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NAS 8-1 1291 i n i t i a t e d  by NASA Marshal l  Space Flight Centel- for a Research 
Study on Ins t rument  Unit ThermaI Cond i t i on i ng  Heat Sink Concepts. The con- 
t r a c t  was under the d i r e c t i o n  o f  Mr. F. Huneidi  a t  the NASA and Mr. I. G. 
A u s t i n  a t  the AiResearch Mfg. Co, 
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SECTION I 

INTRODUCTION 

In the design o f  thermal c o n t r o l  systems f o r  spacecraf t  app l i ca t i ons ,  
there  a r e  e s s e n t i a l l y  two approaches used I n  rejecting heat f rom the veh i c l e .  
The f i r s t  i s  by r a d i a t i o n  t o  t h e  space environment, an approach which i s  
i dea l  for extended d u r a t i o n  n i iss ions and f o r  a p p l i c a t t o n s  where e i t h e r  l a r g e  
r a d i a t i n g  sur face areas o r  h i gh  su r f ace  temperatures a re  a v a i l a b l e .  The 
second approach i s  t o  u t i l i z e  t h e  l a t e n t  heat  o f  an expendable evaporant, 
a concept  whish is more s u i t a b l e  to miss ions o f  s h o r t  du ra t i on .  'Due t o  i t s  
r e l a t i v e l y  h i gh  l a t e n t  heat  o f  vapor iza t ion ,  water  has proven t o  be an 
a t t r a c t i v e  expendable evaporant f o r  t h i s  a p p l i c a t i o n .  

Two concepts which u t i l i z e  t h e  expendable evaporant approach t o  heat 
s i n k  des ign  have been developed. These a re  t h e  w ick - type  water  b o i l e r  and 
the porous p l a t e  subl i rnater .  I n  t h e  former, water  i s  t ranspor ted  by c a p i l l a r y  
a c t i o n  t h rough  the w icks  t o  the heat i npu t  su r face  where evapora t ion  takes 
place, and the  water vapor i s  v=nted t o  space. The l a t t e r  incorpora tes  
a porous p l a t e  b a r r i e r  between t h e  w a t ~ r  and low pressure space environment. 
Upon exposure t o  t i l e  space vacuum t h e  water which en te rs  the  pores o f  t h e  
porous p l a t e  freezes and then subl imes. The heat i npu t  is  expended as t he  
l a t e n t  h e a t  o f  - v a p o r i z a t i o n  - .  i n  phase change f rom s o l l d  t o  vapor. 

W h i l e  u n i t s  u t i l i z i n g  these concepts have performed adequately i n  t h e i r  
va r ious  spacecraf t  app l i ca t i ons ,  they  have been suspected o f  be ing  non-optimum 
designs. For t h i s  reason, an a n a l y t i c a l  and exper imenta l  s tudy was performed 
i n  o r d e r  to develop optimized heat s i n k  modules u t i l i z i n g  these  concepts. In 
the wa te r  b o i l e r  study, w i ck i ng  m a t e r i a l s  were i nves t i ga ted  w i t h  regards t o  
t h e i r  w a t e r  t r anspo r t  and heat d i s s i p a t i o n  c h a r a c t e r i s t i c s ,  and water f l o w  
d i s t r i b u t i o n  ~ n d  con t ro l ,  heat t r a n s p o r t  f l u i d  temperature c o n t r o l ,  and module 
geometry were analyzed. A m u l t i - w i c k  b o i l e r  module and new t y p e  o f  c o n t r o l  
system were  deslgned, f a b r i c a t e d  and tes ted .  S tack ing  s tud ies  were perform~ed 
so t h a t  l a r g e r  heat loads could be handled by using more than one module. On 
t h e  b a s i s  o f  t h e  a n a l y t i c a l  and exper imenta l  i nves t i ga t i on ,  an op t im ized  one 
k i l o w a t t  w ick - type  wa te r  b o i l e r  was designed. 

The sub l imato r  s tudy  invo lved  an i n v e s t i g a t i o n  o f  t he  performance charac- 
t e r i s t i c s  o f  var ious porous p l a t e s  du r i ng  steady s ta te ,  s tar t -up,  r es ta r t ,  
and zero heat load opera t ion .  The e f f e c t s  of feed water  pressure, steam 
plenum con f i gu ra t i on ,  and water passage c o n f i g u r a t i o n  were inves t iga ted ,  
and t h e  p o t e n t i a l  use o f  hydrophobic coat ings on porous p l a t e s  was s tud ied.  
A mu l t i -modu le  sub l imato r  core was designed, f a b r i c a t e d  and t es ted .  Stack ing 
s tud ies  were performed and an op t im i zed  one k i l o w a t t  subl imator  designed. 

The second p a r t  o f  t h i s  Thermal Cond i t ion ing  Heat S ink Study was an i n -  
v e s t i g a t i o n  o f  a thermal c o n d i t i o n i n g  pane1 w i th  a se l f - con ta ined  h e a t  s ink.  
Such a pane l  i s  used t o  cool e l e c t r o n i c  packages mounted upon it, and, be ing  
e n t i r e l y  s e l f  contained, may be located remotely t o  an a c t i v e  thermal condi -  
t i o n i n g  system. Several thermal panel concepts were s tud ied  and t h e  two most 
p romis ing  designs se lec ted  f o r  f u r t h e r  deve-loprnent. T e s t  modules were  de- 
signed, fabr i ca ted ,  and t es ted  to subs tan t i a te  the  design procedure and per -  
formance p r e d i c t  ions, 
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SECTION 2 

WATER B O I L E R  MODULE 

INTRODUCTION 

Wick-type wate r  evaporators have demonstrated successfu l  performance i n  
a v a r i e t y  of spaceci laf t  a p p l i c a t i o n s .  However, due t o  a l ack  o f  b a s i c  
performance data t h e  e x i s t i t t g  water  b o i l e r s  have been suspected o f  be ing  
overdesigned, non-opt imum c c ~ n f  i gu ra t  ions.  It was desired, therefore,  t o  
conduct an a n a l y t i c a l  and exper imenta l  study program whereby a c a p i l l a r y -  
f e d  b o i l e r  would be opt imized.  The i n i t i a l  p a r t  o f  the study i nvo l ved  a 
b a s i c  i n v e s t i g a t i o n  o f  w i ck i ng  m a t e r i a l s .  Based upon past AiResearch 
development prosrams and i n fo rma t i on  a v a i l a b l e  i n  the  l i t e r a t u r e ,  the  b e s t  
t y p e  o f  w ick ing  m a t e r i a l  f o r  t h i s  i n v e s t i g a t i o n  was selected, and t he  va r i ous  
w i c k  parameters were va r i ed  t o  determine t h e i r  e f f e c t  on water  t r a n s p o r t  ra te ,  
evapora t ion  performance, e t c .  Var ious methods o f  water  f l o w  d i s t r i b u t i o n ,  
wa te r  f l o w  conkrul, and heat  t r a n s p o r t  f l u i d  temperature c o n t r o l  were analyzed. 
The evaporator mudli le geometry was i n ves t i ga ted  w i t h  respect  t o  wic lc- f in  
arrangement and f l o w  c o n f i g u r a t i o n .  A m e - k i l o w a t t  b o i l e r  module and c o n t r o l  
system were designed, fabr i ca ted ,  and t es ted  over  a range o f  i n l e t  temperatures 
and h e a t  loads. S tack ing  s tud ies  were conducted t o  a l l o w  f o r  heat loads l a r g e r  
than one kw. Based upon the w i c k i n g  i nves t i ga t i on ,  b o i l e r  ope ra t i on  ana lys is ,  
and m u l t i - w i c k  module tes t ing ,  an opt im ized  w ick - type  water  b o i l e r  was designed. 

CONCLUSIONS AND RECOMMENDATIONS 

The experimental  and a n a l y t i c a l  i n v e s t i g a t i o n  y i e l d e d  t h e  f o l l o w i n g  
conc lus ions  and recommendations i n  t he  area o f  w ick - type  water  evaporators .  

I .  Wicking r a t e s  may be success fu l l y  p r e d i c t e d  a n a l y t i c a l l y  f o r  a 
given w i c k  as a f u n c t i o n  o f  pore  s i z e ,  con tac t  angle, and t o r t u o s i t y .  
The equat ions developed f o r  pumping capac i t y  and w i ck i ng  r a t e  i n  
a zero g environment have been v e r i f i e d  by h o r i z o n t a l  w i c k i n g  t e s t s  
under one g cond i t i ons .  

2. S t r i ngen t  c l ean l i ness  requirements a r e  e s s e n t i a l  t o  assure optimum 
performance o f  a w ick - type  evaporator.  Surface a c t i v a t i n g  agents 
should be f u r t h e r  i n v e s t i g a t e d  a s  a means o f  overcorning s y s t e m  
contaminat ion and p ro long ing  maximum b o i  l e r  performance. 

3. Good thermal c o n t r o l  o f  a w i ck  type  evaporator  may be achieved 
by the use o f  a s i n g l e  va l ve  which prov ides back pressure and 
water o n - o f f  r e g u l a t i o n  u t i l i z i n g  a vernatherm element which 
senses t h e  h e a t  t r a n s p o r t  f l u i d  o u t l e t  temperature. The chief  
advantage o f  t h i s  v a l v e  i s  that  t h e  vernatherm generates i t s  own 
d r i v i n g  f o r c e  making t h e  c o n t r o l  system independent o f  ex te rna l  
power requ i  rements. 
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4. Proper evapora to r  deslgn should i nc l ude  a p ressure  drop d i s t r i b u t i o n  
system i n  o r d e r  t o  assure equal q u a n t i t i e s  o f  supply  water t o  a l l  
b o i l e r  wicks.  Thr p r imary  importance o f  t h i s  sys te r r  I s  r e a l i z e d  
i n  a I -g  env i ronm~!nt  when the e f f e c t s  o f  g r a v i t y  a re  normal t o  the 
evaporator w icks .  

5 .  The optimum b o i l e r  module con f i gu ra t i on  incorpora tes  wa te r  feed f rom 
both ends o f  the  crick w i t h  a c e n t r a l l y  loca ted  steam duct, This  
technique of fers  t he  advantages o f  low steam s i d e  pressure drop, 
and, due t o  the sho r te r  w i ck ing  length, the use o f  a minimum 
thickness wick, and more r a p i d  d i s t r i b u t i o n  of  water  du r i ng  a 
r e f i l l  c yc l e .  

6 .  A ser ies  of optimum one kw module water  b o i l e r s  may be combined 
t o  p rov ide  cooling f o r  a wide  v a r i e t y  o f  heat load app l i ca t i ons .  
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NICKING INVESTIGATION 

General  

As the very  p r i n c i p l e  o f  a w i ck - f ed  water  b o i l e r  i n vo l ves  water 
d i s t r i b u t i o n  through and phase change from wicks, a major p o r t i o n  o f  any 
b o i l e r  o p t i m i z a t i o n  s tudy i s  an i n v e s t i g a t i o n  o f  w ick  m a t e r i a l s .  Among the  
e v a l u a t i o n  c r i t e r i a  which a re  r e l e v a n t  t o  w i c k  s e l e c t i o n  a re  w i ck i ng  ra te ,  
evapo ra t i on  performance, and s t r u c t u r a l  i n t e g r i t y .  Several  i n v e s t i g a t i o n s  
have been conducted on the  w i c k i n g  c h a r a c t e r i s t i c s  o f  va r ious  c a p i l l a r y  
m a t e r i a l s .  Among these Ginwala '  ob ta i ned  v e r t i c a l  c a p i l l a r y  r i s e  r a tes  and 
wa te r  p e r m e a b i l i t y  da ta  f o r  va r i ous  ma te r i a l s ,  p r i m a r i l y  s i l i c a  f i b e r  ma te r i a l s ,  
sponges, and f e l  t s .  Langsto~!, Sherman, and ili 1 t o n 2  ob ta i ned  w i c k i - g  r a t e  data  
f o r  s i n t e r e d  powder, s i n t e r e d  screen, and s i n t e r e d  f i b e r  meta l  wicks, m a t e r i a l s  
more s u i t a b l e  f o r  p l a t e - f i n  w i ck  evaporators  due t o  t h e i r  s t r u c t u r a l  i n t e g r i t y  
and c o m p a t i b i l i t y  w i t h  conven t iona l  j o i n i n g  techniques.  T h e i r  r e s u l t s  i n d i -  
c a t e  t h a t  i n  a v e r t i c a i  a t t i t u d e  f i b e r  metal w icks p rov i de  t he  most r a p i d  
l i q u i d  r i s e .  AiResearch has conducted s tudy and development programs i n  which 
wicks and t h e i r  p r o p e r t i e s  were i n v e s t i g a t e d .  The f i r s t  genera t ion  o f  w i ck i ng  
evapora to rs  u t i l i z e d  a  g lass f i b e r  t ype  o f  w i c k i n g  m a t e r i a l .  Due t o  contdmi- 
n a t i o n  problems and the  d e s i r e a b i l i t y  o f  a m a t e r i a l  w i t h  more s t r u c t u r a l  
i n t e g r i t y ,  subsequent u n i t s  have i n co rpo ra ted  sintered f i b e r  metal  wicks.  

The major p o r t i o n  o f  t e s t s  conducted du r i ng  t h e  w i c k i  ng i n v e s t i g a t i o n  
phase o f  t h i s  b o i l e r  o p t i m i z a t i o n  program'were performed on s i n t e r e d  f i b e r  
meta l  w ick ing  m a t e r i a l .  Th is  was due t o  i t s  s u p e r i o r  w i c k i n g  a b i l i t y ,  corn- 
p a t i b i l i t y  w i t h  o t h e r  evaporator  components, a p p l i c a b i l i t y  t o  conven t iona l  
j o i n i n g  techniques, and i n  general, r e c o g n i t i o n  o f  i t s  supe r i o r  a p p l i c a b i l i t y  
t o  s t a t e  o f  the a r t  w i c k i n g  evapora to rs .  The f i b e r  meta l  m a t e r i a l  used i s  a 
randomly i n t e r l o c k e d  s t r u c t u r e  o f  m e t a l l i c  f i b e r s ,  sub jec ted  t o  a s i n t e r i n g  
process i n  which m e t a l l i c  bonds a r e  e s t a b l i s h e d  a t  t h e  f i b e r  con tac t  p o i n t s .  
The m a t e r i a l  can be made i n  va r i ous  d e n s i t i e s  and th ickness  by va r y i ng  t h e  
s i z e  and type o f  f i b e r  and manufac tu r ing  process. Ranges i n  dens i t y  and t h i c k -  
ness o f  10 percent  t o  30 percent  and 0.030 i n .  t o  0.250 in . .  r e s p e c t i v e l y  were 
i n v e s t i g a t e d  as these appear t o  encompass the range o f  d e s i r a b l e  p r o p e r t i e s .  

C a p i l l a r i t y  and Wick Flow 

Equations d e f i n i n g  t he  c a p i l l a r y  r i s e  i n  tubes and i n  wicks i n  any 
g r a v i t y  f i e l d  have been developed s t a r t i n g  w i t h  t h e  genera l  d i f f e r e n t i a l  
momentum equat ion i n c l u d i n g  su r f ace  tension, g r a v i t a t i o n a l ,  f r i c t i o n a l  drag, 
and i n e r t i a  (momentum) f o r c ~ s .  s iege13 so l ved  t h e  equa t ion  f o r  l i q u i d  pene- 
t r a t i o n  length i n  a  <ube i n  zero g and ob ta ined  t h e  f o l l o w i n g  r e s u l t :  
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For large values o f  t ime the first term In this equation becomes negligible, 
and the length, X, var i e s  as the square root of time. The equation then 
becomes identical to that obtained if the inertia term is neglected in the 
original differential equation. J 

, cT ago x 2  = (- - cos 8 )  t 
2 P A W  

Since i d e n t i c a l  equations are obtained at large times with the inertia term 
included or omitted, i t  may be concluded that inertia fo rces  are relatively 
unimportant in wick dynamics at large times. It should be noted t h a t  the term 
"large times" is somewhat ambiguous and what may be a large time for one wick 
o r  tube may not be for another. Solving equation (2- 1 ) for the relative magni- 
tude o f  the two terms on the right side, using the average pore diameter of 
typical f i b e r  me ta l  wicks used in wick evaporators reveals that the first term 
becomes negl i g i b l e  at times shorter than one second. ''Large t irnes" for these 
wicking m a t e r i a l s  therefore means times greater than one second. Since the 
significant time increment for the wicking heights of these wick materials are 
minutes rather than seconds, the validity of using simp1 i f i e d  equations of tlie 
form of equation (2-2), which omits inertia effects, i s  established. 

The equation developed in Appendix A for the wicking rate i n  zero g or in 
a horizontal attitude in one g i s :  

4 P ~ C X '  
- - 

t g = ~  go Du cos B 

which may be rearranged to obtain: 

Equation (2-4) is identical to equation (2-2) except fo r  the tortuosi ty term C 
which is defined as the ratio -f the actual path lzngth to the apparent length, 
X.  

It is not possible to obtain a closed form solution to the differential 
equation defining vertical wicking in a gravity field i f  all t h e  terms are 
included. pickettt presents a f ini te -d i f fe rence equation t o  obtain analytical 
solutions and Siege1 utilized a digital computer to solve the equation numeri- 
cally using the Runga-Kutta method of forward integration. Bath o f  these 
investigators obtained good agreement w i t h  experimental data for tubes at 
small values of time. A closed form solution to the differentia1 equation i s  
possible i f  thl inertia t e r m  is neglected. The equation defining vertical 
wicking i n  a gravity f i e l d  developed in Appendix A i s :  

4a cos 9 go 
t 

1 
PA9 D 

) - X] (2-5) 

f n  4 0  COSQ . go 
X 
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To a i d  i n  s e l e c t i o n  of optimum wicks f o r  a  water  b o i l e r  and t o  p r o v i d e  
puniping r a t e  data necessary f o r  thermal  panel design, h o r i z o n t a l  and v e r t i c a l  
w i c k i n g  r a t e  t e s t s  were performed. These data a l s o  served t o  v e r i f y  , t h e  
v a l i d i t y  o f  equat ions (2-3) and (2-5). 

The v e r t i c a l  w i ck i ng  t e s t  i n v o l v e d  mount ing t h e  w i ck  specimens i n  a  
v e r t i c a l  p o s i t i o n  and immersing t h e  bottom snd o f  t he  wicks i n  water.  A c l o c k  
was s t a r t e d  a t  t h e  moment t h e  w i c k  was immersed and water l e v e l  i n  t h e  w i c k  
recorded a t  r e g u l a r  t i m e  i n t e r v a l s .  V isua l  observa t ions  were supplemented by 
a t t a c h i n g  l i tmus  paper s t r i p s  t o  t he  wicks. I n  t h e  h o r i z o n t a l  advance t e s t s ,  
t h e  specimens were mounted i n  a h o r i z o n t a l  p o s i t i o n  and wate r  f eed  accomplished 
by u s i n g  pieces o f  c e l l u l o s e  sponge t o  wet t he  bot tom p o r t i o n  o f  t he  wick.  
Data were recorded i n  t h e  same manner as i n  t h e  v e r t i c a l  r i s e  t e s t s .  Some 
d i f f i c u l t y  was exper ienced w i t h  w i c k  con tamina t ion  which caused i n i t i a l  incon- 
s i s t e n c i e s  i n  the  data;  however, when i t  was l ea rned  how c r i t i c a l  w ick  c lean-  
l i n e s s  was, a d d i t i o n a l  c a r e  was taken  t o  p reven t  con tamina t ion  and good da ta  
were obta ined.  

I n  o rder  t o  assure c l e a n l i n e s s  o f  t he  t e s t  specimens, t h e  follow in^ 
p recau t i ons  were observed: 

a. A l l  t e s t i n g  was conducted i n  the  AiResearch A l t i t u d e  Laboratory  
Clean Room. 

b.  A l l  speciinens were thorough ly  c leaned p r i o r  t o  t e s t i n g .  

c .  Wick specimens were k e p t  in ny lon  bags when no t  i n  use. 

d. Wicks were h a n d l e d o n l y w i t h  tongs o r  c l ean  rubber g loves.  

e. Only d i s t i l l e d  1/2 m i c ron  f i l t e r e d  wate r  was used i n  t e s t i n g .  

Data were ob ta i ned  f o r  n i c k e l  f i b e r  f e l t  w icks o f  va r ious  d e n s i t i e s  and 
thiclcnesses as g i v e n  below. 

Wick No. Thickness, i n .  Width, i n .  Dens i ty ,  percent  
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The r e s u l t s  o f  these t e s t s  a r e  shown i n  F igures  2-1 through 2-4 as we t t ed  
l e n g t h  vs elapsed t ime.  The s o l i d  l i n e s  i n  these p l o t s  a re  t he  values pre-  
d i c t e d  by equat ions (2-3)  and ( 2 - 5 ) .  

The numerical va lues o f  t he  parameters i n  these  equat ions a r e  f a i r l y  w e l l  
d e f i n e d  i n  the  l i t e r a t u r e  except f o r  t he  e f f e c t i v e  pore  diameter, t h e  t o r t u o -  
s i  t y ,  and the  c o n t a c t  ang le  o f  t h e  wick.  Wicks o f  t h i s  c o n s t r u c t i o n  have a  
w ide  range of po re  s i zes ,  b u t  t h e  pore  s i z e  v a r i a t i o n  i s  d i s t r i b u t e d  even ly  
th roughou t  the wick.  The manufacturer quotes minimum, mean, and maximum po re  
d iameters  which va r y  w i t h  d e n s i t y  b u t  n o t  w i t h  th i ckness .  Wide v a r i a t i o n  i n  
t h e  va lues of c o n t a c t  ang le  on t h e  same c l ean  meta l  su r f ace  a r e  quoted b y  t h e  
l i t e r a t u r e .  I t  i s  a l s o  known t h a t  the  con tac t  ang le  v a r i e s  g r e a t l y  w i t h  the  
c o n d i t i o n s  of the  su r face  and t h a t  su r faces  may become contaminated during 
s h o r t  exposure t o  a supposedly c l e a n  atmosphere, 

C o r r e l a t i o n s  o f  t h e  h o r i z o n t a l  data  was attemped e a r l y  i n  t he  program 
u s i n g  assumed va lves  o f  t o r t u o s i t y  and con tac t  ang le  o f  1.5 and 45 degrees 
respec t i ve l y ,  and i t  appeared t h a t  t h e  bes t  c o r r e l a t i o n  was ob ta ined  us i ng  t he  
minimum pare diameter.  Howc.~er, i t  was no t  p o s s i b l e  t o  o b t a i n  agrsement 
between the  p r e d i c t e d  and exper imenta l  v e r t i c a l  w i c k i n g  data u s i n g  these 
va l ves  f o r  C, 8, and D. More r e a l i s t i c  va lves of t o r t u o s i t y  were then ob ta i ned  
f r om water  p e r m e a b i l i t y  data f o r  t h i s  t ype  o f  w i c k i n g  m z t e r i a l  g i ven  i n  
Reference 2. Values on t h e  o rde r  of 1 . 1  were ob ta i ned  which indeed seem more 
reasonable  f o r  m a t e r i a l s  which a r e  f rom 70 t o  90 percent  v o i d  space. Contact  
ang les  on the  o rde r  o f  70 deg were ob ta i ned  f rom v e r t i c a l  e q u i l i b r i u m  w i c k  
h e i g h t  data. 

Severa l  impor tan t  e f f e c t s  o f  g r a v i t y  o r  t h e  absence o f  i t  on the w i c k i n g  
c h a r a c t e r i s t i c s  a r e  i n d i c a t e d  by t h e  equat ions and s u b s t a n t i a t e d  by t h e  data. 
F i r s t ,  t h e  p r e d i c t e d  and measured w i ck i ng  curves f o r  d i f f e r e n t  dens i t y  wicks 
( d i f f e r e n t  mean po re  diameters) c ross  i n  a one-g environment.  I n i t i a l l y ,  t h e  
w icks  w i t h  the l a r g e s t  pores ( l owes t  dens i t y )  w i c k  f a s t e s t  b u t  a t  l a r g e  t imes 
as t h e y  approach t h e i r  lowe) equi  1 ib i - ium he igh t ,  t h e  sma l l e r  pored wi clcs pass 
them. The denser w icks  reach a  h i ghe r  e q u i l i b r i u m  h e i g h t  because the  h e i g h t  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  pore  s i z e  as shown by Equa f ion  (3)  i n  Appendix 
A. I n  a zero g r a v i t y  environment, o r  i n  a h o r i z o n t a l  p o s i t i o n  i n  one-9, the 
w icks  w i t h  the  l a r g e s t  pores w i ck  a t  a g rea te r  r a t e  a t  a11 values of t ime; no 
e q u i l i b r i u m  h e i g h t  i s  reached because t h e r e  i s  no g r a v i t y  head t o  oppose 
w i ck i ng ,  and the  w i c k  w i l l  c o n t i n u e  t o  pump l i q u i d  u n t i l  the w i c k  i s  f i l l e d  
w i t h  l i q u i d .  

Wick Boi  1 i ng 

I n  order  t o  derermine t he  hea t  t r a n s f e r  perf2rgance o f  va r ious  w i c k  
m a t e r i a l s  and t o  o b t a i n  data upon which water  b o i l e r  and thermal panel des ign  
cou ld  be based, wa te r  v a p o r i z a t i o n  t e s t s  were performed on w i ck  t e s t  modules. 
The wicks t es ted  were o r i e n t e d  i n  a v e r t i c a l  p o s i t i o n  so t h a t  water  resupp ly  
by c a p i l l a r y  f o r c e s  i n  t h e  w i ck  was aga ins t  g r a v i t y .  
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Figure 2-2. Horizontal Wlcklng I n  One-G 
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Figure 2-3. Vertical Wicklng I n  Ona-G 
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The o r i g i n a l  t es t  modules were large f l a t  uni ts ,  the components o f  which 
are shown i n  Figures 2-5 and 2-6. F igure  2-5 shows the e l e c t r i c a l  heater and 
the heavy copper p l a t e  t o  which i t  was attached. E l e c t r i c a l  heaters were  
chosen f a r  s i m p l i c i t y  o f  opera t ion  and t o  prov ide b e t t e r  heat: balances, w h i l e  
the copper p l a t e s  assured un i fo rm heat ing  and more p r e c i s e  def * - ' t i t i o n  o f  the 
temperature boundary condi t i  ons. Copper-constantan therrnocoz:;. .<ere imbedded 
in  the copper p la te  a t  s i x  loca t ions  at: two e levat ions so that. r .  :)eater 
temperature could be recorded as a f unc t i on  o f  pos i t i on .  The he<,:er was 
attached t o  the copper p l a t e  w i t h  RTV s i  l icon rubber, F igu re  2-6 shows the  
f i n s  and wick, i n  add i t i on  t o  the heater and copper p l a t e .  The f i n s  shown 
are rec tangu la r  o f f se t ;  however, t r i a n g u l a r  f i n s  a lso  were tes ted  w i t h  t h i s  
uni t .  

A photograph o f  the t e s t  setup i s  shown i n  Figure 2-7. The wick module 
was enclosed i n  a be l t  j a r . s o  tha t  the b o i l i n g  temperature cou ld  be c o n t r o l l e d  
by reducing t h e  pressure. Separate power input  was supp l i ed  t o  each heater  
p late and i n d i v i d u a l  vol tmeters, ammeters and  variacs were provided. The 
water from t h e  supply tank was f i l t e r e d  through a 1/2 micron absolute M i l l i p o r e  
f i l t e r ,  and metering was provided f o r  extended dura t ion  t e s t i n g .  Tt6e t e s t  
section was wrapped wi th m u l t i p l e  layers o f  aluminized Mylarb t o  reduce the  
heat 1 osses . 

Two s e r i e s  o f  boi 1 i ng  t e s t s  were performed on t h i s  type o f  u n i t :  one 
with rec tangu lar  f i n s  between the wick and heater p l a t e s  and the other  wit11 
t r iangu lar  f i n s .  Both u n i t s  were 4.5 in .  h igh  by 6 i n .  wide, contained 15 
percent dense n ickel  f i b e r  wicks, and had  the  f i n s  brazed t o  the wicks. The 
wick i n  t h e  rectangular f inned u n i t  was 0.390 in.  t h i ck ,  and the one i n  t he  
t r i angu la r  Finned u n i t  was 0.080 in. t h i c k .  Tests were performed a t  sa tu ra t i on  
temperatures o f  40, 50, and 6 0 ' ~ ,  and heat  f l uxes  as h i g h  as 8500 Btu per h r  
5 q  f t  were reached. E f f e c t i v e  b o i l i n g  c o e f f i c i e n t s  o f  f rom 100 to  300 B tu  per 
hr sq f t  O F  were obtained. It was determined from these t e s t s  tha t  va r i a t i ons  
i n  the performance between rectangular  and t r i a n g u l a r  f i n s  were s l  i ght. 

Two problems were encountered w i t h  these t e s t  u r i t s  wh[ch prompted a 
redesign o f  t h e  wick b o i l e r  t e s t  module, The f i r s t  o f  these was a v e r t i c a l  
variation i n  p l a t e  temperature (01- h). The f a i r l y  l a rge  temperature d i f f e r -  
ences which existed, caused substant ia l  heat conduction i n  t h e  v e r t i c a I  
d i rec t ion  and were suspected o f  having a pronounced e f f e c t  on the  performance 
and the data obtained. The o ther  problem was due t o  the  r e l a t i v e l y  wide (6  in . )  
heater p l a t e s .  For unbrazed modules, i t  was d i f f i c u l t  t o  ob ta in  good contact  
between the  wick and f i n s  a t  the m i  d d l z  of the  wick due t o  a tendency of the 
wide copper p la tes  t o  bow. 

I n  o r d e r  t o  e l im ina te  the pioblems encountered, a new t e s t  m o d ~ l e  was 
designed and f a b r i  cated. The new module shown i n  F i  gures 2-8 and 2-9 incor-  
porated a s e r i e s  of heater p lates,  each thermal ly  i s o l a t e d  from the next. 
Tr iangular f i ns were machined i n t o  the copper heater p l a t e s  so t he  need f o r  
providing a d d i t i o n a l  heat t ranspor t  surface was e l i m i n a t ~ d .  The wick specimen 
was placed between the two rows  o f  heaters which were then clamped t i g h t l y  t o  
the  wick u n t i  1 they s i  i g h t l y  deformed the  w ick  surface. Each copper p l a t e  
had a copper constantan thermocouple inbedded i n  i t  and good thermocouple 
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F i g u r e  2-5. Wick Performance T e s t  Module Heater P l a t e  
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Figure 2-6. Wick Performance Test Module Assembly 
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contact  was assured by  h o l d i n g  the thermocouple t o  t h e  p l a t e  w i t h  a se t  screw. 
The t h r e e  p l a t e s  a t  t h e  bottom o f  t h e  module on each s i d e  con ta ined  two thermo- 
couples l o c a t e d  near t h e  t op  and bo t tom o f  t he  p l a t e ;  these were used t o  v e r i f y  
the p r e d i c t i o n  o f  an e s s e n t i a l l y  cons tan t  temperature i n  each p l a t e ,  Eleven 
heaters on  each s i d e  a l lowed f o r  t h e  t e s t i n g  o f  w i c k  samples 2 in. wide and 
up t o  12 in .  long, The separate hea te rs  e l i m i n a t e d  v e r t i c a l  conduc t ion  prob- 
lems and enabled t h e  heat  f l u x  t o  be  v a r i e d  i n  t h e  v e r t l c a l  d i r e c t i o n .  

A schematic o f  t h e  t e s t  setup i s  shown i n  F i g u r e  2-10. Heat t r a n s f e r  t e s t s  
were performed on t h e  wicks shown i n  Table  2-1 ,  Heat f l u x ,  hea te r  temperature, 
s a t u r a t i o n  pressure, and water r e s e r v o i r  temperature data were ob ta i ned  a t  
s a t u r a t i o n  temperatures o f  40,- 50, and 60'~ and hea t  f l u x e s  t o  12,000 B tu  per  
h r  s q  f t .  Ef fect ive. . ,bo i l ing c o e f f i c i e n t s  were ob ta i ned  by d i v i d i n g  t he  heat  
f l u x  (based upon p r o j e c t e d  wick area) by the hea te r  t o  s a t u r a t i o n  AT and t he  
r e s u l t s  a r e  shown i n  Appendix B as f i l m  c o e f f i c i e n t  vs ATheater to saturation. 

C o e f f i c i e n t s  are shown a l s o  as a  f u n c t i o n  o f  v e r t i c a l  p o s i t i o n .  

A summary o f  t h e  da ta  ob ta ined  f o r  wicks approx imate ly  I S  percent  dense 
o f  v a r i o u s  th icknesses i s  shown i n  Tab le  2-2. The mean f i l m  c o e f f i c i e n t s  a t  
var ious ATs are  shown f o r  t h e  t h r e e  s a t u r a t i o n  pressures.  Some wicks expe r i -  
enced a  s l i g h t  decrease i n  c o e f f i c i e n t  w i th  i nc reas ing  AT 

heater  t o  s a t u r a t i o n  
wh i le  o t h e r s  had an increase,  The da ta  i n d i c a t e  a  s l i g h t  i nc rease  i n  t h e  
evapora t ion  c o e f f i c i e n t  w i t h  i nc reas ing  s a t u r a t i o n  pressure,  a t  l e a s t  over t h e  
0.122 p s i  t o  0.256 p s i  range tested.  These same t r ends  were ev i den t  f o r  t h e  
higher d e n s i t y  wicks, 

Severa l  s i g n i f i c a n t  p o i n t s  o t h e r  than t he  magnitude of t h e  c o e f f i c i e n t  
were l e a r n e d  from these  t e s t s  and a r e  i n d i c a t e d  by t h e  da ta  shown. F i r s t ,  
there i s  no cons i s t en t  o r  un i f o rm  decrease i n  c o e f f i c i e n t  w i t h  he igh t .  A 
f a i r l y  u n i f o r m  c o e f f i c i e n t  e x i s t s  up t h e  w ick  t o  a  c e r t a i n  l e v e l  above which 
i t  drops rap id ly  t o  e s s e n t i a l l y  zero. Th i s  l e v e l  decreases w i t h  i nc reas ing  
heat f l u x  as i s  i n d i c a t e d  by the  fewer number o f  da ta  p o i n t s  a t  l a r g e  AT'S 
and i s  due t o  the  i n a b i l i t y  o f  t h e  w i c k  t o  d e l i v e r  wa te r  t o s t h e  h i ghe r  e leva-  
t i ons .  There were two wicks which proved t o  be excep t ions  t o  t h i s  behavior,  
the 0.030 in.  t h i c k  20.2 a n d  26.8 dense wicks. These two, as ind ica ted ,  d i d  
e x h i b i t  a cons i s t en t  decrease i n  h  w i t h  e l eva t i on .  The reason f o r  t h i s  i s  no t  
known a l t h o u g h  i t  is thought  Co be due i n  p a r t  t o  t h e  smal l  th i ckness  o f  the  
wicks l i m i t i n g  the  wa te r  supply. I t  i s  noted t h a t  t h i s  d i d  n o t  occur f o r  t h e  
other 0.030 t h i c k  w i i k  tested, t h e  15 percent  dense one, however, t h e  lower 
dens i ty  w icks  a re  b e t t e r  pumpers which may o f f s e t  t h e  e f f e c t  o f  th inness.  

As i n d i c a t e d  i n  Tab le  2-1, a l l  t h e  wicks t e s t e d  were n i c k e l  except f o r  
one copper  w ick  and one r e f r a s i t  w ick .  I n  general, h i g h e r  e f f e c t i v e  evapora- 
t i o n  c o e f f i c i e n t s  were ob ta ined  f o r  t h e  n i c k e l  f i b e r  metal  wicks than  f o r  t h e  
copper and r e f r a s i l  wicks.  Th i s  i s  c o n s i s t e n t  w i t h  da ta  ob ta ined  du r i ng  pre-  
vious programs and f o r  t h i s  reason as w e l l  as f o r  the f a c t  t h a t  through 
exper ience i t  has been lea rned  t h a t  nicks1 wicks a r e  l ess  s u s c e p t i b l e  t o  con- 
tamina t ion  t h e  m a j o r i t y  o f  data were sb t s i ned  f o r  t h e  n i c k e l  f i b e r  wicks,  
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F i g u r e  2- 10. Wick Heat T r a n s f e r  Performance Test Setup 



Wick No. 

TABLE 2-1 

WICKS TESTED I N  SINGLE WICK BOILER MODULE 

Dens i ty, 
percent  

AIRESEARCH MANUFACTURING DIVISION 
Los Angeler. Calrloln~r 

Thickness, 
i n .  

0,028 

0.057 

0.092 

0.121 

0.250 

0.030 

0.062 

0. 124 

0.033 

0.06 I 

0.250 

0.100 

0. 132 

Material 

Nickel 

Nickel 

Nickel 

Nickel 

Nickel 

Nickel 

Nickel 

N i cke 1 

Nickel 

Nickel 

Nickel 

Ref r a s  i 1 

Copper 
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TABLE 2-2 

MEAN FILM COEFFICIENTS FOR V A R I O U S  THICKNESS WICKS OF 
APPROXIMATELY 15 PERCENT DENSITY AT VARIOUS HEATER 

TO SATURATION ATs 

Wick Nr,. 5'~ l O O F  1 5 ' ~  2 0 ' ~  25'~ 3 0 ' ~  35'~ 

1700 350 360 360 340 325 305 28 5 
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No cons i s ten t  dependence upon e i t h e r  w i ck  th ickness o r  w ick  dens i t y  was 
ev iden t  w i t h  regards t o  t h e  magnitude o f  t he  coefficient; however, t h e  wick 
th ickness  d i d  have a pronounced e f f e c t  on t h e  e l e v a t i o n  t o  which evapora t ion  
occurred as expla ined below. Some s c a t t e r i n g  o f  data i s  ev ident ,  t h a t  i s ,  a t  
any hea t  f l u x  data p o i n t ,  the temperature o f  the  var ious  heaters  were n o t  
i d e n t i c a l  which r e s u l t s  i n  d i f f e r e n t  f i l m  c o e f f i c i e n t s .  Some o f  t h i s  s c a t t e r  
i s  due t o  inaccuracies i n  data c o l l e c t i o n ,  as evidenced by g rea te r  s c a t t e r  a t  
the low AT range. The r e s t  i s  thought  t o  be due t o  l o c a l  nonwet t ing o f  t he  
wick o r  poss ib le  poor  con tac t  between the wicks and the  clamped on heaters .  
For t h e  most p a r t  the s c a t t e r  i s  w i t h i n  +20 percen t  of a l i n e  drawn through 
the nt i  d d l e  o f  the data po in t s .  

The w ick ing  and heat  d i s s i p a t i o n  a b i l i t i e s  o f  any w ick  m a t e r i a l  i n t e r a c t  
w i t h  each other.  For  example, i n  o rde r  f o r  a sa tu ra ted  w ick  t o  pump more 
water f rom a r ese rvo i r ,  some o f  t he  '1 i q u i d  i n  t h e  w ick  must be remwed. The 
f o l l o w i n g  equat ion d e f i n i n g  the r e l a t i o n s h i p  between the maximum heat f l u x  
which a w i ck  can ma in ta i n  and t h e  a c t i v e  w i ck  l eng th  f o r  a  un i fo rm heat  f l u x  
boundary c o n d i t i o n  i s  developed i n  Appendix A .  

D 2  gp2 h(Ac/w) go KID cos0 p A(A,/w) 

L 2  ' 32 cpA( WA) L - 
8pA C(Q/A) 

= 0 

For a ze ro  g r a v i t y  env i  ronment, t h e  second term becomes zero and L i ncreases. 
The e f f e c t  o f  neat f l u x  on t h e  a c t i v e  wick length f o r  a v e r t i c a l  w ick  i n  one 
g i s  shown i n  F igu re  2-11 f o r  va r ious  th ickness  15 percent  dense wicks as pre-  
d i c t e d  f rom equat ion (2-6). The values of D, 8, and C used f o r  the p r e d i c t i o n  
a r e  t h e  same 3s those used i n  t h e  w ick ing  r a t e  p r e d i c t i o n s .  A lso  shown on the 
p l o t  a r e  exper imental  data ob ta ined  i n  the s i n g l e  module t e s t s .  The a n a l y t i c a l  
d e r i v a t i o n  p red i c t s  an increased a c t i v e  w ick  l eng th  f o r  lower heat f l u x e s  and 
t h i c k e r  wicks. These two trends a rz  expected, f o r  a t  low heat f luxes, less  
1 ,qu id  i s  evaporated near the bot tom and more i s  a v a i l a b l e  t o  be pumped h igher ,  
and t h i c k e r  wicks mere ly  represent  more f r ee  f l ow  area through whish l i q u i d  
may be suppl ied.  Reasonable agreement between t h e  data and p r e d i c t i o n s  was 
obtained, a t  l eas t  as f a r  as the two t rends a r e  concerned. The d e v i a t i o n  
ev iden t  i s  probably due t o  a d i f f e r e n c e  i n  t he  ac tua l  con tac t  angle and t h a t  
used i n equat i  on (2-6) as i t  i s  known t h a t  t h i s  parameter may vary  s i g n i f  i c a n t l  y .  

Wick Endurance Testinq,Wick Contamination, and Su r fac tan t s  

AiResearch conducted a s e r i e s  of 1000-hr wick  performance t e s t s  as p a r t  
o f  t h e  Apo l l o  g l yco l  evaporator program. The s e r i e s  o f  t e s t s  o f  s p e c i f i c  
i n t e r e s t  invo lved 3 i n .  h igh  by 6.4 i n .  wide n i c k e l  f e l t  metal  wicks o f  15 
percent  dens i ty ,  w i t h  an average pore  s i z e  of  0.00165 i n .  These wicks were 
heated on  bo th  s ides  w i t h  e l e c t r i c a l  heaters  separated f rom the wicks by o f f -  
se t  rec tangu la r .  f i n s .  Four thermocouples were used t o  measure t he  p l a t e  tem- 
pera tu res ,  two ad jacent  t o  the t o p  h a l f  o f  t h e  wick, and two adjacent  t o  the  
bottom h a l f  o f  t he  wick.  
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YEAT FLUX, BTU/HR n2 

8- :3284 

F i g u r e  2-11. E f f e c t  o f  Heat Flux on Ac t i ve  Wick Length in One G 



Five different types of tests were run. Two of the wicks were brazed as 
received, two were oxidized at 800'~ in air and one was saturated with a 0.1 
percent solution o f  Sterox NJ, a surface-active agent. To investigate the 
effect of watar f i l tration some of the samples we;-e fed water that had gcrne 
through a 10 micron filter, while the others were fed water that had gone 
through 1 / 2  micron filtration. Table 2-3 shows the results. On the b a s i s  of 
performance change, the bes t  performance was obtained with the su~factant- 
treated wick, which actually increased 19 perceat in performance over the 
1000-hr test. The best overall perf~:~.rbai:::e o f  the five specimens tested was 
the brazed-as-received wick with l j 2  -: -w wP:i-:er f i 1 tration, which decl i ned 

L .  < in performance only 5 percent. TL 3 a . , . rlieh were f e d  10 micron water 
had performance degradattons o f  5 '  u q6 percent, respectively, while 
the oxidized wick which had 1 / 2  r n i c , . .  ;.aw: .,ater, had a performance 
degradation of 23 percent. Whi le tr- . -. ' f  I : , .  L :nt apparent l y prevented any 
degradation and actually led to a siyniii~ent increase i n  performance w i t h  
time, the effect of the surfactant was also to decrease initial performance 
by a significant amount. 

The following conclusions can be drawn from these 1000-hr tests. 

a. Water filtration and water purity is of great importance. Water 
that was filtered through a 1/2 micron filter led to much less 
degradation of wick performance than water which was filtered 
through a 10 micron f i 1 ter. 

b. The oxidation of the nickel wicks in a i r  leads to reduction in 
performance, and does not reduce suscept i b i 1 i ty to degradat ion wi th  
time. 

c. Treatment of wicks with surfactant may lead to considerable reduction 
in susceptibi I i ty of the wick to performance degradation wi t h  t ime. 
However, ths surfactant may reduce the wicking rate of the wicks 
significantly. An interesting possibility would be to use wicks 
which had an initial wicking rate considerably in.excess o f  that 
required, and treat these with  surfactant. Based on t!ie results of 
the above tests, it might be possible to obtain immunity from per- 
formance degradation, without the sacrifice o f  performance that would 
be obtained by treating the same wick with a surface active agent. 

The importance of maintaining clean and uncontaminated wicks was 
demonstrated in both the wicking rate and evaporation tests. I n i t i a l  wicking 
rate tests yielded inconsistent results until the importance of absolute 
cleanliness on the w i c k  rate was realized. The same tests, when ci~nducted 
on properly cleaned wick materials, produced test results consistent within 
themselves and with predicted values. The problem of wick contamination i s  
further complicated by the results of wicking rate t e s t s  performed on avapora- 
tion test samples after completion of the boiling tests. The tests showed 
t h a t  in most cases the wicks that had been tested would not wet after they 
were d r i e d .  This indicates that trouble might be encountered in trying to 
restart an evaporator which has been dried out completely, It ehould be noted 
that the wicks were s t i l l  functioning quite ~ 1 1  at the end of the  evaporation 
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tests so that the contaminants did not cause the wicks to fai 1 as long as they 
remained wet. The contaminants may exist in suspension as long as water  
remains in the wick, but once the wick is dried, the solids settle on the 
metal f i b e r s  causing a hydrophobic effect. This is consistent w i t h  other test 
results that show wlcks that would not wet by capillary forces, would perform 
satisfactory in an evaporator when f o r c  ibTy wet. 

One of the nonwetting wicks obtained in the  boiling tests was submitted 
for a chemical analysis in an attempt to identify the cause of contamination. 
The results of  this analysis listed in unidentifiable amide compound and a 
small quan t i t y  of a low molecular weight methyl silicone polymer. The silicone 
base was traced to the adhesive compound used to bond the electrical heaters 
to the copper bars used in the test setup. To eliminate the silicone as a 
source of contamination the heaters were baked at temperatures ~OO'F  above the 
test temperatures to drive off any of the silicone compound which remained. 
Subsequent testing showed that the test samples would not wet in those areas 
where evaporation had taken place. A sample of the test water was then sub- 
mitted for chemical analysis and the amide found on the wick sample was once 
again discovered in the water. The quantity of amide present in t h e  water was 
not, however, sufficient to permit its identification. 

As a portion of the Apollo glycol evaporator program, a series of tests 
were conducted to establish a standard cleaning procedure for wicks known to 
contain contarninat ion. Wick samples were prepared by measuring the i ni t ial 
wick rate and then applying known sources of contamination. A f t e r  contaminant 
application none o f  the wicks would wet. O f  the many cleaning techniques t r i e d ,  
the most successful was a hlgh temperature soak under vacuum conditions. 
Samples were run at 5 x toM5 torr and 500'~, 600°F, ~OO'F, ~OO'F, and 900'~. 
The sample5 rEn at 900'~ and 5 x 1 0 ' ~  torr produced wick rates after cleaning 
equal to the ioi t i a l  values recorded and this 900'~ vacuum cycle has been 
adopted as the standard cleaning procedure for f i b e r  metal wicks. 

Although no specific tests were performed during t h i s  program on surface 
activating or wick wetting agents, investigations conducted.on other programs 
have indicated that such compounds can prevent a surface from becoming non- 
wettiqg. Some of the solution treatments tested at AiResearch include: 
Ethylene diaminete acetic acid in combination with Aerosol MA and Aerosol OT 
applied by dipping dry wicks in the respective solutions and then dry ing  them 
at 2 1 2 ' ~  overnight; Aerosol OT and Aerosol 18 applied by themselves w i t h  the 
same technique as above; and Sterox NJ solution also applied by dipping. I n  
general, most of the surfactants tried tended to reduce the surface tension 
force of the water to such an extent as to reduce the wicking rate to as tittle 

as 1/10 of  the original rate. In some cases, although noticeably reduced, the 
wick rates did remain high enough to allow the use of surface treated wicks in 
an evaporator. The use of wetting agents to overcome contamination problems 
is a subject which will be pili.sued in the follow-on effort 0,:: this program. 
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TABLE 2-3 

1000 HR ENDURANCE TEST RESULTS 
15 PERCENT DENSE NICKEL FELTMETAL WICKS 

Average 
h i n l  t i a l  hfi nal Performance 

Locat ion Btu per  h r  Btu per h r  - hf na' Change 
Wick Descr ip t ion  Number sq ft O F  s q  f t  OF h i n i t i a l  percent 

Brazed as received Top 1 176 106 0.60 
10 micron water 
f i l t r a t i o n  Top 2 246 66 0.28 

Bottom I 156 9 1 0.58 
-5 1 

Bottom 2 I39 7 1 0.5 1 

Brazed as received Top I 203 240 1. 18 
1 /2  mi c r o n  wa te r  
f i l t r a t i o n  Top 2 240 220 0.92 

Bottom I I20 106 0.88 -5 

Bottom 2 132 106 0.80 

Brazed a f t e r  heat ing Top I 83 6 1 0.75 
i n a i r , 8 0 0 ° ~ , 3 0  T o p 2  
min 10 micron w a t e r  9 I 45 0.49 

f i l t r a t i o n  Bottom 1 102 66 0.65 - 36 

Bottom 2 102 66 0.65 

Brazed a f t e r  heat ing Top I 1 06 8 0 0.76 
i n a i r ,  8 0 0 ° ~ , 3 0  Top,  
min 1/2  micron 132 132 1.00 

water f i l t r a t i o n  Bottom I 9 1 64 0.71 - 23 
Bottom 2 115 7 1 0.62 

Brazed as rece ived Top 1 6 1 126 2.04 
sa tu ra ted  i n  0.1 
percent  s o l u t i o n  Top 2 115 132 1 .  I 5  

o f  Sterox NJ. Bottom I 115 78 0.68 +19 

1/2 micron water 
fi J t r a t i o n  Bottom 2 115 
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WATER B O I L E R  DESIGN CONSIDERATIONS 

Boi  le t -  Water Flow D i s t r i b u t i o n  

A large amount a t  work has been done a t  AiResearch on techniques f o r  
feed water d i s t r i b u t i o n  t o  a w i c k  f e d  water  b o i l e r ,  The p r imary  goal i n  these 
s t u d i e s  has been t h e  development o f  a system which would p rov ide  equal 
q u a n t i t i e s  of  water  t o  a l l  p o r t i o n s  o f  a wtck b o i l e r  independent o f  the 
o r i e n t a t i o n  of g r a v i t y .  The bes t  o f  the systems i s  a d i s t r i b u t i o n  p l a t e -  
cellulose sponge-wick system developed f o r  use on t he  A p o l l o  Glyco l  Evaporator 
and app l i ed  t o  the  1 kw module w a t e r  b o i l e r  b u i l t  d u r i n g  t h i s  program. 

The most impor tant  fea tu res  of  the g l y c o l  evaporator  a re  shown i n  F igu re  
2-12. Water i s  pressure- fed i n t o  the b o i l e r  a f t e r  pass ing  through 3 f i l t e r  
and a so lenoid valve. There a r e  n i n e  groups o f  d i s t r i b u t i o n  p la te ,  composed 
o f  s tacks  o f  s i x  p l a t e s  each, w i t h  each p l a t e  c o n t a i n i n g  f i v e  holes, 0,0045-in. 
i n  diameter. The high f law r e s t r i c t i o n  i n  the distribution p l a t e  i s  r equ i red  
for two reasons: ( 1 )  t o  make t h e  pressure drop across the d i s t r i b u t i o n  p l a t e  
g rea t  enough t o  m i n i m i z e  t he  e f f e c t  o f  gas e v o l u t i o n  (upstream of the b o i l e r )  
on flow d i s t r i b u t i o n ,  and ( 2 )  t o  make the head o f  water  (when the  b o i l e r  i s  
t e s t e d  on i t s  s i d e  and end) smal l  compared w i t h  t h e  pressure drop across the  
p l a t e ,  so t h a t  g r a v i t y  has a  negl i g i b l e  e f f e c t  on b o i l e r  performance d u r i n g  
ground t es t s  i n  va r i ous  a t t i t u d e s ,  

CELLULOSE SPONGE 

WATER DISTRIBUTION 

D I S T R I B U T I O ' i  PLATE SOLENOID VALVE 

CHAFFEE ,VALVE 

Figure  2- 12. Glyco l  Evaporatcr  

FROH FUEL CELL 
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A f t e r  the water  passes th rough  t h e  d i s t r i b u t i o n  p l a t e ,  i t  impinges Lipon 
a c e l l u l o s e  sponge t h a t  i s  i n  con tac t  w i t h  21 f e l t m e n t a l  wicks, f i v e  o f  which '  
a re  shown i n  the f i g u r e .  The w icks  p u l l  wattrr from the  sponge as  a  r e s u l t  o f  
c a p i l l a r y  ac t ion ;  t h e  wa te r  f l o w  f rom the  sponge t o  t he  wicks cont inues u n t i l  
the  w i cks  a re  saturated.  The g l y c o l  f l o w  passages are  at tached  ts t he  wicks 
by n i c k e l  steam f i n s  as shown. Heat i s  t r ans fe r red ,  by  conduct ion across the  
f i ns ,  f rom the ho t  g l y c o l  t o  the  su r f ace  o f  t he  wicks where wate r  i s  evaporated. 
When evapora t ion  occurs,  water i s  c o n t i n u a l l y  drawn from t h e  sponge near the  
d i s t r i b u t i o n  p l a t e  and f e d  t o  the  sur face o f  the wicks by c a p i l l a r y  forces.  
The s team t h a t  i s  generated f lows  i n  the  steam-f i n  passages t o  the  cen te r  sec- 
t i o n  o f  the  core, where i t  makes a  90-deg t u r n  atqd f l ows  o u t  t h e  end o f  t h e  , 
evaporator .  The steam exhaust s e c t i o n  i s  i n  t h e .  i n t e r i o r  o f  the  evaporator ;  , 
t h i s  enables performance requiements t o  be met w i t h  t h e ' e ~ a ~ o r a t o r  bo th  i n  
the launch  a t t i t u d e ,  as shown i n  t h e  f i gu re ,  and ups ide down. To improve per -  
formance when the  u n i t  i s  i n  the  i n v e r t e d  p o s i t i o n ,  a c e l l u l o s e  sponge i s  
placed on t h e  top edges o f  t h e  w icks  t o  r e d i s t r i b u t e  water  f rom the  w e t t e r  
wicks t o  the  dryer  ones. 

The s i m p l i f i e d  schematic o f  t h e  q u a l i f i c a t i o n  t e s t  b o i l e r  subsystem 
presen ted  i n  F igure 2-13 shows the way i n  which t h e  d i s t r i b u t i o n  p l a tes ,  
l o ca ted  i n  the sump pan, and the sponges are  segmented t o  make i t  p o s s i b l e  
f o r  t h e  b o i ! e r  t o  meet performance requirements when t u rned  on i t s  end o r  
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F igure  2-13. Q u a l i f i c a t i o n  T e s t  B o i l e r  Subsystem 
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s i d e  i n  a I - g  env i ron~nent .  Nine separa te  d i s t r i b u t i o n  p l a t e s  and sponges 
t h a t  indepandent ly feed  the requ i r ed  q u a n t i t y  o f  wa te r  t o  each segment o f  the 
b o i l e r  a r e  used. I f  t h i s  were n o t  done, wllen t he  b o i l e r  was o p e r a t i n g  on i t s  
side, a s  shown, i n  a I -g  environment, t he  pressure d i f f e r e n c e  across t he  
d i s t r i b u t i o n  p l a t e  a t  the  bottom o f  t he  b o i l e r  would  be g rea te r  than t h a t  a t  
the t o p ,  because of t h e  head o f  wa te r  i n  t h e  sump pan. A d i s p r o p o r t i o n a t e l y  
h i g h  f l o w  o f  water, the re fo re ,  would  be f o r ced  i n t o  t h e  bottom o f  t h e  b o i l e r ,  
w h i l e  t h e  top would be d e f i c i e n t  i n  water .  T h i s  system has been s u c c e s s f u l l y  
qua1 i i i e d  f o r  the Apol l o  b o i l e r  and proved q u i t e  s a t i s f a c t o r y  on t he  f kw 
b o i l e r  t e s t s .  

Water F low Control Systems 

Severa l  concepts have been proposed f o r  t he  supply  o f  water  t o  a wick  
type evaporator,  and each system has i t s  own advantages and disadvantages 
when examined i n  1 i g h t  o f  a p a r t i c u l a r  problem statement.  The a c t u a l  ,per -  
formance o f  most o f  t h e  proposed concepts has been eva lua ted  a t  AiResearch i n  
connec t ion  w i t h  evaporators  b u i l t  t o  s a t i s f y  a  v a r i e t y  o f  design req t~ i rements .  
The f o l l o w i n g  paragraphs d iscuss each concept, e x p l a i n i n g  i t s  ope ra t i on  and 
p a r t i c u l a r  c h a r a c t e r i s t i c s .  

t WickTemperaturc  Sensor 

T h i s  system c o n t r o l s  the  f l o w  o f  wa te r  t o  w icks  i n  an evapora to r  co re  i n  
an o n - o f f  manner as a f unc t i on .  o f  w i c k  temperature.  I n  a wick  evaporatsr ,  
when the wicks a re  wet, the temperature o f  t h e  w icks  rema ins  c l o s e  t o  t he  
water s a t u r a t i o n  ter.:perature. As t h e  wicks become d r y  however, t he  heat  
conducted from the h o t  s i d e  f l u i d  th rough  the steam f i n s  r a i s e s  t he  w i c k  
temperature t o  a l e v e l  near t h a t  o f  t h e  ho t  f l u i d .  The water  f l o w  c o n t r o l  
system i s  based on t h i s  c h a r a c t e r i s t i c .  A t h e r m i s t o r  i s  l oca ted  i n  se lec ted  
wicks, gene ra l l y  i n  t h a t  p o r t i o n  o f  t h e  w i ck  most remote from the  source o f  
supp ly  water.  As l ong  as the  t h e r m i s t o r  senses a temperature c l ose  t o  the  
water s a t u r a t i o n  temperature, adequate wa te r  i s  a v a i l a b l e  w i t h i n  the  b o i l e r  
and t h e  accompanying wate r  so leno id  v a l v e  rema ins c losed.  Whenever t h e  
t h e r m i s t o r  senses a temperature approaching the  h o t  s i d e  f l u i d  temperature, 
the w a t e r  so lenoid  v a l v e  i s  opened and water  f lows f rom a p ressu r i zed  source 
t o  t he  evaporator  where t h e  d i s t r i b u t i o n  system d i v i d e s  the  wate r  among the  
evapora to r  wicks. Thus, the  water  f l ow  i s  c o n t r o l  l e d  so t h a t  s u f f i c i e n t  
water  t o  meet the hea t  load  i s  always i n  t h e  evaporator,  b u t  b o i l e r  f l o o d i n g  
and w a t e r  car ry-over  a r e  prevented, because no more wate r  i s  f e d  i n t o  t he  
b o i l e r  than  can he con ta ined  i n  t he  w icks  and b o i l e r  sponges. 

T h i s  type o f  system prov ides  a ve ry  e f f e c t i v e  c o n t r o l  of water  f low,  i n  
t h a t  w h i l e  the temperature sensed by t h e  t h e r m i s t o r  may vary  a few degrees, 
the h o t  f l u i d  o u t l e t  temperature w i l l  va r y  o n l y  s l i g h t l y .  T h i s  i s  p o s s i b l e  
because t he  t he rm is to r  loca ted  remote t o  the wate r  source may sense a d r y  wick, 
b u t  t h e  remaining w icks  can con ta i n  enougll water  t o  p rov i de  cool  i n g  u n t i l  a  
f r e s h  wa te r  supply can be in t roduced by t h e  opening a t  t h e  so leno id  va lve.  
The a lmos t  instantaneous r e a c t i o n  o f  t h e  so leno id  upon s i gna l  makes a v a r i a t i o n  
o f  t2'~ poss ib l e  w i t h  t h i s  system. The disadvantage o f  t h i s  technique 1 i es  
i n  i ts  complex i ty  as compared t o  o t h e r  candidate concepts. The ou tpu t  s i gna l  
of t he  t he rm is to r  r e q u i r e s  a m p l i f i c a t i o n  t o  a c t u a t e  t h e  so leno id  and the  power 
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requi rements  involved, w h i l e  l i m i t e d  and i n t e r m i t t e n t ,  do represent  a dependence 
o f  t h e  water  c o n t r o l  on the  r e s t  o f  t he  system. However, where e l e c t r i c a l  
power i s  availabTe, t he  wick temperature does p r o v i d e  a c l ose  r e l i a b l e  c o n t r o l  
as demonstrated by i t s  use on the Apol l o  g l y c o l  evaporator ,  

2. O u t l e t  Temperature Sensor 

Con t ro l  o f  supp ly  water w i t h  t h i s  technique i s  a f u n c t i o n  o f  the hea t  
t r a n s p o r t  f l u i d  temperature l e v e l  as the f l u i d  leaves the evaporator .  T h i s  
temperature can be sensed by a wax type  vernatherm element o r  an e l e c t r i c a l  
s i gna l ,  w i t h  the Vermnatherm element be ing  the  s imp les t  i n  ope ra t i on  and t h e  
e l e c t r i c a l  s igna l  p r o v i d i n g  the  most r a p i d  response t o  a change i n  o u t l e t  tem- 
pe ra tu re .  I n  e i t he r -  case, the  c o n t r o l  p r i n c i p l e  i s  the same, t h a t  is , 'when 
the evaporator  w icks  beg i l l  t o  dry, l e ss  wa te r  i s  a v a i l a b l e  Far c o o l i n g  and the  
hea t  t r a n s p o r t  l oop  temperature begins t o  r i s e .  A t  t h i s  increase i n  f l u i d  
~ u t l e t  temperature, the water  c o n t r o l  va lve  open+ , p e r m i t t i n g  water  t o  f l o w  
From a p ressur i zed  source t o  t h e  evaporator .  The va l ve  remains i n  the  open 
p o s i t i o n  u n t i l  the hea t  t r a n s p o r t  o u t l e t  temperature drops t o  the  normal 
o p e r a t  irtg l eve l ,  T h i s  drop i n  temperature corresponds t o  a s u f f i c i e n t  wa te r  
supp l y  i n  rl:c wicks  t o  meet t h e  hea t  load. 

The disadvantage o f  t h i s  technique, when compared t o  a w i c k  wetness sensor, 
i s  t h a t  the va lve  a c t u a t i n g  r ' a r a c t e r i s t i c  i s  a secondary one. The r e l a t i v e  
dryness o f  the evapora to r  w icks i s  sensed by  t he  r e s u l t  o f  t h a t  dryness o r  a 
change i n  heat I - e j ec t i on  an,; n o t  d i r e c t l y  a t  t he  wicks themselves, The advan- 
tage o f  the  concept i s  der i ved  f rom the  use o f  a Vernatherm element t o  sense 
f 1 u i d  o u t l e t  temperature.  The Vernatherm element p rov ides  an a c t u a t i n g  f o r c e  
by the  me1 t i n g  o f  a wax mix tu re  and can 'be  coupled t o  a s imple va lve  mechanism, 
thus  e l i m i n a t i n g  t h e  r e l a t i v e  comp lex i t y  and t h e  power requirements o f  an 
e l e c t r i c a l  system. . 

3. Constant Water Flow 

T h i s  concept i s  t he  s imp les t  o f  a l l  those ccrnsidered.. I t  invo lves  mere ly  
t u r n  i n g  on a cons tan t  p ressure  supp l y  o f  w ~ t e r  t o  t he  evapora to r  a t  t h e  same 
i n s t a n t  t h a t  the  evaporator  i t e e l f  i s  a c t i v a t e d  ar a t  a corrimand s i g n a l  when 
t he  w e d  f o r  c o o l i n g  a r i ses .  Its a p p l i c r t i o n  is,  however, l i m i t e d  t o  t h e  
c i  rcumstance where t h e  evaporator  heat  r e j e c t i o n  i s  constant .  I n  t h i s  case, 
the water  f l ow  could be metered such t h a t  o n l y  enough water  t o  meet t h e  hea t  
l o a d  would be a l l owed  t o  enter t h e  wicks. I n  a system where a f l u c t u a t i o n  i n  
hea t  l o a d  i s  expected, the  use o f  t h i s  system would permit ,  a t  low heat  loads, 
Gn excess o f  wa te r  t o  e n t e r  t h e  evaporator  under pressure, r e s u l t i n g  i n  b o i l e r  
? I  ood ing and water  car ryover .  

A s l  Tght m o d i f i c a t i o n  t o  t h i s  concept has been employed on the  PECS 
( p o r t a b l e  Envi rcnmental Cont ro l  system) evaporator .  T h i s  u n i t  cons i s t s  o f  an 
evapo ra to r  mounted a top  a w i c k  1 ined water  r e s e r v o i r ,  w i t h  a w i ck  c i r c u i t  
between evaporator and r e s e r v o i r  c o n t i n u a l l y  open. As t he  evaporator  wicks 
b e g i n  t o  dry  an imbalance i n  su r f ace  t ens ion  f o r c e s  between t h e  water  i n  t h e  
evapo ra to r  wicks and t he  r e s e r v o i r  water  draws water  through the  w i c k  m a t r i x  
t o  t h e  b o i l e r  core,  The d i f f i c u l t y  encountered w i t h  t h i s  w i c k  r e s e r v o i r  con- 
cep t  occurs  when, on s ta r tup ,  a sudden decompression o f  t h e  evaporator  steam 

AIRESEARCH MANUFACTURlNG DIVISION 
Lor Ansclcs C l l ~ l o l n ~ a  

67 - 2577 
Page 2-29 



plenum causes an i n i t i a l  wa te r  ca r r yove r  which con t inues  u n t i  1 t he  system 
pressure l e v e l  has been equal  ized. Th i s  drawback can be overcome i . f  I t  i s  
p o s s i b l e  t o  reduce the  p ressu re  l e v e l  s l ow l y  and use c h i l l e d  water- i n  the  
reservo i r .  

4. I n l e t  Temperature Sensor 

C o n t r o l  o f  water f l o w  w i t h  t h i s  technique i s  based on a change i n  
evaporator  i n l e t  temperature and t h e  cons tan t  heat r e j e c t i o n  capab i 1 i t y  o f  the 
evaporator .  The ac tua l  f l a w  c o n t r o l  Is accomplished w i t h  a modu la t ing  va lve  
which c o n v e r t s  a change i n  t h e  amount o f  water  a1 lowed t o  en te r  the  evaporator  
wicks. The modulat ing f u n c t i o n  c rea tes  the  c h i e f  d isadvantage o f  t h i s  system, 
i n  t h a t  i t  requi res a p e r f e c t  correspondence between t h e  system heat  load - 
temperature r e l a t  Ionsh i p  and t h e  temperature - water f l o w  c h a r a c t e r i s t i c .  IF, 
f o r  example, the system f l o w  r a t e  i s  n o t  constant  w i t h  t ime a change i n  the 
i n l e t  temperature cou ld  represen t  any number o f  heap r c j ec t ' i ons  and requ i red 
feed wa te r  f l o w  rates. The ne t  r e s u l t  f o r  the evapora to r  would be t o o  much o r  
too i i t t l e  supply water., depending on whether the hea t  t r a n s p o r t  f!ow were 
lower o r  h i g h e r  than t h a t  f o r  which t h e  valve.was c a l  i b ra ted .  For a system 
where t h e  hea t  t r anspo r t  f l u i d  f l o w  i s  constant,  the  modu la t ing  va l ve  ca l  i- 
b r a t  ion wou ld  have t o  be exact, because a S T  i g h t  d iscrepancy between the  ac tua l  
water f l o w  and t h e  r e q u i r e d  amount o f  wa te r  cou ld  r e s u l t  i n  f l o o d i n g  o f  the 
b o i l e r  o r  a d r y i n g  o f  t h e  wicks.  

Evaporator Ternperaturc Con t ro l  

I n  a  t y p i c a l  system where a  w ick  t ype  evaporator  i s  used t o  p r o v i d e  cool  ing, 
there e x i s t s  bo th  a  maximum and minimum des i red  heat  t r a n s p o r t  f l u i d  temperature.  
AF t i le  temperature o f  t h e  heat  t r a n s p o r t  1 i q u i d  e n t e r i n g  the  evapora to r  i s  
determined b y  a d d i t i o n  o f  hea t  from e x t e r n a l  sources, t he  system temperature 
can bc r e g u l a t e d  on1 y  by v a r y i n g  evapora to r  heat  r e j e c t  ion. The m o s t  cornnlon 
technique f o r  r egu la t i ng  t h e  amount o f  c o o l i n g  ob ta i ned  i s  by backpressur i z ing  
the evapo ra to r  steam plenum. Varying t h e  steam plenum pressure  p rov ides  a 
s t rong and d i r e c t  e f f e c t  on the temperature d i f f e r e n c e  between heat  t r a n s p o r t  
f l u i d  and evaporator  wa te r  temperature. Th i s  i s  accompl i shed by a1 t e t - i ng  the 
water s a t u r a t i o n  temperature and r e s u l t s  i n  a d i r e c t  c o n t r o l  o f  the  heat  r e j ec -  
t i o n  c a p a c i t y  of the evaporator .  Proper  design o f  t h i s  t ype  o f  system w i l l  
a1 low t h e  b o i  l z r  tn ope ra te  between 0 and 100 percen t  of the  maximum heat  load. 

Two methods o f  e f f e c t i v e  backpressure c o n t r o l  a r e  a v a i l a b l e .  The F i r s t  
method, w h i c h  ma in ta  ins  a  cons tan t  s  i n k  temperature, u t  i 1 izes a p ressure  
t ransducer p laced  in  t h e  evaporator  steam plenum. The ou tpu t  s i gna l  f rom the 
t ransducer  i s  converted t n  an opening o r  c l o s i n g  of an e l e c t r i c a l  backpressure 
valve. An increase i n  t he  heat  t r a n s p o r t  f l u i d  i n l e t  temperature causes an 
increase i n  the  amount o f  wa te r  evaporated and a r i s e  i n  t he  steam plenum 
pressure*  The hackpressure va lve r e a c t s  by opening and reduc ing t h e  plenum 
pressure t o  a l e ve l  which w i l l  p rov i de  s u f f i c i e n t  hea t  r e j e c t i o n  t o  m a i n t a i n  
a cons tan t  hea t  t r anspo r t  f l u  i d  o u t l e t  2emperature. Backpressure bv t h i s  
techcIque I-equires a cons tan t  heat t r a n s p o r t  f l u i d  f l o w  rate, an-d e l e c t r i c a l  
s igna l  amp1 i f i c a t i o n , a n d  depends on t he  a v a i l a b i l i t y  o f  a power source. 
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The second a1 t e r n a t  i ve  f o r  b a ~ k p r e s s u r e  c o n t r o l  u t  i 1 i zes a temperature 
s e n s i t i v e  element t o  m o n i t o r  f l u i d  o u t l e t  temperature and regu la tes  the  s i n k  
p ressure  as a f u n c t i o n  o f  t h i s  temperature.  A change o f  the  t o t a l  heat  
r e j e c t  i o n  o f  the evapora to r  i s  t h e r e f o r e  achieved by  v a r i n g  the  d r i y i n g  f o r ce  
temperature d i f f e r e n c e  between t h e  hea t  t r a n s p o r t  f l u i d  and evapora to r  water .  
T y p i c a l l y  t h i s  va lve i s  d r i ven  by a Venatherm element sensing the  f l u i d  o u t l e t  
temperature and supply ing,  w i t h  a  change i n  temperature, a change i n  the 
p o s i t i o n  o f  the backpressure poppet.  The va lve i s  designed t o  opera te  between 
two l i m i t s  i n  heat t r a n s p o r t  f l u i d  o u t l e t  temperature, w i t h  the  backpressure 
poppet s i z e d  t o  a l l o w  a steam f r e e  f l o w  area which w i l l  produce the  des i r ed  
steam s i d e  pressure drop a t  the maximum h e a t  l oad  cond i t i on ,  and a Vernatherm 
p i s t o n  t r a v e l  tha t  w i l l  insure a  c l o s e d  poppet a t  t he  zero heat load  c o n d i t i o n .  
Th is  type o f  valve has been used success fu l l y  on t he  Gemini evaporator,  PECS 
evapo ra to r  and I kw module water b o i  l e r  b u i l t  f o r  t h i s  program. The concept 
o f  Fers t h e  advantages o f  s imp1 i c i t y  o f  des ign, no ex te rna  1 power requ i rement s 
and a d i r e c t  sensing o f  the  evapora to r  o u t l e t  temperature.  The r e s u l t i n g  
c o n t r o l  band (+13*~ f o r  heat  t r a n s p o r t  f l u i d  temperature)  is, however, no t  as 
narrow as  t h a t  which can be ach ieved w i t h  an e l e c t r i c a l  system. 

Ano ther  suggested technique f o r  c o n t r o l  o f  t h e  system temperature i s  t he  
use o f  a bypass va l ve  sensing evapora to r  o u t l e t  temperature and r e g u l a t i n g  the  
percentage o f  f l u i d  t r a v e l  ing t o  the b o i l e r  core. T h i s  technique can be used 
on ly  i n  con junc t i on  w i t h  backpressure valve, which w i l l  c lose  comple te ly  where 
the steam plenum pressure  f a l ! s  below t h e  water  t r i p l e  p o i n t  pressure.  A by- 
pass va 1 ve  and on -o f f  backpressure v a l v e  comb i n a t  i o n  can be e f f e c t  i v e I y  used 
where a l i m i t e d  power supply  i s  on hand t o  energ ize a so leno id  t ype  steam 
plenum s h u t o f f  valve.  

Modu 1 e  Georne t r y  

Design o f  a b o i l e r  module c o i e  invo lves  s e l e c t i o n  of t h e  s p e c i f i c  w i ck  
and f i n ,  w i c k - f i n  arrangement, co re  dimensions, steam duct  l o c s t i o n ,  and f l o w  
c o n f i g u r a t i o n .  Wh i 1 e some o f  these parameters may be se lec ted  independent1 y, 
others,  such as w ick  s e l e c t i o n  and c o r e  dimensions a r e  d i r e c t l y  r e l a t e d  and 
must be  considered t oge the r .  

I .  Wick -F in  Con f iqu ra t  ion 

The geometry used e x c l u s i v e l y  i n  c u r r e n t  w i c k  evaporators  i s  the  heated 
su r f ace - f i n -w i ck  c o n f i g u r a t i o n  shown i n  the  sketch, i n  which heat  i s  conducted 
through f i n s  i n  the  steam passage t o  t he  wiclc. Another geometry which has 
been suggested and sub jec ted  ;-o 1 i m i t e d  t e s t i n g  i s  the  heated sur face-w ick - f  i n  
geometry i n  which t he  w i c k  i s  i n  d i r e c t  con tac t  w i t h  t h e  heat  i n p u t  su r face  
as  shown i n  the sketch on the  f o l l o w i n g  page. 

The reason t h a t  t h e  former geometry has been used e x c l u s i v e l y  i s  rhe 
d e s i r e  t o  avo id  vapor fo rmat ion  i n  t h e  w ick  a t  a l o c a t i o n  where the  vapor 
cannot escape, namely a t  t h e  wal I .  I f  vapor i s  formed i n  a heated surface- 
w i c k - f  i n  geometry, i t  w i l l  1 i k e l y  occur  as bubble n u c l e a t i o n  a t  t h e  w ick -wa l l  
i n t e r f a c e ,  the h o t t e s t  l o ca t i on .  Ana l ys i s  has shown t h a t  i n  t h i s  case the  
s u r f a c e  t ens  ion f o r ce  ; dominate and buoyancy f o r ces  a re  ins  ign i f  i can t .  Vapor 
formed a t  t h e  wa l l  w i  f 1 remain t h e r e  and form an i n s u l a t i n g  b lanke t ,  decreas ing 
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the hea t  t r a n s f e r  c a p a b i l i t y  s i g n i f i c a n t l y ,  Only i f  t h e  wick i s  t h i n  enough, 
w i l l  n u c l e a t i n g  bubbles grow t o  s u f f i c i e n t  s i r e  t o  reach t he  su r f ace  and be 
forced out by su r f ace  tens ion  d raw ing  the  l i q u i d  around them be fo re  a can- 
t i  nuous vapor b l a n k e t  i s  formed. 

I f  nuc lea t i on  does no t  occur  w i t h i n  the w i c k  i n  t h i s  c p n f i g u r a t i o n ,  the  
h e a t  t r a n s f e r  mechanisn~s a re  conduct ion ac ross  t h e  wick-water m a t r i x  and 
evapora t ion  a t  the sur face  o f  t h e  w ick ,  I n  t h i s  case, unless t h e  w i c k  i s  
exrrernel y t h i n ,  conduc t ion  i s  t h e  control  1 i n g  mechan ism and the  major  tempera- 
t u r e  d rop  occurs i n  conduct ion ac ross  t he  wick. 

The d e s i r e  t o  a v o i d  t h e  performance degrading phenomenon o f  nuc lea t i on  
w i t h i n  t h e  wick and t h e  u n c e r t a i n t y  a s  t o  t he  method o f  p r e d i c t i n g  a n a l y t i c a l l y  
t he  c r i t e r i a  f o r  nuc lea t ion ,  a l ong  w i t h  the r e a l i z a t i o n  that  i f  phase change 
occurred as evapora t ion  a t  the  wick surface, a s i zeable temperature g rad ien t  
would exist i n  the wick, has r e s u l t e d  i n  t h e  use ~f a  f i n  between t h e  heat  
source and the wick. 

Recent i n v e s t i g a t i o n s  o f  hea t  p i pes  and phenomena assoc ia ted  w i t h  t h e i r  
o p e r a t i o n  have i n d i c a t e d  t h a t  a n a l y t i c a l  p r e d i c t i o n s  o f  the  c o n d i t i o n s  which 
must e x i s t  for  nuc leat ion  t o  occur  i n  the w i ck  may be made by  a p p l y i n g  t he  
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same criteria a s  those which apply to nucleate boiling, In that case, 
according to ~ o n g ~  a bubble nucleus will grow when the 1 lquid surrounding it 
i s  superheated by an amount: 

2 c r T  sat 
ATtup 

't. Pv J 

The local temperature required f o r  nucleation to occur is: 

In the capillary structure rn cannot exceed r/cos 0 where r is the pore 

radius and 6 the contact angle. Thus as long as: 

the bubbles cannot grow beyond this critical size and nucleate boiling will 
not occur. It i s  therefore possible to predict the occurrence of nucleation 
i n  a wick and design according1 y. Thus the heated surface-wi clc-f i n  geometry 
is an acceptable configuration which should be considered i n  wick evaporator 
design. 

Selection of the wick-fin configuration cannot be made independent of 
other system parameters such as core dimensions and wick s e l e c t i o n  and i s  
discussed below with these items. 

2. F i n  and Wick Selection 

In selecting the components for the evaporation side df a wick boi ler, 
the following concepts are relevant. First i t  is desirable to minimize heat  
transfer resistances in the core in order that the s i r e  and wei9h.t of the 
u n i t  may be minimized, Sufficient capillary material should be provided so 
that adequate water i s  suppl  ied to z11 areas o f  the unit. Pressure drops 
should be minimized so t h a t  maximum hfs are available for heat transfer, 

If the configuration i s  heated surface-f in-wick, wick thickness i s  
related to t h e  heat flux and t h e  height of t he  u n i t  as described by Equation 
(2-6). The larger the heat flux and/or the dimension pzrpendiccrlar to the 
p lane  of  water s u p p l y ,  the thicker the wick must be, Since all the h e a t  is 
conducted across the steam passage, the fins must be sized so a s  to minimize 
t he  heat transfer resistance. This means short, thick, high conductivity 
fins are desi rabl e. Sufficient1 y high heat transfer conductances are genera: ! y 
obtainzd using high fin-density surfaces typical of those utilized in state- 
of-the-art aerospace heat exchangers; the major temperature drop is st i 11  
associated with phase change at t h e  wick. Care must be exercised so that such 
restrictive configurations t h a t  would g i v e  large pressure drops are not used. 
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I f  t h e  c o n f i g u r a t i o n  i.; heated surface-wiclc- f in,  w i c k  th i ckness  i s  
r e l a t e d  n o t  on ly  t o  the h e i g h t ' a n d  heat  f l ux  b u t  a l s o  t o  t h e  degree o f  super- 
heat allowable be fo re  nuc lea t ion .  Whe.deas f o r  the p rev ious  con f ig l . r ra t i cn  i t  
i s  p o s s i b l e  t o  s e l e c t  a w ick  th i ckness  which w i l l  s a t i s f y  a g iven  t,eat f l u x  
and w ick  he igh t  ( p rov i ded  the h e i g h t  i s  n o t  g r e a t e r  than the v e r i t i c a l  e q u i l  i- 
br ium h e i g h t  f o r  o p e r a t i o n  on t h e  ground), i t  i s  n o t  n e c e s s a r i l y  p o s s i b l e  t o  
do t h i s  f o r  t l ie heated sur face-w ick - f  i n  conf fgur-at ion.  Th i s  i s  due t o  the 
inverse  dependence o f  the  hea t  f l u x  on t he  wick t h i c kness  because o f  the con- 
t r o l l i n g  conduct ion mechanism a s  descr ibed  by: 

where  "w 
= the e f f e c t i v e  thermal c o n d u c t j v i t y  of the wick-wate m a t r i x  

X = wick t h i c kness  

BT = the temperature d i f f e r e n c e  betb1c.l.n t h e  two surfsLG.' o f  the wiclc 

Again Equat ion  (2-6) ( m o d i f i e d  f o r  one sided heat i ng) app1 ies, and an inc rease  
i n  heat  f l u x  f o r  a g iven w i ck  l eng th  r equ i r es  a  cor responding increase i n  w i c k  
t h i c kness  (A,) t o  s u s t a i n  operation. From (2-10) which z l s o  appl ies,  an in-  
crease i n  +;-.at flu: r e q u i r e s  a decrease i n  th i ckness .  C o m p a t i b i l i t y  o f  
Equat ions i2-6) and (2-10) i s  necessary i n  des ign ing  a u n i t  o f  t h i s  conf igura-  
t i o n .  The f i n  whici, appears between the  wicks i n  t h i s  c o n f i g u r a t i o n  i z  there 

I t  only f o r  s t r u c t u r a l  purposes and there fore  can be a  looser "  su r f ace  ( i . e , ,  
fewel- f i n s  per inch and h igher)  than  i s  requl r e d  f o r  t h e  conven t iona l  design. 
This  may i n  some cases prave t o  be s i g n i f i c a n t l y  advantageous from a pressure 
drop s t a ~ d p o i n t ,  as a less r e s t r i c t i v e  f i n  causes less F r i c t i o n  AP. 

I ~ I  ~ e n e r a l ,  i f  the c o n f i g u r a t i o n  i s  heated sur face- f in -w ick ,  the l owes t  
d e n s i t y  w i c k  should be chosen because, s ince  i t  has t h e  l a r g e s t  pores it w i l l  
be t he  b e s t  pumper and because i t  i s  l e a sc  dense, i t  w i l l  I-e l i g h t c .  Th i s  
i J  o f  course  based upon t h e  assumption t h a t  t h e  h e i g h t  o f  t h e  u n i t  (Fo r  oper-a- 
t i o n  i n  one g) i s  s u f f i c i e n t l y  l ess  than the  e q u i l i b r i u m  w i c k i n g  h e i g h t .  The 
l e a s t  dense w ick  i s  n o t  necessa r i l y  t h e  b e s t  w ick  f o r  the heated surface-wick- 
f i n  geometry because as the  dens i ty decreases, t he  thermal c o n d u c t i v i t y  o f  t h e  
wid:-wa t e r  m a t r i x  decreases, increas i n g  the thermal res  is tance.  Since con- 
duc t i on  across the wick-water  m a t r i x  i s  a s i g n i f i c a n t  heat  t r a n s f e r  mechanism 
For t h i s  con f igu ra t ion ,  an increased res is tance  wi 1 1  g i v e  worse performance. 
A t r a d e - o f f  must be made t h e r e f o r e  between t h e  heat  t r a n s f e r  procsss ( l a r g e  
d e n s i t y  des i r ab le )  and the  water t r a n s p o r t  process (sma l l  d e n s i t y  des i r a h l e ) .  

3. F low Conf igu ra t ion  

On t h e  heat t r a n s p o r t  f l u i d  s i d e  o f  the w i ck  b o i i e r :  t h e  hear- t r a n s f e r  
c o e f f i c i e n t  i s  g e n e r a l l y  much h isher  than  the  evaporant c e e f f  i c i e n t  and i s  
p r e d i c t e d  based upon w e l l  es tab l i shed  equat ions.  Since :he evaporant s i de  
i s  the  c o n t r o l l i n g  s i d e  o f  t h e  heat  exchanger, s e l e c t i o n  o f  f i n s  f o r  the  t r a n s -  
p o r t  f l u i d  s ide  i s  r ~ t :  so c r i t i c a l .  Again h igh  f i n  dens i t .  t t a t e - o f - t h e - a r t  
f i nned  sur faces  a re  q u i t e  adequate t o  assure su f f i c , ien t  conductance on the  
hot s i d e  t o  make t he  c o l d  s ide  c o n t r o l 1  ing. 
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I t  i s  we1 1 understood t h a t  i n  an evaporator o r  3 condenser, t h e  f l ow  
con f i gu i - a t i on  has 9 e f f e c t  on t he  heat  t r a n s f e r  performance. T h i s  i s  t r u e  
o f  cou rse  on ly  i f  one s i d e  o f  the u n i t  operates i so therma l l y ,  which i n  t he  
case o f  a wick evaporator  means t h a t  the  f r i c t i o n  p ressure  drop should  be 
small enough a s  n o t  t o  change t h e  s a t u r a t i o n  temperature s i g n i f i c a n t l y .  From 
t h i s  s t andpo in t  the  f l o w  c o n f i g u r a t i o n  cou ld  be counter f low,  01- c r oss f l ow  
w i t h  any number o f  passes and t he  same performance would be obta ined.  There 
a re  however some notewor thy reasons fo r  choos i ng  a spec i f  i c  c o n f i g u r a t i o n ,  
I-easons which a r e  d i r e c t l y  r e l a t e d  t o  the overa l  1 performance o f  the  t ln i  t and 
manufac tu r ing  cons idera t ions .  Poss ib l e  f l ow  c o n f i g u r a t i o n s  a re  shown i n  
F i gu re  2-14. The f i r s t  c o n f i g u r a t i o n  ( A )  i s  t he  s i m p l e s t  one; t h e  g l y c o l  
makes one pass th rough  the u n i t  and t he  water en te r s  a t  one face  a s  1 i q u i d  
and l eaves  a t  the oppos i t e  face a s  steam. I n  c o n f i g u r a t i o n ,  ( 8 )  the  g l y c o l  
niakes two passes th rough  the u n i t .  The water i n l e t  face may be ad jacen t  t o  
e i . t h e r  t h e  g l yco l  i n l e t  pass o r  o u t l e t  pass wi . th  t h e  steam o u t l e t  on the 
o p p o s i t e  face. Con f i gu ra t i on  ( c )  i s  another  two-pass u n i t ,  however t h i s  
u n i t  has the  steam o u t l e t  duct  i n  t h e  midd le  o f  t h e  core.  Again t h e  water 
i n l e t  may be ad jacen t  t o  e i t h e r  t h e  g l y c o l  o u t l e t  o r  t h e  i n l e t .  Con f i gu ra t i on  
( D )  goes one step f u r t h e r  i n  t h a t  i t  incorporates wa te r  feed th rough  two faces 
of t h e  u n i t .  

The d i f f e rences  between c o n f i g u r a t i o n s  ( A )  and ( 0 )  a r e  s l  igh t .  The g l y c o l  
passage f r e e  f l o w  areas and t h e  f l o w  lengths d i f f e r  by f a c t o r s  o f  two, however 
1 i t t l e  advantage i s  r e a I  ized w i t h  the  h igher  mass f l o w  I-ate o f  ( B )  s ince  t h e  
f l o w  r a t e s  i n  conven t iona l  u n i t s  a r e  so low t h a t  f l o w  i s  i n  t he  laminar  regime 
and o n l y  small increases i n  the  hea t  t r a n s f e r  c o e f f i c i e n t  a re  r e a l  ized. Since 
the evaporant  s ide  i s  c o n t r o l  1 ing, smal l  increases i n  h  on the  g l y c o l  s ide 
a re  i n s i g n i f i c a n t .  Also, the l onge r  f l o w  l eng th  r e s u l t s  i n  a  h i g h e r  g l y c o l  
p ressu re  drop. Some advantage i n  c o n t r o l  may be p o s s i b l e  w i t h  c o n f i g u r a t i o n  
( B )  s i n c e  the water i n l e t  may be ad jacen t  t o  t h e  h o t  o r  c o l d  g l y c o l  pass.  

Con f i gu ra t i on  ( c )  places t h e  steam plenum a t  t h e  m idd le  o f  t h e  u n i t .  
Two advancages a re  r e a l i z e d  w i t h  t h i s  con f i gu re t i on .  F i r s t ,  w i t h  t he  steam 
exhaust  d u c t  a t  ;he cen te r  o f  t h e  co ro  the  vapor f l ow  l eng th  i n  t h e  steam 
f i n  i s  reduced i n  h a l f .  Th i s  reduces the  vapor hP and p rov i des  a un i fo l -m ly  
lower s a t u r a t i o n  temperature.  A l s o  a sponge r e d i s t r i b u t i o n  pad may be pro- 
v ided  a t  the  face oppos i t e  the wate r  i n l e t  f o r  l i q u i d  r e d i s t r i b u t i o n  whereas 
i r  ( A )  and ( 8 )  t h i s  i s  no t  p o s s i b l e  and water may d r i p  f rom t h e  end of the  
w ick  i n t o  the exhaust. duc t  under c e r t a i n  cond i t i ons .  

The l a s t  c o n f i g u r ~ r i o n  i s  s i m i l a r  t o  ( c )  bu t  i n  a d d i t i o n  t o  c u t t i n g  t h e  
steam f l o w  leng th  o f  ( A )  and ( 8 )  i n  h a l f ,  the  w i c k i n g  l eng th  i s  reduced by 
a f a c t o r  o f  two. i s  acco~;pI ished by feed ing  l i q u i d  from two Faces. 
Reducing t h e  w i c k i n g  I eng th  a l l o w s  f o r  the use o f  t h i n n e r  and 1 i g h t e r  wicks, 
and p r o v i d e s  f o r  more r a p i d  d i s t r i b u t i o n  o f  water t o  a l l  a reas o f  t he  u n i t  
when a d d i t i o n a l  l i q u i d  feed i s  r equ i r ed .  Con f i gu ra t i on   rep represents the  
optimum design. 
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ONE KW B O I L E R  MODULE 

Genera 1 

I n  order t o  ob ta in  performance data from a complete wick evaporator u n i t  
and t o  evaluate exper imental ly  the  new con t ro l  valve, a one k i l o w a t t  wick 
b o i l e r  and contro l  system was designed, b u i l t ,  and tested. Since i n  order t o  
a l l o w  s u f f i c i e n t  t ime f o r  f a b r i c a t i o n  and t e s t i n g  i t  was necessary t o  begin 
design o f  t h i s  u n i t  .while the  wick ing i nves t iga t i on  and the  design studies 
were i n  progress, t h i s  u n i t  i s  not necessar i ly  an optimum design. However, 
wick s e l e c t i o n  and u n i t  con f igu ra t i on  were based upon what appeared t o  be 
the  best  choices a t  t h e  t ime o f  design. An optimum design was not essent ia l  
since t h e  u n i t  constructed was f o r  t e s t  purposes. 

Boi l e r  Des iqn 

1 .  Evaporator 

Since the primary ob jec t ives  o f  t he  one k i l o w a t t  t e s t  module were t o  
v e r i f y  a n a l y t i c a l  procedures and t o  evaluate the  performance o f  a new con t ro l  
system, the design was based t o  some extent  upon conf igura t ions  and components 
whose operat ion was c l e a r l y  understood. This was t o  assure t h a t  t he  care  
i t s e l f  would not l i m i t  the performance and hinder the accurnuiation of control 
system data. The con f igu ra t i on  u t i l i z e d  i n  the  steam passage was the heated 
sur face- f  i n-wick type which has proven q u i t e  adequate i 11 past des igns. F iber  
me ta l  wicl<s 15 percent dense and 0.080 in. t h i c k  were selected as the  
c a p i l l a r y  st ructure.  These wicks are  good c a p i l l a r y  pumpers, l i g h t  weight, 
p r o v i d e  adequate f i l m  c o e f f i c i e n t s  and have given good performance i n  the  
past. The f i n  employed i n  the  steam passage was 0.002 inch thick, 0.050 inch 
high and contained 20 n i c k e l  f i n s  .per inch of: f l o w  width. Nickel was used 
because t h e  high thermal conduc t i v i t y  g ives a smaller conduction temperature 
drop across the steam passage. The la rge  number of f i n s  and short f i n  height  
a lso reduce the conduct ion AT wh i le  not being so r e s t r i c t i v e  as t o  increase 
s i g n i f i c a n t l y  the pressure drop. An iden t i ca l  f i n  con f igu ra t i on  was used i n  
the heat t ranspor t  f l u i d  passage, however the  mater ia l  was s ta in less  s tee l  
because it i s  more cornpat'ble w i t h  the  water-ethylene g l yco l  hest t r a n s f e r  
F lu id.  Th i s  compact, h igh area dens i t y  f i n  was used t o  increase the  conduc- 
rance on t h i s  side o f  t h e  u n i t .  

A two pass conf igurat ion w i t h  t h e  steam passage i n  between was used w i t h  
rcater feed on one face only. The advantages o f  t h i s  design were given above 
i n  t h e  d iscussion on f l a w  conf igura t ion .  Water feed was d i r e c t l y  i n t o  a c e l l u -  
lose sponge i n  which t h e  metal wicks were imbedded. This cponge which was 
1 inch t h i c k  served t o  d i s t r i b u t e  the water t o  a l l  t he  wicks across the face 
of the  u n i t .  The c o n t r o l  scheme u t  i 1 ized an on-off  wster con t ro l  so the  
sponge a l s o  served as a W i  4 -4. storage f a c i  l i t y  betweo,! periods o f  feed. 
Another th inne r  sponge ie. ~ l ~ a t e d  on the face opposite the  water feed f a c e  
and serves t o  red is t r i bu i ;  ...a rer f rom f a s t e r  pumping wicks t o  slower pumping 
wicks as  we l l  as s t o r i n g  water. 
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2.  Con t ro l  Valve 

The c o n t r o l  system f o r  t h e  b o i l e r  i s  a new c~ilt:r;<i. combining water supply 
on-off c o n t r o l  and steam pressure modu la t ion  i n  m e  j i a i v ~  b o l t e d  t o  t h e  b o i  l e r  
core. The valve, shown i n  a sect ior t  -;iew i n  F i g u r r  2-15, i s  Vernatherm ac tua ted  
w i t h  t he  thermos ta t  element sensing coo lan t  ~ z t l e t  temperature.  A c o n t r o l  band 
o f  40' t o  50'~ was chosen f o r  t h e  u n i t  i n  o rde r  t o  make use o f  ava i l a b l e  Verna- 
therm e lements .  The c o n t r o l  scheme operates as f o l l o w s :  as t h e  coo lan t  
temperature increases above ~ o ' F ,  t h e  thermostat  beg i n s  i t s  stroke, opening 
the steam poppet, thereby reduc ing p ressure  i n  t he  steam plenum and p rov i d -  
ing  a d d i t i o n a l  coo l i ng  t o  t h e  b o i l e r .  As t h e  b o i l e r  uses a l l  t h e  a v a i l a b l e  
water i n  t h e  wicks and s to rage  sponge, t h e  coo lan t  o u t l e t  temperature con- 
t inues t o  r i s e  and t h e  thermostat  increases i t s  s t r oke .  At a pre -se t  coo lan t  
temperature, the  thermostat  p i s t o n  a c t u a t e s  a second v a l v e  mechanism opening 
the water c o n t r o l  poppet, a l l o w i n g  wate r  t o  f l ow  t o  t h e  b o i l e r  f r om  a pres-  
sur ized wa te r  storage tank.  Coolant temperature con t inues  t o  r i s e  f o r  a few 
minutes u n t i l  feed water reaches t h e  w i cks  and the c o o l a n t  o u t l e t  temperature 
drops. Steady s t a t e  coo l  i n g  cont inues u n t i l  t h e  c o o l a n t  temperature aga in  
increases, a t  which Lime t h e  c y c l e  i s  repeated. The du ra t  i c n  o f  each c y c l e  
i s  determined by t he  v a l v e  dimensions, b o i  I e r  c h a r a c t e r i s t i c s  and the s i z e  
o f  the  sponge rese rvo i r .  'The amount of sponge used may be varied, ?, id  t h e  
water on-off va lve  i s  independent ly  ad justab le ,  making i t  p o s s i b l e  t.o change 
both  t he  c y c l e  t ime and the c o n t r o l  temperature t o  o b t a i n  optimum ~ ~ p s r a t i n g  
character  i s t  i cs .  

Water Boi l e r  Fabr i ca t  i o n  

The I Icw module evapora to r  i s  e s s e n t i a l l y  a brazed s t a i n l e s s  s t e e l  
h e a t  exchanger us ing n i c k e l  f e l t m e t a l  w i cks  t o  t r a n s p o r t  the  evaporant. 
Brazing of t h e  b o i l e r  c o r e  i s  accomplished i n  modular form w i t h  an i n i t i a l  
b r a ~ e  opera t  i o n  j o i n i n g  t h e  p r imary  f l u i d  (water g l y c o l )  f i n  passages and 
a second b r a z e  opera t ion  adding t h e  steam f i n s  and n i c k e l  . f e l tme ta l  w icks  t o  
these , x ~ 2 u l e s .  Two n i c k e l  base braze a l l o y s  w i t h  d i f f e r e n t  m e l t i n g  p o i n t s  
a re  used f o r  these opera t ions .  F i gu re  2-16 shows t h e  completed b raze  assembly 
of the  b o i l e r  module. F i n a l  assembly of t h e  b o i l e r  module i s  made w i t h  t ~ z  
weld o f  the water g l y c o l  i n l e t - o u t l e t  pans and the steam backpressure va l ve  
mounting pad t o  the  b razed  assembly. The b o i l e r  c o r e  i s  completed by f i n a l  
machining o f  t h e  flange surfaces, f o l l o w e d  by c l e a n i n g  o f  t h e  e n t i r e  assembly. 
The water on-off steam packpressure v a l v e  i s  e s s e n t i a l l y  a machined aiuminum 
s t r uc tu re  w i t h  t h e  wzter  c o n t r o l  va l ve  mounted t o  t h e  backpressure v a l v e  which 
i s  i n  t u r n  b o l t e d  t o  t h e  evaporator  assembly. P r i o r  t o  performance t e s t i n g  
of the  unit,  t h e  supply wa te r  sponges a r e  c leaned and i n s t a l  led, and the  
con t ro l  v a l v e  cal i b ra ted  t o  t h e  des i r e d  temperature s e t t  ings.  

A photograph cf the  b o i l e r  module and c o n t r o l  v a l v e  i s  shown i n  F i gu re  
2-1 7. 
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Figure  2- 15. Water Boiler Control V a l v e  







B o i l e r  Tes t  l n g  

T e s t s  were performed on t h e  wick b o i l e r  and c o n t r o l  v a l v e  combinat ion t o  
eva lua te  i t s  performance and t o  v e r i f y  t h e  design procedure. F i gu re  2-18 
shows t h e  b o i l e r  module instrumented f o r  t es t i ng .  Water was used as the heat 
t r a n s p o r t  f l u i d ,  and v a r i o u s  heat loads, i n l e t  temperatures, and f l o w  ra tes  
were examined. A summary of t he  test cond i t i ons  i s  g iven  below, 

W c o o ~ a n t  Tcoo lan t  in Tcoo lan t  o u t  Q 
Run No. i b  pe r  h r  O F  O F  Btu per  h r  

3260 (un i t 
i nve r t ed1  

Po r t i ons  o f  the  coo lan t  i n l e t  and o u t l e t  temperature t r a c e s  a re  g iven  i n  
Appendix B. 

For  a coo lan t  f l ow  r a t e  of 70 i b  pe r  hr, runs were made a t  approx imate ly  
f u l l ,  2/3, and 1/2 o f  t h e  design heat  load t o  determine t h e  e f f e c t  o f  a reduced 
heat l o a d  on psrformance. Examinat i on  o f  t h e  coo lan t  o u t l e t  temperature f o r  
these t h r e e  cases i n d i c a t e s  t h a t  as t h e  heat load decreases, so does t h e  average 
o u t l e t  temperature o f  t h e  coolant.  For 90, 76, and 60'~ i n ' l e t  temperatures t h e  
steady s t a t e  o u t l e t  temperatures a r e  44, 42, and 38'~, r espec t i ve l y .  Th i s  i s  
an expected c h a r a c t e r i s t i c  which i s  b u i l t  i n t o  t h e  system i n  t h e  c o n t r o l  valve, 
The o u t l e t  temperature c o n t r o l s  the  opening o f  the steam poppet. A t  lower in-  
l e t  temperatures ( lower  heat loads fo r  t h e  same f l o w  r a t e )  l ess  steam i s  gene- 
rated so t h a t  a sma l le r  pressure drop e x i s t s  across t h e  poppet. Since t h e  s i n k  
pressure i s  constant t h  i s decreases the sa tu ra t  ion p ressure  and temperature i n  
the core, reduc ing t he  o u t l e t  temperature o f  t h e  heat t r anspo r t  f l u i d .  Th is  
reduced temperature i s  sensed by t he  c o n t r o l  va lve  and causes the  steam poppet 
t o  close, inc reas ing  t h e  AP across it. Equi 1 ibrium i s  es tab l  i shed a t  a smal l e r  
poppet open ing  and a l owe r  o u t l e t  temperature f o r  a decreased heat  load. 

The t h r e e  p l o t s  beg*inn i ng  w i t h  runs 103, 204, and 20 1  end end i x  B) a1 so 
i nd i ca te  t he  cyc l e  t ime  assoc ia ted  w i t h  t h e  d i f f e r e n t  hea t  loads. For F u l l ,  
two- th i rds,  and h a l f  o f  t h e  design heat  load the average amount o f  time 
b e t w ~ : - n  w a t e r  feeds was 15.2, 26.7 and 34 min, respect  i v e i y .  P r e d i c t  ion o f  
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t h e  c y c l e  times were no t  made because i t  was n o t  known what percentage o f  t he  
wa te r  i n  the  wicks and sponge c o u l d  be pumped out .  The data do i l ~ r l i c a t e  
t h a t  t h e  t ime between water r e f i l l s  increases rough ly  as the inverse  of the  
heat  load.  Th is  would be t he  expected tendency i f  t h e  same amount o f  water 
were added dur ing  each r e f i l l  p e r i o d  regard less o f  t h e  heat load. The data 
a l s o  i n d i c a t e  t h a t  t h i s  i s  the  case. The c o n t r o l  va l ve  was c a l i b r a t e d  t o  open 
t h e  wate r  f l o w  poppet when t h e  c o o l a n t  o u t l e t  temperature reached 50'~ and 
c l o s e  when i t  reached 4 8 . 5 ' ~ .  Observat ions conducted du r i ng  t he  t e s t i n g  i n d i -  
ca ted  however t h a t  water  f l o w  began a t  5 1 ' ~  and ceased a t  4 7 ' ~ .  Since f o r  
t hese  t h r e e  runs a constant  water  feed  pressure was used, t he  amount of wa te r  
f l o w i n g  i n t o  the  u n i t  was d i r e c t l y  p r o p o r t i o n a l  t o  the t ime t h e  water va lve  
was open. Th is  t i m e  i s  i n d i c a t e d  b y  t h e  o u t l e t  temperature t r a c e ;  t he  e lapsed 
t i m e  between the  5 1 OF reading and t he  4 7 ' ~  r ead ing  i s  t h e  t ime  d u r i  ng which 
t h e  v a l v e  was open. For f u l l ,  two- th i rds ,  and h a l f  hea t  loads t he  average 
f i l l  t imes were 1.82, 1.72,and 1.90 rnin, r espec t i ve l y ,  i n d i c a t i n g  e s s e n t i a l l y  
no d i f f e r e n c e  i n  t h e  amount o f  wa te r  fed d u r i n g  each r e f i l l  pe r iod .  As s taced  
above t h i s  i s  c o n s i s t e n t  w i t h  t h e  recorded c y c l e  t ime. 

Runs 209 t o  211 wk r f i  a l so  made w i t h  a f u l l  heat load  and a coo lan t  f l o w  
o f  70 I b  per hr, however, the  u n i t  was run i n  an i n v e r t e d  p o s i t i o n ,  t h a t  i s ,  
w i th  t h e  water-feed f ace  l oca ted  on t he  top  o f  the u n i t  i n s t e a d  o f  on t he  
bot tom.  As i s  i n d i c a t e d  i n  t he  temperature t race,  t h e  o u t l e t  temperature o f  
the c o o l a n t  was 4 4 * ~ ,  the  same as t h a t  recorded w i t h  t h e  f eed  on the bottom o f  
t h e  u n i t .  The one s i g n i f i c a n t  d i f f e r e n c e  between t h e  two o r i e n t a t i o n s  was the 
c y c l e  time, the t ime  between r e f  i 11s. With t he  f e e d  on t op  t h e  u n i t  c a l  l e d  f o r  
a d d i r i o n a l  water eve ry  21.5 min, ope ra t i ng  about 40 percen t  l onge r  between 
r e f i l l s  th2n the  p rev ious  o r i e n t a t i o n .  Th is  i s  l i k e l y  due t o  g r a v i t y  e f f e c t s ,  
which a i d  in t r a n s p o r t i n g  t he  wate r  from the supp ly  sponge t o  t h e  w i c k s .  I n  
a space environment; no g r a v i t y  forces e x i s t  t o  a::i :>r h inde r  t h e  water feed  
and t h e  cyc l e  t ime  would l i k e l y  be  between 15.2  aild 21.5  rnin. 

The th ree  o t h e r  se ts  o f  runs were made a t  h i g h e r  c o o l a n t  f l ow  ra tes,  two 
a t  the design heat  l o a d  and one a t  about 130 percen t  o f  t h e  design. A summary 
o f  the  data ob ta i ned  i n  these runs, a long w i t h  t h a t  ob ta i ned  i n  the 70 Tb per  
h r  runs  i s  g iven i n  Tab le  2-4.  Comparison of  t h e  runs made a t  o r  near the 
des ign  heat load i n d i c a t e s  t h a t  t h e  c y c l e  t imes a r e  r e l a t i v e l y  independent o f  
t he  c o o l a n t  i n l e t  temperature b u t  p r o p o r t i o n a l  t o  t he  heat  load. Also shown 
a re  the  average maximum and minimum temperatures reached by t h e  o u t l e t  t e m p e r a -  
t u r e  d u r i n g  the pe r i ods  when t h e  u n i t  was r e f i l l i n g  i t s e l f .  I t  bas a l ready  
been p o i n t e d  o u t  t h a t  t h e  average o u t l e t  temperature i s  a functio:; o f  the heal- 
l oad  o n l y  and independent o f  t h e  i n l e t  temperature.  The d i f f e r e n c e  between 
t he  maximum temperature and t h e  average o u t l e t  temperature increases w i t h  
d e c r e a s i ~ i g  heat l o a d  and w i t h  i nc reas ing  i n l e t  temperatures.  T h i s  i s  due 
p a r t i a l l y  t o  the lower  average temperature a t  lower  heat  loads so t h a t  t h e r e  
i s  a g r e a t e r  temperature change between the  average o u t l e t  and the  o u t l e t  
temperature when t h e  water i s  t u r n e d  on ( 5 1 ' ~  i n  t h e  t e s t s ) .  A t  t he  same heat  
l oad  the m a x i m u m  o u t  l e t  temperature i ncreases w i t h  i ncreas i  ng i n l e t  tempera- 
t u r e  because as t h e  w ick  begins t o  dry  out, heat  d i s s i p a t i o n  capac i t y  becomes 
a f u n c t i o n  o f  t h e  amount o f  water  i n  t h e  wick.  Therefore,  as t h e  amount o f  
a v a i l a b l e  water decreases, t h e  heat  t r a n s f e r  r a t e  decreases and a t  lower coo l -  
an t  f l o w  ra tes  ( h i g h e r  i n l e t  temperature), the change i n  t h e  o u t l e t  temperature 
i s  g r e a t e r .  
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TABLE 2-4 

BOILER MODULE PERFORMANCE TEST RESULTS 

"c 
Run Nos. Q i n  

t 
5 5 

t m i  n 
t 
max Cycle Time Refill Time 

B t u / h r  O F  O F  * F O F  M i n u t e s  Minutes 
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It i s  a l s o  seen t h a t  the runs a t  iower heat loads e x h i b i t e d  l a r g e r  - 
d i f f e r e n c e  between t h e  steady s t a t e  and minimum o u t l e t  temperature, i n  o t h e r  
words they had a g r e a t e r  tendency t o  "undershoot" t he  steady s t a t e  o u t l e t  
temperature.  Th is  tendency e x i s t s  because a t  the low heat  loads, f o r  a 
g iven poppe t  opening, t he  A P  and t he re fo re  the s a t u r a t i o n  temperature and 
p ressure  a r e  lower. Since f o r  a1 1 cases, when water  i s  f ed  t h e  o u t l e t  tenipera- 
t u re  must  be 5 1 ° ~  o r  greater ,  the  poppet openings a r e  about  the  same ( s i n c e  
i t  i s  c o n t r o l  l ed  by t h e  temperature).  The r e s u l t i n g  lower  s a t u r a t i o n  
temperature causes increased cool  ing; p u l l  ing the o u t l e t  temperature lower 
u n t i l  t h e  corresponding sma l le r  poppet opening can compensate and b r i n g  the  
s a t u r a t i o n  pressure ( and  t he re fo re  t h e  o u t l e t  temperature) back up. 

For  a l l  t e s t  cond i c i ons  i t  was p o s s i b l e  t o  c o n t r o l  t h e  u n i t .  The c o n t r o l  
band was g rea te r  f o r  low f l o w  ra tes .  Th is  i s  ber.:ause the  heat  r a t e  i s  p ro -  
p o r t i o n a l  t o  the p roduc t  o f  the f l o w  r a t e  and the d i f f e rence  i n  temperature 
o f  the  c o o l a n t  from one end o f  the  u n i t  t o  the o the r .  There fo re  the  sma l l e r  
the f l o w  ra te ,  the l a r g e r  the  chauge i n  the coo lan t  temperature d i f f e rence ,  
and t h i s  change i n  t h e  temperature d i f f e r e n c e  i s  r e f l e c t e d  i n  the  c o n t r o l  
band. S ince v a r i a t i o n  i n  o u t l e t  temperatures above the  steady s t a t e  va lue 
were much g rea te r  t h a ; ~  v a r i a t i o n s  below, b e t t e r  c o n t r o l  cou ld  be ach ieved 
by decreas ing  the h i g h  s i d e  v a r i a t i o n .  T h i s  cou ld  be done f o r  a  u n i t  
designed f o r  a  s p e c i f i c  coo lan t  f l o w  r a t e  by d e s i g n i n g  t h e  c o n t r o l  va l ve  t o  
t u rn  on t h e  water f l o w  a t  a temperature r e l a t i v e l y  c l ose  t o  the  steady s t a t e  
temperature a t  f u l l  hea t  load, and by des ign ing  t he  core  so t h a t  t h e  d i s t ance  
water mus t  t r ave l  t o  f eed  t he  wicks i s  shor te r .  

OPTIMIZED BOILER MODULE 

Based on the w i c k i n g  i n v e s t i g a t i o n  and the r e s u l t s  o f  t he  m u l t i - w i c k  
boi l e r  t e s t i n g ,  an  o p t i m i z e d  one -k i l owa t t  w ick  evapora to r  was designed. Whi le  
the o p t i m i z e d  module was n o t  constructed, a1 1 the concepts incorpora ted  i n t o  
the d e s i g n  were v e r i f i e d  exper imenta l l y .  Design o f  t h i s  u n i t  i ncorpora ted  
the use o f  the  best o v e r a l l  w ick  f rom a  b o i l i n g  c o e f f i c i e n t  s tandpoin t ,  
o p t i m i z a t i o n  o f  the flcw con f i gu ra t i on ,  and m in im i za t i on  o f  the w i c k i n g  f l o w  
pa th  and steam f r i c t i o n  pressure drop w h i l e  keeping t h e  s i z e  and weight  o f  
the m i  t t o  a minimum. The problem statement t o  which t h i s  u n i t  was designed 
i s  g i ven  uelow. 

Coolant 62.5$ ethy lene g l yco l ,  37.5% water  

I n l e t  Temperature 90 O F  

Ou t l e t  Tempe.rature 6 0 ' ~  

Heat R e j e c t i o n  one KW 

A s t e a d y  s t a t e  abso lu te  pressure j u s t  upstream o f  the  steam va l ve  o f  . I040 
ps ia  was used i n  t h e  design. T h i s  corresponds t o  a s a t u r a t i o n  temperature 
O F  3 6 ' ~ ~  s u f f i c i e n t l y  above the f r e e z i n g  temperature o f  t he  expendable 
f l u i d .  The w i c k  chosen f o r  use i n  t h i s  u n i t  was a  .060- in .  th i ck ,  15 percen t  
dense, n i c k e l  f i be r ,  me ta l  wick. I t  was se lec ted  because i t  y i e l d e d  h i g h  
b o i l i n g  c o e f f i c i e n t s  and because o f  i t s  l i g h t  weight .  A s i m i l a r  .030- in.  
t h i c k  w i c k  demonstrated s i m i l a r  b o i l i n g  c o e f f i c i e n t s ,  b ~ t  cou ld  be e a s i l y  
plugged d u r i n g  a b raze  opera t ion .  
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A two-pass c o n f i g u r a t i o n  was employed on the  g l y c o l  s ide  of t h e  u n i t  
and t h e  wate r  feed was designed t o  be from two faces. The steam plenum was 
p laced a t  the midd le  o f  the  u n i t .  T h i s  i s  i d e n t i c a l  t o  the f i n a l  conf igu-  
r a t i o n  discussed above i n  the s e c t i o n  on Flow Conf igu ra t ion ,  and was chosen 
because o f  the advantages c i t e d  t he re .  A sketch o f  t he  optimum co re  des ign 
i s  shown i n  F igure 2-19 w i t h  o v e r a l l  dimensions. As ind icated,  the  u n i t  
i ncorpora tes  9 wicks and 10 g l y c o l  passages. The w id th  o f  the g l y c o l  
passages i s  I in.  wh i ch  i s  a l s o  t h e  a c t i v e  w ick  l eng th .  A I - i n .  wide steam 
plenum i s  shown a t  t h e  cen te r  o f  the  core. The f i n  surface used on both 
the g l y c o l  and steam s i des  was 20 f i n s  per  inch, ,050-in, high, ,002- in .  
th i ck ,  w i t h  a I / lO -  in .  o f f s e t .  S t a i n l e s s  s tee l  was used on the g l y c o l  s i de  
and n i c k e l  on the steam side, The reason f o r  u s i n g  n i c k e l  i s  t o  increase 
the conduc t  ion across t h e  steam passage, thereby Increas ing  o v e r a l l  conduct- 
ance and reducing t he  requ i r ed  u n i t  s i z e ,  The g l y c o l  f1,ow l eng th  i s  5 in .  
per pass. 

The a c t i v e  w i d t h  o f  the  w ick  ad jacen t  t o  each g l y c o l  pass was 1 i m i t e d  
t o  I in. f o r  several reasons. F i r s t ,  by keeping the c a p i l l a r y  f l o w  l e n g t h  
short, b e t t e r  c o ~ ~ t r o l  may be rea l  i z e d  s ince 1 i q u i d  can reach the  a c t i v e  
areas f a s t e r  when a d d i t i o n a l  feed i s  requi red.  Second, f o r  ope ra t i on  i n  
1 g, t h e  t h i n  wicks cannot  support  a  s i z a b l e  heat  f l u x  over  a subs ta t r t i a l  
l eng th  so  i t  i s  necessary t o  1 i m i t  t h e  leng th  f o r  t h i s  reason. Also, the 
steam p ressu re  drop i s  sma l l e r  f o r  a s h o r t e r  steam f i n  length.  I t  i s  noted 
from t h e  f i g u r e  t h a t  on each water  f eed  face, t he re  i s  a d i s t r i b u t i o n  p l a t e  
and a  d i s t r i b u t i o n  pad. The d i s t r i b u t i o n  p l a t e  i s  a  p l a t e  w i t h  smal l  ho les  
(-1/16 i n . )  d r i l l e d  i n  i t  a t  g iven i n t e r v a l s .  I t  serves t o  d i s t r i b u t e  wa te r  
t o  a l l  p o r t i o n s  o f  t h e  u n i t  through t he  d i s t r i b u t i o n  pad. The d i s t r i b u t i o n  
pads a r e  1/2- in.  ti1 i c k  c e l  l u l o s e  sponges which serve t o  s t o r e  water ,  t o  
d i s t r i b u t e  water, and t o  prevent  f l o o d i n g  o f  the  u n i t .  When the  w icks  beg in  
t o  d r y  o u t  and the wa te r  feed i s  t u r n e d  on, l i q u i d  e n t e r s  the  co re  th rough  
the d i s t r i b u t i o n  p l a t e .  Since it: e n t e r s  a t  a f as te r  r a t e  than i t  can be 
pumped throrrgh the w i cks  o r  d i s s i p a t e d  i n  evaporat ion,  un less i t  i s  stored, 
i t  w i l l  f l o w  i n t o  t he  steam passages and f l o o d  the  u n i t .  The sponges damp 
out t h  i s  surge o f  f 1 u i d  and serve as  storage a r e a .  Us i n g  ssponges on two 
faces speeds up the wa te r  d i s t r i b u t i o n  t o  the wicks.  

ONE KW MODULE WATER BOILER STACKING STUDY 

T h e  u l t i m a t e  goal i n  the  design o f  an optimum I KW module water  b o i l e r  
i s  the  use  o f  m u l t i p l e s  o f  t h i s  module i n  combinat ion t o  s a t i s f y  t h e  r equ i r ed  
heat l o a d  i n  a v a r i e t y  o f  a p p l i c a t i o n s .  Typ ica l  o f  t h i s  type s e r v i c e  wculd  
be the  us& o f  s i x  modules t o  p rov i de  a heat d i s s i p a t i o n  equal t o  6 KW. With 
t h i s  t y p i c a l  problem sta tement  i n  mind, a  se r i es  o f  des ign l ayou t s  was con- 
ducted, aimed a t  e v a l u a t i n g  the va r i ous  methods which cou ld  be used t o  com- 
bine s i x  I KW modules. 

F i g u r e  2-20 ( ~ ~ 5 1 2 7 0 )  shows one arrangement which cou ld  be used. Th i s  
s o l u t i o n  was se lected because i t  p rov i des  the s imp les t  technique f o r  j o i n i n g  
s i x  modules and because i t  keeps t h e  requ i red  p i p i n g  t o  a minimum. The 
b o i l e r  modules a re  j o i n e d  t o  each o t h e r  i n  a b o l t e d  assembly w i t h  f o u r  b o l t s  
through the s idep la te  o f  each module. Clearance ho les  a r e  p rov i ded  i n  each 
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F i g u r e  2-19. Optimized One kw Water Boiler 
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s i d e p l a t e  such t h a t  assembly cou ld  be accomplished mere ly  by s t ack i ng  s i x  
u n i t s  and b o l t i n g  each t o  the  u n i t  above and below, The heat  t r anspo r t  
F l u i d  loop  can be seen most c l e a r l y  i n  the  upper l e f t  s i d e  v iew o f  F i gu re  
2-20. The heat t r a n s p o r t  i n l e t :  i s  uppermost i n  the drawing and i s  composed 
o f  a s  i n g l e  p i pe  man i fo lded  t o  each o f  t h e  s i x  modules. The t o t a l  f l o w  
would be d i s t r i b u t e d  e q u a l l y  t o  each o f  the s i x  modules f o r  a l l  modes o f  
o p e r a t i o n  by an o r i f i c e  i n  each m a n i f o l d  s i zed  r o  equa l i ze  t he  pressure drop 
i n  each b o i l e r  loop.  

The heat t r a n s p o r t  f l u i d  i s  ducted from each core th rough  the water  
o n - o f f  va lve vernatherm of  each u n i t .  A f t e r  pass ing  through the  water  on- 
o f f  va lve,  the t o t a l  f l o w  i s  c o l l e c t e d  i n  a s i n g l e  p i p e  and re tu rned  t o  t h e  
heat t r a n s p o r t  loop, Each b o i l e r  module con ta i ns  i t s  own steam hack pressure-  
feed wa te r  f l o w  c o n t r o l  va lve  mounted a top  the  i n d i v i d u a l  module. Th i s  
valve,  s i m i l a r  t o  t h a t  used on t he  I KW module designed and b u i l t  d u r i n g  
t h i s  con t rac t ,  senses heat t r a n s p o r t  f l u i d  out1 e t  temperature and contl-01s 
steam plenum pressure  and feed wate r  f l o w  accord ing  t o  t h e  sensed temperature.  
Feed wa te r  i s  s u p p l i e d  t o  each o f  t he  va lves f rom a s i n g l e  1 i ne  ope ra t i ng  
o f f  a pressure source. The use o f  a separate v a l v e  f o r  each module i s  
necess i t a t e d  by t he  des i r e  t o  ma i n t 2  i n  a  v e r s a t i  1 i t y  For t h e  I KW module. 
T h u s  if a s i n g l e  back pressure f l o w  c o n t r o l  va l ve  were designed f o r  a 6 KW 
system, the  back p ressure  c h a r a c t e r i s t i c s  o f  t h i s  va lve  would make i t  
incompat ib le  wi th  a 2 KW o r  9 KV system. I f  a  s i n g l e  c o n t r o l  va lve wpre 
used f o r  each d i f f e r e n t  appl i c a t  ion, the  n e t  r e s u l t  would be a change i n  
the  nominal  c o n t r o l  temperature f o r  each new system. The u n i v e r s a l  app l  i- 
c a t i o n  o f  a s i n g l e  va l ve  would a l s o  r e q u i r e  a r a t h e r  complete system o f  
d u c t i n g  f o r  the s team f l o w  and t h e  heat  t r a n s p o r t  loop o u t l e t  Flow, which 
would be d i f f e r e n t  f o r  each appl  i c a t i o n .  

The system shown i n  F i gu re  2-20 i s  no', o f  course, t h e  o n l y  p o s s i b i l i t y  
f o r  arrangement o f  s i x  niodules. The modules cou ld  e a s i l y  be p laced  s i d e  
by s i d e  i n  stacks o f  two o r  t h r e e  and mani fo Ided t oge the r  t o  p rov i de  a more 
conven ien t  package s i z e  f o r  a p a r t i c u l a r  appl  i c a t i o n .  However, the ar rangc-  
mcnt shown does demonstrate the f e a s i b i l i t y  o f  a d i v e r s i f i e d  appl  i c a t i o n  
o f  an optimum I KW module. 
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SECTION 3 

WATER SUB LIMATOR MODULE 

INTRODUCTION 

Task I I  o f  t h e  heat  s ink  s tudy  was an i n v e s t i g a t i o n  and o p t i m i z a t i o n  o f  
a porous p l a t e  sub l ima to r  module. Analyses were performed t o  i n v e s t i g a t e  
p o s s i b l e  sub l imat ion  mechanisms, t he  l i q u i d  breakthrough phenomenon, and t h e  
e f f e c t  o f  steam plenum con f i gu ra t i on .  An ex tens i ve  exper imenta l  i n v e s t i g a t i o n  
o f  v a r i o u s  porous p l a t e s  and t h e i r  ope ra t i ng  c h a r a c t e r i s t i c s  was conducted. 
The e f f e c t s  o f  t h e  hea t  f l u x  and water  plenutn p ressu re  were examined, and 
performance a t  s t a r t up ,  r e s t a r t ,  steady s ta te ,  and a t  LO hea t  load was de f ined .  
Several  water plenum con f i gu ra t i ons  were t es ted  and t h e  p o t e n t i a l  advantageous 
use o f  hydrophobic coa t ings  was es tab l i shed .  A sub l ima to r  co re  i n c o r p o r a t i n g  
severa l  porous p l a t e s  was designed, fab r i ca ted ,  and tes ted .  Based on t h e  
i n v e s t i g a t i o n ,  an op t im ized  one k i l o w a t t  sub l imato r  was designed. The p o t e n t i a l  
o f  h a n d l i n g  l a r g e  heat loads was i n v e s t i g a t e d  i n  s t ack i ng  s tud ies .  

RECOMMENDATIONS AND CONCLUSIONS 

I .  An optimum sub l imato r  des ign should i nco rpo ra te  a  ,s team plenum s lzed  
on a  maximum pressure drop bas i s  t o  i n s u r e  t h a t  a l l  areas o f  t h e  
sub l imato r  p l a t e s  a r e  exposed t o  p ressu re  l e v e l s  s u b s t a n t i a l l y  less  
t han  t h e  wate r  t r i p l e  p o i n t  pressure.  Oversized passages c o n t r i b u t e  
no th i ng  t o  performance and mere ly  inc rease  u n i t  we igh t  and volume. 

2 .  The use of  a  supply wa te r  plenum h e i g h t  on t h e  o rde r  o f  0.010 t o  
0.020 i n .  e l im ina tes  the p o s s i b i l i t y  o f  a porous p l a t e  r u p t u r e  
du r i ng  sub l imato r  f r eeze  up. The s h o r t  wa te r  plenum does nut,  
however, degrade t h e  u n i t  performance. 

3.  Varying t h e  h e a t  t r a n s p o r t  f l u i d  f i n  area d e n s i t y  by i nc reas ing  t h e  
number and th ickness o f  the  f i n s  f rom the h a t  t o  the c o l d  end o f  the 
un i t ,  w i l l  produce the .-- optimum .- . hea t  t r a n s p o r t  f l u i d  s i d e  sub l imato r  . - 

. de2iC.l 'rhe resu l  t i n s  inc rease  i n  ove ra l !  conductance a1 lows !or 
ope ra t i on  o f  t h e  sub1 i rnator over i ti e n t i  r e  l eng th  a t  t h e  maximum 
a l l owab le  heat  f l u x  wh ich  can be w i t h s t o o d  by  a g iven  porous p l a t e  
w i t hou t  breakthrough. 

4 .  Porous p l a t e s  se l ec ted  f o r  use i n  a  sub l ima to r  shouid c o n t a i n  pore  
s izes i n  t h e  range o f  2 t o  10 microns.  Porous p l a t e s  w i t h  pore  
s izes sma l l e r  than 2 microns a re  s u b j e c t  t o  p l ugg ing  by c u r r o s i o n  
and system contaminants. P la tes  w i t h  pore  s i zes  l a r g e r  than 10 
microns demonstrate poor  s t a r t u p  c h a r a c t e r i s t i c s  due t o  t h e  longer  
pe r i od  o f  t ime  requ i r ed  t o  form an i c e  b l o c k  w i t h i n  each pore.  

5. I n  genera l  f o r  porous p l a t e s  w i t h  t h e  same average pore  size, t h e  
p l a t e  w i t h  the h i ghes t  v o i d  f r a c t i o n  w i l l  demonstrate t h e  b e s t  
performance, measured i n  terms of  t h e  temperature d i f f e r e n c e  between 
t he  heat t r a n s p o r t  f l u i d  and t h e  s i n k  temperature.  
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. Development o f  the concept o f  using hydrophobic porous p l a t e s  w i l l  
a l l o w  e l i m i n a t i o n  o f  the breakthrough heat f l u x  limitation impssad 
upon convent ional designs, r e s u l t i n g  i n  u n i t s  more r e l i a b l e  and 
a 5  much as 50 percent l i g h t e r  than current  sublimators. 

7. A s e r i e s  of  optimum I kw module sublimators may be combined o r  
stacked t o  prov ide cool ing  f o r  a wide  v a r i e t y  o f  h e a t  load appl  i -  
cations. 
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SUBLIMATOR A N A L Y S I S  

P o s s i b l e  Mechanisms, 

According t o  t h e  theory  p resen ted  i n  Reference 6, t he  subl imat ion mechan- 
ism i s  charac te r i zed  by a l a y e r  of i ce  on the i ns i de  face o f  the porous p l a te .  
The main elements o f  the re fe renced  theory  can be summarized as f o l l o w s :  

 he ex is tance  o f  ch i s  i ce  l a y e r  i s  determined by a  comblnat ion o f  
the  vapor p ressurk  drop c h a r a c t e r i s t i c s  o f  the  porous p l a t e  and t he  
heat f l u x  o r  vapor f l o w  ra te .  When the  vapor pressure drop across 
the  porous p l a t e  i s  l ess  t han  t he  t r i p l e  p o i n t  pressure the phase 
change must be f rom the  so l  i d  d i r e c t l y  t o  the vapor phase, by s ~ b -  
l i m a t i o n  o f  t he  ice layer .  The th ickness  o f  the  i ce  i s  governed by 
t h e  ra te  o f  heat t r ans  k r  and the sub1 imat ion  temperature cor res-  
ponding t o  the  l o c a l  v a p l r  pressure a t  t he  i n l e t  face o f  the porous 
p l a t e .  To meet the  imposed heat  load t h e  i ce  subl Imes a t  the  face 
of  the porous p l a t e  and f r eezes  a t  a  cor responding r a t e  a t  the  1 iq -  
u i d  i n t e r f ace .  The generated vapor passes through the  porous p i  a re ,  
I t  can be shown t h a t  the normal ope ra t i ng  pressure d i f f e r e n t i 3 1 5  
across the porous p l a t e  and i c e  l aye r  a re  i n s u f f i c i e n t  t o  ex t rude  
the  ice i n t o  t h e  pores and t hus  the  i c e  forms a b a r r i e r  t o  1 i q u i d  
f l o w  i n t o  the  pores. 

I f  the inpu t  heat f l u x  i s  increased, t h e  vapor pressure drop across 
t h e  porous p l a t e  increases causing the sub l ima t i on  temperature t o  
r i s e  accord ing ly .  Th i s  r e s u l t s  i n  a r educ t i on  i n  the  i c e  l aye r  
th ickness i n  o rde r  t o  s a t i s f y  t h e  heat conduct ion requirements. 
Even tua l l y  t h e  ice l a y e r  w i l l  d isappear complete ly  when t h e  heat 
f l u x  i s  s u f f i c i e n t  t o  cause t he  vapor pressure a t  t he  i n l e t  face  o f  
t h e  porous p l a t e  t o  be g r e a t e r  than the  t r i p l e  p o i n t  pressure, I t  
i s  a t  t h i s  p o i n t  t h a t  t h e  evapo ra t i on  mechanism begins t o  occur, 
However, i f  t h e  pore s i z e  d i s t r i b u t i o n  i s  non-uniform, t he  heat f l u x  
a t  which t h i s  t r a n s i t i o n  occurs  w i l l  va r y  w i t h  l a c a t i o n  on t he  p l a t e  
due t o  inequal  i t  ies  i n  vapor pressure drop, r e s u l t i n g  i n  mixed mode 
opcra t  ion. 

Typ ica l  porous p l a t e s  c o n t a i n  a random d i s t r i b u t i o n  o f  pores w i t h  
respect t o  b o t h  s i z e  and shape. The p o i n t  o f  t r a n s i t i o n  f o r  any 
s i n g l e  pore i s  dependent on i t s  equ i va l en t  r ad ius  and u l t i m a t e l y  
t h e  vapor p ressure  drop produced by t he  pore. I n  the mixed mode o f  
cooring, phase change occurs  a t  l o ca l  temperatures above and be lo^ 
t h e  t r i p l e  p o i n t  depending on t h e  l oca l  pore geometry, An averaging 
e f f e c t  e x i s t s  and i f  t he  p l a t e  i s  o f  reasonable thermal  c o n d u c t i v i t y  
t he  e f f e c t i v e  p l a t e  temperature remains constant  and very  near  32'~ 
over  a wide range o f  heat f l u x ,  Design c a l c u l e t i o n s  a r e  then  s imp ly  
based on a  t r i p l e  p o i n t  s i n k  temperature,] 
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The main elements o f  the  theory  a re  summarized above. Some p o r t i o n s  o f  
t h i s  theory,  however, a re  no t  c o n s i s t e n t  w i t h  t h e  exper imenta l  data g iven  i n  
Reference 6 or the  observa t ions  made here a t  AiResearch. I n  order  t o  fo rmu la te  
a more cons is ten t  theory  several  "mixed modet' models were proposed and analyzed 
t o  check t h e i r  v a l i d i t y .  

The o r i g i n a l  model assumed b o t h  sub l ima t i on  and b o i l i n g  t ak i ng  p lace  a t  
the upstream face of  t h e  porous p l a t e  w i t h  a l l  t he  vapor pass ing through the 
e n t i r e  p l a te .  Using t h i s  model, a pressure drop corresponding t o  the  vapor 
f l ow  r a t e  f i x e d  by t h e  exper imenta l  heat  f l u x  may be determined f rom the  r e f e r -  
ence p ressure  drop vs f l o w r a t e  data. T h i s  was done f o v  severa l  t e s t  modules 
r e f e r r e d  t o  i n  Reference 6. 

From the exper imenta l  heat f l u x ,  the vapor mass f l u x  i s  determined from 
the equat ion:  

where W = vapor mass f l us ,  
lbm/hr f t 2  

Q/A = Heat f l u x ,  B tu /h r  f t 2  

A H b  = Heat o f  vapo r i za t i ono f  water,  B tu / lbm 

By us ing  exper imenta l  n i t r o g e n  f l o w  r a t e  v; pressure drop curves fo r  f r e e  
molecu le  f l o w  g iven  i n  the re ferenced repor t ,  and by making a s imple wa te r  
vapor c o r r e c t i o n  ( g i v e n  below) d e r i v e d  from the f r e e  molecu le  pressure dr-7 
equation, the p ressure  drop through t h e  porous p l a t e  may be determined, 

A P 
R 

= A P N 2  vapor 
vapor 

'I2 = 1 - 25  A P  
N 2 

R~ 2 

where APvapor = \dater vapor p ressure  drop, ibf,inl 

A P~ 
= N i t r ogen  pressure drop, 

bf /  i n2 

R 
vapor 

= Water vapor gas cons tan t  = 85.8 l b  f t / l b  O R  
f rn 

R~ 2 
= N i t r o g e n  gas cons tan t  = 55.2 i b f  f t / l b  O R  

m 

The 
I t  
the 

exper imenta l  da ta  and c a l c u l a t e d  pressure drops a r e  given  i n  Table 3-1. 
i s  seen t h a t  t h e  p ressure  drops ob ta ined  i n  t h i s  manner g i v e  pressures on 
u p s t r e a m  s ide  of  the porous plate of f rom 1.5 to  I 1  t imes the  t r i p l e  p o i n t  

pressure.  Since i c e  was observed i n  the  t e s t  u n i t s ,  these h i g h  pressures 
o b v i o u s l y  cou ld  no t  have been a t t a i ned ,  i n d i c a t i n g  a d e f i c i e n c y  i n  the  assumed 
I , , ,  (, ha n i sm. 
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I n  o r d e r  t o  account f o r  t h i s  p ressure  drop discrepancy, the model was 
revised, proposing sub l ima t i on  a t  t h e  upstream face  and b o i I i n g  near the down- 
stream face. Th is  i s  e s s e n t i a l l y  t he  theory  g i ven  i n  Reference 6 f o r  "mixed 
mode" ope ra t i on .  According t o  t h i s  reference, subl  ima t i o n  takes p l a c e  upstream 
because the  pressure d i f f e r e n t ' i a l  i s  n o t  s u f f i c i e n t  t o  ex t rude  the i c e  l a y e r  
i n t o  the pores, and the  vapor generated r . - ~ . s e s  th rough  the e n t i r e  p l a t e .  
Boi 1 i n g  takes p l a c e  i n s i d e  the p l a t e ,  a t  2:. neat  the  d o w n ~ t ~ e a m  face g i v i n g  a 
srnal I p ressu re  drop. I n  e f f e c t ,  t h i s  model suggests subl ima t i o n  ovk r  some 
areas o f  the p l a t e  w i t h  pressure drop and b o i l i n g  over the remai l l ing areas wl t h  
n e g l i g i b l e  pressure drop, the d i f f e r e n c e  a r i s i n g  f rom the d i f f e r e n t  s ides  o f  
the  plate.  a t  which phase change occurs.  

TABLE 3-1 

CALCL'LATED PRESSURE DROP FOR VAPOR FLOW 'THROUGH 
POROUS PLATES I N  SUBL IMTOR 

Po rous Q/A 'ambient PP W T A P 
vapor 

P l a t e  B tu /h r  s t 2  p s i  O F  l b / h r  f t 2  ps  i 

QI' A = exper imenta l  heat  f l u x  

'arnb i en t 
= p ressu re  i n  vapor passage 

T = porous p l a t e  temperature 
PP 

W = c a l c u l a t e d  vapor mass f l u x  

AP = c s l c u l a t e d  vapor p ressure  drop based upon assump! i o n  t h a t  vapor 
v a p o r i z a t i o n  takes place a t  wa te r  s i d e  porous p l a t e  face  
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The vat  i d i  t y  o f  t h i s  model may be tes :ed  by exper imenta l  l y  dete rmin ing  thc  
average h e a t  f l u x  ove r  the  p la te ,  Srom ti,:; de te rmin ing  the r e l a t i v e  magnitudes 
of  the b o i l i n g  and sub l im ing  heat f l uxes ,  and bbze rv i ng  whether the  va lues ob- 
ta ined  a r e  reasonable. T h i s  was done f o r  several  t e s t  p l a t e s  f rom the refcretrcl; 
a s  shown below. The t o t a l  average hea t  r a t e  i s  equal  to the sum o f  the b o i l i n g  
h e a t  r a t e  and the sub l im ing  heat r a te .  

where 95 
= subl iming heat f l u x  

9s = b o i l i n g  hea t  f l u x  

9, v9 
= average hea t  f lux,  experimenta 1 l y  determined va lue  

A s  = area ove r  which subl i rnat ion takes p l a c e  

AB = area ove r  dl i c h  boi  1 i n g  takes p l ace  

AT = t o t a l  p l a t e  area = A -I- A B  
5 

By d e f i n i n g  a " b o i l i n g  area r a t i o "  R = - which i s  the  r a t i o  o f  the p l a t e  
( B  t:) 

area o v e r  which b o i l  i n g  takes p lace  t o  the  t o t a l  p l a t e  area and d i v i d i n g  bo th  
s ides of (3-3)  by AT, one obta ins  

wh i ch becomes 

For a  g i v e n  p l a t e  w i t h  a  known p ressure  drop as a  f u n c t i o n  o f  vapor f l u x ,  one 
may de te rmine  the maximum poss ib l e  f l o w  r a t e  p e r  u n i t  area, w which g ives  a 

5' 

pressure drop low enough t o  keep the  upstream pressure  a t  o r  below the t r i p l e  
p o i n t  pressure,  thereby assur ing  t h e  p o s s i b i  1 i t y  o f  i c e  (and sub l  ima t i on )  a t  
t he  upst ream f a c e .  T h i s  f l o w  r a t e  i s  then the maximum p o s s i b l e  vapor f l u x  
over the subl  iming area, and f rorn t h i s ,  t h e  maximum sub1 imat ion  heat  f l u x  may 
be found. 

A H  = heat o f  vapor izaton 
b  

w  = vapor f l o w  r a t e  pe r  u n i t  a rea  
5 
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90 
Once q s  i s  known, Equat ion (3-5)may be so lved f o r  - us ing  va lues of RB 

9, 

between 0 a n d  I, The r a t l o  o f  b o i l i n g  heat  f l u x  t o  sub l im ing  heat  f l u x  was 
c a l c u l a t e d  f o r  t h e  referenced pub1 i shed exper imental  data and t y p i c d l  r esu l  t s  
are  g i v e n  below f o r  p l a t e  D w i t h  an exper imenta l  average heat  f l u x  o f  
420 B tu /h r  f t 2 ,  

B tu  - 
q, h r  f t 2  Assumed RB 

1 20 1.0 (maximum poss ib l e )  3.44 

This a n a l y s i s  i n d i c a t e s  t h a t  i f  the  proposed mechanism i s  t h a t  which occurs, 
:he heat  f l u x  over  those areas a t  which b o i l i n g  takes p l ace  i s  more than 
three t imes  g rea te r  than the  heat  F l u x  e x i s t i n g  over  the  sub l im ing  areas. In 
order  t o  suppor t  such g r e a t  v a r i a t i o n  i n  hea t  f l u x ,  t he re  must be e i  t he r  a 
co r respond ing ly  g rea t  v a r i a t i o n  i n  the  loca 1 heat t r a n s f e r  r es i s t ance  between 
the heated sur face and porous p l a t e  o r  a l a r g e  v a r i a t i o n  i n  the  l o c a l  source 
temperature. Since ne ighe r  o f  these seems l i k e l y  i n  the  t e s t  modules used, 
and n e i t h e r  of' these seems l i k e l y  i n  the  t e s t  modules used, and n e i t h e r  was 
repor ted  a l o n g  w i t h  t he  exper imenta l  data, i t  can o n l y  be assumed t h a t  the 
model of sub l imat ion  and b o i l i n g  o c c u r r i n g  upstream and downstream of the  
porous p l a t e ,  r espec t i ve l y ,  i s  inaccurate .  

The o n l y  model which i s  compat ib le  w i t h  t he  d a t a  i s  t h a t  o f  sub l ima t i on  
tak ing  p l a c e  no t  a t  t he  upstream face  b u t  w i t h i n  the  pores c y c l i c a l l y ,  w i t h  

. t h e  i c e  vapor  i n t e r f a c e  receding and aga in  forming when wate r  f i l l s  the p o r e s  
and f reezes .  Sub l imat ion  v i s u a l i z a t i o n  t e s t s  which w i l l  be exp la ined  below 
seem t o  lend c r e d i b i l i t y  t o  t h i s  model. 

Breakthrouqh Ana lys is  

Measurements o f  1 i q u i d  breakthrough o f  porous p l a t e s  i n  the l i t e r a t u r e  
have shown t h a t  the breakthrough p ressure  can vary  f rom a very  smal l  f r a c t i o n  
o f  the gas breakthrough pressure t o  a number i n  excess o f  the gas breakthrough 
pressure. To b e t t e r  unders tand t h i s  s i t u a t i o n  an  a n a l y s i s  o f  the  phenomena 
o f  l i q u i d  and vapor breakthrougl l  f o r  c a p i l l a r y  tubes w i t h  rounded e x i t s  o f  
var ious sharpnesses and f o r  con tac t  ang les  from 0 t o  180 deg was undertaken. 
The reason f o r  i n v e s t i g a t i n g  va r i ous  e x i t  sharpnesses is t h a t  f n  a porous 
p l a t e  o f  convent iona l  cons t ruc t ion ,  a  sharp cornered capi  1 l a r y  w i  1 I n o t  be  
the t y p i c a l  pore geometry. A sketch o f  t he  a x i a l  l y  symmetr ical  model used 
i n  the a n a l y s i s  i s  shown below, 
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. 
I I 

VAPOR , 1 

Admi t ted ly ,  the pore e x i t s  i n  a porous p l a t e  w i l l  p robab l y  no t  have symmetr ica l  
shapes; never the less,  t h e  f o l l o w i n g  a n s l y s i s  i s  u s e f u l  i n  t h a t  i t  prov ides a 
b e t t e r  understand- ing o f  t he  breakthrough phenomenon and g ives  an idea  a s  t o  
t h e  d e s i r a b l e  p l a t e  and f l u i d - su r f ace  c h a r a c t e r i s t i c s .  For c l a r l  ty, the  f o l l o w -  
ing a n a l y s i s  is given f o r  l i q u i d  breakthrough; however, i t  can be shown tha t  
the P ~ S U I  t s  f o r  1 i q u i d  breakthrough w i t h  a con tac t  ang le  o f  9 a r e  the  same as 
those f o r  vapor breakthrough f o r  an a n g l e  o f  180' - 8. 

A f o r c e  balance on the v a p o r - l i q u i d  i n t e r f a c e  g i ves  f o r  rl I r s rl -I R: 

20 PL - P,, = 7 cos ") 

where Py = the  pressure on the vapor s i d e  

PL = the p r e s s u r e  on the l i q u i d  s i d e  

D = t h e  sur face t ens ion  

From s i m p l e  geometric r e l a t i o n s ,  one o b t a i n s  cos qi as a f u n c t i o n  of: contact: 
angle  8, r, r', and R; t h e r e f o r e  t he  express ion f o r  the  i n t e r f a c e  p ressure  
d i f f e r e n t i a l  becomes: 

2 0  I f  bo th  s i des  o f  (3-8)  a r e  d i v i d e d  by 7, one o b t a i n s  the normal i z e d  p r e s s u r e  r 

P~ - Pv 
d i f f e r e n t i a l  2D . For vapor breakthrough t h e  equa t i on  f o r  the i n t e r f a c e  

-C 

pressure d i i  i e r e n t a i l  i s  t h e  same a s  (3-8) except t h e r e  i s  no minus s i g n  on the  
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c o e f f i c i e n t  of the cos 8 t e rm.  There fo re  s i n c e  cos (180 - 6 )  i s  equal to 
- cos 9, the vapor breakthrough pressure f o r  180 - 8 i s  equal t o  the 1 i qu id  
breakthrough pressJre f o r  a con tac t  angle o f  0 .  

I 
F o r  given c o n t a c t  ang le  8 and " e x i t  sharpness" R '  the  r a t i o  o f  the 

pore  r a d i u s  to  the r a d i u s  o f  cu rva tu re  o f  the  e x i t ,  one can eva lua te  the 

norma l i zed  pressure d i f f e r e n t i a l  I L  
' "  f o r  d i f f e r e n t  va lues o f  r between 

2CT 
-r 

r '  and r '  + R f rom Equat ion (3-8)) and upon do ing  so, observes t h a t  the norri-a 1 - 
i zed  p ressure  d i f f e r e n t i a l  increases and. then decreases w i  t h  i nc reas ing  r. An 
example o f  t h i s  i s  shown i n  Table  3-2 f o r  a n  " e x i t  sharpness" o f  1.0 and a 
c o n t a c t  ang le  o f  100 deg. 

TABLE 3-2 

NORMALIZED PRESSURE DIFFERENTIAL ACROSS LIQUID-VAPOK I N T E R F A C E  
FOR E X I T  SHARPNESS OF 1.0 AND CONTACT ANGLE OF 100 DEG 

cos 4 
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One no tes  t h a t  f o r  t h i s  case the  maximum va lue  o f  'L - 'V occurs  a t  r = 1.4 r l .  
2u 
-7 

The maximum normal i r e d  pressure d i f f e r e n t i a l  w i l l  occur  a t  d i f f e r e n t  va lues 
20  

o f  r / r t  f o r  d i f f e r e n i  combinat ions o f  8 end The maximum vz l ue  o f  bP/ -7  
R ' 

i s  t he  normal ized breakthrough pressure,  f o r  i f  t h i s  At3 i s  exceeded, the 
l i q u i d  w i l l  detach f r o m  the  c a p i l l a r y  opening and breakthrnugl i  w i l l  occur.  

r J  
t o  o b t a i n  the breakthrough pressure PB For a g i v e n  0 and - 

R ' one f i r s t  so lves 

r 
f o r  the .;r a t  which breakthrough occurs. Th i s  i s  done by d i f f e r e n t i a t i n g  

r 
Equa t ion  (3-8) w i  t h  respec t  t o  7. 

s i n  0 

r 
Equat ion (3-9) i s  then set equal t o  ze ro  and so lved f o r  7. Th i s  va lue  

0 i s  then  s u b s t i t u t e d  i n t o  (3-8)  and t h e  normal i z e d  breakthrough pr-essure - 
2o/ r ' 

i s  found. 

The r e s u l t s  o f  t h i s  ana l ys i s  a re  shown i n  F i gu re  3-1 f o r  " e x i t  sharpnesses" 
o f  0, 0.01, 0.05, 0.1, 0.5, 1.0, 3, and m, F i gu re  3-2 shows pore s i z e  a s  a 
f u n c t i o n  o f  2u / r !  and can be used i n  con junc t i on  w i t h  F igure  3-1 t o  o b t a i n  pore 
d iameter  from measured bubble p o i n t  datd. As p r e v i o u s l y  stated, r e s u l t s  f o r  
vapor breakthrough correspond t o  1 i qu  i d brealcthrough f o r  t h e  supplementary con- 
t a c t  ang le .  One no tes  t h a t  f o r  an i n f i n i t e l y  sharp corner, the  1 i q u i d  break- 
th rough  pressure i s  independent o f  6 between 90 and 180 deg and p r o p o r t i o n a l  
t o  s i n  8 between 0 and 90 deg. For  a sharpness r a t i o  o f  0, the  curve takes 
the f o r m  o f  a cos ine  curve. L i q u i d  b r e a k t h r o ~ ~ g h  p ressure  i s  seen t o  decrease 
w i t h  decreasing c o n t a c t  ang le  and e x i t  sharpness r a t i o .  Another i n t e r e s t i n g  
f e a t u r e  o f  t h i s  p l o t  i s  t h a t  f o r  va lues  o f  0 t o  the  r i g h t  o f  the  d iagonal  
broken 1 ine, the normal i zed  breakthrough p ressure  may be represented exact1 y 

by - 'B = -- sin The reason f o r  t h i s  simp1 ified express ion has to  do w i t h  t he  20 R ' 7 ' * ; T  
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gas breakthrough (water) 

VAPO?. BREAKTHROUGH 20 40 60 80 00 1 20 140 160 180 

LIQUZD BREAKTHROUGH 160 140 I20  100 80 60 40 20 , 0 

CONTACT ANGLE 8 A-21 107-A 

f i g u r e  3-1. Norma l i zed  Breakthrough Pressure a s  a Funct ion 
o f  Contact Angle and  Ex i t Sharpness 



PORE RADIUS r I, M I C R O N S  

A-30537 

Figure  3-2. 20/r1 as a Function o f  Pore Radius 
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po in t  irn the ca7i 1 l a r y  e x i t  a t  which the brealcthrough pressure i s  reached, 
and t h i s  w i l l  be explained below. 

t h  lo 
One 

Figure 3-3 shows the p o s i t i o n  o f  the I n t e r f a c e  p r i o r  t o  l i q u i d  break- 
ugh For a pore w i th  a sharpness r a t i o  o f  0.5 f o r  var ious contact angles. 
notes that a s  the contact ang le  i s  decreased, the p o i n t  o f  contact moves 

r R 
f u r t h e r  out  o f  the pore u n t l l  i t reaches the ou te r  e x t r i m i  t y  where --r = I + ;r. 

I- 

Upon f u r t h e r  reduc t ion  o f  the contact angle, the vapor l i q u i d  i n te r face  con- 
t a c t s  the pore w a l l  a t  t h e  same loca t i an .  The maximum contac t  angle For 

r R 
breakthrough a t  ;T = I + 7 i s  g iven by: r 

r 
erna x 

= a rc tan  1 -! - 
R (3- 10) 

This means that f o r  a l l  angles l ess  then 8 breakthrough w i l l  occur a t  
max* 

R = 1 -+- 7 and the d e f i n i n g  equat ion obtained from a fo rce  balance i s :  -7 r 

P~ = 7 2c s i n  EI 
ma x 

where rmax = r 1  + R 

Normal  i za t i on  y i e l d s :  

B This i s  the equation g iven above d e f i n i ~ g  - 
0 

f o r  8 to the right o f  the 
27 I 

broken l i n e  i n  F igure  3-1, and i t  i s  now seen that t h i s  occurs becau~e f o r  
a1  1 0 < €Imax i n  the case o f  1 i q u i d  breakthrough (8 > omax for vapor breakthrough) 

the b reako f f  p o i n t  occurs a t  the  pore e x i t  extrem'i ty. 

Ana lys is  ind ica tes  t h a t  the breakthrough pressure w i  1 1  always be reached 
when the  in te r face  i s  a t  the pore e x i t .  T t  i s  cbv ious ly  impossible to support 
a 1 i q u i d  head a t  a rounded pore entrance f o r  a contact  angle o f  l e s s  than 
90 deg because the sur face tension a l w a y s  tends to p u l l  the 1 i q u i d  through 
the porn; however, f o r  an obtuse contac t  angle, the 1 i q u i d  vapor i n te r face  
can e x i t  a t  the pore entrance f o r  pressures s u f f i c i e n t l y  less than the break- 
through pressure. Since i t  seems d e s i r a b l e  i n  sub1 imators to  have the  
evaporat ing in te r face  near the pore e x i t  t o  decrease the vapor f l o w  length 
and thus the vapor pressure drop, we a r e  in te res ted  i n  t h e  pressure requi red 
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t o  Force the  1 i q u i d  i n t o  the pore, the  b reak- in  p ressure  FBI. 

A sketch o f  the pore ent rance and l i q u i d - v a p o r  i n t e r f a c e  i s  shown below. 

Again, a f o r c e  balance g i ves  
fi-21706 ' 

20 PL - P" = - COS qj 
r 

Since t h e  b reak in  p ressure  i s  d e s i  red, the maximum v a l u e  o f  P - P m u s t  be  L V 
found, and one observes t h a t  as t h e  i n t e r f a c e  moves i n t o  the pore, r and qj 
become sma l le r  and cos @ becomes l a r g e r .  I t  f o l l o w s  then t h a t  PL - PV i s  a 

I maximum when r i s  a minimum and c ~ s  @ a maximum. T h i s  occurs  when r = r , 
and a t  t h a t  po in t ,  @ = 1 8 ~ '  - t$ so t h e  normal i z e d  brealcin p ressure  becomes: 

Th is  i s  o f  course t r u e  o n l y  f o r  9 r 90' s ince  f o r  8 < 90' the  su r f ace  tens ion  
f o r c e s  p u l l  the 1 i q u i d  i n t o  the pore.  The normal i zed  break- i n  p ressure  cu rve  
i s  i d z n t i c a l  t o  the r ' / ~  = 0 curve  i n  F igure  3-1, and i t  i s  seen t h a t  t h i s  
b r e a k i n  pressure i s  always l ess  than  the  breakthrough pressure,  i n d i c a t i n g  
t h a t  a t  breakthrough the  i n t e r f a c e  always e x i s t s  a t  the pore  e x i t .  

It: i s  seen f r om F igure  3-1 t h a t  i s  i s  indeed p o s s i b l e  f o r  a s y s t e m  to  
have a 1 i qu id  breakthrough p ressure  i n  excess o f  the vapor breakthrough . 
pressure,  howewer t h i s  i s  p o s s i b l e  o n l y  i f  thc  con tac t  ang le  i s  g r e a t e r  than 
90'. I t  i s  seen a l s o  that ,  i n  genera;, a system which possesses a r e l a t i v e l y  
h igh 1 i q u i d  breakthrough pressure w i l l  have 2 r e l a t i v e l y  lovr vapor break- 
through pressure. The one except ior t  to  t h i s  i s  the system t,+i t h  a con tac t  
ang le  around 90' f o r  which bo th  breskthrough pressures a r e  n e a r l y  the same. 
In t h e  sub1 imator a p p l  i ca t ion ,  a h i g h  i i q u i d  breaktb-ough p ressure  i s  
d e s i r a b l e  ir  a rde r  to prevent  l o s s  o f  water w h i l e  the vapor breakthrough 
pressu;e i s  o f  1 i t t l e  consequence. For t h i s  reason, a h i g h  con tac t  ang le  seems 
desir*;,ble i n  t h i s  a p p l i c a t i o n .  

T e s t s  were performed i n  o r d e r  to v e r i f y  the  a n a l y t i c a l  p r e d i c t i o n s .  
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The t e s t  apparatus f o r  1 i q u i d  and vapor breakthrough i s  shown i n  
F i g u r e  3-4, Stainless s tee l  c a p i l l a r y  tubes o f  known I n s i d e  d,fameter were 
used and were thorough ly  c leaned p r i o r  t o  t e s t i n g .  The 1 i q u i d  breakthrough 
t e s t  invo lved g r a d u a l l y  i n c r e a s i ~ g  the l i q u i d  head and observ ing  the  pressure 
d i f f e r e n t i a l  a t  wh lch  breakthrough occurred. I n  the  vapor breakthrough tes t ,  
the gas pressure was s low ly  increased u n t i l  t he  f i r s t  dynamic bubble  appeared 
from the  t e s t  f l u i d ,  

The t es t s  were performed w i t h  water and mercury f o r  sharp cornered 
cap i  l l a r y  tubes i n  o rde r  t o  v e r i f y  the r ' / ~  = co c u r i e  i n  F i gu re  3-1. Wi th  
these f l u i d s ,  r e s u l t s  were ob ta i ned  f o r  a w e t t i n g  (8 C 90 ' )  and a nonwet t ing 
(0 > 90') 1 i qu id .  

The r e s u l t s  o f  these i n i t i a l  t e s t s  a r e  shown on F igu re  3-1. It i s  seen 
t h a t  f a i r l y  good agreement w i t h  the  a n a l y t i c a l  p e e d i c t i o n s  was obta ined,  The 
normal i zed  gas breakthrough pressures a re  w i t h i n  a f e w  percen t  o f  the p r e d i c t e d  
va lues  w h i l e  the 1 i q u i d  breakthrough p ressure  o f  mercury i s  about t en  percent  
l e s s  than the a n a l y t i c a l  p r e d i c t i o n .  A p o s s i b l e  exp lana t i on  o f  t h i s  m igh t  
be t h e  va lue used f o r  the i n t e r f a c i a l  t u r f a c e  tens ion  o f  raercury and a i r .  
P e r r y  s ta tes  t h a t  the  surface t e n s i o n  of  mercury i s  " v a r i a b l e  and decreases 
w i th  time," which cou ld  exp la i n  t h e  discrepancy. The con tac t  ang le  o f  water  
wi th s t a i n l e s s  s t e e l  i s  shown as a range r a t h e r  than a p o i n t  because o f  the  
d i f f i c u l t y  i n  de te rmin ing  i t s  exact value. Observat ion under moderate mag- 
n i f i c a t i o n  o f  t h e  l i q u i d  drops on the  t e s t  apparatus d u r i n g  t es t i ng ,  as w e l l  
as t h e  p r o t r u d i n g  1 iquid-vapclr i n t e r f ace ,  i n d i c a t e d  a con tac t  ang le  i n  the  
neighborhood o f  30'. Photographs o f  water  drops on a s t a i n l e s s  s t ee l  p l a t e  
were made i n  o r d e r  t o  o b t a i n  a more accura te  va l ue  o f  the c o n t a c t  angle;  how- 
ever, t h i s  was unsucessful  due, probably, t o  con tamina t ion  o f  the p l a t e  
between c lean ing  and photographing, and c o n t a c t  ang les ranging from 30° t o  
90' were obtained. The 1 i t e r a t u r e  g ives  c o n t a c t  ang les o f  wa te r  on "cleaned" 
s t a i n l e s s  s t ee l  su r faces  o f  from 0' t o  42 ' )  depending on t h e  c l ean ing  procedure 
and whether the contact angle i s  t he  advancing o r  receding angle .  

E f f e c t  o f  Steam Passaqe Dimensions on Sub1 imato r  Desiqn . 
I n  the design o f  a convent iona l  sub! imator,  the  steam passage dimensions 

a r e  c r i t i c a l .  Wi th  a h i g h  vapor mass f l o w  and a long narrow steam passage, 
the pressure at t h e  bottom o f  t h e  passage c o u l d  approach the  t r i p l e  point 
p ressu re  even though the pressure a t  the plenum o u t l e t  i s  q u i t e  low, due to  
t he  p ressure  drop o f  the vapor l e a v i n g  the plenum. The increased p r e s s ~ r e  a t  
the  bot tom o f  the plenum cou ld  l ead  t o  1 i q u i d  breakthrough, espec ia l  l y  a t  
s t a r t up ,  s ince the t ime  requi red t o  f reeze  increases g r e a t l y  as the  ambient 
p ressu re  approaches the  t r i p l e  p o i n t ,  I t  i s  d e s i r a b l e  t h e r e f o r e  t o  des ign  
the steam passage such t h a t  a r e l a t i v e l y  low pressure  is maintained. 

The pressure i n  the steam p l e ~ r j m  may be p r e d i c t e d  as a f u n c t i o n  o f  the 
o p e r a t i n g  heat f l u x  (mass f l u x ) ,  vapor f l o w  length,  passage h e i g h t  and width,  
and plenum o u t l e t  pressure by s o l v i n g  the  b a s i c  p ressure  drop equat ion:  
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F igure  3-4. Breakthrough Test Apparatus 



where dP = change i n  pressure 

G = vapor mass f l u x  i n  d i r e c t i o n  o f  f l o w  

p = vapor dens i t y  

f = f r i c t i o n  f a c t o r  

g c  
= g r a v i t a t i o n a l  cons tan t  

D = hydrau l  i c  diameter o f  steam passage 
h 

dx = incrementa l  f l o w  l e n g t h  

F o r  the probable  1 i m i t s  o f  heat  f l u x  and f l o w  l eng th  o f  10,000 Btu./hr f t 2  
and I f t ,  the  f l o w  i s  i n  the laminar  reg ime and t he  f r i c t i o n  Fac to r  may be 
approx imated to  w i t h i n  2 percent  w i t h  rhe equation: 

f =  W 

'Re 

where RE I Reynol ds Number 

-- = ' h  passage aspect r a t i o  
W 

Assuming un i f o rm  heat f l u x ,  t h e  mass f l u x  i n  t h e  f l o w  d i r e c t i o n  i s  
d i r e c t l y  p ropo r t i ona l  t o  x and the d e f i n i n g  p ressure  drop equa t ion  becomes: 

PdP = 
- 6 u RT (Q /A)  x dx 

2gc 
Hs h7 

where p = v i s c o s i t y  

R = gas cons tan t  

T = vapcr temperature 

Q'A = heat  f l u x  

tls = heat  o f  sub1 imat ion 

h = vapor passage he igh t  

I n t e g r a t i n g  equa t i on  ( 3 - 1 7 )  between x  = 0 and L ( t o t a l  f l o w  l eng th )  and 
a p p l y i n g  t h e  boundary c o n d i t i o n  t h a t  P = Poutlet a t  x = L, t he  equa t ion  d e f i n -  

ing t h e  pressure a t  any p o s i t i o n  i n  t h e  plenum i s  obta ined.  

p 2  = B p  RT (Q/A) (L '  - x 2 )  + p l  

*gc 
Hs h S  o u t  1 e t  
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The maximum p ressu re  i n  the plenum which occurs a t  t h e  bottom o f  the 
passage i s  obta ined by s e t t i n g  x = 0 .  As i nd i ca ted  p rev i ous l y ,  the  p ressure  
i s  a f u n c t i o n  o f  the h e a t  f lux ,  f l o w  length,  passage he igh t ,  passage width,  
and t h e  o u t l e t  pressure.  

To i l l u s t r a t e  t he  e f f e c t  o f  passage h e i g h t  on the maximum steam plenum 
pressure i n  a t y p i c a l  sub l  irnator, t he  above equat lon was solved a t  x = 0 
f o r  a h e a t  f l u x  o f  6000 B tu /h r  f t 2 ,  a plenum o u t l e t  p ressure  o f  0 . 5  mm Hg 
(.00965 psia), and h / w w O  (no f i n  i n  t he  steam passage). F i gd re  3-5 shows 
the maximum plenum pressure  as a f u n c t i o n  o f  plenum h e i g h t  f o r  va r ious  vapor 
Flow l e n g t h s .  

I f  t h e  maxlmum a l l o w a b l e  steam plenum pressure i s  known, t h e  passage de- 
s ign h e i g h t  may be determined from t h i s  type o f  p l o t .  Obviously, i n  o rde r  t o  
prevent  breakthrough, i t  i s  necessary t o  ma in ta i n  the  pressure below t h e  
t r i p l e  p o i n t  i n  a converrt iona l  subl imato:, however, how f a r  below t he  t r i p l e  
p o i n t  i s  n o t  known a t  t h i s  t ime. I t  has been shown t h a t  the  t ime requ i r ed  t o  
f reeze sma l l  l i q u i d  drops exposed t o  low pressures increases markedly f o r  
pressures g rea te r  than approximate1 y 50 percen t  o f  the  t r i p l e  p o i n t  pressure, 
which imp1  i s s  t h a t  the  pressure i n  t h e  steam passage should  be mainta ined a t  
l e a s t  be low t h i s  va lue.  

Even though i t  i s  n o t  poss ib l e  a t  t h i s  t ime t o  p i c k  the  optimum pressure  
l eve l  and t he re fo re  the  minimum a l l owab le  he ight ,  i t  i s  p o s s i b l e  i n  some 
cases t o  determine a maximum passage he igh t .  For example, f o r  a f l o w  l e n g t h  
o f  3 inches, no advantage i s  r e a l i z e d  by des ign ing  a passage h e i g h t  o f  .5 i nch  
ins tead o f  . 3  inch because the p ressure  reduct ion ob ta ined  i s  f o r  a1 1 p r a c t  i- 
ca l  purposes n e g l i g i b l e ,  as i nd i ca ted  by F igure  3-5. 

Sub! ima to r  V isua l  i z a t i o n  Tes t  

E a r l y  i n  the subl  imator study program a v i s u a l i z a t i o n  t e s t  module was 
designed. I t  was thought  t h a t  through v i s u a l  observa t ions  some I n s i g h t  
m i g h t  be ga ined  i n t o  such problems as where the  i c e  forms, .whether i n  o r  
out  o f  t h e  pores, i f  t h e r e  i s  blockage o f  f l o w  by Pins, and what causes 
breakthrough and under what c i rcumstances does i t  occur.  Wi th  t h i s  goal i n  
mind, a u n i t  c o n s i s t i n g  o f  a heated p l a t e ,  f i nned  wate r  passage, porous 
p la te ,  steam passage, and t ransparen t  s ides and top was f a b r i c a t e d  and t e s t i n g  
was i n i t i a t e d .  

Some d i f f i c u l t y  was encountered i n  observa t ion  o f  t h e  bottom porous 
p l a t e  s u r f a c e  due t o  t h e  f i n s  and the r e l a t i v e l y  small h e i g h t  o f  the water  
passage (0. 175 in . ) .  To a l l e v i a t e  t h i s  problem, a s i m i l a r  u n i t  was assembled 
w i t h  n o - f i n s  and a wa te r  passage 0.5- in .  h igh.  F igure  3-6 shows the  new 
module i n  operat ion.  W i t h  t h i s  u n i t ,  observa t ion  o f  t h e  e n t i r e  p l a t e  su r face  
was p o s s i b l e  and t e s t i n g  was cont inued. Photographs were taken f o r  docu- 
mentat i o n  purposes and t o  a1 low repeated observat ion o f  c e r t a  i n  phenomena. 
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STEAM PLENUM HEIGHT, I N C H E S  ~ - 2 ~ 9 4 7  

Figure 3-5. Maximum Plenum Pressare In Typical Sub1 imator  





A schematic and photograph o f  the t e s t  setup a re  shown i n  F igures 3-7 
and 3-8,  As i nd ica ted ,  t he  wa te r  was f i l t e r e d  and metered be fo re  e n t e r i n g  
t h e  water plenum, A measurable heat  load was p rov i ded  by pass ing  a heated 
f l u i d  through a  f i n n e d  passage and record ing  i n l e t  and o u t l e t  temperatures.  
Pressures were measured a t  t h e  p o i n t  o f  water  supply,  i n  the  water  plenum, 
and i n  the  vapor plenum, A bypass o f  the f i l t e r  was p rov i ded  i n  o rder  t h a t  
t h e  f low might  be  reversed w i t h o u t  des t roy i ng  the  f i 1 t e r .  

Several i n t e r e s t i n g  and notewor thy phenomena we re  observed. When the  
u n i t  was run w i t h  no heat load, a  l a y e r  o f  i ce  formed over the  e n t i r e  bottom 
o f  t h e  p l a t e  except  a long  the  edges o f  the  u n i t .  (The l a c k  o f  i c e  nex t  t o  
t h e  l u c i t e  s ides  was due t o  hea t  l e a k i n g  th rough  from the svr roundings. )  

Observat ion o f  the  i c e  l a y e r  on the  wate r  passage s ide  revealed a 1 i g h t  
c o l o r e d  surface, f r o s t y  i n  appearance, a t  the  ice-porous p l a t e  i n t e r f a c e .  
I n t e r m i t t e n t l y  o r t i o n s  o f  these l i g h t  areas became darkened and when t h i s  
occurred, smal i ' f i n g e r s u  o f  i c e  appeared a t  cor responding areas on top o f  
t h e  porous p l a t e .  Th i s  change i n  c o l o r  always proceeded f rom the edge o f  
t h e  i c e  l aye r  o r  f rom an a l r eady  darkened area. I t  i s  thought  t h a t  the  l i g h t  
areas are  s m a l l  spaces between t h e  i ce  and th2  porous p l a t e ,  formed when t he  
i c e  sublimes and passes through t he  p l a t e  as vapor. When t h i s  space becomes 
s u f f i c i e n t l y  large,  water rushes in, caus ing t h e  darkened appearance, and 
some o f  the wa te r  passes comple te ly  through t he  p l a t e ,  fo rm ing  the " i c e  
f i n g e r s "  a t  t he  sur face.  T h i s  i c e  "breakthrough" occur red  over  o n l y  those 
p o r t i o n s  o f  t h e  p l a t e  which were covered w i th  i c e  on t h e  wate r  s ide .  

When the p l a t e  area covered by i c e  was reduced b y  inc reas ing  the heat  
l o a d  t o  t he  system, t h i s  i n t e r m i t t e n t  breakthrough phenomenon cont inued over  
t h a t  area o f  the  p l a t e  covered w i t h  i c e  b u t  ceased to  occur  over  areas covered 
w i t h  1 i qu i d  water  and no v i s i b l e  ice.  Increased heat  load  r e s u l t e d  i n  the 
e l i m i n a t i o n  o f  a l l  v i s i b l e  i c e  and a long  w i t h  it, e l  im ina t i on  o f  the  forma- 
t i o n  o f  the " i c e  f i nge rs ' '  on t he  low-pressure s i de .  A t  t h i s  p o i n t  t he  pres-  
sure on the downstream s i d e  o f  t h e  porous p l a t e  was increased w h i l e  main- 
t a i n  i ng  constant a1 1 o t he r  system va r i ab l es ;  p ro fuse  water  breakthrough 
occu r red  when t he  p ressure  reached the t r i p l e  p o i n t  pressure.  

Th is  s i g n i f i c a n t  f a c t  i n d i c a t e s  t h a t  t h e r e  i s  i c e  i n  the pores which 
m e l t s  when the p ressu re  goes above the  t r i p l e  po in t ,  a l l o w i n g  water  t o  break 
through.  The indicat i 'on o f  i c e  e x i s t i n g  i n  t he  pores when there  i s  no i c e  
v i s i b l e  on the  bot tom o f  the  p l a t e  i s  an impor tan t  one, f o r  i t  imp l i es  a 
c y c l  i n g  mechanism i n  which t he  ice-vapor i n t e r f a c e  recedes and reforms due 
t o  e  i r h e r  the i c e  me1 t ing  o r  the  i n t e r f a c e  reced ing  a1 1  t he  way o u t  of  t he  
po re  and water r u s h i n g  in.  

The mechanism which i s  though t  t o  be t h a t  wh ich  occurs  i n  a porous p l a t e  
i n  a  sub1 imator i s  shown i n  F i gu re  3-9. I n  Sketch ( a ) ,  1 i q u i d  en te r s  t h e  
pore. O r i g i n a l l y  i t  was thought  t h a t  the  l i q u i d  was r e s t r a i n e d  a t  the  po re  
e x i t  by surface t e n s i o n  forces, however, t h e  breakthrough a n a l y s i s  i n d i c a t e d  
t h a t  t h i s  i s  p o s s i b l e  o n l y  f o r  m inu te  water  pressures o r  f o r  hydrophobic 
su r faces .  There fo re  the  l i q u i d  i s  n o t  r e s t r a i n e d  u n t  i 1 i c e  i s  formed. 
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Figure 3-7. Schematic o f  Sublimation Test System 





VAPOR VAPOR 

LIQUID 

a. L i q u i d  en te r s  pore 

LIQUID 

c .  So! i d  sub1 imes 

VAPOR 

b .  S o l i d  forms as a r e s u l t  
of v a p o r i z a t i o n  a t  the 
low vapor pressure.  

VAPOR 

LIQUID 

d .  Solid subl imes and 
i n t e r f a c e  recedes. 

e. Either a l l  sol i d  h a s  sublimed ot- 
t r i p l e  p o i n t  pressure has been 
reached a t  sol i d  vapor i n t e r f a c e  
causing m e l t i n g .  L i q u i d  re -en te rs  
pore and ~ y c l e  repeats .  

NOTE: V e r t i c a l  s c a l e  has been g r e a t l y  
reduced. A c t u a l  leng th  to d i a -  
meter r a t i o  i s  of t h e  o r d e r  100. 

A-21  712 

F i g ~ ~ i - e  3 - 9 ,  Poss ib l e  Sub1 ima t i on  Mechanism When Sol i d  Phase 
i s  no t  V i s i b l e  on L i q u i d  S ide  of  P l a t e  
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Sketch ( b )  shows so l  i d  forming r a p i d l y  i n  t h e  po re  as t he  1 i qu  i d  i s  exposed 
t o  t h e  ve ry  low p ressure .  I n  Sketches ( c )  and ( d )  the  sol i d  phase has sub- 
1 imed, caus ing  the so l  id-vapor i n t e r f a c e  to  recede f u r t h e r  i n t o .  t h e  p l a t e  
and a l s o  r a i s i n g  t h e  abso lu te  p ressure  a t  the i n t e r f a c e .  A t  t h i s  p o i n t  i t  
i s  though t  t ha t  one o f  two th ings  happens, E i t h e r  the so l id -vapor  i n t e r f a c e  
recedes u n t i l  a l l  t h e  s o l i d  phase has sub l imed o r  the  i n t e r f a c e  p ressure  
inc reases  above the  t r i p l e  p o i n t  and the  s o l i d  melts,  e i t h e r  OF which would 
a1 l o w  1 i q u i d  t o  r e e n t e r  the pore ( s ke t ch  ( e ) )  caus ing the cycle t o  r e p e a t .  
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POROUS PLATE INVESTIGATION 

General 

I t  i s  w e l l  known t h a t  t h e  ope ra t i ona l  c h a r a c t e r i s t i c s  o f  a sub l imato r  
a r e  a s t rong  f u n c t i o n  o f  the  porous p l a t e  which i s  used i n  the u n i t .  Opt imiza- 
t i o n  o f  a sub l imato r  t he re fo re  inc ludes  s l l e c t i o n  o f  an optimum porous p l a t e  
and an i n v e s t i g a t i q n  o f  porous p l a t e s  i s  r equ i r ed  i n  o rde r  t o  make such a 
cho i ce .  The i n v e s t i g a t i o n  performed dur 'qg  t h ; s  program inc luded  s imple bench 
t e s t s  t o  descr ibe  t h e  p l a t e  c h a r a c t e r i s t i c s  themselves and s i n g l e  module 
sub l i rna to r  t e s t s  t o  determine t h e  p l a t e s  sub l ima t i on  c h a r a c t e r i s t i c s .  

The m a j o r i t y  o f  p l a t e s  t e s t e d  were o f  s i n t e r e d  meta l  powder c o n s t r u c t i o n  
as  suppl  i ed  by C l e v i  re, Lockheed, APM and Union Carbide. A 1 imi  t e d  number o f  
s i n t e r e d  woven w i r e  mesh, porous T e f l o n  and Kel-F, and e lec t ro - fo rmed mesh 
samples were t es ted .  ( A  l i s t  o f  the p l a t e s  t es ted  and the type o f  c o n s t r u c t i o n  
i s  g i v e n  i n  Appendix c , )  A few p l a t e s  coated w i t h  Te f l on  were s l s o  t e s t e c .  

Bench Tes t s  

I n  order  to defiae the porous p l a t e s  t o  be used i n  subl i rnator t e s t i n g  and 
t o  o b t a i n  p l a t e  c h a r a c t e r i s t i c s  w i t h  which t he  porous p l a t e  sub l ima t i on  
perFormance cou ld  be co r re l a ted ,  a se r i es  o f  bench t e s t s  were performed on 
sample p la tes .  Bubble p o i n t  i n  a lcoho l ,  wa te r  r e t e n t i o n  pressure, n i t r o g e n  
p e r m e a b i l i t y  t o  vacuum, a rd  n i t r o g e n  p e r m e a b i l i t y  t~ ambient were performed. 
The r e s u l t s  o f  these t e s t s  a r e  t abu la ted  i n  Appendix C. The m a j o r i t y  o f  p l a t e s  
t e s t e d  were of  s i n t e r e d  p a r t i c l e  c o n s t r u c t i o n  and were ob ta ined  from Lockheed 
( L  des igna t ion ) ,  C l e v i t e  ( C  des igna t i on ) ,  and Union Carb ide (UC des igna t i on ) .  
As i nd ica ted ,  a l l  o f  these p l a t e s  a re  n i cke l ,  rang ing  i n  th i ckness  f rom 0.015 
t o  C.056 in .  P o r o s i t i e s  ranged from the  sma l l es t  o f  32 percen t  f o r  one o f  the  
Union Cai-bide sarnpies 20 56.7 percen t  f o r  a  C l e v i t e  sample. A l l  t he  speci~nens 
a re  o f  s i n t e r e d  p a r t i c l e  cons t ruc t i on ,  and Samples C I ,  C2,  and C6 con ta i n  a 
20 by 20 mesh, 0.007 i n .  d i a  w i r e  n i c k e l  re in forcement  screen. A t  d i % f e r e n t  
t imes d u r i n g  the  program, bubb le  p o i n t  da ta  were obtai . ,ad fo r  t h e  same p l a t e  
o r  f o r  p l a tes  o f  the  same des igna t i on  i n  t h e  same batch.  A l l  these da ta  a r e  
p resen ted  i n  t ab l es  C - t  and C-2, and t h e  pore diameter based upan t h e  average 
a l c o h o l  bubble p o i n t  i s  g iven. The Lockheed p l a t e s  appear t o  have the  s m a l l e s t  
maximum pore diameters, about 2.5 microns, w i t h  approx imate ly  80 percen t  o f  
the pores  l a r g e r  than 1.5 microns. I t  w i l l  be shown below t h a t  these p l a t e s  
a r e  the l eas t  permeable of a l l  t h e  "L1', "C", and "UC" p l a t e s  tes ted .  The 
C l e v i t e  p l a tes  have t h e  l a r g e s t  pores o f  those t e s t e d  i n  t h i s  se r ies ,  from 
6 t o  8 microns. The Union Carb ide p l a t e s  have more o f  a  spread i n  maximum 
e q u i v a l e n t  pore diameter, f rom 2.82 t o  6.90 microns, w i t h  t h e  80 percent  
pore  diameters equal  t o  from 57 t o  76 percent  o f  the maxirnuni d iameters.  The 
o t h e r  p l a t e s  t e s t e d  e x h i b i t e d  a w ide r  range i n  maximum pore s ize,  f rom 3 microns 
t o  128 microns. 

Pe rmeab i l i t y  da ta  were a l s o  ob ta ined  fo r  the porous p l a tes ,  one s e r i e s  
with n i  t rogen d ischarge  t o  arnbi e n t ,  t he  o t h e r  w i t h  n i  t rogen  d i  scharge t o  vacuum 
(0.093 mm Hg abs to 1.42 mm Hg abs) .  The r e s u l t s  o f  these t e s t s  a r e  shown i n  
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Apperldix C. I t  i s  seen t h a t  j u s t  as  i n  po re  s ize,  t he  "L" and "C" s e r i e s  
t e n d  t o  be bunched w h i l e  the "UCtt s e r i e s  i s  spread ove r  a  range. The APM 
p l a t e s  were t h e  l e a s t  permeable and the  BM5 p l a t e  t h e  most permeable o f  a l l  
p l a t e s  tes ted.  

Table C - 2  shows t he  bubb le  p o i n t  i s  wa te r  and water  r e t e t i o n  p ressure  
d a t a  obtained. I n  general  t he  water  bubble p o i n t  p ressure  i s  s i g n i f i c a n t l y  
h i g h e r  than t h a t  ob ta ined  w i th  a lcoho l .  Th i s  i s  due t o  t he  h i ghe r  su r f ace  
t e n s i o n  o f  water .  The water r e t e n t i o n  p ressure  i s  i n  genera l  q u i t e  smal l ,  
and, as was p o i n t e d  o u t  i n  the breakthrough a n a l y s i s  t h i s  i s  due t o  t h e  low 
c o n t a c t  angle and rounded pore  e x i t s .  

The oppos i te  t rends a r e  ev i den t  f o r  t h e  hydrophobic p l a t e s  ( l a r g e  
c o n t a c t  ang le) .  For  the  T e f l o n  and Kel -F p l a t e s  the water  r e t e n t i o n  pressure 
i s  g rea te r  than t h e  bubble p o i n t  (gas breakthrough)  p ressure  due t o  t h e  l a r g e  
c o n t a c t  angle as  p red i c t ed  by F i g u r e  3 - I .  The water  r e t e n t i o n  p ressure  was 
'ncreased s u b s t a n t i a l l y  f o r  t h e  n i c k e l  p l a t e s  w i t h  a  t e f l o n  coa t ing .  

S i n g l e  Module Tests  

I n  order  t o  determine t h e  performance o f  t h e  sample porous p l a t e s  and t o  
e s t a b l i s h  t h e i r  c h a r a c t e r i s t i c s  i n  t he  va r i ous  modes o f  ope ra t i on  o f  a  
sub l imato r ,  a s e r i e s  o f  t e s t s  were performed on s i n g l e  modules. Tests  were 
performed t o  d e f i n e  the  maximum heat  f l u x  a t t a i n a b l e ,  s t eady -s ta te  charac te r -  
i s t i c s ,  ope ra t i on  a t  s tar tup,  r e s t a r t  c h a r a c t e r i s t i c s ,  and the e f f e c t  o f  
f r e e z i n g  o r  o p e r a t i o n  a t  zero heat  load.  The s i n g l e  porous p l a t e  t e s t  module 
cons i s t ed  of a heat  source, a water  passage and a  porous p l a t e .  The heat  
source  was an e l e c t r i c a l  hea te r  so t h a t  p r e c i s e  c o n t r o l  o f  t h e  i n p u t  hea t  
f l u x  cou ld  be ma in ta ined .  The u n i t  was ins t rumented w i t h  6 thermocouples 
i n  t h e  heater plate and one a t  the water i n l e t ,  and cont inuous temperature 
readou t  was p rov ided .  The porous p l a t e  module i n s t a l l e d  i n  t he  t e s t  r i g  
i s  shown i n  F i g u r e  3-10. For some o f  t h e  t h i n n e r  porous p l a t e  specimens, 
i t  was necessary t o  a t t a c h  a d d i t i o n a l  c ross bar  suppor ts  t o  prevent  t h e  
p l a t e s  from bowing as shown i n  t h e  photograph. Not shown, b u t  impor tant  
t o  p reven t  heat losses, were the l aye rs  o f  a lumin ized  my la r  p laced  on t h e  
bo t t om o f  t he  module nex t  t o  t h e  hea te r  p l a t e .  A photograph o f  t he  t e s t  
se tup  i s  shown i n  F i gu re  3-11. The e l e c t r i c a l l y  heated t e s t  modules were 
enc losed i n  a vacuum chamber i n  o rde r  t o  ma in ta i l ,  t h e  virpqr p ressure  below 
t h e  t r i p l e  p o i n t .  Heat f l u x  was c o n t r o l l e d  by a  va r i ac ,  and v o l t a g e  and 
c u r r e n t  were i n d i c a t e d  on a p p r o p r i a t e  meters.  Water f rom t h e  supply  tank  
was f i l t e r e d  th rough  a  l/2p a b s o l u t e  f i l t e r  and metered b e f o r e  e n t e r i n g  t h e  
sub1 imator mc2ule. 

I .  Steady S ta te  Performance and Maximum Heat F l ux  

I n i t i a l  t e s t s  were performzd t o  determine the  heat  r e j e c t  ion capab i l i t y  
o f  va r ious  p l a t e s  and the  maximum h e a t  f l u x  a t t a i n a b l e  be fo re  breakthrough. 
I n  some cases t h e  wa te r  plenum was a .I00 in .  gap w i t h  a n i c k e l  conduct ion 
f i n  i n  i t  and i n  o the rs  a ,012 in. h igh  water  gap. P l o t s  o f  t h e  hea te r  
temperature as a f u n c t i o n  o f  heat  f l u x  a r e  shown i n  Appendix C .  P la tes  f r o n  
Un ion Carb ide,  Lockheed, C lev i  te, A i  r c r a f t  Porous Media, and Buckbee Mears 
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were t es ted  w i t h  t he  f i nned  wa te r  gap c o n f i g u r a t i o n .  Wi th a l  I these p l a t e s  
i t  was poss ib l e  t o  e s t a b l i s h  e q u i l i b r i u m  o p e r a t i n g  c o n d i t i o n s  w i t h  heat  f l u x e s  
o f  3500 Btu/hr f t 2  o r  more. There a re  two c r i t e r i a  by which the porous p l a t e s  
n i g h t  be compared on a  steady s t a t e  bas is .  These a r e  t h e  hea te r  temperature 
a t  a g iven  heat f l u x  and the heat  f l u x  a t  which l i q u i d  breakthrough begins o r  
blzcomes uncon t ro l  l ed .  As shown i n  Tab1 e 3-3, o f  the 25 p l a t e s  t es ted  a t  a feed 
Fressure  o f  3 p s i ,  9 exper ienced no uncon t ro l l ed  breakthrough up t o  a heat 
f ! u x  o f  10,000, 12 f a i l e d  a t  10,000, 3 a t  7300 and I a t  5500. Minor  break-  
t h rough  occurred a t  2000 B tu /h r  f t 2  f o r  I p la te ,  a t  5500 f o r  3 p l a tes ,  a t  
7300 f o r  7 p la tes ,  a t  \0,000 f o r  8 p l a t e s  and d i d  n o t  occur  a t  a1 1 f o r  6 
p l a t e s .  From t h i s  data i t  i s  ev i den t  t h a t  a  major  p o r t i o ~ i  o f  the p l a t e s  
t e s t e d  would be  s u i t a b l e  f o r  a  sub1 imator appl i ca t i on ,  a t  l e a s t  From the  
s tandpo in t  o f  maximum heat f l u x  a t t a i n a b l e  be fo re  uncon t ro l  1 ed breakthrough. 

A t  the o u t s e t  i t  was hoped t h a t  the performance o f  t he  porous p l a t e s  
c o u l d  be c o r r e l a t e d  on the basis o f  some e a s i l y  measurable p rope r t y  o f  t he  
p l a t e s  such a s  bubb le  p o i n t  o r  permeabil i t y .  T h i s  was no t  p o s s i b l e  f o r  t h e  
breakthrough phenomenon. 

The o the r  method o f  comparing the  p l a t e s  i s  t o  compare the  hea te r  
temperatures r e q u i r e d  t o  es tab l  i s h  a  g iven heat  f l u x .  I t  i s  advantageous t o  
have t h i s  temperature as low a s  poss ib l e  f o r  t h i s  means a sma l le r  porous 
p l a t e  area i s  r e q u i r e d  t o  d i s s i p a t e  a  g iven heat  r a t e .  It i s  no ted  from 
the  p l o t s  i n  Appendix C tha t ,  f o r  instance, a l l  t h e  p l a t e s  bu t  the  one Buckbee 
Mears sample, gave heater  temperatures from 46 t o  5 8 ' ~  a t  a heat  f l u x  o f  
5500 B tu / l i r  f t 2 .  l'he p l a t e s  which g i ve  the  lower temperature are, o f  course, 
b e t t e r  se l ec t i ons  f o r  sub1 imato r  p l a t e s .  There does appear t o  be some co r re -  
l a t i o n  between t he  p l a t e s  which g i v e  the lowest  hea te r  temperature and those 
w h i c h  have the h i g h e s t  breakthrough heat f l u x .  The average hea te r  temperature 
a t  a heat f l u x  o f  5500 far  the  p l a t e s  which d i d  n o t  exper ience u n c o n t r o l l e d  
breakthrough was 47.8'~~ 5 1 . 6 ' ~  f o r  those t h a t  broke tht-ough a t  10,000, and 
5 3 . 7 ' ~  f o r  those t h a t  f a i l e d  a t  7,300. Se lec t i on  o f  a p l a t e  which has a  h i g h  
bl-eakthrough heat f l u x  i s  t h e r e f o r e  compat ib le  w i t h  s e l e c t i o n  o f  p l a t e  w i t h  
good heat  t r a n s f e r  c h a r a c t e r i s t i c s .  

A lso  g iven i n  Appendix C a r e  the  r csu l  t s  o f  porous p l a t e  t e s t s  conducted 
w i t h  a 0.12 in.  wa te r  gap w i t h  no f i n s  i n  t he  water  plenum. T h i s  con f i gu ra -  
t i o n  was t e s t e d  because o f  the  p o t e n t i a l  o f  us i ng  t h i s  concept t o  e l i m i n a t e  
problems assoc ia ted  w i t h  f r e e z i n g  o f  the u n i t  d u r i n g  ze ro  heat  load ope ra t i on .  
T e s t s  were performed a t  feed wate r  pressures o f  3, 6, and 9 p s i a  t o  determine 
t h e  e f f ec t  o f  t h i s  v a r i a b l e  on performance. From t h e  data i t  can be seen 
t h a t  i n  general t h e  heater  temperature decreases w i t h  h i g h e r  feed pressures.  
A 1  so, as i nd i ca ted  by Table 3-4, the uncon t ro l l ed  breakthrough heat  f l u x  
decreases w i t h  i nc reas ing  pressure.  I t  should  a l s o  be noted t h a t  the  b reak -  
th rough  heat f l u x e s  a t  3 p s i a  f o r  the  ,012 gap a re  compat ib le  w i t h  those a t  
3 ps i a  f o r  the  . 100 gap w i t h  f i n s ,  i n d i c a t i n g  t h a t  t he  plenum c o n f i g u r a t i o n  
may have 1 i t t l e  i f  any e f f e c t  on the  breakthrough. 
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TABLE 3-3 

SUMMARY OF HEAT FLUX BREAKTHROUGH PERFORMANCE OF PLATES 
TESTED WITH 0.10 I N .  H I G H  FINNED WATER PASSAGE AND 3 P S I A  FEED PRESSURE 

P l a t e  

UC- IA 

I B 

1 C 

2A 

2 B 

2 C 

3A 

3 B  

3C 

4A 

4 B 

4C 

L IA  

2 A 

3 A 

Heat  F l u x  fo r  
Uncontrol l e d  Breakthrouqh 

10,000 Btu/hr  f t 2  

7,300 

7,300 

> 10,000 

> 10,000 

>10,000 

7,300 

lr3,OOO 

10,000 

10)OOO 

>10,000 

>10,000 

1O)OOO 

>10,000 

10,000 
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Heat  F l ux  f o r  
Minor Breakthrough 

5,500 Btu/hr  f t 2  

5,500 

5,500 

10,000 

10,000 

>10,000 

7,300 

7,300 

10,000 

10,000 

>10,000 

>10)000 

7,300 

10) 000 

7,300 
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TABLE 3-4 

UNCONTROLLED BREAKTHROUGH HEAT FLUX FOR .0 12 GAP 

P l a t e  3 p s i a  6 p s i a  

UC-4C-0 None 7,300 
10,000 

C l e v i t e  V I  10,000 - - 

9 ps ia  

2. S t a r t - u p  T e s t i n q  

A convent iona l  sub l imato r  depends upon the  ex is tence  o f  i c e  i n  the pores 
o f  the porous p l a t e  i n  o rde r  t o  p reven t  water  breakthrough f o r  feed pressures 
above t h e  water r e t e n t i o n  pressure,  Tes t i ng  has i n d i c a t e d  t h a t  w h i l e  a p l a t e  
may o p e r a t e  in a s teady  s t a t e  c o n d i t i o n  w i t h  a feedwater p ressure  on the o r d e r  
o f  9 p s i a ,  i t  may be imposs ib le  t o  ach ieve s t a r t - u p  w i t h  t h i s  pressure w i t h o u t  
b reak th rough  occu r r i ng .  For t h i s  reason, s t a r t - u p  c h a r a c t e r i s t i c s  were i nves t  i- 
gated i n  o rder  t o  d e f i n e  system s t a r t - u p  1 i rn i ts.  A s e r i e s  o f  s t a r t - u p  t e s t s  
were per formed on s i n g l e  module porous p l a t e s  o f  va r y i ng  pore  s i z e  and 
permeab i 1 i t y .  The p l a t e s  t es ted  ranged f r o m  0.020 t o  0.028 i n .  th i ckness  and 
had a s u b 1  iming su r f ace  area o f  about  18 square in. The t e s t  module and t e s t  
setup used were those shown i n  F igures  3- 10 and 3- 1 1 .  Heater temperature and 
water plenum pressure were sensed and recorded. The t e s t  rnadule  was mounted 
i n  a  vacuum chamber and the  p ressure  reduced t o  about  200 microns o f  mercury 
abso lu te .  The hea te r  was tu rned  on and t he  h e a t  f l u x  se t  a t  2,000 B tu /h r  f t2,  
and when t h e  heater temperature reached 80'~ t h e  wa te r  i n l e t  va lve  was opened. 
Observat ions were made a s  t n  t he  s e v e r i t y  o f  breakthrough. Water i n l e t  f l o w  
ra tes  o f  100, 40 and 20 cc p e r  minute were used. A summary o f  t h e  s t a r t - u p  da ta  
i s  g iven i n  Tables 3-5, 3-6 and 3-7. Permeab i l i t y  and bubble p o i n t  da ta  a r e  
shown a l o n g  w i t h  t h e  t y p e  o f  breakthrough a t  va r i ous  feedwater pressures and 
f i 1 1  r a t e s .  "Minor" and "se r ious"  breakthrough r e f e r  t o  the  r e l a t i v e  amounts 
o f  i c e  formed on t he  t o p  o f  the  p l a t e .  The t ime f o r  heal i ng  r e f e r s  t o  t he  
t ime a t  wh ich  the p l a t e  ceased t o  form i c e  on t he  downstream face. The i c e  
t h a t  had formed t h e r e  sub1 imed away i n  t ime.  The p l a t e s  a r e  ar ranged i n  
o rder  o f  i nc reas ing  p e r m e a b i l i t y  which corresponds i n  general  t o  decreas ing 
bubble p o i n t  which means i nc reas ing  po re  s i r e .  

Tab le  3-5 g ives r e s u l t s  f o r  5 p l a t e s  t e s t e d  a t  pressures of f rom 3 t o  9 
p s i a  and a t  an i n l e t  f l o w  r a t e  o f  100 cc/min. The p l a t z s  t e s t e d  were chosen 
because they  gave a range i n  p e r m e a b i l i t y  a n d  because they a l l  performed w e l l  
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TABLE 3-5 

SINGLE FIODULE START-UP DATA 

A P  a t  Bubble  P o i n t  i n  A lcohol  Type o f  Breakthrouqh a t  Given Feedwater Pressure 
2 l b / h r  f t 2  

N~ Flow, I n i t i a l  80 Percent, 3 p s i a  4.5 p s i a  6 p s i a  9 p s i a  
P l a t e  p s i  p s i  p s  i 

UC-2C-8 0 .57 4.60 7.68 None Minor, hea led Serious, Uncon t r o l l  ed 
i n  1.5 min. healed i n  

3 rnin. 

UC-4C- I 0 .53 3.52 5.99 None M i  nor, Se r iaus, Serious, 
healed i n  healed i n  healed i n  
I min .  I win. 4 rnin. 

UC-4B- I 0.34 3 .  I0 5.36 Very minor, Very minor, Serious, Uncon t r o l l  ed 
hea 1 ed hea 1 ed  healed i n  
immediate1 y immediately 2 min. 

Serious, 
healed i n  
5 rnin. 

UC-2B- I 0.25 3.56 4.8 1 M i  nor, Uncon t ro l l ed  Uncon t ro l l ed  Uncon t ro l l ed  
healed i n  
I min. 

UC-2A- I 0 .  15 1.81 3.07 Uncontrol  1 ed -- Uncon t ro l l ed  Uncon t ro l l ed  



TABLE 3-6 

START-UP DATA AT VARIOUS FEED PRESSURES AND FLOW RATES 
FOR A 0.012 I N C H  H I G H  WATER PLENUI.2 

P l a t e  100 cc/m i n 40 cc/ min 20 cc/m i n  

3 p s i  6 p s i  9 p s i  3 p s i  6 p s i  9 p s i  3 p s i  6 p s i  9 p s i  

U C - 2 C - 4  0 SZ1' 11 0 VM2 VM2 0 0 0 

UC-4C-6 0 M 2 . 5  52 0 0 -3 0 0 0 

UC-4B-5 0 M . 5  U 0 VMO 5.5 0 0 0 

U C - 2 8 - 5  VM.5 M.8 U 0 VMO S3 0 0 C 

UC-2A-3 0 MO U 0 M2 S 2 0 VM2 0 

TABLE 3-7 

START-UP DATA AT VARIOUS FEED PRESSURES AND FLOW RATES 
FOR A 0. 100 INCH HIGH FINNED WATER PLENUM 

P l a t e  100 cc/rnin 4 0  cc/min 20 cc/min 

3 p s i  4.5 p s i  6 p s i  9 p s i  3 p s i  6 p s i  9 p s i  3 p s i  6 p s i  9 p s i  

U C - 2 C - 9  0 0 0 b1.8 VM.2 VM.3 VM.3 0 0 VMO 

UC-4C-4  0 0 MO MI 0 0 V M O  0 0 0 

U C - 4 B - 3  VM 0 VM.3 VM.5 O 0 0 

UC-2B-4 14. 1 M+75  U U VM. 2 VM.3 VM.5 0 0 VMO 

UC-2A-4 0 M I U U VM.2 VM.3 V i l . 3  0 0 VMO 

Note. 
V M - v e r y  minor breakthrough 
M -minor breakthrough 
U - uncont ro l  1 ed breakthrough 
S - ser ious breakthrough 

;> 
The numbers appear ing  i n  the t a b l e s  r e f e r  t o  the  t i m e  requ i red  f o r  h e a l i n g  i n  
m inu tes .  For example, 52 means se r i ous  breakthrough which hea led  i n  2 minutes.  
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i n  t h e  steady s t a t e  and maximum heat  f l u x  t e s t s .  Two t rends  a re  ev i den t .  
The F i r s t  i s  an increased tendency t o  break througl l  w i t h  i nc reas ing  feedwater 
pressure,  an expected c h a r a c t e r i s t i c .  The second i n d i c a t e s  an increased 
breakthrough tendency f o r  l a r g e r  pore  s i zes  ( l owe r  bubble p o i n t ) .  

Table 3-6 shows the  s t a r t - u p  c h a r a c t e r i s t i c s  o f  p l a t e s  t es ted  w i t h  
.012 i n .  t h i c k  wa te r  plenum w i t h  no f i n s  a t  3 i n l e t  f l o w  ra tes  and 3 feed- 
w a t e r  pressures.  Again t he re  was increased u n c o n t r o l l e d  breakthrough a t  
h i g h e r  feedpressures, however the  incre2s i n g  breakthrough tendenc ies f o r  the  
p l a t e s  w i t h  l a r g e r  pores were n o t  so ev i den t  a s  i n  the p rev ious  t e s t s .  The 
e f f e c t  o f  decreas ing the Feedwater f l o w  r a t e  i s  q u i t e  ev iden t .  As the  f l o w  
r a t e  was decreased the  breakthrough became l e s s  severe and a t  an i n l e t  wa te r  
feed r a t e  o f  20 cc/min, successfu l  s t a r t - u p  w i t h  no breakthrough was achieved 
w i t h  e s s e n t i a l l y  a l l  p l a t es .  

Table  3-7 shows r e s u l t s  f o r  the  same t e s t s  performed w i t h  t h e  f i n n e d  
wa te r  passage. Here again  a re  e v i d e n t  the  e f f e c t s  OF inc reas ing  p ressure  and 
i n c r e a s i n g  pore s i ze .  Again s t a r t - u p  i s  improved by decreas ing t h e  plenum 
f i 1 1  r a t e  and a t  20 cc/min successfu l  s t a r t - u p  w i t h  o n l y  ve ry  minor s e l f -  
hea l  i n g  breakthrough was achieved f o r  a1 1 p l a t e s .  Comparison o f  Tables 3-6 
and 3-7 ind ica tes  t h a t  the plenum c o n f i g u r a t i o n  has 1 i t t l e  e f f e c t  on t h e  
s t a r t - u p  c h a r a c t e r i s t i c s ,  

3. Res ta r t  T e s t i n q  

One method o f  c o n t r o l l  i ng  a sub1 irnator t o  p reven t  f r e e z i n g  damage a t  
z e r o  heat  load i s  to  mon i to r  t he  heat  load and t u r n  o f f  the  watcr  supply  when 
t h e  hea t  load becomes small.  When the  heat load i s  reappl ied,  the wa te r  
supp l y  w i I  l be tu rned  on and t h e  u n i t  must r e s t a r t  f rom a  complete ly  o r  
p a r t i a l l y  dry  c o n d i t i o n  i n  the  wa te r  plenum. Tests  were performed t o  de te r -  
mine t h e  r e s t a r t  c h a r a c t e r i s t i c s  o f  va r ious  porous p l a t e s .  The s i n g l e  
module t e s t  r i g  was used, and t h e  water plenum c o n f i g u r a t i o n  was t h e  . 100 in.  
gap w i t h  a f i n .  E q u i l i b r i u m  c o n d i t i o n s  were es tab l  ished a t  a  heat  f l u x  
wh i ch  gave a  hea te r  temperature o f  6 0 ' ~ .  The water  feed was tu rned  o f f ,  and 
the hea t  f l u x  mon i to red  t o  m a i n t a i n  a hea te r  temperature o f  approximate1 y 
60'~. When the steam plenum pressure  dropped o f f  sharp ly ,  i t  was ev i den t  
the p l a t e  was a lmost  dry .  The t ime  r equ i r ed  For t h i s  c o n d i t i o n  t o  e x i s t  
was ve ry  near l y  equal t o  t he  p r e d i c t e d  t ime t o  sub1 irne t he  volume o f  water  
in  t h e  p l e n L ~ .  Two r e s t a r t  c o n d i t i o n s  were exp lored.  The feedwater va l ve  

was opened aga in  a t  a  flow r a t e  o f  100 cc/min when the plertum was almost  
d r y  and a t  h a l f  t h e  t ime requ i r ed  t o  d r y  t he  plenum o r  when i t  was h a l f  d ry .  
The s e v e r i t y  o f  breakthrough was recorded and t he  r e s u l t s  a r e  shown i n  
T a b l e  3-8. Essen t i a l  ly no d i f f e r e n c e  was no ted  f o r  the  t w o  cases. The re- 
sults were q u i t e  s i m i l a r  t o  the  d r y  p l a t e  s t a r t - u p  t e s t s  w i t h  t h e  same 
i n l e t  f l ow  r a t e  and plenum c o n f i g u r a t i o n s  w i t h  s i m i l a r  dependence on pore  
s i z e  and feedpressure.  The data i n d i c a t e  t h a t  t he re  i s  e s s e n t i a l l y  no 
d i f f e rence  between s ta r t - up  w i t h  a  d r y  plenum and r e s t a r t i n g  w i t h  a  p a r t i a l l y  
we t  p 1 enurn. 
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TABLE 3-8 

RESTART CHARACTERISTICS AT VARIOUS FEED PRESSURES, T V O  PLENUM WETNESS 
C O N D I T I O N S ,  AND WATER F E E D  RATE O F  100 CC/hIIN 

FOR A . 100 I N C H  HIGH WATER PLENUM 

P l a t e  Plenum Almost Dry Plenum Approx imate ly  H a l f  Dry 

3 p s i  4.5 p s i  6 p s i  9 p s i  3 p s i  4.5 p s i  6 p s i  9 p s i  

UC-2C-9  0 0 M. 5 0 0 0 0 

UC-4L-Y I 0 0 M 0 0 0 0 M 0 

UC-LIB-3 - - - - - 
UC-2B-4 0 M. 2 U U 0 VMO U U 

U C- 2A-4 0 M. 5 U U 0 M.8 U U 

4 Freeze-Thaw Cyc le  T e s t i n g  

A design requirement f o r  thermal c o n d i t i o n i n g  systems i s  t h a t  they be 
ab le  t o  operate i n t e r m i t t e n t l y .  If the heat l oad  t o  a sub1 imator  i s  tu rned  
o f f  a n d  the u n i t  i s  mainta ined i n  t h i s  qu iescent  s t a t e  f o r  an extended t ime, 
the  wa te r  i n  the wa te r  plenum freezes, and t he  accompany expansion may 
des t roy  t h e  u n i t .  Methods of  des ign ing  around t h i s  problem may be: ( I )  main- 
t a i n i n g  a low heat l oad  on the u n i t  a t  a1 1 times, ( 2 )  l i m i t i n g  t he  d u r a t i o n  
o f  t h e  no heat  l oad  cond i t i on ,  o r  ( 3 )  t u r n i n g  o f f  the  feedwater when t h e  heat 
load i s  removed or  reduced and a1 l ow ing  the  res i dua l  heat  1 oad t o  sub1 ime 
s u f f i c i e n t  water t o  p reven t  expansion. The f i r s t  t w o  o f  these a l t e r n a t i v e s  
i n  e f f e c t  v i o l a t e  t h e  qu iescent  ope ra t i on  requirement f o r  they do n o t  a l l o w  
an i n d e f i n i t e  zero heat  load c o n d i t i o n .  The t h i r d  method appears t o  be a  
reasonable a l t e r n a t i v e ;  however i t  does r e q u i r e  a d d i t i o n a l  va lves  and sens ing 
equipment, comp l i ca t i ng  the  system and reduc ing r e l i a b i l i t y .  

Another a l t e r n a t i v e  was i n v e s t i g a t e d  w i t h  s i n g l e  modules. The approach 
i s  t o  1 i m i t  to  a smal 1 va lue the l i near  expans ion i n  the  wa te r  plenum by 
reduc ing  the  h e i g h t  o f  t h e  water  passage t o  about 0.010 in.  and a1 low ing  the  
wate r  t o  f reeze cornpietely.  The 10 percen t  volume expansion due t o  f r e e z i n g  
expands the  passage 0.001 in.  i n  t h i s  case, wherease w i t h  a 0. 100 in.  
passage the  expansion would be 0.010 i n .  T e s t i n g  has i n d i c a t e d  t h a t  the  porous 
p l a t e  i s  f l e x i b l e  enough t o  a1 low repeated freeze-thaw cyc l es  w i t h  a  low 
water  passage, h u t  w i t h  a h i gh  passage the  p l a t e  w i l l  rup tu re .  Four p l a t e s  
were t e s t e d  w i t h  d i f f e r e n r  passage c o n f i g u r a t i o n s  summarized i n  Table  3-9. 
The t e s t  procedure i n  a1 l cases i nvo l ved  i n i t i a l l y  es tab l  i s h i n g  normal oper-  
a t i o n  o f  a s i n g l e  module sub l i rnator  and then t e r m i n a t i n g  heat  load. When 
the temperature o f  r h e  heatzd su r f ace  dropped below 32'~ i t  was assured t h a t  
the w a t e r  passage was complete ly  f rozen .  Heat was then reapp l i ed  t o  m e l t  the  
ice, and t o  assure t h i s ,  the p ressure  i n  the  steam plenum was r a i s e d  above 
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T X L E  3-5 

FREEZE-THAW C Y C L E  TESTING 

WATER PLENUM NUMBER OF 
PLATE CONFIGURATION FREEZ E-THAW C Y C L E S  DAb1AGE 

MINOR PLATE BUCKLING 
AND SURFACE CRACK - - 

1 RUPTURED 

SLIGHT DEFORMATION 
B U C l C L I N G  
SEVERE BUCKLING 

100 NONE 

CONFI GUKATI ON A C O N F I G U R A T I O N  B C O N F I G U R A T I O N  C 

,-POROUS PLATE 

LWATER PASSAGE 



the t r i p l e  p o i n t  i n i t i a t i n g  wa te r  brcakthroug6 and p r e c l u d i n g  the  ex is tence  
o f  i c e .  The heat  l o a d  was aga in  removed and the  c y c l e  1-epeated. 

Two p l a tes  were t es ted  i n  Con f i gu ra t i on  A, the . 175 h i g h  wate r  gap w i t h  
f i n .  P l a t e  UC-2C-6 showe-d minor  buck l  i ng  and developed a sur face  c rack  a f t e r  
5 cycles, and p l a t e  UC-2A cracked severe ly  a f t e r  one cyc le .  The damaged 
p l a t e s  t es ted  i n  t h i s  c o n f i g u r a t i o n  ar; shown i n  F igure  3- 12. Con f i gu ra t i on  B 
was s i m i l a r  to  A; howeve1 the  passage he igh t  was reduced t o  0.100 inch. The 
p l a t e  t e s t e d  showed severe buck l  i n g  a f t e r  100 cyc l es  ( i t  had deformed .070 
inch) ;  however no degradat ion i n  bubble  p o i n t  was detected. The t h i r d  con- 
f i g u r a t i o n  incorpora ted  a  ,012 i n .  wa te r  passage and the p l a t e  run  i n  t h i s  
c o n f i g u r a t i o n  e x h i b i t e d  no v i s i b l e  damager a f t e r  100 f reeze-thaw cyc les.  Th i s  
p l a t e  was a l s o  checked f o r  m i c roscop i c  damage by per fo rming  a bubble p o i n t  
t e s t  eve ry  10 cyc les,  and no decrease i n  bubble p o i n t  was detected.  

The  t e s t s  have shown t h i s  method t o  be successfu l  i n  e l i m i n a t i n g  p l a t e  
damage due to Freezing. T h e r e f o r ~ ,  t h i s  des ign was used i n  the  mu1 t i -porous 
p l a t e  sub l  imator modul e  cons t ruc t  ion.  

5. Hydrophobic Coat inqs 

It i s  noted F r o m  F igure  3-1 t h a t  the 1 i q u i d  breakthrough p ressure  increases 
w i t h  i nc reas ing  con tac t  angle .  (TWO types o f  l i q u i  d breakthrough a re  d iscussed 
i n  t h i s  report.. One i s  t h a t  wh ich  occurs  when t h e  sur face  t kns i on  f o r ces  a re  
no t  s u f f i c i e n t  t o  ba lance t h e  p ressure  fo rces  appl  i ed  t o  a 1 i qu  i d  on one s i d e  
o f  a  porous p l a t e .  The  o the r  i s  t ha t  which occurs  i n  a sub l  imator when 
s u F f i c i e n t  ice i s  n o t  a v a i l a b l e  i n  the  pores t o  form a b a r r i e r  t o  the  1 i q u i d .  
The fo rmer  type may a l s o  occur i n  a convent iona l  s u b l  imator o p e r a t i n g  above 
the t r i p l e  p o i n t  (really a f o r c e - f e d  evaporator )  i f  the feed  p ressure  I s  ve r y  
near the s i n k  pressure.  The 1 i q u i d  breakthrough p ressure  d iscussed i n  the  
development o f  F i gu re  3-1 i s ,  o f  course, the former t ype  s i nce  i t  deals  w i t h  
su r face  tens ion  and con tac t  ang le .  The second ty?e i s  t h a t  d iscussed i n  t he  
sec t  ions desc r i b i ng  s ta r t -up ,  r e s t a r t ,  and maximum heat  f 1 ux c h a r a c t e r i s t i c s .  ) 
Even though convent iona l  porous p l a t e s  have q u i t e  smal l  pores, t h e i r  l i q u  i d  
r e t e n t  ion pressures a r e  low because o f  the r e l a t i v e 1  y low con tac t  ang les  and 
d u l l  po re  e x i t s .  I f t  however, p l a t e s  w i t h  l a r g e  con tac t  ang les a r e  developed, 
l a r g e r  breakthrough pressures wi  1 1  r e s u l t ,  and the  dependence upon i ce  i n  
the pores  t o  p reven t  f a i l u r e  i s  e l  iminated. 

There  are two approaches t o  deve lop ing  t h i s  concept f o r  improv ing sub l  i- 
mator des ign and o p e r a t  ion. One i s  t o  use a  p l a t e  made f rom a  hydrophobic  
material (one w i t h  wh ich  water has a l a r g e  con tac t  angle),  and t h e  o t h e r  i s  
t o  a p p l y  a hydrophobic coa t i ng  t o  a  convent iona l  porous p l a t e .  The l a t t e r  
approach i s  probably  more feas i b l  e because o f  p ressure  drop cons ide ra t i ons .  
I F  t he  e n t i r e  p l a t e  is hydrophobic, the  water w i l l  be r e s t r a i n e d  a t  the  
upstream face  o f  t he  p l a t e  and phase change w i l l  occur  the re .  The r e s u l t i n g  
vapor p ressure  drop through the porous p l a t e  w i l l  r a i s e  the  p ressure  above 
the t r i p l e  po in t ,  the reby  inc reas ing  t h e  s i nk  temperature and decreas ing the  
heat r e j e c t  ion capabi 1 i t y .  A hydrophobic  c o a t i n g  appl  i e d  t o  t he  downstream 
face o f  t h e  p l a t e  w i l l  r e s t r a i n  t h e  wate r  near t he  downstream face, p t s v i d e d  
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the  c o a t i n g  pene t ra tes  t o  a small depth. Phase change now occurs  a t  the  
downstrearr, face, and t h e  pressure drop i s  s i g n i f i c a n t l y  l ess  s i nce  t h e  vapor 
f low l e n g t h  has been reduced. 

Tes ts  were per formed t o  determine expe r imen ta l l y  t h e  magnitudes o f  the  
e f f e c t s  o f  hyc1:-ophobic coat ings on t h e  water r e t e n t i o n  pressdre a n i  r e r r n e a b i l i t y  
o f  porous p l a tes .  A porous p l a t e  wh ich  performed w e l l  i n  the s i n g l e  module 
sub1 imato r  t e s t s  was selected, c u t  i n t o  Four sect ions,  and t e s t e d  f o r  bubble  
p o i n t  i n  water, p e r m e a b i l i t y  w i t h  vacuum discharge, and water  r e t e n t i o n  pres-  
sure. 

The p l a tes  were then sprayed w i t h  a Te f l on  c o a t i n g  and heated t o  fuse 
t he  c o a t i n g  t o  the  base porous p l a t e ,  D i f f e r e n t  spray t imes and h e a t i n g  
temperatures as shown below were employed t o  determine the e f f e c t  of these 
variables. 

Time o f  Spray Heat Treatment Length o f  Treatment 
P l a t e  Seconds O F  Minui  ?S - 

I 2 750 10 

The coated p l a t e s  were r e t e s t e d  f o r  water r e t e n t i o n  pressure and permeabi l -  
i ty, and a s  predic ted,  the water r e t e n t i o n  p ressure  increased marked1 y ;  
pressures  o f  7.8, 10.0, 6.9 and 11.2 p s i  were ob ta i ned  f o r  p l a t e s  1, 2, 3, and 
4 respec t i ve1  y .  P l a t e  c h a r a c t e r i s t i c s  be fo re  and a f t e r  c o a t i n g  a re  shown be- 
1 ow. 

Water 
Re ten t  ion 

Thickness Bubble Po i n t  Pressure 
P l a t e  Inches i n  K 2 0  Before Coa t i ng  

p s i  ps i 

Water 
Retent  i on  
Pressure 

A f t e r  Coat inq 

ps i 

F i g u r e  3-13 :bows t h e  p e r m e a b i l i t y  o f  t h e  p l a t e s  be fo re  and a f t e r  t reatment .  
As ind icated,  t h e  p e r m e a b i l i t y  p f  p l a t e s  2, 3, and 4 was reduced w h i l e  t h a t  
o f  p l a t e  I remained e s s e n t i a l l y  unchanged. It appears t h a t  t h e  longer  spray 
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F i g u r e  3- 13. N i t r o g e n  Permea5i l i t y  w i t h  Discharge t o  Vacuum Be fo re  
a n d  A f t e r  A p p l i c a t i o n  o f  a Hydrophobic Coat ing 
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times gave higher water retent ion pressures while t he  higher curing ternpera- 
ture gave less permeability reduction. These data indicate therefore that 
w i t h  a suitable coating, the  w a t e r  retention pressure may be increased to the 
desired level without reducing t he  perrneabil ity o f  the plate significantly. 
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MULTI-POROUS PLATE SUBLIMATOR MODULE 

Genera 1 

A mu1 t i-porous p l a t e  subl  imator  modu I e  was dcs i  gned, cons t ruc ted  and 
t e s t e d  i n  ordsr  t h a t  da ta  might  be ob t z i ned  on t he  performance O F  a complete 
u n i t .  The design i nvo l ved  porous p l a t e  se lec t ion ,  feedwater plenum design, 
heat t r a n s p o r t  F l u i d  passage design, and steam plenum design, as r e l a t e d  t o  
o p e r a t i n g  heat load, maximum heat  f l u x  a t t a i n a b l e  w i t h o u t  breakthrough, 
p reven t  i o n  o f  f r e e z i n g  damage a t  ze ro  h e a t  load ope r a t  ion, and ma i ntenance 
o f  a p r c s s u r e  s u f f i c i e n t l y  below t h e  t r i p l e  po in t .  

Sub1 i m a t o r  Desi qn 

The s e l e c t i o n  o f  a porous p l a t e  for a subl imator  must be made t o  a l a r g e  
ex ten t  on  an emperical bas is .  Th i s  i s  due t o  the  f a c t  t h a t  t he  sub l  ima t i on  
mechanism which occurs i n s i d e  t he  i n d i v i d u a l  pores has n o t  been comple te ly  
de f i ned  q u a n t i t a t i v e l y  f o r  the i t - r egu la r  passages and undef ined geometr ies 
o f  t he  p l a t e s  used i n  c u r r e n t  subl imators ,  

I t  i s  w e l l  known t h a t  as the hea t  f l u x  across a  porous p l a t e  i s  increased, 
a p o i n t  i s  reached a t  which l i q u i d  breakthrough occurs, caus ing f a i l u r e  o f  
the  u n i t .  T h i s  breakthrough i s  due t o  the e l  i m i n a t i o n  o f  i c e  w i t h i n  t h e  
i n d i v i d u a l  pores, i c e  wh ich  had been r e s t r a i n i n g  t h e  l i q u i d  i n  t h e  feedwater 
plenum, Data d e f i n i n g  t h i s  h e a t  f l u x  1 i m i t  f o r  va r i ous  porous p l a t e s  ob ta i ned  
from seve ra l  vendors was g iven  above i n  t h e  s i n g l e  module t e s t  resu l  t s .  
Obv ious ly  a p l a t e  which has a  h i gh  breakthrough heat  f l u x  should be chosen 
f o r  use i n  a  subl imator.  P l a tes  From the  UC-2C s e r i e s  were chosen For use 
i n  t h i s  sub l ;nator ,  and it i s  seen f rom T a b l e  3-3 t h a t  t h i s  s e r i e s  exper ienced 
no breakthrough t o  a hea t  F lux o f  g r e a t e r  than 10,000 B tu /h r  f t 2 .  

Othe r  cons idera t ions  which must be taken i n t o  account i n  s e l e c t i o n  o f  a 
porous p l a t e  a re  i t s  performance a t  s t a r t - u p  and r e s t a r t ,  and i t s  s teady s t a t e  
o p e r a t i o n  c h a r a c t e r i s t i c s .  As was i n d i c a t e d  i n  the d iscuss ion  o f  the s i n g l e  
module porous p l a t e  t e s t s ,  the  U C - 2 C  s e r i e s  performed among the b e s t  of a l l  
t h e  p l a t e s  tes ted.  B r e a k t h r o ~ ~ g h  a t  s t a r t - u p  was, i n  general ,  l e ss  1 i k e j y  
w i t h  t h i s  p l a te ,  and, f o r  a given hea te r  temperature i t  was a b l e  to d i s s i -  
pa te  abou t  as g rea t  a heat  f l u x  as any p l a t e  tes ted.  

It shou ld  be noted t h a t  a t  a feedwater p ressure  o f  3 ps ia ,  i t  was p o s s i b l e  
t o  o p e r a t e  a t  steady s t a t e  a l l  o f  t h e  p l a t e s  tes ted .  O-F these a l l  bu t  one 
d i d  n o t  exper ience even minor  breakthrough u n t i l  a heat  f l u x  o f  5,500 
Btu/hr  f t 2  was reached, which i n d i c a t e s  t h a t  i f  ve ry  c a r e f u l  1 i m i t a t i o n s  on 
the s t a r t - u p  and r e s t a r t  cond i t i ons  c o u l d  be maintained, almost any of t h e s e  
p l a t e s  wou ld  u-nve s a t i s f a c t o r y  f o r  use i n  a  subl imator .  Th is  i s  t r u e  even 
though t h e  Int  . . '  Im p o r e  diameters o f  t h e  24 p l a t e s  va ry  by a  f a c t o r  o f  4 and 
t h e  permeab i,es by a f a c t o r  o f  20. 

T h e  design o f  the  feedwater plenum i s  based upon m a i n t a i n i n g  a  h i g h  heat 
t r a n s f e r  conductance i n t he  plenum t o  increase t h e  heat  f l u x  f o r  a g iven  
heated su r f ace  temperature and p r e v e n t i n g  f r e e z i n g  damage assoc ia ted  w i t h  
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ze ro  hea t  load o p e r a t i o ~ l .  H igh conductance i s  ach ieved by p l a c i n g  f i n s  i n  
the  w a t e r  plenum, reduc ing  the  h e i g h t  o f  the plenum t o  reduce the  conduct ion 
path, o r  both. iJhi l e  i t  i s  advantageous t o  increase the heat f l u x  by reduc- 
i n g  t h e  heat t r a n s f e r  res is tance  because t h i s  reduces the s i z e  o f  the  u n i t ,  
care must  be exerc ised  n o t  t o  increase the heat  f l u x  above the breakthrough 
heat f l u x  discussed above. The walter plenum must be designed so t h a t  a h i g h  
heat  f l u x  i s  main ta ined  b u t  no t  so h i g h  as t o  i n i t i a t e  breakthrough. 

The approach developed i n  t he  s i n g l e  module freeze-up t e s t s  t o  reduce 
zero hea t  l oad  problems, namely the  use o f  a ve ry  s h o r t  wa te r  plenum, was used 
i n  t h e  mu l t i -po rous  p l a t e  u n i t .  A water  plenum h e i g h t  o f  .015 in.  was used 
s i nce  a  he igh t  on t h i s  o rder  proved s a t i s f a c t o r y  i n  the s i n g l e  module t e s t s .  
A f i n  was no t  used I n  t he  water plenum. The reason f o r  t h i s  was chat i t  was 
necessary t o  1 i m i t  t h e  heat t r a n s f e r  conductance i n  o rder  t o  kee,.. the maxi- 
mum h e a t  f l u x  below t he  breakthrougl? 1 i m i  t. 

A s  was s ta ted  p rev i ous l y ,  p rope r  design o f  t he  steam plenum i s  e s s e n t i a l  
i n  o r d e r  t h a t  too g r e a t  e pressure  i s  no t  ma in ta ined  above t he  por-ous p l a t e .  
T h i s  i s  so tha t  the  chances o f  breakthrough w i l l  n o t  be enhanced. The method 
out1 i ned  i n  the s e c t i o n  on subl ima to r  ana l ys i s  f o r  p r e d i c t i n g  the  pressure 
drop i n  the  steam plenum as a f u n c t i o n  o f  the  system parameters was used t o  
des ign t h e  steam plenum i n  the  mu l t i - po rous  p l a t e  u n i t .  A one-ha l f  in .  plenum 
was used i n  those passages w i t h  a porous p I a t e  on bo th  s ides  and a 1/4  i n .  
plenum where there was o n l y  one. Steam f l ow  was a l ong  the  4 i n .  dimension 
o f  t h e  u n i t  ins tead o f  the  7 in. din;c.nsion t o  decrease the f l o w  l eng th  and 
t h e r e f o r e  the p ressure  drop. 

Sub1 ima to r  F a b r i c a t i o n  

Asscmbly o f  the mu l t i - po rous  p l a t e  subl imator i s  accompl ished w i t h  a  
modular b raz i ng  techn ique  s i m i l a r  t o  t h a t  employed t o  the  wate r  b o i l e r .  Tbc 
f i n n e d  wate r  g l yco l  passages a re  j o i n e d  w i t h  a n i c k e l  base braze a l l o y  i n  an 
i n i t i a l  operat  ion w i t h  tb,e water  supp ly  passages, porous p l a t e s  and steam 
passages added i n  a second braze s tep .  Some d i f f i c u l t y  was encountered i n  
the  b r a z i n g  of the porous p l a t e s  se l ec ted  f o r  use i n  t h i s  u n i t .  The porous 
p l a t e s  showed a  tendency t o  r o l l  and deform a t  t h e i r  edges d u r i n g  t h e  braz- 
i ng  ope ra t i on .  I t  i s  f e l t  t h a t  the  porous p l a t e s  were exper ienc ing  a Lon- 
t i n u a t i o n  o f  the s i n t e r i n g  process employed d u r i n g  t h e i r  Fabr i ca t ion ,  and 
t h a t  t h i s  s i n t e r i n g  process caused t he  p l a t e s  t o  deform l o c a l l y .  The n e t  
r e s u l t  of t h i s  p l a t e  deformat ion was l o c a l  braze vo ids  around t he  per imete r  
o f  t h e  porous m a t e r i a l  and some minor  c rack ing  o f  t h e  p l a t e s  i n  the  areas 
immediate ly  adjacent t o  t he  header bars .  However, a t o r ch  braze r e p a i r  o f  
the sub l ima to r  core a f t e r  the  f i n a l  braze ope ra t i on  was ~ u c c e s s f u l  i n  s e a l -  
ing t hose  leaks which developed. The g l  yco i  i n l e t - o u t l e t  pans were added 
w i t h  a  t o r c h  b raz ing  o p e r a t i o n  a:-td t h e  water plenum mcrunting f l a n g e  machined 
p r i o r  t o  the f i n a l  c l e a n i n g  o f  the subl  irnator. F i g u r e  3- I4 shows t he  water  
in1 e t  and steam o u t l e t  faces o f  t h e  mu1 t i -porous p l a t e  subl imator .  
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Sub 1 ima t o r  Test i n q  

The mu1 t i-modul e sub]  imaror was t es ted  t o  v e r i f y  performance p r e d i c t  ions 
and t o  i nves t i ga te  probIems o c c u r r i n g  i n  a  complete sub l imato r .  A 62.5 per -  
c e n t  e thy lene-g lyco l  and 37,s percen t  water s o l u t i o n  was used as the heat  
t r a n s p o r t  f l u i d .  The u n i t  was mounted i n  a be1 I j a r  a t tached  t o  a vacuum 
system. The i n l e t  temperature, o u t l e t  temperature, and f l o w  r a t e  o f  the 
g l y c o l  so lu t ion;  t h e  supply  pressure,  f l ow rate,  and temperature o f  the  
expendable water;  and t he  abso lu te  pressure downstream o f  t he  porous p l a t e  
were recorded. V i  sua l  observat ions o f  re1 evant phenomena were made and 
recorded. 

I n i t i a l l y  a set o f  f reeze-up t e s t s  were per formed on t h e  i n l e t  by f i l l i n g  
the  wa te r  plenum wit!-. water  a t  no hea t  load and a l l o w i n g  the u n i t  t o  f reeze .  
A h e a t  load was app l  i ed  t o  me1 t t h e  i ce  and the  c y c l e  was repeated. Ten 
freeze-thaw cyc les  were performed on t he  t e s t  u n i t  and no v i s u a l  damage or  
I ea ks observed. 

Performance t e s t s  were conducted w i t h  g l y c o l  f!ow ra tes  f rom 90 t o  240 
1 b / h r  and i n l e t  temperature f rom 50'~ t o  74 F, Water supply  pressures o f  3 
and 6 p s i a  were used. The t e s t  r e s u l t s  a re  shown i n  t a b u l a r  form i n  Table 
3-10. F igure 3-15 i s  a  comparison o f  the t e s t  r e s u l t s  w i t h  t h e  p r e d i c t e d  
performance i n  the  form of  e f f e c t i v e n e s s  versus g l y c o l  f l o w  ra te .  The 
e f f e c t i v e n e s s  i s  d e f i n e d  as: 

where T = g l y c o l  i n l e t  temperature 
g i n  

T = g l y c o l  o u t l e t  temperature 
90, t 

Good agreement between p red i c t ed  and experirnenta 1 perfol*mance was obta in l  : 

Attempts were made t o  run w i t h  h i ghe r  g l y c o l  i n l e t  temperatures, however 
t h i s  was unsuccessful due t o  u n c o n t r o l l e d  1 i q u i d  breakthrough. A t  g l - f co l  
i n l e t  temperatures much above 7 5 ' ~  i t  was imposs ib le  t o  s u s t a i n  steady oper- 
a t  ion because o f  1 i q u i d  pour ing  th rough  the porous p l a t e  i n  t i l e  areas ad jacen t  
t o  t h e  g lyco l  i n l e t .  Th is  problem was thought t o  be a resu It- of  the  sho r t  
wa te r  plenum c o n f i g u r a t i o n .  The conduct ion pa th  th rough  the  wa te r  plenum 
header b a r  t o  the  porous p l a t e  i s  s h o r t  enough s o  t h a t  a t  h i g h  g l y c o l  i n l e t  
temperatures, the porous p l a t e  i s  heated above 32'~ and i c e  cannot !arm there .  
Since no i c e  e x i s t s  t o  r e s t r a i n  t he  l i q u i d ,  wa te r  passes through t h e  p l a t e  
and causes f z i  l u r e ,  A n  ana l ys i s  o f  t h i s  phenomenum i s  presented i n  Appendix 
D .  Two appr~bches  may be u t  i 1 i zed  t o  el im inate t h i s  problem, One i s  t o  
a t t a c h  the porous p l a t e  t o  a "frame" which i s  i n  t u r n  brazed t o  t h e  header 
b a r  i n  order  t o  lengthe l l  the conduc t ion  ~ a t h  and increase the temperature 
drop and thus reduce t h e  temperature o f  the p l a t e  t o  below 3 2 ' ~ .  
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TABLE 3- 10 

MULTI- MODULE SUBLIMATOR TEST RESULTS 

RunNo. 

- 
101 

102 

103 

104 

i05 

106 

107 

108 

109 

110 

20 1 

202 

203 

204 

205 

206 

Gl;~col 
Out 1 e t  

Temperature, 
O F  

45.0 

42.5 

42.0 

40.8 

4.10 

43.5 

43. P 

GI ycoI 
I n 1  e t  

Temperature, 
O F  

58.0 

62.0 

60.0 

57.0 

58.0 

60.0 

60.0 

59.0 

59.0 

74.2 

50. 1 

50.0 

50.0 

50.0 

50.0 

50.0 

GI ycol  
F lowRate ,  

I b / h r  

238 

152.5 

150.5 

150.0 

150.5 

182.5 

183.0 

95.0 

37,2 3 7 * 2  I 95.0 

1 

I.Ea-,er 

38.0 

39.5 

39.2 

41.0 

41.0 

40.0 

40.0 

550 

550 

800 

500 

500 

50P 

500 

500 

500 

91.2 

150. 

150. 

190. 

190, 

190, 

190. 

Water 

72.0 

72.0 

72.0 

76.0 

76.0 

76.0 

76.0 

76,O 

76.0 

Water 

1490 

1490 

2380 

1150 

1170 

1230 

t 230 

1370 

1370 

12.25 

12.25 

12.25 

6. 12 

6.12 

6.12 

6. 12 

12.25 

12.25 

Sink 
Pressure, 

Microns HgA 

900 

700 

100 

600 

620 

700 

700 

10.5 

10.4 

26-2 

10.0 

10.0 

8.0 

8.0 

8.0 

8.0 

SUPP 1 Y 
Temperature, 

O F  

78.0 

72.0 

72.0 

72.0 

72.0 

72.0 

72.0 

Q 
Btu/h r 

2230 

2140 

1950 

1750 

1840 

2130 

2140 

Supply Flow 
Pressure , /  Rate, 
In, HgA 

12.25 

12.25 

12.25 

12.25 

12.25 

12.25 

12-25  

cc/min 

43.5 

l f,. 2 

14.5 

11.5 

13.8 

14.3 

15.5 



EFFECTIVENESS = 

GLYCOL FLOH RATE, LB/HR 

F i g u r e  3- 15. M u l t  i-Porous Plate Sub1 imaror T e s t  Results 



The o t h e r  i s  t o  use a hydrophobic-coated p l a t e  so t h a t  ice i s  n o t  r squ i r ed  t o  
r e s t r a i n  the l i q u i d  and sur face  t ens ion  fo rces  a re  s u f f i c i e n t .  

A s  indicated, feedpressures o f  3 and 6 ps i a  were used, and no s i  gn i f  i c a n t  
d i f f e rence  i n  s teady-s ta te  performance was found f o r  the  two cases. 

OPTIMIZED SUBLIMATOR MODULE 

On the bas is  of the  porous p l a t e  i nves t i ga t i on ,  the  mul t i -module u n i t  tes ts ,  
and r e l a t e d  anal ys i s, an op t im ized  sub1 imator was desi  gned. 'The op t  i m i  zed sub- 
I i m a t o r  module was n o t  const ructed;  hwever ,  a1 1 the concepts incorpora ted  i n t o  
the  des ign  (except  f o r  the recessed porous p l a t e  c o n s t r u c t  i o n  exp la ined  below) 
were ver  i f ieri exper imental 1 y. The un i  t was des i gned t o  the problem statement 
g i v e n  below. 

Heat  t r a n s p o r t  f l u  i d  62.5 percen t  e thy lene  g l yco l ,  
37.5 percen t  wa te r  

I n l e t  temperature 90' F 

Ou t l e t  temperature 6 0 ' ~  

Heat  r e j e c t i o n  I kw 

A v a i l a b l e  s i n k  p ressure  0.5 mm Hg 

The porous p l a t e  se lec ted  f o r  the optimum des ign was t h e  UC-PC s e r i e s  a*? 
t h i s  p l a t e  gave t h e  b e s t  o v e r a l l  performance d u r i n g  s t a r t - u p  and s teady-s ta te '  
o p e r a t i o n .  A s ke t ch  o f  t he  optimum core i s  shown i n  F i gu re  3-16. The heat 
t r a n s p o r t  f l u i d  makes one pass through t he  u n i t  i n  t h r e e  passages and t h e  
wate r  en te rs  a t  one face and t h e  steam leaves a t  t h e  oppos i t e  face. T h e  w a t e r  
plenum i s  0.015-in. h i g h  so t h a t  f r e e z i n g  a t  ze ro  heat load w i l l  n o t  damage 
t h e  p l a t e r .  No f i n s  a re  used i n  t h e  water  passage. The heat  t r a n s p o r t  f l u i d  
passage i s  a f i n n e d  passage, 0.100-in. high. The f i nned  sur face i s  va r i ed  i n  
t h e  f l o w  d i r e c t i o n .  The reason f o r  t h i s  i s  t h a t  i t  i s  des i r ed  t o  keep as n e a r l y  
a u n i f o r m  heat f l u x  as poss ib l e  i n  o r d e r  t o  m in im ize  the  s i z e  o f  t he  u n i t .  
Single-module t e s t s  i nd i ca ted  t h a t  porous p l a t e s  f o r  sub l imato rs  a re  heat  f l u x  
l i m i t e d ;  t h a t  is, t h e r e  i s  a heat  f l u x  above which breakthrough wi 1 l occur.  
The core must be designed so t h a t  hea t  f l u x e s  g r e a t e r  than the  maximum l i m i t  
a re  n o t  exceeded. S ince t he  temperature d i f f e r e n c e  between the heat t r a n s p o r t  
f l u i d  and the e c f e c t i v e  s i n k  temperature decreases a l ong  t h e  g l y c o l  f l ow  length;  
i f  t h e  same heat t r a n s f e r  su r faces  a re  used throughout  t he  u n i t ,  t he  heat f l u x  
w i  1 1 decrease a1 so. However, i f t h e  heat t r a n s f e r  conductance i s  increased 
a l o n g  t h e  u n i t  by v a r y i n g  'he f i n n e d  surface, a f a i r l y  un i f o rm  heat  f l u x  may 
be ach ieved and t h e  r e s u l t i n g  u n i t  will be sma l l e r .  I n  t h e  optimum design, 
d i f f e r e n t  f i nned  sur faces  were used i n  a  2- in .  s e c t i o n  a t  the i n l e t ,  a 2- in .  
s e c t i o n  a t  t h e  m i d d l e  o f  the core, and a t  a 3 - in .  s e c t i o n  ad jacen t  t o  the  o u t l e t  
of t h e  g l yco l  passage. They a re  a l  1 0.100-in. h i g h  o f f s e t  f i n s ,  0.002-in. t h i c k .  
The f i r s t  sec t i on  used e i g h t  f i t14  pe r  inch, t he  second 15, and t h e  t h i  r d  29 f i n s  
per  inch .  Using t hese  t h ree  f l ns ,  t h e  average heat  f l u x  i s  approx imate ly  
89 p e r c e n t  o f  t h e  maximum a l lowab le .  By us i ng  more d i f f e r e n t  f i t 7  sect ions,  i t  
i s  p o s s i b l e  t o  inc rease  t h i s  percentage; however, t h e  ga in  becomes sma l le r  w i t h  
each a d d i t i o n a l  sec t i on .  For comparlson, a  u n i t  was designed w i t h  t he  same 
maximum heat f l u x  bu t  w i t h  the  same f i nned  su r f ace  throt lghout .  For t h i s  
p a r t i c u l a r  problem statement, t h e  resulting u n i t  was 25 percen t  l a r g e r  than  t h e  
3 - s e c t i o n  c o n f i g u r a t i o n .  
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POROUS PLATE 7 

GLYCOL 
INLET 

NOTE: - 

WATER PASSAGE 

GLYCOL PASSAGE 

DIMENSIONS ARE 
APPROXIMATE AND 
I N  INCHES 

GLYCOL 
0 UTL ET 

F i g u r e  3- 16. Optimized One Kw Sub1 imator 



The steam passages were designed u s l n g  t h e  a n a l y s i s  presented above ir ;  
t h e  a n a l y t i c a l  sec t ion .  The passages between two porous p l a t e s  a re  0.30-in, 
h i g h  and those a t  the  s i d e  o f  the  u n i t  0.20- in.  h igh .  Th i s  l i m i t s  t:re maximum 
plenum pressure t o  0.015 psia,  about one -s i x t h  t h e  t r I p l e  p o i n t  pressure, 
wh ich  i s  low enough t o  p reven t  breakthrough due t o  t o o  h i g h  a s i n k  pressure.  

An expanded d e t a i l  o f  a g l y c o l  passage-water passage sandwich i s  shown i n  
F i g u r e  3-16. O f  i n t e r e s t  i n  t h i s  d e t a i l  i s  t he  attachment o f  t he  porous 
p l a t e .  A s  ind icated,  the  porous p l a t e  i s  not brazed d i r e c t l y  t o  and between 
t h e  header bars  b u t  i s  welded t o  a frame which i s ,  i n  turn ,  brazed between 
header bars. The reason f o r  t h i s  i s  to  inc rease  the metal conduct ion l eng th  
f rom the g l y c o l  passage t o  t he  porous p l a t e  through t h e  header bar.  As was 
ment ioned i n  t h e  d iscuss ion  o f  the  sub l imato r  module tes ts ,  w i t h  a sho r t  w a t e r  
plenum, t h i s  conduct ion leng th  i s  small, and as was exper ienced i n  these t es t s ,  
w i t h  the porous p l a t e s  brazed t~ the header bars, a t  h i gh  g l y c o l  i n l e t  
temperature (> -- 75'~) t h e  porous p l a t e  i s  heated above 3 2 ' ~  and breakthrough 
occurs .  I n  order, therefore,  t o  r e a l i z e  t h e  advantages o f  t he  shor t  water  
p lenum w i t hou t  i n i t i a t i n g  b reak t '  rough. i t  i s  necessary t o  l oca te  t h e  porous 
p l a t e  a t  a s h o r t  d i s t ance  frorr: the header bar, thus, t he  frame design. 

Spacers a r e  loca ted  i n  t h e  water  plenum and steam plenum f o r  s t r u c t u r a l  
pu rposes. 

I t  i s  obv ious t h a t  w i t h  a heat f l u x  l i m i t a t i o n  on porous p la tes,  t he  s i z e  
o f  a u n i t  designed f o r  a g i v e n  heat load i s  p r e t t y  w e l l  f i x e d .  I t  i s  n o t  
p o s s i b l e  t o  increase the  conductance by u s i n g  f i n s  i n  t h e  water  passage o r  
more compact su r faces  i n  the  g l y c o l  passage because t h i s  increases t h e  heat 
f l u x  above t h e  a l l owab le  l i m i t .  Therefore,  i n  o r d e r  t o  decrease u n i t  s ize,  a 
way must be found t o  increase t h i s  heat  f l u x  l i m i t  o r  t o  do away w i t h  i t  
a l t oge the r .  I n d i c a t i o n s  a re  t h a t  the  development o f  t h e  concept o f  hydrophobic 
p l a t e s  w i l l  a l l o w  e l i m i n a t i o n  o f  the breakthrough heat f l u x  l i m i t .  Development 
o f  a s u i t a b l e  hydrophobic c o a t i n g  w i  1 1  e l i m i n a t e  t h e  need fo-r i c e  i n  che porous 
p l a t e s  and w i l l  a l l o w  t h e  use o f  compact h i g h  conductance geometries t o  achieve 
h i g h e r  heat  f l u x e s  and reduce u n i t  s i zes  by 50 percent  o r  more. 

ONE KW MODULE SUBLIMATOR STACKING STUDY 

As w i t h  the  water b o i l e r  design, the  u l t i m a t e  goal  i n  the des ign o f  an 
optirnurl I kw module sub l imato r  w o u l d  be t he  use o f  severa l  s i n g l e  module: 
s tacked  toge ther  t o  p rov i de  c o o l i n g  f o r  a v a r i e t y  of heat load a p p l i c a t i o n s .  
A t y p i c a l  s e r v i c e  c o n d i t i o n  would be t h e  use o f  s i x  modules t o  p rov ide  a t o ~ a l  
heat  d i s s i p a t i o n  equal t o  s i x  kw. U s i n g  t h i s  as a problem statement, a s e r i z s  
o f  design layou ts  ware conducted aimed a t  e v a l u a t i n g  t h e  va r ious  techniques 
f o r  s tack ing  s i x  I kw modules. F igure  3-17 ( ~ ~ 5 1 2 8 0 )  shows an arrangement 
wh i ch  could be used t o  combine t he  s i x  u n i t s .  T h i s  s o l u t i o n  p rov ides  t h e  
s i m p l e s t  technique f o r  j o i n i n g  the s i x  u n i t s  and f o r  p r o v i d i n g  i n l e t  and o u t l e t  
h e a t  t r anspo r t  f l u i d  f l o w  t o  each o f  t h e  modules. The sub l i i xa to r  modules a re  
j o i n e d  t o  each o t h e r  i n  a b o l t e d  assembly w i t h  a bol t :  p a t t e r n  inc lude4 i n  the 
s i d e  p l a t e  o f  each u n i t .  The u n i t s  a r e  assembled one a top  t h e  o the r  and j o i n e d  
a t  t h e  fou r  corners .  
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F i g u r e  3- 17. Sub1 imator Stacking Study 



The heat t r a n s p o r t  f l u i d  loop can most c l e a r l y  be seen i n  t h e  lower r i  ght  
hand view o f  F igure 3- 17. The water g l y c o l  f l ows  t o  t h e  u n i t  i n  a  s i n g l e  
pipe and i s  d i s t r i b u t e d  t o  each o f  t h e  cores through smal l  tubes. The t o t a l  
g lyco l  f l o w  would be d i s t r i b u t e d  among t h e  s i x  modules f o r  a l l  heat l e v e l s  by 
an o r i f i c e  loca ted  i n  the i n l e t  tube  t a  each core  and s i r e d  t o  e q u a l i z e  pres-  
sure drop th rough  each s ~ ~ b l  imator loop. The g l y c o l  i n l e t  1 i n e  i s  supported by 
r i ng  c l i p s  around the  l i n e  and b o l t e d  d i r e c t l y  t o  t he  sub l imato r ,  The g l y c o l  
flow would make a s i n g l e  pass through each sub l imato r  and be c o l l e c t e d  i n  an 
o u t l e t  m a n i f o l d  which i s  a l s o  a t tached  t o  the modules w i r h  r i n g  c l i p s .  Oown- 
stream of t h e  u n i t  t h e  g l y c o l  o u t l e t  f l o w  t r a v e l s  through a bypass valve.  The 
bypass v a l v e  senses t he  mixed temperature o f  the  i n l e t  and o u t l e t  heat t r a n s -  
por t  f l u i d  by means o f  a Vernatherm element. Upon increase i n  g l y c o l  m i x  
temperature t h e  va lve moves toward t h e  c iosed  p o s i t i o n  an? increases t he  
amount o f  hea t  t r anspo r t  f l u i d  t r a v e l i n g  t h r o ~ ~ g h  the  sub1 imator .  A t  a  decrease 
i n  mixed tzmperature, t h e  va l ve  moves toward the  open o r  f u l l  bypass p o s i t i o n ,  
i n  o rder  t o  ma in ta in  a  cons tan t  m i x  temperature.  Due t o  the  n a t u r e  o f  t h i s  
valve, a s i n g l e  va lve c o u l d  be designed which would handle  t h e  c o n t r o l  f u n c t i o n  
f o r  a v a r i e t y  o f  heat  loads from one t o  s i x  kw. Feedwater supply i s  f rom a 
p ressur i zed  source and i s  brought t o  t he  sub l imato r  by means o f  a  s i n g l e  l i n e  
i n d i v i d u a l l y  mani fo lded io each u n i t .  A s  w i t h  t he  I kw wa te r  b o i l e r  module, 
the s u b l i m a t o r  modules c o u l d  a l s o  be arranged i n  a manner d i f f e r e n t  f rom t h a t  
depicted. Huwever, F i  gure 3- 17 does represent  t h e  s imp les t  s t a c k i n g  arrangernqnt 
poss ib le  i n  terms O F  j o i n i n g  t h e  b a s i c  modules and i n  p r o v i d i n g  t h e  minimum 
amount o f  d u c t  ing. 

AIRESFARCH MANUFACTURING DlVlSlOll 
Lor bngcles. Cabtornla 

67-2577 
Page 3-56 



S E C T I O N  4 

THERMAL CONDITIONING PANELS 

INTRODUCTION 

I n  a space vehic Ie ,  c o o l i n g  o f  e l e c t r o n i c  packages loca ted  remcte ly  t o  
an a c t i v e  thermal c o n d i t i o n i n g  system w i t h o u t  r e s o r t i n g  t o  lengthy and e;aborate 
plumhing systems i s  p o s s i b l e  on l y  by  p r o v i d i n g  t h e  u n i t s  w i t h  t h e i r  own u l t i -  
~ d t e  hea t  s i nks .  Since obv ious l y  i t  i s  n o t  p r a c t i c a l  t o  des ign a un ique thermal 
c o n d i t i o n i n g  u n i t  f o r  each heat p roduc ing  e l e c t r o n i c  package o r  exper iment i n  
the v e h i c l e ,  i t  becomes advantageous t o  dovelop an e n t i r e l y  se l f - con ta i ned  
thermal condi  t i o n i  ng panel ,  capable' o f  be ing  loca ted  anywhere i n  t h e  veh ic le ,  
upon wh i ch  t h e  var ious hea t  produc ing components may be mounted. The r e q u i r e -  
ments o f  such a u n i t  a r e  as fo I lows :  

a .  Thermal c o n d i t i o n i n g  panel w i l l  be se l f - con ta i ned  and n o t  dependent 
on t h e  ex te rna l  power o r  pumping requirements t o  d i s t r i b u t e  evaporant 
w i t h i n  t he  pane l .  

b .  The thermal c o n d i t i o n i n g  panel  w i l l  i n c l ude  i t s  own water supp ly  and 
con t  ro 1 sy s tem. 

c. The panel w i l l  be capable o f  d i s s i p a t i n g  hea t  f rom components 
mounted on i t s  su r f ace  and/er normal ope ra t i on  w i t h  an independent 
p r ime mover f o r  c o n d i t i o n i n g  o f  e l e c t r o n i c  packages w i t h  i n t e r n a l  
c o o l i n g  shrouds. 

d. The panel w i l l  d e l i v e r  maximum thermodynamic performance and a l l o w  
evaporant wa te r  t o  vent inboard  t o  t h e  spacec ra f t  w i t h o u t  t h e  d i s -  
charge o f  1 i q u i d  water o r  i c e .  

e. Heat loads f o r  t h e  thermal panel  w i ! l  be t y p i c a l  o f  those f o r  t h e  
Saturn EU thermal  panels (420 w a t t s )  w i t h  l o c a t i o n s  o f  h i gh  hea t  
f l u x  v a r y i ~ ~ g  w i t h  each p a r t i c u l a r  a p p l i c a t i o n .  

f .  The s t r u c t u r a l  i n t e g r i t y  o f  t h e  thermal panel  w i l l  be s u f f i c i e n t  t o  
w i ths tand  the  environment o f  t h e  Saturn I U .  

S ince  nondependence upon sx te rna l  power i s  a  p r ima ry  requirement, another  
method of  d i s t r i b u t ' n g  c o o l a n t  over  t h e  l a r g e  thermal panel  area (30 i n .  x 
30 i n .  ) must  be used. Tn t h e  zero -g rav i  t y  envi ronment o f  a  space veh i c l e ,  
c a p i l l a r y  f o r ces  become t h e  dominant f l u i d  t r a n s p o r t  fo rces  and may be  u t i l i z e d  
t o  advantage f o ~ '  l i q u i d  d i s t r i b u t i o n .  Wicking m a t e r i a l s  a r e  t h e r e f o r e  an impor- 
tanr and necessary component o f  a se l f - con ta i ned  thermal panel independent c f  
externa 1 power. 

Jus t  as zero-grab!:  . - u t i l i z e d  by t a k i n g  advantage o f  t he  dominance o f  
the cap i  11 a r y  forces, t l r ;  s a n t i a t  l y  zero-pressure char-acter i  s t i c  o f  t h e  
space environment may be advantageously used i n  d i s s i p a t i n g  hest .  The u l t i -  
mate hea t  s i n k  i n  t h i s  t y p e  u n i t  i s  p rov i ded  by t he  l a t e n t  heat  o f  an expendable 
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f l u i d ,  i n  t h i s  case water, and the low pressur:; :;$i t h e  space environment 
al lows phase change, a t  a temperature n e c e s s a r i i v  ::aer than t h e  des i r ed  
con t ro l  temperature l e v e l .  

CONCLUSIONS AND RECOMME3DATIONS 

The exper imenta l  and a n a l y t i c a l  i n v e s t i g a t i o n  v i e l d e d  t h e  f o l l o w i n g  
conc lus ions and recommendations i n  t h e  area o f  thermal c o n d i t i o n i n g  panels.  

I .  The heat p ipe-sub l imato r  and s i n g l e  wick b o i l e r  a r e  f e a s i b l e  panel 
concepts f o r  thermal c o n d i t i o n i n g  o f  e l e c t r o n i c  equipment i n  a  
ze ro  g environment. Development t e s t s  conducted on panel sec t i ons  
represen t ing  each o f  these concepts have demonstrated t h a t  bo th  
pane ls  w i l l  s u c c e s s f u l l y  d i s s i p a t e  heat loads t y p i c a l  o f  those 
encountered on t h e  Saturn I U .  The t e s t  sec t i ons  achieved thermal 
c o n t r o l  w i t h i n  a  band o f  210 '~ .  

2 .  The two panels  s t u d i e d  can be equipped w i t h  mechanical c o n t r o l s  
and an i n t e g r a l  wa te r  s to rage  capac i t y  mak:ng them independent 
o f  ex te rna l  loops o r  power requi rements .  The c o n t r o l  system 
would be d r i v e n  by a  mel t ing-wax vernatherm element - a d  water  
would be suppl i ed  f rom a rechargeable  s to rage  tank $ r i  t h i n  the 
panel.  

3. A n a l y t i c a l  techniques a v a i l a b l e  f o r  p r e d i c t i n g  t h e  performance 
o f  the  hea t -p ipe  sub l imato r  and t h e  s imp le  w ick  b o i l e r  have proved 
q u i t e  accurate  y i e l d i n g  p r e d i c t e d  va lues w i t h i n  I 0  percent  o f  t e s t  
r e s u l t s .  

4 .  The heat p ipe-sub l imato r  and s imp le  w i ck  b o i l e r  panel t e s t  sec,tions 
f a b r i c a t e d  under t h i s  program can be f u r t h e r  eva luated w i t h  s t a r t u p  
t e s t s  ( f rozen  and unf rozen w i c k s )  and t e s t s  under t r a n s i e n t  h e d 9 o ; z ~  
cond i t i ons .  

5 .  Based on t h e  panel  s tudy r e s u l t s  t h e  optimum des ign shoula be 
se lec ted  and a f u l l  s ize,  f l  i y h t  type, thermal c o n d i t i o n i n g  
panel  should be f a b r i c a t e d  and t e s t e d  t o  v e r i f y  i t s  perform- ~ n c e  
and s t r u c t u r a l  c a p a b i l i t i e s .  
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HEAT PIPE - SUBLTMATOR 

P r i n c i p l e  and Mode o f  Opera t ion  

A conceptual  des ign o f  the  Heat P ipe-Simulator  thermal panel i s  shown 
i n  F i g u r e  4-1.  I n  t h i s  design, h i g h  thermal c o n d u c t i v i t y  F ins  a re  brazed 
t o  t h e  equipment mount ing face  o f  t h e  paqel  on one s i d e  and t o  a  w ick  mater-  
i a l  on t h e  o ther .  The remote coo lan t  loop i s  a  mu l t i - pass  f i nned  passage 
a t tached  t o  the o the r  s i d e  o f  the wick .  Th i s  thermal panel design i nco r -  
po ra tes  as the u l t i m a t e  hea t  s ink,  a s i n g l e  module subl  imator, which may be 
l oca ted  anywhere on t h e  panel  because o f  the  a b i l i t y  o f  the heat p i p e  t o  
t r a n s p o r t  heat t o  the c o l d e s t  l o c a t  ion.  The heat which i s  generated by the  
e l e c t r o n i c  equipment mounted on the panel  su r face  i s  conducted through the 
h igh  c o n d u c t i v i t y  f i n s  t o  the  w ick  su r f ace  where evapora t ion  o f  t he  heat  
p i pe  wo rk i ng  f l u i d  occurs .  The vapor thus generated l o c a l l y  condenses on 
the c o l d e r  po r t i ons  o f  t h e  panel  which may be any unheated s e c t i o n  o r  the 
area ad jacen t  t o  the sub l imato r  heat  s ink .  The l a t e n t  heat o f  the  vapor which 
condenses a d j a c ~ i ~ t  t o  t h e  sub1 imator heat s i n k  i s  conducted across t h e  w i ck  
t o  t he  subl  inlator where i t  i s  d i s s i p a t e d  i n  sub l ima t i on  o f  w a m r  from an 
expendable supply, Idhen the  heat  i n p u t  i s  f rom the  remote coo lan t  loop 
f l u i d ,  hea t  i s  trat?;ferred f rom the f l u i d  by convec t ion  t o  the  f i nned  sur faces  
i n  t he  coo lan t  loop passage and by conduc t ion  through the  f i n s ,  p l a t e  and 
w i c k - f l u i d  mat r i x .  Evaporat ion  occur.^ a t  the w i ck  su r f ace  and the  r e s t  o f  
the hea t  d i s s i p a t i o n  mechanism i s  i d e n t i c a l  t o  t h a t  wh ich  occurs w i t h  the  
heat i n p u t  from the equipment mount ing surface. There i s  no n e t  l oss  o f  
w o r k ~ n g  f l u i d  from t h e  heat  p ipe ;  evaporaLion and condensat ion occur a t  
d i f f e r e n t  i oca t i ons  s imu l taneous ly  and f l u i d  i s  r esupp l i ed  t o  t he  evapora t ing  
areas by c a p i l l a r y  f o r ces  i n  the  w i c k  m a t e r i a l .  Very un i f o rm  temperatures 
are ~na i n t a  ined a long t h e  mount ing surface, an inheren t  characte  ' q t i c  o f  a 
p r o p e r l y  designed heat  p i pe .  I n  F i gu re  4-1, t he  sub l ima to r  heat  s i n k  i s  
loca ted  i n  an extended area which a l s o  serves as t h e  expendable water supply 
storage. Although f o r  purposes o f  c l a r i t y  the water  s to rage  area i s  shown 
as  a n  extended sect ion,  i t  may be d e s i r a b l e  f rom a paclcaging s randpo in t  t o  
l oca te  t h e  water s to rage  s e c t i o n  and sub l imato r  heat s i n k  on t he  rea r  f a c e  
o f  the pane l .  

T e s t  Module Des iqn 

In o r d e r  t o  eva lua te  the  hea t  p i p e  concept f o r  use i n  thermal c o n d i t i o n -  
ing pane l s  the  t e s t  s e c t i o n  shown i n  F i gu re  4-2  was f a b r i c z t e d  and tes ted .  
Th is  u n i t  i s  30- in .  l ong  i n  o rde r  t o  examine the  e f f e c t  o f  the  longes t  p o s s i b l e  
thermal panel  dimension on heat  p i p e  ope ra t i on .  The h e a t  p i p e  uses 0.250- in .  
t h i c k  n i c k e l  f i b e r  meta l  i n  the  evapora t ing  s e c t i o n  t o  p rov i de  maximum water  
pumping capac i t y  and 0.250- in .  h i g h  copper f i n s  i n  t h e  steam passage t o  
o b t a i n  maximum hest co i~duc tance  w i t h  low pressure drop. The conncnsing wick, 
l oca ted  ad jacen t  t o  t h e  u l t i m a t e  heat s ink,  i s  0 ,060- in .  t h i c k  n i c k e l  f i b e r  
metal .  E l e c t r i c a l  hea te r s  were f i x e d  t o  t he  f a c e  of t h e  panel f o r  heat  
input  and therrnocouples were a t tached  f o r  temperature measurement. The heat 
removed f r om the condensing water  vapor i s  d i s s i p a t e d  by  a  s i n g l e  passage 
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Figure 4 - 1 -  Heat P i p e  - Sublimator Thermal Conditioning Panel 

AIRESEARCH MANUFACTURING DlVlSlON 
La5 Pngtles. CaI110rnla 

67-2577 
Page 4-4 



FILL AND DRAIN PORT7 r L U C I T E  

V HLUUM YVK I -7 ,--.u -- 

.25 OFFSET FIN 

-020 
SIDEPLATE 

.060 W I C K  

.25  OFFSET F I N  

. 100 OFFSET F I N  f 

WICK 

STEAM PASSAGE 

HEATED SURFACE 

F igu re  4-2.  Heat P i p e  Thermal Panel Test Sect ion 



l i q u i d  hea r  exchanger i n  t h e  t e s t  module. Th i s  form o f  u l t i m a t e  heat  s i n k  
a l  lows even con t ro l  o f  condenser su r face  temperature and de te rm ina t i on  o f  
accura te  hea t  balances d u r i n g  t e s t i n g  o f  the  heat p ipe .  The t e s t  module 
d i d  n o t  u t i l i z e  a sub l ima to r  a s  the u l t i m a t e  heat s i n k  s i nce  ex tens ive  
s i n g l e  module sub1 imato r  t e s t s  had been performed and s  ince the  p r ima ry  
o b j e c t i v e  was t o  e s t a b l i s h  the  f e a s i b i l i t y  o f  u s i n g  the  heat  p i p e  concept 
i n  a the rma l  panel. The re fo re  design o f  the  t e s t  module was e s s e n t i a l l y  a  
heat p i p e  design problem. 

The design o f  a  hea t  p i p e  i s  p r i m a r i l y  a m a t t e r  o f  m in im i z i ng  the  
temper-ature drops a l ong  t he  pa th  o f  heat  t r a n s f e r  and a s s u r i n g  s u f f i c i e n t  
f l u  i d  t r a n s p o r t  from the  condensing area t o  the  evapo ra t i ng  area. 

S e l e c t i o n  o f  a p p r o p r i a t e  w ick  m a t e r i e l s  f o r  t he  va r i ous  areas of  the 
h e a t  p i p e  i s  an impor tant  i tem. Since the evapora t ing  area must be suppl i ed  
w i t h  s u f f i c i e n t  l i q u i d  a t  a l l  times, t he  wicks must p r o v i d e  good c a p i l l a r y  
pumping and w i l l  p robab ly  have r e l a t i v e l y  l a rge  pores, s ince  i n  a zero g r a v i t y  
environment t h e  pumping r a t ?  increases w i t h  pore  s i z e .  Over the condensing 
area, s  i nce  condensation ob.,clrs a t  t h e  sa tu ra ted  w i ck  surface, a l  I the  heat  
must be conducted across t h e  1 iqu id-w i c k  m a t r i x  t o  t h e  u l t i m a t e  heat  s i nk .  
Since t h e  r a t i o  o f  conderrsing area t o  evaparat  ing  area i s  small,  the  con- 
densing hea t  f l u x  i s  s i g n i f i c a n t l y  l a r g e r  than t he  evapo ra t i ng  heat f l u x ,  
and i t  i s  necessary t he re fo re ,  t o  m in im ize  t h e  condensing w i ck  th i ckness  t o  
reduce t h e  AT a t  t h i s  l o c a t i o n .  Whi l e  a  t h i n  w i ck  w i  1 1  n o t  pump as much 
l i q u i d ,  i n  the  condensing area the pumping d is tance  i s  s h o r t  and i t  may be 
p o s s i b l e  t o  supply r u f f  i c i e n t  1  i q u i d  t o  the t h i c k e r  evapora t ing  w i c k  w i t h  
a  r e l a t i v e l y  t h i n  condensing wick.  The w i ck  th i ckness  over  the  condensing 
surface i s  determined then  by  o p t i m i z i n g  bo th  the  pumping requi  rements and 
the  hea t  conduct ion AT.  

The va,Dor passage must be s i zed  t o  p reven t  excess ive f r i c t i o n  p ressure  
drop a s s o c i a t e d  w i t h  t h e  f l o w  o f  vapor from the evapo ra t i ng  su r face  t o  t he  
condensing 5 :~ r f ace .  The vapor f l u x  d r i v i n g  p o t e n t i a l  i s  approx imate ly  equal 
t o  t he  d i f f e r e n c e  i n  vapor pressures cor responding t o  the f l u i d  temperatures 
a t  t he  evapora t ing  and condensing i n t e r f aces .  5 i nce  the  condensing tempera- 
t u r e  i s  f i x e d  For a g i v e n  design and hea t  f l u x ,  t i l e  su r f ace  temperature a t  - 
the e v a p o r a t i n g  area n i l  1 be  a f u n c t i o n  o f  the  p ressure  drop. I f  t he  d r i v i n g  
p o t e n t i a l  i s  no t  s u f f i c i e n t  t o  t r a n s p o r t  the vapor f l u x  cor responding t o  rhe 
o p e r a t i n g  hea t  f l u x ,  t h e  pressure a t  t h e  evapora t ing  surface w i l l  increase, 
causing an increase i n  temperature t h e r e  due t o  t h e  increase i n  s a t u r a t i o n  
temperature.  If the f r i c t i o n  pressure drop i s  small,  t he  r equ i r ed  p ressure  
d i f f e r e n t  i a l  and t h e r e f o r e  t he  AT f rom one end t o  the  o t h e r  i s  minimized. 

The above cons ide ra t i ons  were taken i n t o  account i n  t he  heat  p i p e  thermal 
panel t e s t  module design. It should be  noted t h a t  a conse rva t i ve  approach 
was taken  i n  t h e  design, p r i m a r i l y  f rom the  s tandpo in t  o f  i n c o r p o r a t i n g  t h i c k e r  
wicks t h a n  t h e  a n a l y t i c a l  c a l c u l a t i o n s  i nd i ca ted  were necessary. The reason 
f n r  :his was t h a t  i t  was des i r ed  t o  assure operat  ion o f  t h e  u n i t  even i f  t h e  
i . , . A s  became s l i ~ h t l y  contaminated and s u f f e r e d  degrada t ion  i n  pumping a b i l i t y  
so t h a t  s u f f i c i e n t  hea t  t r a r , s f e r  data cou ld  be ob ta i ned  t o  determine the  
o p e r a t i n g  charzct~ristics. 
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For  t e s t  purposes the  heat  i n p u t  t o  the thermal panel  s e c t i o n  was sup- 
p l i e d  w i t h  e l e c t r i c a l  s t r i p  hea te rs  bonded t o  t he  panel sur face.  Thermocoupies 
a re  l o c a t e d  i n  rows a l o n g  the l e n g t h  o f  the panel  i n  o rde r  t o  measure tempera- 
t u r e  d i s t r i b u t i o n s  ove r  i t s  e n t i r e  sur face.  The hea t  p i p e  s e c t i o n  i s  a l s o  
equipped w i t h  p ressure  taps and l u c i t e  cover p l a t e  which p rov ides  v i s u a l  
o b s e r v a t i o n  O F  the w i cks  d u r i n g  f i l l i n g  and panel ope ra t i on .  Heat f l u i d  
temperature i s  measured by m i x i n g  sec t  ions and t h e  performance t e s t s  were 
c a r r i e d  o u t  i n  a l a r g e  chamber t o  insure  a  minimum o f  heat l eak  and 
no gas leakage i n t o  t h e  heat p i pe .  The assembled t e s t  module w i t h  the  a t tached  
i ns t r umen ta t i on  i s  shown i n  F igures  4-3 and 4-4. 

T e s t i n q  and Test Resu l t s  

The h e a t  p i p e  thermal panel module was t e s t e d  w i t h  i npu t  heat  r a t e s  up 
t o  620 B tu /h r  and i n p u t  heat  f l u x e s  up t o  1000 B tu /h r  f t 2 .  Th i s  heat  F lux 
i s  t h e  maximum f l u x  which the a c t u a l  panel w i l l  exper ience and t h e  heat  r a t e  
i s  abou t  h a l f  the  des ign  heat r a te .  (The module i s  30 i n ,  x 5 in .  so t h a t  
h a l f  t he  f u l l - s i z e d  panel  heat r a t e  was be ing  d i s s i p a t e d  over  about 1/61 the  
f u l l  s i z e d  panel area.  ) Heat was app l  i ed  a long  t he  e n t i r e  l e n g t h  o f  the  panel 
o r  a t  one end o r  the  o t h e r  f o r  t he  va r i ous  t es t s .  The pane l  temperatures 
were p r e d i c t e d  a n a l y t i c a l l y  by summing the  A T s  throughout  the  system f o r  the 
t e s t  hea t  ra tes.  The temperature drops i n  t h e  system were: 

1 .  AT assoc ia ted  w i t h  heat conduct ion through t h e  f i n s  and w i t h  
evaporat ion a t  the  f in -w ick  i n t e r f a c e  

2. A T  assoc ia ted  w i t h  the  d i f f e r e n c e  i n  s a t u r a t i o n  temperature from 
one end t o  t h e  o t h e r  due t o  the  pressure drop r e s u l t i n g  f rom vapor 
f l ow from the  evapo ra t i ng  areas t o  the  condensor 

3. A T  assoc ia ted  w i t h  condensing 

4 .  A T  assoc ia ted  w i t h  conduc t ion  o f  heat through the  wick-water m a t r i x  
t o  t h e  u l  t imate heat s i n k  

5. A T  a s s o c i a t e d  w i t h  t r a n s f e r r i n g  heat f rom the  hea t  p i p e  w a l l  t o  
the heat t r a n s f e r  f l u i d  f l o w i n g  through the  u l t i m a t e  heat  s i n k  
heat exchanger 

Summing the  system-ATs and add ing  t h e  t o t a l  t o  t he  mean s i n k  F l u i d  tempera- 
t u r e  one ob ta ins  t he  p r e d i c t e d  panel  maximum su r f ace  temperature.  A compar i -  
son o f  t he  p red i c t ed  and exper imenta l  panel temperatures I shown' below. 
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Run No. A Trnax a n a l y t i c a l  Tmax cmpe r i men t a 1 
B tu /h  r O F  

As i nd  icated,  good agreement i s  ob ta i ned  w i  t h  the  p r e d i c t e d  maximum tempera- 
tures.  For  the cases o f  maximum hea t  rate, t he  wal 1 temperature between t h e  
condenser w ick  an2 the u l t i m a t e  heat  s i n k  heat exchanger was about 53'~ g i v i n g  
a AT through the hea t  p i p e  alone o f  about 20 degrees. Of t h i s  i t was ca lcu -  
l a t e d  t h a t  a conduct ion  AT o f  1 I. 4 degrees occur red  across the  condenser wick .  
Th is  i s  the  major temperature drop i n  the system and may be reduced s i g n i f  i -  
c a n t l y  w i t h  a l a r g e r  condenser s e c t i o n  The t o t a l  AT o c c u r r i n g  i n  a f u l l  s i z e  
thermal panel would be on the o rde r  o f  10 t o  12 degrees a t  the maximum heat  load. 

I n  i t  i a l  t e s t s  conducted w i t h  t h i s  u n i t  gave ATs o f  about, 45 degrees a t  the 
maximum heat  r a t e  i ns tead  of the 20 degrees veported above. Th i s  was thought 
t o  be due t o  the presence o f  noncondensables it: t h e  system. The 1 i t e r a t u r e  
s t r esses  the  de t r imen ta l  e f f e c t  noncondensables have on heat  p i pe  performance 
s ince  t hey  c o l l e c t  a t  t he  co l d  end and r e t a r d  c.ondensatiun, To a l l e v i a t e  t h i s  
problem, a tap was i n s t a l l e d  i n  t h e  u n i t  a t  the c o i l d e ~ s e r  end and gas was 
a1 lowed t o  escape wh i l e  heat was appl  ied. A f t e r  a s h o r t  p e r i o d  the t a p  was 
c l osed  and the test .  renor ted  above were conducted. The performance improved 
markedly, i n d i c a t i n g  t he  noncondensables had been d r i v e n  o f f  and v a r i f y i n g  t he  
importance o f  removing a l l  gases o t h e r  than wate r  vapor. 

It may be concluded f rorn these t e s t s  t h a t  ( I )  i t  i s  p r a c t i c a l  t o  use  a 
h s a t  p i p e  f o r  thermal c o n t r o l  o f  a panel  which may rece i ve  hea t  loads o f  
va r i ous  magnitudes a t  random p o s i t i o n s ;  ( 2 )  i t  i s  p o s s i b l e  t o  p r e d i c t  t he  
performance o f  such a un i t; and (3 )  i t is essen t i a l  t o  remove a1 1 t h e  non- 
condensable gases f r om such a system. 

SIMPLE W I C K  B O I L E R  

P r i n c i p l e  and Mode o f  Operat ion 

The o the r  thermal c o n d i t i o n i n g  panel concept i n v e s t i g a t e d  d u r i n g  t h i s  
program was the Simple Wick Bo i l e r .  Th i s  design shonn i n  F i g u r e  4-5 incor- 
pora tes  two f i b e r  meta l  wicks between the remote c o o l a n t  f l u i d  passage and 
the equipment mount ing surface. These two wicks, an evapora t ing  w i c k  cover-  
ing t h e  equipment mount ing face and a t h i c k e r  water  supp ly  w i c k ,  are  sepa- 
r a ted  b y  a small steam plenum. A h e a t  inpu t  f rom e i t h e r  t h e  mounted equipment 
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o r  from t h e  remote coo lan t  source i s  d i s s i p a t e d  i n  evapora t ing  water  a t  the 
su r f ace  o f  the ad jacen t  wick .  As the  w a t e r  i n  t he  t h i nne r  w i c k  i s  d i s s i -  
pated, a d d i t i o n a l  coo l  i ng  water  i s  drawn from the supply  w ick  through 
c e l l u l o s e  sponge m a t e r i a l  l oca ted  around the i n s i d e  per imete r  c f  the thermal 
panel and between the  wicks.  I n  turn ,  water i s  wicked from the  water  s t o r -  
age a rea  to  the wate r  supply w i ck  t o  r e f  i l l  i t .  The vapor generated passes 
a l o n g  t h e  steam plenum and i s  verrted to t h e  i n t e r i o r  o f  the  spacecra f t .  Wi th  
t h i s  design, as i n  t h e  heat pipe-sub1 imator, the heat  inpu t  may occur  any- 
where on the panel s i n c e  the wicks w i l l  supply  f l u i d  t o  a l l  areas. Tempera- 
t u r e  c o n t r o l  o f  a  Simple Wick B o i l e r  thermal panel  i s  achieved b y  c ~ n t r o l  l i n g  
the  p ressure  o f  t he  steam plenum t o  the  des i r ed  s a t u r a t i o n  pressure l e v e l .  
E i t h e r  a  the rmis to r  a c t u a t o r  system o r  a  vernatherrn t ype  va l ve  cou ld  be 115ed 
f o r  c o n t r o l  o f  p ressure  l e v e l .  

Test Module Des iqn 

The 12-in. square s imple w i c k  b o i l e r  t e s t  s e c t i o n  i s  shown i n  F igure  
4 - 6 .  !,? photograph o f  t h i s  u n i t  r v i  t h  heaters and thermocouples a t tached  
i s  s l~own i n  F igure  4-7.) Th is  s e c t  ion represents  approx imate ly  one q u a r t e r  
o f  a f u l l - s i z e  thermal panel and employs a 0 .060- in ,  th i ck ,  20 percent  dense, 
n i c k e l  f e l t  metal w i c k  on the  evapo ra t i ng  sur face.  The supply w ick  i s  
0 .125- in .  t h i c k  n i c k e l  f e l t  metal  and feeds t he  evapo ra t i ve  w ick  through 
c e l I u l o s e  sponge packed on t h r e e  s i d z s  o f  the  t e s t  sec t ion .  The Four th  
s ide  of the  t e s t  s e c t i o n  i s  a  l u c i t e  cover p l a t e  which a l l ows  v i s u a l  eva lu-  
a t i o n  o r  f i l l  procedures and examinat ion o f  the  wicks du r i ng  ope ra t i on  o f  
the u n i t .  E l e c t r i c a l  heaters  a r e  mounted on the  sur face  ad lacen t  t o  the  
t h i n n e r  wick, and t h e  u n i t  i s  ins t rumented w i t h  f ou r t een  thermocouples and 
two p ressure  probes. Temperature c o n t r o l  o f  t he  panel t e s t  s e c t i o n  i s  
accompl ished by manual ad justment  o f  a  back p ressure  va lve  u t i l i z i n g  panel 
temperature and,'or s team plenum pressure  t o  determine the  c o r r e c t  va l  ve 
s e t t i n g .  

Tes t  i n q  and Test Resul t s  

S t a r t u p  and steady s t a t e  t e s t s  were performed, and t he  u n i t  was operated 
i n  two o r i e n t a t i o n s ,  w i t h  the heated sur face up and w i t h  i t  down. The u n i t  
mounted i n  the t e s t  setup i s  shown i n  F igure  4 - 8 .  In the  steady s t a t e  t e s t s  
the w i cks  were sa tu ra ted  w i t h  wa te r  and the  u n i t  was a l lowed t o  come t o  
temperature e q u i l  ib r iurn  a t  6 0 ' ~ .  The heaters  were tu rned  on and the  p ressure  
ma in ta  ined a t  a s p e c i f i e d  l e v e l .  Surface temperatures were recorded as a  
f u n c t i o n  o f  t ime. As p r e d i c t e d  t h e  sur face temperature rema ined I t o  3 de- 
grees h o t t e r  than the s a t u r a t i o n  temperature depending on the heat  f l u x .  
A f t e r  a  pe r i od  o f  t ime, the  temperature a t  c e r t a i n  l o c a t i o n s  s t a r t e d  t o  r i s e ,  
s l o w l y  a t  f i r s t  and then a t  a r a t e  g rea te r  than I 'F  per  minute, i n d i c a t i n g  
t h a t  these areas were beg inn ing  t o  d r y  ou t  and t h a t  t he  wicks had pumped 
themselves as  d ry  as  poss ib l e .  I n  t h e  i nve r t ed  p o s i t i o n ,  t he  u n i t  operated 
longer  before the r a p i d  increase i n  temperature occurred.  Th i s  was due t o  
the f a c L  t h a t  i n  t h i s  p o s i t i o n ,  g r a v i t y  fo rces  a i d e d  i n  t r a n s p o r t i n g  water  
from t h e  supply w i ck  t o  the  evapora t ing  wick.  

ALRESEARCH MANUFACTURING DIVISION 
Lor rngelts Car!:?n,a 

67-2577 
Page 4.- 12 



FIBER 

FIBER ! i p f l N G E J  METAL W I C K  I 

~ A G K  PRESSURE 
CONTROL 

A - 2 5 5 L P  

F i g u r e  4 - 6 .  Simple Wiclr Boiler Thermal  Panel T e s t  Sec t ion  

AIRLSEARM MANUFACTURING DlYlSlON 
Lo% lnpcler Cal#lolnrd 

67-2577 
Page 4- 13 







A typ ica l  s e t  o f  data i s  shown i n  F i gu re  4-9 f o r  a  t e s t  i n  which a  hea t  
f l u x  o f  1000 B t u / h r  f t 2  was a p p l i e d  over the  I08 square inches o f  heater  
area.  The so l  i d  c i r c l e s  a r e  temperatures recorded a t  va r ious  l o c a t  ions on 
t h e  heat i npu t  sur face;  the  open c i r c l e s  a r e  those recorded on the  unheated 
sur face .  The s a t u r a t i o n  temperature was ma in ta ined  a t  7 1 ' ~  by  c o n t r o l l i n g  
the pressure l e v e l .  The data i n d i c a t e  t h a t  a l l  l o c a t i o n s  except one re- 
rnained a few degrees above t h e  s a t u r a t i o n  temperature.  The one thermocouple 
wh ich  heated t o  90' before t h e  t e s t  was te rmina ted  was loca ted  i n  the exact  
m i d d l e  o f  the heated surface. The increase i n  t empe ra t t~ re  was due to  an 
i n s u f f i c i e n t  supp ly  o f  water  t o  t h i s  area. A s  the  heat  i npu t  was d i s s i p a t e d  
i n  evapora t ing  water  and v e n t i n g  i t  from the  u n i t ,  more water  was pumped by 
cap i 1 I a r y  f o r c e s  From the bot tom supply wick. Eventual  l y ,  s ince  a w i ck  
cannot pump i t s e l f  dry, the w i c k  cou ld  n o t  supply  water t a  t he  heated sur -  
f a c e  a t  a s u f f i c i e n t  r a t e  and the  temperature t h e r e f o r e  began t o  increase 
r a p i d l y .  One would expect t h e  cen te r  p o r t i o n  o f  the heated sur face  t o  heat  
up f i r s t  because t h i s  l oca t  i on  i s  niost remote f rom the supply  and w a t e r  must 
be pumped f u r t h e s t  t o  reach t h i s  po in t ,  and t h i s  i s  indeed the  case. A t  t h i s  
hea t  load the r a p i d  increase o f  g rea te r  than I'F p e r  m inu te  occur red  a t  
about  40 minutes and f o r  the same heat F lux w i t h  the u n i t  i n ve r t ed  i t  occur red  
a t  52 minutes, t h e  increase i n  t ime  due t o  the  a i d i n g  a f f e c t  o f  g r a v i t y .  
For heat f l u x e s  o f  750 and 350 the  "d r y i ng  o u t "  occur red  a t  80 and 165 minutes 
respec t  i vel y. 

I n  the  s t a r t u p  test ,  t h e  wicks were f i l l e d  w i t h  water, the pressure i n  
t he  u n i t  was reduced and t h e  u n i t  sealed, and a heat  f l u x  o f  1000 B tu /h r  f t 2  
app l i e d  over 1 /3 o f  the face o f  t h e  un i  t. Teniperatures were  recorded as a 
Funct ion o f  t ime  and a p l o t  o f  the  temperatures recorded immediately ad jacen t  
t o  t h e  a c t i v e  hea te rs  and a t  t he  areas f u r t h e s t  f rom the a c t i v e  hea te rs  i s  
shown i n  F i gu re  4-  10. The maximum d i f f e r e n c e  between sur face  temperatures 
was 8 degrees, the  h o t t e s t  l o c a t i o n s  be ing  those ad jacen t  t o  the  o p e r a t i n g  
hea te r s  and t h e  col d c s t  those thermocouples l oca ted  a t  t h e  extreme end. The 
f a c t  t ha t  the temperature a t  t h e  unheated end f o l l o w s  t h e  heated end tempera- 
t u r e  q u i t e  c l o s e l y  ind ica tes  t h a t  as the u n i t  s t a r t s  up, i t  operates as a 
hea t  p i pe  w i t h  vapo r i za t i on  and condensation o c c u r r i n g  a t  d i f f e r e n t  sec t i ons  
t end ing  t o  keep a uni form sur face temperature. Th is  means t h a t  a t  s t a r t u p  
o f  t h i s  type o f  u n i t ,  c o n t r o l  may be achieved by sens ing the temperature a t  
any l oca t  ion s  i nce  For reasonable temperature l eve l s ,  t h e  temperature d i f f e r -  
ences a t  va r ious  l oca t i ons  a r e  r e l a t i v e l y  smal 1 .  
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APPENDIX A 

ANALYSIS OF CP.TLLARY FLOW I N  WICKS 

Tkz f o l l o w i n g  d iscuss ion  rev iews t h e  fundamentals o f  c a p i l l a r i t y , '  a f t e r  
whicJ-, equat ions a r e  der i ved  which can be used t o  p r e d i c t  the c h a r a c t e r i s t i c s  of 
cagi  l l a r y  induced f l o w  i n  a wiclc. 

FUNDAMENTALS OF CAP1 LlARITY 

The pressLre d i f f e r e n c e  across a curved I l q u i d  su r face  has been shown 

where Ap = pressure d i f fe rences ,  u = sur face  tension, R I  and R ,  = p r i n c i p a l  
r a d i  i of curvature o f  the sur face.  I F  tne sur face  i s  spher i za l ,  R I  and R 2  = 
R and 

Considering thc case o f  a c a p i l l a r y  tube o f  d iamete r  D where the  l i q u i d  
c o n t a c t s  t h e  s o l i d  a t  an angle  8, D and R a re  r e l a t e d  by 

R = 
D 

2 cas 0 

There fo re ,  Equa t i on  ( I ) becomes 

W $ t t a b i l i t y  o f  a sur face  i s  u s u a l l y  de f i ned  i n  t e r n s  o f  the con tac t  a n g l e ,  0 .  
A z e r o  contact  ang le  w o ~ l d  i n d i c a t e  complete w e t t a h i l i t y ,  and an increase i n  
8 i n d i c a t e s  a lower degree o f  w e t t i n g .  For  wa te r  and glass o r  m e t a l l i c  sur- 
faces t h e  cot i tact  ang le  i s  between zero and 90'. 

I f  one end o f  a c a p i l l a r y  tube i s  immersed i n  a pan o f  l i q u i d ,  the 
l i q u i d  w i l l  r i s e  o r  f a l l  u n t i l  the f o r ce  due t o  the curved sur face  i s  
balanced by the l i q u i d  head,  g i v i n g  
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where h = he ight  4 i f f e r e n c e  betweer1 f l u l d  i n  tube- and the pan, g = acce l e ra?  
t i o n  o f  g rav i t y ,  go = g r a v i t h t i a n a l  c o n s t a n t , P ~  and p g  = d e n s i t i e s  o f  the 
f l u i d  and the su r round ing  atmosphere, r e s p e c t i v e l y .  Under most cond i t i ons ,  
p p  i s  much smai  let- than p 1 and can be neglected so 

Obvious l y ,  as g rav i  t y  i s  reduced, h increases. 

1: f l o w  \i a c a p i l l a r y  tube i s  of i n t e res t ,  t he  p ressure  drop due t o  f low 
must: be considered. % a i l  diameter tubes and low flow ra tes  a re  invo lved  
so laminar  Flw i s  assumed. Us ins  the f r i c t i o n  f a c t o r  c o r r e l a t i o n  f o r  
f l o w  i n  round tubes y i e l d s  the following equa t ion  f o r  the f r i c t i o n a l  pres- 
sure d rop  w i t h  f l ow  i n  e c a p i l l a r y  tube 

where L : f l m ~  I z n g t h  
G = average mass v e l o c i t y  
u = F l u i d  v i s c o s i t y  

Dur ing  t r a n s i e n t  cond i t i ons ,  t he r e  i s  a change o f  momenttrn i n  the 
c a p i l l a r y  t ube  wh ich  cou ld  a f f e c t  t h e  force ba lance used t o  analyze 
c a p i l l a r y  dynamics. However, i t  can be shown t h a t  f o r  the  passage diame- 
t e r s  of i n t e r e s t  i n  w ick  b o i l e r s ,  the momentum term i n  the  f o r c e  balance 
equa t i on  i s  complete ly  n e g l i g i b l e  r e l a t i v e  t o  the  o t h e r  terms i n  the equa- 
t i o n .  The absence o f  the momentum term g r e a t l y  s imp1 i f  ies  the f o l l o w i n g  
analys  i s .  

W I C K  CYNAMICS 

The appi lcation of the above equat ions t o  w i c k s  i nvo l ve  a number o f  
assumptions because the diameter o f  the  f l ow passage v a r i e s  i n  a g iven  
w ick  m a t e r i a l  and the f i b e r s  i n  the w i c k  m a t e r i a l  a re  o r i e n t e d  i n  var ious 
d i  r e c t  ions. However, compar ison o f  the resu 1 t s  o f  t h e  f o l  1 owing ana l ys i s  
w i t h  e x p ~ r i r n e n t a l  da ta  on w i c k  dynamics v e r i f i e s  t h e  assumptions t h a t  a re  
used. 

Wick  Pumpinq Rate 

The purpose o f  t h i s  ana l ys i s  i s  t a  d e r i v e  an equa t ion  f o r  the  maximum 
f l o w  r a t e  t h a t  c - -  be prov ided by  c a p i ! l a r y  fo rces  i n  a wick.  I t  i s  assumed 
t h a t  t h e  ! i q u i d  i s  be ing  vapor ized a t  the  su r face  o f  t h e  w i c k  by a constant  
h e a t  flux as shown i n  the sketch. The d e r i v a t i o n  f o r  o the r  heat  f l u x  
boundary cond i t i ons  f o i l c w ~  the same procedure. 
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1 

A t  the top o f  t h e  wick the  f l o w  q /A 
i s ' z e r o ,  as a l l  .the l i q u i d  e n t e r i n g  - 
the bo t t om o f  the  w i c k  has been 
vapor i zed ,  The assumed constant  heat Ils 

f l u x  boundary c o n d i t i o n s  y i e l d s  a 
l i n e a r  v a r i a t i o n  w i t h  d is tance  o f  - 
l i q u i d  f l o w  r a t e .  

G 0 

The f r i c t i o n  pressure g rad ien t  a t  any p o s i t i o n  I s  ou ta i ned  by combining 
Equat ions ( 4 )  and ( 5 ) .  

where C = t h e  r a t i o  o f  the  ac tua l  f l o w  leng th  through t h e  randomly o r i e n t e d  
f i b e r s  t o  the  wick l eng th .  The mass v e l o c i t y ,  Go, f o r  a  w ick  i s  ob ta i ned  by 
d i v i d i n g  t h e  t o t a l  l i q u i d  f l o w  r a t e  by the  product  o f  w ick  c ross  s e c t i o n  
area  Aw and po ros i t y ,  6. The f r e e  f l o w  area Ac = Aw a c .  

The t o t a l  f r i c t i o n a l  p ressure  drop i s  obta ined by  i n t e g r a t i n g  Equa t ion  
(6)  f r om  X = 0 to  X = L w i t h  t he  f o l l o w i n g  r e s u l t  

The a v a i l a b l e  p r e s s u r e  drop i s  equal t o  t he  d i f f e r e n c e  between t h e  
c a p i l l a r y  d r i v i n g  fo rce ,  g iven  by Equat ion ( 2 ) )  and t h e  head o f  l i q u i d  i n  
the  w i c k .  

A t  steady s t a t e  t h e  pressure drops g iven by Equat ions ( 7 )  and ( 8 )  must 
be i d e n t i c a l ;  s o l v i n g  these two equat ions f o r  t h e  mass v e l o c i t y  pumped b y  
the w i c k  y i e l d s  

The importance o f  g r a v i t y  t o  w i c k  performance i s  measured by the va lue  
o f  t he  l a s t  t e r m  i n  b racke ts  r e l a t i v e  t o  t he  va lue  o f  t h e  f i r s t  term. Resu l t s  
o b t a i n e d  from Equat ion ( 9 )  f o r  t h e  maximum w ick  pumping r a t e  f o r  water a r e  
p resen ted  I n  F igure  A - l  as a f u n c t i o n  o f  w ick  l e n g t h  and pore d iameter .  The 
inc rease  i n  pumping c a p a c i t y  which results f rom the removal o f  g r a v i t y  i s  
shown by the comparison between t h e  dashed and s o l i d  i ines.  
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cos 8 = 0.5 
-g = 32.2 F T / ~ E C ~  

AVERAGE PORE DIAMETER, D, IN. 

4-1  5 4 3 2  
Figure A - I .  Wick Pumping R a t e  
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A s i m i l a r  a n a l y s i s  which descr ibes t h e  o p e r a t i o n  o f  a wick w h i l e  evap,. e- 
tion i s  tak ing  place from i t s  s u r f a c e  i s  used t o  develop an equation for .-*c 
h e i g h t  t o  which a wic.k can d e l i v e r  water  a t  va r i ous  heat  fluxes. Asain:  

The mass e n t e r i n g  the w ick  a t  the  bottom p e r  u n i t  t ime i s  equal t o  the  
r a t e  of  evaporat ion.  For evapo ra t i on  o c c u r r i n g  on both s ides  o f  t l ~ e  w i ck :  

The f r i c t i o n  p ressure  g rad ien t  i s :  

wh i ch becomes: 

I n t e g r a t i n g  j 13) between X = 0 and X - t: 

and s e t t i n g  t h i s  equa l  t o  the difference between the  c a p i l l a r y  d r i v i n g  f o r c e  
and the Iiquid head one ob ta i ns :  

D' g p 2  h (Ac/w'j go O o cos 9 p X ( A c / w )  

T h i s  equat ion may then  be so lved  f o r  L as a f u n c t i o n  o f  Q/A f o r  a g i v e n  w i ck  
i n  any g r a v i t y  f i e l d .  I t  i s  no ted  t h a t  i n  zero g t he  second term i n  equa t ion  ( 1 6 '  
becomes zero. 

T rans ien t  Wickinq He iqh t  

The f o l l o w i n g  a n a l y s i s  develops an equa t ion  f o r  the t ime i t  takes l i q u i d  
to reach var ious h e i g h t s  i n  a w i c k  a f t e r  the end o f  a dry  w ick  has been brought  
i n t o  con tac t  w i  th the 1 i q c i d .  I t  i s  assumed t h a t  t he re  i s  no heat  o r  mass 
L r a n s f e r  from the s i d e s  o f  the w i ck ;  the  f l ow  r a t e  o f  l i q u i d  i s  the same a t  each 
lev21  a t  any one t i m e .  
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Assuming t h a t  momentum changes a r e  
negl  i g i b 1 e reduces t h e  f o r ce  ba l  ance 
equa t i on  t o  t h r e r  t e rms :  g r a v i t y ,  
f r i c t i o n ,  and su r f ace  tens ion .  The 
p ressure  drop due t o  f r i c t i o n ,  g i v e n  
by Equa t ion  ( 4 )  i s  equal t o  t h e  
p ressure  drop p rov i ded  by the 
excess of  c a p i l l a r i t y  over  g r a v i t y  
as g i v e n  by Equat ion ( 8 ) .  

The change o f  h e i g h t  w i t h  t ime  i s  equal t o  t h e  l i q u i d  v e l o c i t y  a t  any 
t ime. Combining t h i s . w i t h  the d e f i n i t i o n  o f  mass v e l b c i t y  y i e l d s  

d X G z p V = p -  
d t j 18 

S u b s t i t u t i n g  Equat ion (31) i n t o  Equa t ion  (30)  and  s o l v i n g  f o r  d t  g ives 

I n t e g r a t i n g  Equa t ion  (32 )  y i e l d s  the f i n a l  equa t ion  f o r  t he  t ime i t  
takes l i q u i d  t o  reach each h e i g h t  i n  t he  w ick .  

Note t h a t  Equation ( 3 3 )  breaks down when g r a v i t y  e x a c t l y  equals  zero.  I t  
i s  however applicable t o  v e r i f y  t r a n s i e n t  w ick  t e s t s  performed on ea r t h .  
Under t e r a  ~ r a v i t y  c o n d i t i o n s  t he  cor responding equa t ion  ob ta i ned  b y  s e t t i n g  
g = 0 i n  Equation (321 and then i n t e g r a t i n g  i s  
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APPENDIX B 

SINGLE MODULE W I C K  B O I L I N G  TEST DATA 
AND ONE KW BOILER TEST DATA 

i 

I n  order  t o  determine the hea t  t r a n s f e r  performance o f  val-ious wick 
m a t e r i a l s  and t o  o b t a i n  data upon which wate r  b o i l e r  and thermal panel des ign 
cou ld  be based, evapora t ion  t e s t s  were performed on va r i ous  wicks.  The r e s u l t s  
o f  these t e s t s  a r e  shown i n  the form o f  e f f e c t i v e  b o i l i n g  c o e f f i c i e n t  as a 
f u n c t i o n  o f  heat f l u x  a t  th ree  s a t u r a t i o n  pressures.  The e f f e c t i v e  c o e f f i c i e n t  
i s  determined by d i v i d i n g  the hea t  f l u x  (based upon p r o j e c t e d  w i ck  a rea)  by the 
d i f f e r e n c e  i n  t he  hea te r  and s a t u r a t i o n  temperatures. Wick i d e n t i f i c a t i o n  
numbers a re  t abu la ted  i n  Sect i o n  2 o f  the t e x t .  

F igures 0-16 through 6-22 show t races  o f  the  i n l e t  and o u t l e t  heat  t r ans -  
p o r t  f l u i d  temperatures ob ta ined  i n  the one kw bo i  l e r  t e s t .  The s i g n i f i c a n c e  
o f  the r e s ~ l  t s  a r e  exp la ined  i n  Sec t i on  2, Water B o i l e r  Module. 
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F igu re  B-2 .  Boi 1 ing Performance o f  Wick No. 1800 
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AT, OF 

AT, OF 

0- 12535 

F i g u r e  B-4. Boiling Performance of Wick No. 900 
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F i g u r e  3-5. Boiling Performance of Wick No. 1900 
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AT, O F  

F i g u r e  5-6. Boil i n g  Performance of Wick No. 1400 
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AT, OF 

F i g u r e  8-7. Boiling Performance o f  Wick No. I200 
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F i g u r e  8-8. Boiling Per fo rmance o f  Wick No. 1200 
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AT, O F  

F i g u r e  0-9. Boiling Performance of Wick No. 1600 
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AT, O F  

F i g u r e  6-13. B o i l i n g  Pe r fo rmance  of Wick No. I600 
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AT, OF 

8- 12534 

F i g u r e  B - l l .  Boiling Per fo rmance of Wick No. I500 
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F i g u r e  8-12, Bai 1 i n g  Performance o f  Gliclc No. 1300 
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Figure 8 -14 ,  Boiling Performance of Refrasil Wick 

AIRESEARCY MANUFACTURING DIVISION 
I :- Cnprles C a ' t c m , a  

67-2577 
Page 8-15 



10 

AT, O F  

F i g u r e  8-15. Boiling Performance o f  Copper Wick 



F i g u r e  6-16. One Boi l e r  Transpor t  F l u i d  Temperature 



F i g u r e  B- 17. One I<\! Boi ler Heat Transport Fluid Temperature Trace for Runs 204-202 



F i g u r e  B-18.  One Heat Transport: F l u i d  Temperature Trace for Runs 
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APPENDIX C 

POROUS PLATE BENCH TEST AND SINGLE MODULE 
SUBLXMATION TEST RESULTS 

POROUS PLATE BENCH TESTS 

A se r i es  o f  bench t e s t s  were performed on porous p l a tes .  The r e s u l t s  o f  
these t e s t s  a re  given i n  Tables C - t  and C-2 and i n  F igures C - l  th rough C-8. 
A b r i e f  out1  ine o f  t h e  t e s t s  and t e s t  procedures i s  g iven belovr. 

Water B rea kth rouqh Pressure 

D i s t i l l e d  one -ha l f  m ic ron  f i l t e r e d  water  i s  supp l i ed  a t  s tead;  l y  inc reas-  
i ng  p ressu re  t o  the  back face  o f  a pDrous p l a t e  clamped i n  a  ho lder .  The p res -  
sure i s  recorded f o r  water t o  i n i t i a l  I y  form on t h e  top face.  

Bubble P o i n t  i n  Water 

D i s t i l l e d  one -ha l f  m ic ron  f i  1 t e r e d  water  i s  poured on to  the top face  o f  a 
porous p l a t e  clamped i n  a  ho lder ,  s u f f i c i e n t  to form a l a y e r  approx imate ly  one- 
h a l f  i n c h  t h i ck .  A i r  i s  a p p l i e d  t o  the bottom f a c e  a t  a s l ow l y  inc reas ing  
p ressure .  The p ressu re  i s  recorded when t h e  f i r s t  dynamic bubble  i s  seen and 
wher~ 80 percent o f  t h e  su r face  i s  seen t o  be bubbl  i n g .  

Bubble Po in t  i n  A l coho l  

The same procedure as above i s  used except  t h a t  95 percen t  e t h y l  a l coho l  
i s  s u b s t i t u t e d  f o r  wa te r .  

Ni t roqen Permeab i l i t y  - Vacuum D i scha rqe 

F i l t e r e d  n i t r o g e n  gas i s  s u p p l i e d  to  the back face  o f  a porous p l a t e  i n  a 
h o l d e r  which i s  s i t u a t e d  i n  an evacuated b e l l  j a r .  The p ressure  drop across 
t he  p l a t e  i s  recorded a t  va r ious  f l o w  rates,  the  downstream pressure  being 
ma in ta i ned  a t  less than  500 microns pressure.  

N i t r o q e n  Permeabil i t y  - Ambient Discharqe 

The same procedure as above i s  used except  t h a t  the p l a t e  and ho lde r  a r e  
s i t u a t e d  i n  l a b o r a t o r y  ambient  c o n d i t i o n s .  

The f o l  lowing hand1 i n g  procedure i s  used t o  i nsu re  c l  eanl  iness o f  the 
p l a t e s .  Any con tamina t ion  o f  t he  p l a t e s  can produce ser ious  e r r o r s  i n  the 
r e s u l  t s .  

a. A l l  t e s t i n g  i s  c a r r i e d  o u t  i n  a  c lean  area. 

6. A l l  p l a t e s  a r e  tho rough ly  c leaned p r i o r  t o  t e s t i n g  by hea t i ng  i n  a  
vacuum fu rnace  a t  900'~. 
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c. A l l  pla te s  a r e  kep t  i n  ny l on  bags when n o t  i n  use, 

d ,  The s u r f a c e o F  the p l a t e s  are h a n d l e d o n l y  when wearing c lean  
rubber gloves. 

,SINGLE MODULE PERFORMANCE TESTING 

To evaluate the performance of va r i ous  porous p l a t e s ,  s i n g l e  module sub- 
l ima t i on  t e s t s  were perfcrmed. The resul t s  of  a p o r t i o n  o f  these t e s t s  are 
shown in Figures C-9 through C-17 i n  the Form o f  hea ted  su r f ace  temperature 
ve r sus  heat f l u x .  The s ign i f i cance  o f  the results a r e  discussed in Sect ion  3, 
Water Sub1 inrator Module. 
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TABLE C- l 

Plate 

UC-IA 
UC-I B 
UC- I C 

POROUS PLATE CHARACTERISTICS 

Initial 
Bubble P ~ i n t  

Thickness Poros i ty  inAlcoho1 
Mater ia l  in* percent ps i 

Nickel 0.030 
0.030 
0.030 
0.030 
0.030 

Average In i t i a 1 
Bubble Point 80 Percent 
for P l a t e s  in Bubble  Point 
Same Batch in Alcohol 

psi ps i 

Maxi mum 
Equivalent 

Pore Diameter 
Based on Average 

Bubble Point 
microns 



Plate 

TABLE C- l ( ~ o n t  inued) 

Initial 
Bubble Point 

Thickness Porosity in Alcohof 
Mate r i a l  r n. percent ps i 

Nickel 0.028 3 2 4 -62 
5.65 
5.80 
5.60 
5.15 
4.13 
3.37 
3.61 
3.29 
5.60 
4.09 
4.87 
3.90 

Maximum 
Average Initial Equivalent 
Bubble Point 80 Percent Pore Diameter 
f o r  P l a t e s  in Bubble Point Based on Average 

Same Batch in Alcohol Bubble Point 
psi ps i microns 



TABLE C- l ( ~ o n t  inued) 

Maxi mum 
Average In i t  ial Equivalent 

Initial Bubble Point 80 Percent Pore Diameter 
Rubble Point fo r  Plates in Bubble Point Based on Average 

Thickness Porosity i n  Alcohol Same Bar-sh in Alcohol Bubble Point 
Plate Material in* percent ps  i ps i psi microns 

APM 28 
30 
34 
3 5 

BM I Nickel 0.002 
3 0.002 
5 0.002 

Rigimesk I Nickel 0.012 

Teflon A TeF 1 on 0.136 
Teflon C Teflon 0.075 

KEL-F B 
KEL-F O 

4fiTenth bubble point 



TABLE C-2 

POROUS PLATE CHARACTERISTICS 

I n i t i a l  
Bubble P o i n t  

i n  Water 
ps i 

Mater 
Retent i on  
Pressure 

p s  i Plate 

L I A  
L2 A 
L3A 
L4 A 
L5A 

Af te r  coa t  ing 
w i t h  Tef lon  f i l m  

A f t e r  coat  i ny 
w i t h  Teflon f i l m  

Rigirnesh I 

Teflon A 
Tef 1 on C 

KEL-F B 
KEL-F-D 
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bin FLOW, LB/HR Fi2 

8- 13283 

Figure C - I .  Nitrogen Permeability w i t h  Discharge to Vacuum 
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0 I 2 3 4 5 6 7 8 

N2 FLOW, LB/HR m2 

8- 13288 

Figure C-2. N i t rogen  Permeability w i t h  Discharge t o  Vacuum 
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.. 
0 I 2 3 t 5 6 7 8 

N 2  FLOW, LB/HR FT' 

F i g u r e  C-3. llli trogen P ~ n , , ? a b  i l i t y  with Discharge to Vacuum 
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N p  FLOW, LB/HR FT2 

8- 13285  

Figure C-4. Nitrogen Permeability w i t h  Discharge to Vacuum 
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N z  FLOW, LB/HR FF2  

B- 13281 

F i g u r e  C-5. N i t r o g e n  P e r m e a b i l i t y  w i t h  D i s c h a r g e  t o  Vacuum 
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1 . 5  

A', P S I  

I . o  

NP FLOW, LBi'';G : m i 2  

A-23259 

F i g u r e  C-6. Nitrogen Permeabi l i t y  w i t h  Discharge t o  Vacuum 
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u, PSI 

F i g u r e  C-7.  Nitrogen Permeability with Oischarge to Ambien' 
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A', P S I  

N2 FLOW, LB/HR FT' 

F i g u r e  C-8. Nitrogen Permeability w i t h  Discharge t o  Ambient 
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A-2404 2 

F i g u r e  C-9. Single M u d u l e  Subl irnator Per formance 
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BREAKTHROUGH 
HEAT FLUX 

POROUS PLATE - RTU/WR FT' 

1 0,300 
i 10,300 

10,300 

2000 4000 SOOG 8000 iO000 1200C 
HEAT FLUX, BTIJ~HR F T ~  

A - 2 6  320 

F i g u r c  C -  10. S i n g l e  Module Sub1 i m a t o r  Performance 
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HEAT FLUX, BTU/HR FT' 

A-26322 

F i g u r e  C - l l .  S i n g l e  Module Sublimator Performance 
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0 2000 4000 6000 8000 10,000 12,000 

HEAT FLUX, BTU/HR F T ~  
4-20919 

F i g u r e  C - 1 2 .  Single Module Sublimator Performance 
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0 2000 4000 6000 8000 10,000 12,000 

HEAT FLUX, BtU/HR FT' 
A - 2 8 9  11 

F igu re  2 -  13. Singie Module Sub1 imator Per f~ rmance  
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F i g u r e  C- 14. S i n g l e  M o d u r ~  5uDl i m a t o r  Perfarmance 
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'000 4000 6000 8000 10,000 12,000 

HEAT FLUX, BTU/HR FT' A-20125  

F i g u r e  C-15. S i n g l e  Module Subl i rnator  Pcrforrnance 
w i t h  0.012 in. W ~ f e r  Plenum 
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4000 6000 8000 10,000 12,000 

HEAT FLUX, BTU/HR F T ~  A-20926 

F i g u r e  C-16 .  S i n g l e  Module Sublimatar Performance 
w i t h  0.012 in .  Water  Plenum 
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4000 6000 8000 10,000 12,000 

HEAT FLUX, BTU/HR FT' A - 2 ~ 9 2 4  

,:: 2 C -  1 7 .  Single Module S u h l  imator Per fo rmance 
with 0,012 i n .  Water  Plenum 
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HEAT FLUX, BTU/HR FT' A - 2 ~ 9 2 1  

F i g u r e  C- 18. Sing1 e Module Sub1 i m a t o r  Pe r f o rmance  
w i t h  0.012 in. Water  Plenum 
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G L Y C O L  IriLE'6 '1;4T FLUX BREAKTHROUGH 

While the sho r t  water plenum e l ~ ~ l i i n a t e s  t h e  p l a t e  damage problems assoc i -  
a t e d  w i t h  freeze-thaiv cyc l i ng ,  some d i f f i c u l t y  i s  encountered l ~ i  t h  breakthrough 
a t  h i ghe r  g l yco l  i n l e t  temperatures.  T h i s  i s  due t o  ths  r e l a t i v e l y  sho r t  heat 
conduc t ion  path th rough  the  water  plenum header bar  which r e s u l t s  i n  the  
porous p l a t e  be ing  heated t o  above 32'~ I n  t h i s  r eg ion  and 1 i q u i d  pass ing 
l -h roug l~  the p l a t e .  The f o l  lowing a n a l y s i s  develops t h e  equation which de f ines  
t h i s  phenomenon. The geometry i s  de f i ned  below. 

STEAM PASSAGE 
HEADER BAR 

WATER P LEPIUM 
HEADER 8 A R  I- 7 TUBE PLATE 

GLYCOL PASSAGE 
-- Tg 

Glyco l  en te r s  a t  a temperature T and heat i s  t r a n s f e r r e d  by convec t ion  
g 

t o  the tube p l a t e .  The heat i s  conducted a long  the water pl&num header b a r  
a n d  porous p l a t e  which i n  t h i s  r eg ion  is f i l l e d  ( o r  p a r t i a l l y  f i l l e d )  w i t h  
braze a1 loy.  Heat i s  conducted a l o ~ g  the a l l o y  f i l l e d  porous p l a t e  ( A ~ )  
where it i s  e v e n t u a l l y  d i s s i p a t e d  i n  t h e  sub l ima t i on  process. The conduct ion 
e q u a t i o n  d e f i n e s  heat  t r a n s f e r  th rough  the a l  l ay  f i l led  porous p l a t e  f rom 
x = G t o  x. 

- - - heat f l u x  through A, 
A 2 

k = effective t he rma l  c o n d u c t i v i t y  o f  porous p l b t e  - braze a1 loy  m a t r i x  

x = d i s t ance  over  which braze a l l o y  f i l  I s  porous p l a t e  

T = temperature a t  porous,p l a t e  - header bar  j u n c t i o n  
0 
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I t  i s  assumed t h a t  a t  x the  maximum p l a t e  temperature i s  3 2 ' ~  s ince  i f  i t  
i s  h o t t e r ,  no i c e  w i  1 I form and breakthrough w i  1 1  occur. 

The convect ion equa t ion  de f i nes  heat t r a n s f e r  f rom the  g l y c o l  t o  the 
porous p l a t e .  The porous p l a t e  - header b a r  combinat ion is t r e a t e d  a s  a f i n  
whose base temperature i s  TB. 

- where = heat f l u x  through A I 
A I 

yo = f i n  e f f ec t i veness  o f  porous p l a t e  and header bar  

h e f f  
= e f f e c t i v e  heat t r a n s f e r  c o e f f i c i e n t  over  A1  

T = g l y c o l  i n l e t  temperature 
9 

Equat i o n  ( 2 )  may be rearranged t o  o b t a i n  

S o l v i n g  equat ion ( I )  f o r  x and i n s e r t i n g  ( 3 )  i n  t h e  r e s u l t i n g  equation, one 
o b t a i n s :  

Equa t ion  ( 4 )  de f ines  the  minimum d i s t ance  x which must be f i l l e d  w i t h  braze 
a1 loy i n  order tha t  the p l a t e  temperature does no t  exceed t h e  3 2 ' ~  r equ i r ed  
f o r  ice  format ion.  As ind icated,  x i s  a f u n c t i o n  ~f Q/Az, t h e  maximum heat  
f l u x  a l ong  t he  porous p l a t e  which t h e  p l a t e  can support  w i t h o u t  caus ing break-, 
through.  Since t h i s  heat f l u x  i s  n o t  know, i t  i s  no t  p o s s i b l e  t o  so lve  ( 4 )  

exac t1  y  For a g i v e n  geometry. However, t o  get  a rough idea o f  haw x v a r i e s  
iv i th Tq, e q ~ ~ a t i o n  ( 4 )  was so lved f o r  assumed va lues o f  the  var ious  parameters 

and t h e  resu l t s  a re  shown i n  Tab le  I .  The thermal  c o n d u c t i v i t y  o f  the  s i n t e r e d  
n i c k e l  porous p l a t e  taken t o  be 20 B/hr f t  OF.  Values o f  A2/A1 and l l0heff 

were ob ta ined  f rorn t h e  exper imenta l  un i  t designed d u r i n g  t h i  5 s t u d y  program 
and were 0.1 ! 2  and 149 B/hr f t 2  OF,  r e s p e c t i v e l y .  Q/An was ass~lmad t c  be 
20,900 Btu/! ir  f t 2 .  Using these values, t h e  f o l  l ow ing  d is tances  were ob ta i ned  
as ~2 f u n c t i o n  o f  T : 

9 
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T O F  x ,  i n .  L 

A s  i n d i c a t e d ,  r e ! a t i v e l y  s m a l l  changes i n  x may r e s u l t  i n  a s i g n i f i c a n t  
increase !n the g l y c ~ !  i n l e t  temperature.  

A d d i t i o n a l  a n a l y s i s  and/or testing i s  requ i red  to define abso lu te  values 
of k and Q;A2 SO t h a t  accurace p r e d i c t i o n s  o f  the r e l a t i o n s h i p s  between T 
and x may be made. 9 
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