we l l ,  o f  course, the  thermostat acts as a minor 

heat s i n k  dur ing  t r a n s i e n t  warniup. F igure 2.11 i l l u s t r a t e s  the  model and 

Eq. (1) gives the  governing equation: 

where 



Equi pmen t-mass thermal c a p a c i t y  

Thermostat thermal c a p a c i t y  

I n p u t  hea t  p i p e  res i s t ance  

Thermostat coup1 i n g  re:istance 

Grooved w a l l  r e s i s t a n c e  ( n e g l i g i b l e )  

Wick r e s i s t a n c e  

Shunt r e s i s t a n c e  

Vapor va lve  r es i s t ance  ( n o n l i n e a r )  

Output heat  p i p e  r e s i s t a n c e  

Externa l  condenser r e s i s t a n c e  

Figure 2.11 . Thertilal Model 



and 

Thermostat. The thermostat i s  a lsa modeled as a s ing le  lumped 

capaci t y  . 

Grooves. The grooves are modeled w i t h  a switch U 9 t ha t  i s  ei-!-her 

on o r  o f f  and resistance R O f  course, the grooves could be modeled as 
9' 

a number of such subelements, bu t  one i s  thought s u f f i c i e n t  for  a f i r s t -  
stage model. The switch U 9 i s  equal t o  e i t he r  0 o r  1 and i s  imagined t o  

be a function of vapor- to- l iquid pressure difference Pv - P1 which i n  t u rn  

i s  a function of the l i q u i d  remaining i n  the  wick inl. 

'9  "'1 ' "cr i t ,  grv (="'small I 

Valve. For s imp l i c i t y  the valve i s  modeled as e i t h e r  open o r  closed. - 
When the valve i s  opened Rv = 0. ( T h i s  crude feature o f  the model can be 

ref ined l a t e r .  ) When the valve i s  closed the vapor must blow through the 

large pores i n  the wick, and the vapor f low i s  modeled as subsonic Darcy 

f low through a porous plug. 

* 
I n  the two-pore model t o  follow. 



Fob* corlvenience the Clausius - Clapeyroll eqiiatioll inap be used fo r  P v a p ( T ) .  

I t  i s  necessary t o  find Ty and Th fru11 Figure 2 .  For exaaple 

hick. Thl' il!ass of 1 iqi;' 1 in t h e  aich conti-a1 s groove wettiny tln-augh - 
E q .  ( 5 1 ,  arrd % through a relation ye t  to be specified. Tlie l i q ~ ~ i d  re~sain- 
i n g  i r ~  the wick is cot~tral'led by liquid flo\v out f u r  in )  atid the rate  o f  

vapo~*ization. A two-pore ~iwdcl [ley he used fo r  siil~pl i c i  ty in representing 
the wick. The wick is iadyined t o  I n v ~  a cross section o f  A o f  big pores -. 
of s i ze  D and one of a of siilall pores o f  size d .  (1)  Tlie \uick can be Rllly 
satinated i n  which case both arras are  f i l l e d  over the ent i re  length L .  
(2 )  The wick can be big-pore der rtu~*ated i n  wtiicti case A i s  only partly ..." 
f i l l e d  unifonsly over the ent i re  lrngtll L. (3)  The wick call be sillall-pore 
desatuyated i n  which case area A is di-y and area  a is fu l ly  f i l l  ed over - -6 

orily part  of length L. 



ORIGINAL PAGE 1s 
The equation f o r  m, i s  s inp ly  OF POOR QUALITY 

k 
dml - =  - 
d t  %,ap + i'in (9 

The quant i ty  aVap i s  given by the c i r c u i t  i n  Figure 2.11 . 

I 
The quant i ty  iin i s  more complex. Three cases corresponding t o  the three 

states o f  t h e  wick must be considered. I n  general, however, 

For the wick t o  be f u l l ,  the valve must be open (but no t  necessari ly 

v ice versa). Under these condit ions the f o l  lowing valves ex is t :  



The ~rleniscus dianreter-of-curvature adjusts so t h a t  dall/dt = 0. Recall t ha t  

t h i s  s i t ua t i on  was i n ~ g i n e d  t o  occur between E and A '  i n  Figure 2.10. Af ter  
the vc lve closes the large pores b e ~ i n  t o  desaturate, because T1 heats up 

t rans fen t l y  due t o  the reduced value o f  Rv, and eventual ly  TV - Tb increases 

t o  the extent  t ha t  

4a APV > D 

Even before t h i s  condit ion, Eq. (9) w i l l  have gone t o  negative value of 

C l /d t .  W i  t h  I \ ~ ~ ~ ~ ~  c III < tllfUl , we have 1 

With continued operation a t  negative di~,,/dt, the value o f  al f a l l s  

be1 ow tnsina , 

1111 < 111 f = 0 = d s~na 1 1 wet 

When the valve reopens AP fa1 1 s t o  zero, and dml/dt beco~lles pos i t ive .  
V 

Unt i l  llil reaches I ~ I ~ ~ ~ , ~ ~ ~ ,  the condit ions o f  Eq. (14) re~lrain i n  force. When 
III~ exceeds I I I ~ ~ , ~ ~  , Eq. (13)  comes i n t o  play. Final 1 y, when nl reaches 

" ' fu l l  ' the condit ions of Eq. (12) perta in.  

The value of needed i s  taken t o  be sinlply 

where Rwo i s  f o r  b o i l i n g  i n  the f u l l  wick. 



2.4.3 Computer Program Elements and Organi zs t ion  

Main Program. The main program i s  v isua l ized t o  read i n  the required 

data, i n i t i a l i z e  the variables, and then repeatedly c a l l  a subroutine t o  

execute a Rungre-Kutk forward marching i n  time. The time-temperature h i  s t o r y  

i s  w r i t t c n  as output. 

Runge. The main subroutine i s  thus v isua l ized t o  be subroutine Runge, 

w!lich c a l l s  Subroutine Delta four times and averages the resu l ts .  The main 

variables are equipment tcmperature TI, thermostat temperature T2, and mass 

o f  l i q u i d  i n  the wick ml. 

Del t a  . Subrouti ne Del t a  computes the de r i  v a t i  ves dTl/dt , dT2/dt, and 

dml/dt using Eq. ( I ) ,  Eq. (4), and Eq. (9) respect ively.  Functions o r  

subroutines must be used t o  solve (given TI, T2 and M1 ) :'or Rv, R , Rw, 
9 

and Tv and Tb. Subroutine Test may be used t o  f i n d  R and Tw versus ml , 
9 

and Subroutine Relax may ba used t o  f i n d  T,, Tb, and Rv. 

Test. Subroutine Test i s  v isua l ized t o  f i n d  R and Rw versus ml by - 9 
employing Eqs. (12). (13). o r  (14) depending upon whether ml = infull, 

"'smal 1 ' '"1 < 'ful 1 Or m~ < '"smal 1 

Relax. Subroutine Relax must solve the nonl inear problem o f  f i nd ing  

Tb given by Eq. (10d) and Tv given by Eq. ( 8 ) ,  wi th  Eqs. (IObc), and Rv 

given by Eq. (6a) o r  (6b). It i s  thought t ha t  a re laxat ion procedure can 

be used o r  quasi l inear izat ion.  

Pvap. Function Pvap computes the vapor pressure from Eq. (7 )  o r  a 

more accurate f i t  t o  vapor pressure data. 

Two-Pore-Model Parameter Estimations. 

Use o f  the two-pore model requires speci fy ing s i x  parameters: a, A, 
d, D, ( K T ) ~ ,  and ( K T ) ~  appearing Eqs. (6a) and (11). There are only two 

main constraints (1)  tha t  the areas sum t o  the t o t a l  vo id  area and (2) 

t ha t  the permeabil i ty agree w i th  the measured value. 



Four a r b i t r a r y  c o n d i t i o n s  must be imposed t o  complete t h e  d e s c r i p t i o n .  

These a re  

where 6 i s  t he  f i b e r  diameter o f  a f i b r o u s  wick.  The l a s t  c o n d i t i o n  i s  

chosen i n  view o f  t h e  f a c t  t h a t  En inger ' s  t heo ry  f o r  f i b r o u s  wicks has 

where we des i r e  

For cons is tency w i t h  t he  proposed model o f  groove d ry -ou t  o c c u r r i n g  

a f t e r  p a r t i a l  wick desa tu ra t i on  i t  i s  necessary t h a t  :,ie equ i va len t  groove 

pumping d iameter  Dcr f a l l  between D and d. 

where 

The q u a n t i t y  W i s  t h e  half  groove width, and o i s  t h e  h a l f  groove angle.  
11 2 1/ 2 

For a 5 m i l  f i b e r  diameter 6, a 7 m i l  groove w i d t h  and a 19 degree groove 

h a l f  angle we f i nd  c o m p a t i b i l i t y ,  f o r  

D = 20 m i l s ;  d = 10 m i l s ;  D,, ~ 1 4 . 8  m i l s .  



2.4.4 Results and Concl usions 

A computer program was developed which incorporates the elements and 

the organization ou t l i ned  i n  the previous section. A l i s t i n g  o f  the 

Fortran I V  version o f  t h i s  program i s  given i n  Appendix B. Attempts t a  

obtain phys ica l ly  rea l izab le  solut ions f a i l e d  due t o  numerical i n s t a b i l i t i e s ;  
as a resu l t ,  the sounadness o f  the postulated model could no t  be ver i f ied.  

It appears t h a t  the re laxat ion procedure used i n  the program i s  too simple 

i n  view o f  the strong non l inear i t i es  i n  the mathematical model. A possib le 

so lu t ion t o  the numerical problems i s  the 1 inear i za t ion  of the model by 

techniques such as quasi1 inear izat ion.  However, t h i s  e f fo r t  was beyond 

the scope o f  the present contract. Since the twa-pore model proposed i s  
be1 ieved t o  be conceptual l y  complete, continued program development i s  

recommended. 



9 3. DEVELOPMENT OF VAPOR INDUCED DRYOUT DIODE HEAT PIPE 
t 

3.1 INTRODUCTION 

Heat pipes are  self-contained devices t h a t  t ranspor t  heat a t  a h igh  

r a t e  between a source. and a s l i g h t l y  cooler  s ink .  I n  some app l ica t ions ,  

i t  i s  des i rab le  t o  have the  heat p ipe  t r a n s f e r  heat i n  on ly  one d i rec t i on ;  

t h a t  i s ,  when the  source i s  warliier than the  s ink,  t h e  heat  p ipe  would a c t  

i n  i t s  normal h igh  conductance mode, bu t  when the s ink  temperature r i s e s  

above t h e  source, the heat p ipe  would t u r n  o f f  and a c t  as an i n s u l a t o r .  

Thus, the  heat p ipe  acts as a diode. An example i s  t l ie  coo l ing  t o  cryogenic 

temperature o f  an in f ra - red detector  on a sate1 1 i te.  A diode* heat p ipe  

couples t h e  detec tor  t o  a space r a d i a t o r  t h a t  rad ia tes  t o  deep space. 

When the  sun shines on the  rad ia tor ,  i t  becomes much warnier than the 

detector,  and the  heat p ipe  tu rns  o f f ,  thus prevent ing the  detec tor  from 

warming up. 

Current ly ,  there are three niechanisliis t h a t  are used t o  achieve diode 

behavior i n  heat pipes: 

1. Gas Blocka e - I n  the  forward mode, a rese rvo i r  a t  the  end o f  
d r  i s  used t o  s tore  noncondensible gas. I n  the  
reverse mode, the gas blocks the reg ion o f  the  heat p ipe  a t  the  
source. 

Disadvantage - A very l a rge  gas rese rvo i r  i s  required, espec ia l l y  
f o r  cryogenic appl i c a t i o n s  . 

2. L i q u i d  Trap - I n  the reverse mode, l i q u i d  i s  condensed i n  an 
unwicked volurue near the source and the  wick d r i e s  out.  

Disadvantage - A l a rge  excess- l iquid r e s e r v o i r  i s  requ i red  and 
considerable heat i s  t rans fe r red  i n  the  reverse 
triode k f o r e  the wick d r i e s  out .  

3. Excess L i q u i d  Blockage - In the  forward mode, excess l i q u i d  i s  
s tored i n  a rese rvo i r  a t  the end o f  t he  condenser. I n  the reverse 
mode, the excess l i q u i d  f i l l s  the vapor space i n  the region o f  
t he  source and prevents heat t rans fe r .  

Disadvantage - A rese rvo i r  i s  requ i red  and heat i s  t rans fe r red  i n  
the reverse mode t o  evaporate and condense the  
excess l i q u i d .  Also, i t  i s  no t  we l l  su i ted  fo r  a 
slab-wick heat pipe. 



A f o u r t h  mechanism reported here f o r  achiev ing diode behavior has none 

o f  t h e  disadvantages o f  t he  o ther  th ree mechanisms. This mechanism was 

developed under the  present contract :  a vapor-induced dryout  diode using 

vapor modulation by means o f  a m e t a l - f o i l  reed valve. 

BASIC OPERATING PRINCdPLE 

The inechanism t h a t  was prev ious ly  used successf l t l ly f o r  passive feed- 

back temperature cont ro l ,  which i s  based on t h e  vapor-induced dryout  

p r i n c i p l e ,  i s  depicted i n  Figure 3.1. Although t h i s  design d i f f e rs  some- 

what from the  one selected f o r  f ab r i ca t i on ,  i t  has e s s e n t i a l l y  t h e  same 

basic features and i s  presented here t o  i l l u s t r a t e  the  diode mechanism 

and as a poss ib le  a l t e r n a t i v e  design. 

PI conventional non-ar te r ia l  s l  ab-wick heat p ipe has a metal - f o i  1 reed 

valve i n  i t s  t ranspor t  sect ion.  I n  the forward mode, the  reed valve i s  

designed t o  open a t  a pressure d i f f e r e n t i a l  which i s  snlall compared t o  the  

c a p i l l a r y  pressure l i m i t  o f  t he  wick. Returning 1 i q u i d  f rom t h e  evaporator 

bypasses the  valve bulkhead through an annular t r a n s f e r  wick. I n  the  

reverse mode, the  valve closes. When the r e s u l t i n g  pressure t h a t  bu i l ds  

up reaches the  c a p i l l a r y  pressure l i m i t  o f  t h e  wick, which occurs rap id ly ,  

l i q u i d  f lows from the h igh  pressure s ide of t he  valve, through the  annular 

wick, t o  t h e  low pressure side. The region t h a t  was the  condenser i n  the  

forward mode d r i e s  ou t  and the  region t h a t  was the  evaporator f loods w i t h  

l i q u i d .  

DESIGN OF DIODE HEAT PIPE 

The design i s  shown i n  SK78007 i n  Appendix A. A 0.50-inch O.D. 

graded-porosity slab-wick heat p ipe has i n  i t s  t ranspor t  sec t ion  a 1- inch 

O.D., 1.5-inch long c y l i n d e r  which supports the  valve bulkhead. The 

dens i ty  r a d i a t i o n  o f  the slab-wick w i t h  respect t o  l eng th  i s  shown i n  

Figure A-1 i n  Appendix A. 

I n  a d d i t i o n  t o  i t s  h igh  t ranspor t  capacity,  the graded p o r o s i t y  wick 

has c e r t a i n  features t h a t  a re  i d e a l l y  su i ted  f o r  t h e  diode mechanism. The 

pressure ava i l ab le  t o  open the valve i s  the h igh  c a p i l l a r y  pressure 

generated by the r e l a t i v e l y  low p o r o s i t y  o f  t he  evaporator region, wh i l e  
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the pressure required t o  induce dryout i s  the low c a p i l l a r y  pressure o f  

the r e l a t i v e l y  h igh poros i t y  o f  the condenser region. 

A l l  components were made ou t  304 sta in less steel .  The c r i t e r i o n  for  

select ing a s ing le  mater ia l  t o  b u i l d  the heat p ipe diode was the ready 

ava i l ab i l  i t y  o f  the Inaterial s and n~anufacturirig cost. The use o f  a1 uminum 

tubes connected t o  the valve sect ion by means o f  t r a n s i t i o n  tubing would 

have been desi rab l  e from weight consideration, however, the higher manu- 

factur ing cost  could not  be j u s t i f i e d  a t  t h i s  stage when the main ob ject ive  

was t o  t e s t  the p r a c t i c a l i t y  of the diode mechanism. 

3.3.1 The Valve Bulkhead Design 

The valve bulkhead assembly before i t  was assembled i s  shown i n  

Figure 3.2. The bulkhead has a central  s o l i d  core w i th  f i v e  or i f ices,  

a wick feed-thru o r i f i c e  and four  smaller o r i f i ces  f o r  the vapor f l ow 

tubes which are pressure f i t t e d  i n t o  holes i n  the bulkhead and pinned i n  

place. The ends of two vapor flow tubes provide the seat for  each of the 

two reed valves. I n  order t o  f it the valve assembly i n t o  a l - i nch  0.0. 

cy l inder  and s t i l l  be able t o  use r e l a t i v e l y  long f o i l  flaps, the ends o f  

the vapor f low tubes were cut  a t  an angle placing the seat of each valve 

on a plane approxinlately 30' w i t h  respect t o  the axis of the heat pipe. 

On t h i s  plane, the vapor flow crossectional area a t  the valve seat i s  

about twice t ha t  a t  the inf low, thus on ly  snlall def lect ions of the f o i l  

reeds are required t o  f u l l y  open the valve. The vapor flow tubes have a 

t h i n  wal l  which i s  necessary i n  order f o r  the valve seat t o  have a small 

contact area, otherwise surface tension forces due t o  l i q u i d  between the 

seat and the f o i l  would generate an excessive force tending t o  keep the 

valve shut. 

3.3.2 The Wick Feed-Thru 

The wick feed-thru i s  shown i n  SK78007 and also i n  a photograph i n  

Figure 3.3. I t s  conf igurat ion i s  s i l i i i la r  t o  t h a t  used i n  the vapor- 

modulated heat pipe. The wick on e i t he r  side of the bulkhead i s  separated 

a t  the bulkhead by two layers o f  250-111esh screen, which forin the c a p i l l a r y  

bar r ier .  The scr-een i s  held i n  the center o f  the wide feed-thru o r i f i c e  





by two sleeves t h a t  were inser ted halfway i n t o  the o r i f i c e  from both sides 

o f  the bulkhead. The sleeves were pressed together t o  clamp the screen 

i n  place and then were tack welded t o  the bulkhead. The ends o f  the wicks 

were inser ted i n t o  sleeves, trimned f lush,  inser ted i n t o  the bulkhead 

sleeves, pressed against the c a p i l l a r y  bar r ier ,  and pinned i n  place. 

3.3.3 Reed Valve Assembly Tests 

The valve assembly was i n i t i a l l y  tested i n  a glass tube which allowed 
v isual  observation o f  i t s  behavior. A Teflon bushing between the glass 

tube wa l l  and the bulkhead provided an a i r - t i g h t  seal. The glass tube 

was instrumented t o  a l low pressure and gas f low measurements. 

Reed valves manufactured from 0.0005-inch and 0.00025-inch 304 

s ta in less s tee l  f o i l s  were tested, and the l a t t e r  chosen due t o  t h e i r  

greater s e n s i t i v i t y  t o  pressure d i f ferent ia ls .  

The e f fec t i ve  pore s ize o f  the c a p i l l a r y  ba r r i e r  i n  the t e s t  assembly 

was determined by a bubble-point tes t .  The wick was saturated w i t h  acetone 
and the reed s ide o f  the t e s t  chamber was pressurized simulat ing diode 

behavior. The pressure continued t o  r i s e  u n t i l  the c a p i l l a r y  b a r r i e r  

f a i l e d  and bubbles were observed emerging from the wick. The pressure 

a t  f a i  1 ure corresponds t o  an e f fec t i ve  capi 1 l a r y  pore s ize of 0.0035-inches. 

This pore s i ze  i s  s u f f i c i e n t l y  small t o  ensure t ha t  the abnormal evaporator 
w i l l  dryout when the valve closes i n  the diode mode. 

Prel iminary tes ts  were performed i n  the forward mode i n  which the 
wick was saturated w i t h  acetone, the valve seats were wet, and helium 

gas was used t o  simulate the vapor flow. It was observed t ha t  on ly  one 

of the valves would open. This behavior was a t t r i bu ted  t o  the pe r~~anen t  

se t  of one of the f o i l  reeds opposing outward de f lec t ion  o f  the f o i l  and/or 
la rge c a p i l l a r y  forces keeping the f o i l  adhered t o  the valve seat. The 
f o i  1 f l aps  were subsequently placed between two metal blocks and annealed. 

This operation resul ted i n  f l a t  f o i l  mater ia l .  

The valve seat contact area was reduced by chemically etching the 

f r o n t  sect ion o f  the vapor f low tubes. 



The va lve  assembly was then reassembled and subjected t o  f u r t h e r  

tes ts .  Under condi t ions s i l ~ ~ i l a r  t o  those described above, i t  was observed 

t h a t  t he  pressure continued t o  r i s e  u n t i l  one o f  the  valves opened. The 
pressure a t  which the  valve opened corresponds t o  an e f f e c t i v e  capi 1 l a r y  

pore s i z e  o f  0.026-inch. This pore s i z e  i s  s u f f i c i e n t l y  l a r g e  t o  ensure 

t h a t  the  l i q u i d  i n  the  n o r ~ i ~ a l  eva,porator w i l l  n o t  f low i n t o  the  condenser 

s ide  before  the  valve opens. 

For a wide range o f  gas f l ow  rates,  t h e  f o i l  was found t o  d e f l e c t  

smoothly w i thout  f lapping.  By d i v e r t i n g  the  gas flow i n t o  the  o the r  s ide  

o f  the g lass chamber, the valve was tes ted i n  t h e  diode amde. The 
pressure would r i s e  u n t i l  t he  c a p i l l a r y  l i m i t  o f  t h e  b a r r i e r  was reached. 

S in~u la t i on  o f  heat p ipe operat ion i n  the forward and diade 111odes i n  t h i s  

way was repeated a t  l e a s t  a dozen tinies w i t h  reproducib le resu l t s .  

3.3.4 Heat Pipe Diode Test  Results 

The heat  p ipe  was assembled fo l l ow ing  t h e  procedure o u t l i n e d  i n  
SK7S007, page 4 o f  4, a photograph i s  g iven i n  Figure 3.4. 

Af ter  a 16-hr r e f l u x i n g  operat ion a t  80°c, the heat p ipe  was vacuum 
baked and charged w i t h  32.6 gra~lis o f  anaonia. Subsequently the  heat p ipe  
was instrumented and tes ted i n  t h e  forward inode. A t  a 0.2-inch tilt, 

i t  held 135 watts and burned ou t  a t  150 watts. This was w e l l  below t h e  
pred ic ted capacqity o f  over 225 watts. I n  a d d i t i o n  a temperature drop 
was observed across the valve, which increased w i t h  increas ing heat i npu t .  

These two f a c t s  were evidence o f  an inipaired func t i o r~  of e i t h e r  t h e  wick 

o r  the valve o r  both. 

Since s t r u c t t ~ r a l  dar~lage t o  t l ie valve was suspected, p r i o r  t o  cot]- 

duc t ing  a d e t a i l e d  t i l t  capaci ty  t e s t  i n  the  forward rnode, t h e  heat p ipe  

was tes ted i n  the  reverse mode. Repeated atteii ipts t o  c lose the  valve by 

apply ing increasing power f a i  1 ed inasmuch as the  evaporator stlowed no signs 

o f  dryout  even a t  100 watts. I n  f a c t  the  heat p ipe  operated ~ l~uc t i  as i n  
the  forward mode. 

The r e s u l t s  c l e a r l y  ind ica ted the  valve was dainaged. 



I - Figure 3.4 Diode Heat Pipe A f t e r  Assembly 

The heat p ipe  was subsequently dismantled. A photograph o f  the va lve  

assembly i s  shown i n  F igure 3.5 where i t  can be r e a d i l y  seen t h a t  the  

reed valves had Scen severely damaged. 

The f o i l s  were wr ink led  and showed evidence o f  having been forced 

i n t o  the tube sect ions. This damage would no t  a l l ow  the f o i l  t o  seat and 

there fore  prevented the f o i l s  from stopping vapor f l ow  i n  the reverse 

d i r e c t i o n .  

One add i t i ona l  i tem o f  damage sustainea dur ing manufacture was a 

hole i n  the wick about one i nch  from the bulkhead on the condenser side 

o f  the heat p ipe.  This ho le  was approxfmately 1/8" diameter extending 

approximately 2/3 o f  the way through the wick. The ho le  was darkened and 

was obviously  the r e s u l t  c f  a  burn. Apparently a molten drop o f  metal 

f e l l  i n t o  the wick a t  some p o i n t  dur ing  welding-most l i k e l y  dur ing  one 



F i g u r e  3.5 View o f  Dariraged Reed \'a1 vc 

o f  t h e  r e p a i r  we lds  rriade t o  c l o s e  t h e  l e a h  i n  t h e  v a l v e  G t> i t l ~ ) f : .  The 

bu rn  s p o t  cor responded t o  t h e  l o c a t i o n  o f  t h e  l e , ~ k .  T h i s  w ick  damage i s  

t h e  l i k e l y  cause o f  t h e  r e l a t i v e l y  l o w  c a p a c i t y  o f  t h c  hea t  p i p e  (135  w a t t s  

a c t u a l  vs 225 w a t t s  p r e d i c t e d ) .  

3 CONCLUSIONS 

The hen t p i p e  d i o d e  colllponerl t s \\le,-e t e s t e d  unde,. s  i r r i ~ r l  a  t e d  normal 

o p e r a t i n g  c o n d i t i o n s  and foilrid t o  be a  soirlld \+orhir;? 1l1ectianlis:n. The 

assembled hea t  p i p e  d iode  f a i  l e d  due s t , - u c t u r a l  darriaqe inc111-red urldel- 

c o n d i t i o n s  n o t  y e t  f u l l y  undet-stood. 

It i s  q u i t e  l i k e l y  t h a t  t h e  daniage o c c u ~ v - s d  dur- inq some p o i n t  i n  t h e  

p rocess ing  s tages.  Dtrr inq t h e  ~ . o i r t i n e  1  eah check o p e r a t  i o n .  a  1 eah had 

been d e t e c t e d  i n  t h e  area where t h e  1 / 2  i n c h  O . D .  t ube  i s  welded t o  t h e  

end cap o f  t h e  v a l v e  s e c t i o n .  In t h e  process o f  f i n d i n q  t h e  l o c a t i o n  o f  

t h e  p i n h o l e ,  t h e r e  was an a c c i d e r i t a l  p u l s e  p r e s s u r i  = a t  i o v  of t h e  h e a t  p i p e .  



The sudden pressure d i f fe ren t ia l  sustained across the valve would 

have caused the valve t o  bend open, but  a resu l tan t  shock ztave could have 

impelled the f o i l  back against the valve seat w i th  a force s u f f i c i e n t  t o  

cause the observed damage. 

Another possi b i  1.i t y  i s  t ha t  Ganage occurred during the r e f  1 ux i  ng 

step during which the pressure f luc tuat ions associated w i t h  the unstable 

nature o f  pool b o i l i n g  could have caused the f o i l  t o  implode against the 

valve seat. 

The successful tes t ing  a t  the component l eve l  o f  the meta l - fo i l  

reed valve and the high capacity o f  the metal- f iber wick system s t i l l  

make t h i s  diode mecha~~ism a t t rac t i ve .  Re-work o f  the par ts  and carefu l  

processing o f  the diode seem warranted t o  more f u l l y  evaluate i t s  

performance. 
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I 
001 O q  PROGRAW VNHP ( INPUT, OUTPUT, TIPES=INP~T, TAPE~=OUTPUT~ 
001 l q  CQNNON/ALL/CI ,C21RXIRTS,RGIRU,RSvRVpROpRf , T I  ~T2pTE~TB,TV,TI~ 
00120 IL,CUET,LV,DNEN,D,DD~A~AA~NL,NLSNAL,WLFULLpUG~UU~O1E~O12~O, 
00130 ~VISV,~ISL,RH~L,RHOV,HFG,SIGW~,KTAO,TIHE,QT 
00140 3,DPV,TSET,UWL 
001 50 REAL L,LUET,lU,HL,NLSHAL,HLFULL,KTIO 
00160 Nn6O 
00170 CALL .DATA 
00180 T IHE=-DT 
00190 100 DO 101 I=1,N 
00200 . TINE=TXNE+DT 
0021 0 CALL RUNGE(TO ,TZ,dL,DT) 
00220 CALL OUTPUT 
00230 101 CONTINUE 
00240 STOP 
00250 END 
00260 C 
00270 C UPDATE 11 ,T2,HL 
00280 C 
00?90 SUBROUTINE RUWGE(YlO,YL?O,Y30,H) 
00 300 CALL DELTA(YIO,Y20,Y30,DYi,DY2,DY3) 
0031 0 SUH 1 =DY 1 
00320 SUH2=ilY 2 

I 

00330 SUH J=DY 3 
00340 Y 1 =Y t r.)trlY I :i:H/2. i 
00350 Y2=Y 20+DY2:t.H/2. 
GO360 Y3=Y30+DY3*H/2. 
00370 CALL bELTA(Yl,Y2,Y3,DYI,Df2,DY3! 
00380 SUNl=SUHl+2.-gPY1 
00390 ' SUEt2=SUH2+2. :COY2 
C10400 SUM3=SUH3+2.:(:DY 3 

1 
00410 Y 1 =Y 1 O+DY 1 :kH/2. 

00420 YZ=Y20+DY2:f:ti/2. 
00430 Y3=Y3D+DY3*H/2. 
00440 CALL DELTA(Yl,Y2,Y3,DYl,DY2,DY3) 
00450 SUHl =SUH1 +2.:t.D'i1 
00460 SUH2=SUM2+2. :trIlY? 
00470 00480 Yl=YtO+DYI*H 
00490 Y2=Y20+DY2:rH 
00500 Y3=Y30+DY3:t:H 
0051 0 CALL 9ELTA(YI,Y2,Y3,DY1,DY2,DY3) 
00520 Y 10=Y I O+(SUMI+DYl )*Hi6. 
00530 Y20=Y?O+(SUM2+QYZ )4:H/6. 
00540 Y30=Y30+(SU~3.eDV3j-;1.4/6. 
00550 RETURN 
00560 € N i l  

00570 C 
00580 C CALCUiATE DT1 /D l  ,DT2/1lT, AND DdL/DT 
00590 C 
00600 SUBROUTINE BELTA(X1 ,X2,X3,1ITlDT,DT2DT,WT) 
0061 0 COHHON/ALL/CI ,C2,RI ,RTS,RG,RW,RS,RV,KO,RE,'rt, 12,TE,TB,TV,TI, 
00620 1L,LUET,LV,QHEN,D,DI191,fi4,~LIHLSHAL9MLFULL,UG,UU,fllE,Q12,fl, 
00630 2VISV,VISL,RHOL,RHOV,NFG,SIGHA,KTAO,TIME,~lT 
60640 3,DPU,TSET,DNL 
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REAL L,LUET,LV,HL,HLSNAL,HLFULL,KTA~ 
T l = X 1  
T2=X2 
n L = X 3  
CALL RELAX 
DTlDT=(Q-Q1E-Q12) /Cl  
DTZDT=012/C2 
1FIUlfL.ER.O.) GO TO 100 
X=UG/RG+UU/RU 
X=RV+l ./X 
EWEVAP=(TI-TB)/X/HFG 
CO1=4.*RHOL/KlAO/VISL 
C01 =COl:U(  UD**ZSFUET*AA/L+I(**~LA/LUET) 
C02=4 .*SIGdA/Dl lEN 
EHIN=GOl*(C02-DPV)*4.17EB 
DNLPT=-EHEVAPtEHIN 
RETURN 
DflLDT=O. 
RETURN 
ENii  

CALCULATE N1 Ef012,Q,  A N  RV 

SUERU2TI i iE  RELAX 
COHMON/ALL/Cl ,C?,h'l',RTS,R4,RW,RS,li'V,RO,RE,Tl ,TZ,TE,TB,TV,TI, 

tL,LWET,LV,DHEN,D,DD,A,AA,nL,~LSWAL~HLFULL,UG,UU,OlE,O12,0, 
2VISVfVISL,RHOL,RHOV,HFG,SIGM,KTh0,TIHE,DT 
3,DYV,TSET,UHL 

REAL L,LWE'i,LV,ML,WLSMAL,llLFULL,KTAO 
CALL TEST 
0 1 2 = ( T I - T 2 ~ / K T S  
IFiT2.GE.TSET) GO TO 2 0 0  

DO990 TB-TLf -5 .  
L'1000 1Ciii:l.r r=O 
0 1 0 1 0  106 TVDLU=TV 
0 1 0 2 0  I COUI4T=ICOUNT+ 1 
0 1 0 3 0  IF i ICOUNT.GT.10 )  STOP 
111 040 TBLjLD=TE 
C1050 PV I V-PV( I V  I 
0 1  0 5 0  PVTB=PV(TD i  

1 0 7 0  DFV;P\JTV-PVTB 
01 0 8 0  50 KV-(TIS-TEO/ (CO1:t:DFV:eJ. 17EEIj  
0 1090 RT=UGIHG+UWIAU IS 
01 100 K T = l . / R T t R V  

fi n hGBfl 

0 1  t 10 R T = ~  ./RS+I .;AT O R I " ~ ' ~ : ~ ~  -,Iv QQ@' 
0 1 1 2 0  RT=1. /RTtl'\'I+KO+KE 
01 1 3 0  O l E = ( T l - T E ) / R T  
9 1 1 4 0  T E - T E t i i l  E * i R E t R O )  
01 150 TI=T1-O1E-#:RI 
31 1 6 0  T V = T I - ( Q l E - ( T I - T E I  i t iS) . . ' iUU.~RWtLIG/h'G~ 
01 170 ERTB=hBS ( 1 . - iTB+4b3.  i T I ~ O L I I + ~ I O .  1 ) 



0 1  180 ERTU=ABS( 1 .-(TV+460. )/(TUOLD+.460.)) ' 

01 190 IF(ERTB.LT..OOl.hWD.EW.LT..001) GO TO 101 
01200  TB=(TB+TBOLD)/2. 
91210 TV=(TV+TUOLD)/2. 
0 1  220 GO TO 100  
01230 2 0 0  RT=UG/RG+UW/RU 
01 240 RT=RT+1 ./HS 
0 1  250 RT=l./RT+RI+RO+RE 
0 1  260  Q1E=(T1-TE)/RT 
0 1  270 TB=TE+QlE*(HE+HO) 
0 1  280 T I=T i -P IE*R I  
01 290 TV-TI-(01 E-(TI-TB)IHS)/(UUikW+UG/RG) 
01300  101 RETURN 
01310 ENU 
01320  C 
01330  C CALCUiATE UG,UU,UnL,DdEN,FUET, AND LUET 
01340  C 
01 350 SUBROUTINE TEST 
01 360 COH~@N/ALLIC1,C2,RITRTS,RG,FiU,HS,li"I,Ril,RE,T1,T2,TE,TE,TV,TI, 
01 370 1L,LWET,LV,DdEN,D,IlU,A,AA,HL,nLSHAL,WLL,UG,UU,QlE,Ql2,fl ,  
0 1380 2 V I S V , V I S L , R H O L , H H O V , H F G , S I G d A , K T A O T T I ~ E , I ~ T  
0; 390 3,DPV, I S E T ?  UliL 
0! 400 REAL L, LUET, LV, riL, HLSHAL ,ilLFIILL, KTAO 
(31410 UWL=1. 
01 320 IF(ML.EQ.MLFULLj GO TO 100 
0 1430 IF(dL.GT.HLSdAL) GO TO 101 
01 440 FWET=O. 
01 450 DHEElrD 
01 460 U G 4 .  
01 470 . Y!J=HL/HLSHAL 
01 480 LUET=UWtL 
01 490 RETURI4 
01500 101 FWETz(ML-HLSMAL)/(hLFULL--HLSHAL) 
01510 LWET=L 
0 1520 IriiEti-bD 
0!530 UG-i " 
01540 uiJ.11. 
01 550 RETURM 
01560 100 IF(T:.!.GE.TSETI UfiL=O. 
0 1570 l l t iEN=!~E 
3'1 580 FLE1-.1 . 
01533  L t + i T - t  
0.1 600 UG-:I. 
O'J610 ilW=l. 
0 iA20 FIETURlt 
0 1630 END 
01840 C 
01650 C CAL,CUl.r$TE VAPOR FiiES.SiUliE 
01.560 C 
0 1  670 FUNCT:I)fi P V i  L 
~ 1 6 8 0  D A T A  Al,A2,AS,A4,kS 
01 690 1 . / I  3 .  P:2374 , - . I .  3' 1 / ~ i , - ,  I EE- 1 , - ? . ~ 7 ~ 5 Y . 7 E - ~ , ( ) . /  
01 709 X=Z+4r2iJ. 
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Y=EXP(Y) 
FV- 144 .*Y 
RETURN 
Ei4D 

FRLN'T OUTPUT 

SUBHCIUTINE OU'TPUT 
CQHMON/ALL/Ol ,C2,RI ,RTSIRG,5i ' i1RS,Et2 ,RCtIRE,Tl  , T 2 p T E p T B 9 T V p T I  9 

~ L , L W E T , L V ~ D ~ E N , D , B ~ ~ ~ A ~ A A , ~ . " L , ~ S ~ L S H ~ ~ ~ ~ ~ ~ ~ . ~ : ~ L L ~ ~ G ~ U W ~ ~ I E ~ ~ ~ ~ , Q ~  
2VIS4,VISL,AHOL,RHUV,HFG,S1FHA,KTA0,1EHEpD'r 
3 , D P V , T S E T , U l i L  

REAL L,LUET,LV,ML,NLSNAL,MLL,GTAO 
I F ( T I M E . E R . 0 . )  P R I N T 1  
F O R t i h T (  ~X,:~T~'ME(SEC).I:,~X,~~TBLOC~~(F)~P,~A,*~~~&BOR:"F~*, 

1 S X , : e T V A P O R ( F ) . r j  
P R I N T  2 , T L ? l E , T I , T 2 , T V  
F t ! R M A T ~ 5 X , J ( E i !  .1,1X)) 
RETURN 
E  N El 

INFUT ElATA 

SUEROI IT INE DATA 
CDMHON/CLLL/C1,CZ,li ' I ,R'TS,HG,RU,HS,RV,RO,RE,T1,T2,TE,TB,1'V,TI, 

1 L , L W E i , L V , D k E N I D , S I r ! A . A A , l i L , ~ L L , l ! G , U W , f l 1 E , Q 1 2 , Q p  
2 V I S V , V I S L , R H O i , R H O I I , H F F I S I G H A , K T A O I T I M E , I ~ T  
3 , D P V , T S E T , U H L  

REAL L,LWET,l.U,HL,rlLEiHAL,HLFULL,KTAO 
ACCEPT D T , T E  
LlA'Tii 21,C2,1ilS,i;:I,hb,lIW,kG,ii'O~RE 
1/.57,~.00E~3,2.10,4.40E-3,115.,3.E-1,2,20E-2p2.~0E-2,2.?0E-2/ 

UATd A,AA,IljGD,L,LV?hLSHAL,nLFULL,KTAO 
1/5.S5E-4,5.35E-4,6.9jE-5,1.ZBE-4,.5,7.5E-2,1.~7E-2,2.14E-2pl52./ 1 

DATA R H O L , K H O V , S I G t i A , V I S V , V I S L , H F G  
1/37.,.705,1.18E-3,L.15E-2,2.83E-I , 9 7 0 . /  

D A T A  71 , T 2 , T S E T , l l  
1 ~ ; ? 5 ~ , 7 5 ~ , 7 5 > , , j 4 1 . /  

HL - h L F U L L  
TV=T1 
TBr-.TE 
RE TUfiN 
E N U  
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