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The principal modes of operation for a porous plate 

sublimator-evaporator are defined and analyzed, This 

includes analysis of the sublimation mode, evaporation 

mode, mixed mode, and a newly hypothesized cyclic sublimation 

mode. The physical properties which govern the operation of 

each mode are investigated and analytical expressions are 

derived to allow prediction of operating modes and tempera- 

tures. These equations are derived by relating the heat and 

mass flow relations. For the mass flow through the porous 

plate to be expressed explicitly, simplifying assumptions 

were made concerning the porous structure of the porous 

plate. The plate is assumed to consist of a known number of 

pores of known size. 

Because of the pressure and temperature range involved 

and the small size of the pores, the flow through the porous 

plate is in the free molecular regime, This allows the 

pressure drop through a pore to related to the mass flow and 

pore size by the Knudsen equation. 

An experimental investigation was performed to verify 

and aid in the development of the mode models, This investi- 

gation utilized uniformly heated modular units. A description 

of the apparatus used and test procedure used for these modular 

units is presented. The experimental results at various heat 

flux rates are presented and good correlation with predicted 

values is indicated. 

The verified analyses are then incorporated irto a 

performance analysis scheme applicable to sublirnator units 



heated by a  c i r c u l a t i n g  f l u i d  loop - a  s i t u a t i o n  t y p i c a l  

of c u r r e n t  a p p l i c a t i o n .  An a d d i t i o n a l  t e s t  program was 

c a r r i e d  ou t  f o r  such f l u i d - h e a t e d  sys tems,  and t h e  e x p e r i -  

mental  r e s u l t s  d i s c u s s e d .  Again,  good agreement w i t h  t h e  

t h e o r e t i c a l  p r e d i c t i o n s  i s  o b t a i n e d .  



Porous-plate  bo i l e r - sub l ima to r s  have been used a s  hea t  r e -  

j e c t i o n  devices  f o r  spacec ra f t  systems. The b a s i c  concept i s  t h a t  of 

providing a  hea t  s ink  by evapora t ing  o r  subliming an expendable sub- 

s t ance  i n t o  t h e  vacuum of space,  Carry-over of t h e  expendable m a t e r i a l  

t o  space i s  prevented by imposing a  porous p l a t e  of s u i t a b l e  pressure  

drop c h a r a c t e r i s t i c s  between t h e  expendable supply and space.  Present  

p r a c t i c e  uses  water  a s  t h e  expendable and i t  i s  e i t h e r  evaporated,  o r  

f rozen  and subsequent ly sublimed, through t h e  porous su r f ace .  The hea t  

t o  be r e j e c t e d  i s  t r a n s f e r r e d  t o  t he  water  by the  cool ing  of a  c i r c u -  

l a t i n g  coolant  stream. These b a s i c  elements of a boi le r -subl imator  

a r e  i l l u s t r a t e d  i n  t he  schematic ske tch  of F ig .  1. 

Three b a s i c  modes of ope ra t ion  of such devices  have been 

hypothesized. The subl imat ion  mode i s  t h a t  i n  which an i c e  l aye r  

forms on the  i n s i d e  su r f ace  of t he  porous p l a t e  ( t h e  l i q u i d  being 

suppl ied  t o  t h a t  s i d e )  and subl imat ion  occurs  a t  t he  i c e - p l a t e  i n t e r -  

f ace .  For s u f f i c i e n t l y  low e x t e r n a l  back pressures  and hea t  r e j e c t i o n  

loads ,  t he  pressure  drop of t h e  vapor flowing through the  porous p l a t e  

i s  low enough t h a t  t he  pressure  a t  t he  inne r  p l a t e  su r f ace  i s  below 

t h e  t r i p l e  poin t  -- r e s u l t i n g  i n  subl imat ion  of t h e  i c e  a t  t h a t  i n t e r -  

f ace .  The th i ckness  of t h e  i c e  l aye r  formed i s  dependent upon t h e  

hear r e j e c t i o n  r a t e  and t h e  pressure  drop of t h e  vapor flowing through 

t h e  p l a t e .  The supply water  f r e e z e s  a t  t he  water - ice  i n t e r f a c e  a t  

t h e  same r a t e  a t  which subl imat ion  occurs ,  producing a  "flow" of i c e  

between the  l i q u i d  phses and the  porous p l a t e .  

A t  h igher  hea t  r e j e c t i o n  r a t e s  and a t  higher  back pressures ,  

i t  i s  poss ib l e  t h a t  p re s su re s  throughout t h e  water feed and porous 

p l a t e  system w i l l  be above t h e  t r i p l e  poin t  pressure ,  and no i c e  w i l l  

form. For app ropr i a t e  feed pressures  and porous p l a t e  c h a r a c t e r i s t i c s ,  

t h e  l i q u i d  w i l l  be r e t a i n e d  a t  some l o c a t i o n  w i t h i n  the  p l a t e .  Coo.Ling 

i s  then  provided by evapora t ion  of t h e  l i q u i d ,  and the  hea t  r e j e c t i o n  



i s  r e g u l a t e d  by t h e  l i q u i d  and vapor p ressure -drops  i n  t h e  p l a t e .  ?'his 

mode of o p e r a t i o n  i s  termed t h e  evapora t ion  mode. 

When t h e  e v a p o r a t i v e  mode e x i s t s ,  o r  when c o n d i t i o n s  a r e  

f a v o r a b l e  f o r  i t s  e x i s t e n c e ,  feed p r e s s u r e s  of t h e  expendable wa te r  

may i n a d v e r t a n t l y  be a p p l i e d  which exceed t h e  wa te r  r e t a i n i n g  c a p a b i l i t i e s  

of t h e  p l a t e  pores .  I n  such i n s t a n c e s  l i q u i d  breakthrough may occur 

i n  which unevaporated l i q u i d  i s  c a r r i e d  over t o  space ,  r e p r e s e n t i n g  a  

l o s s  of c o o l i n g  c a p a c i t y .  

A mixed mode of o p e r a t i o n  of a  sub l imator  has  been hypothesized 

(Reference 1 ) .  I n  t h i s  mode i t  i s  t h e o r i z e d  t h a t  t h e  random d i s t r i b u t i o n  

of pore s i z e  and shape found i n  commercially a v a i l a b l e  porous p l a t e s  

causes  a  t r a n s i t i o n  t o  t h e  e v a p o r a t i v e  mode i n  c e r t a i n  pores  ( t h e  s r l a l l e r  

ones f i r s t ) ,  a s  t h e  h e a t  load i n c r e a s e s ,  whi le  o t h e r  p o r t i o n s  remained 

covered by i c e  a s  i n  t h e  sub l imat ion  mode. Thus a  mixture  of t h e  

e v a p o r a t i v e  and sub l imat ive  mechanisms may occur .  I t  i s  f u r t h e r  hypothe- 

s i z e d  t h a t  the  average e f f e c t  produced i s  t h a t  of a  mean p l a t e  tempera- 

t u r e  a t ,  e s s e n t i a l l y ,  t h e  t r i p l e  po in t  temperature .  The work r e p o r t e d  

h e r e i n  i n d i c a t e s  t h a t  such a  mixed mode i s  u n l i k e l y  t o  occur i n  p r a c t i c e  

and t h a t  a  more r e a l i s t i c  model i s  provided by t h e  c y c l i c  mode proposed 

here  f o r  t h e  f i r s t  t ime.  

The mixed mode d e s c r i b e d  above can occur on ly  when t h e  po-rous 

p l a t e  m a t e r i a l  i s  non-wet t ing and,  hence those  pores  o p e r a t i n g  i n  t h e  

e v a p o r a t i v e  mode r e s t r a i n  t h e  l i q u i d  a t  t h e  upstream i n t e r f a c e .  However, 

most commercially a v a i l a b l e  porous p l a t e  m a t e r i a l s  a r e  we t ted  by w a t e r .  

I n  t h i s  i n s t a n c e  when t h e  vapor p r e s s u r e  d rop  through a  pore i s  g r e a t e r  

than  t h e  t r i p l e  p o i n t  p r e s s u r e ,  wa te r  w i l l  e n t e r  t h e  pore.  The water  

w i l l  f low i n t o  t h e  c a p i l l a r y  t o  t h e  p o i n t  a t  which t h e  p ressure  drop 

through t h e  remainder of t h e  pore i s  below t h e  t r i p l e  po in t  p r e s s u r e  --  
a t  which t ime i t  w i l l  f r e e z e .  The i c e  thus  formed w i l l  t hen  sublime 

and receed  back i n t o  t h e  pore u n t i l  t h e  p ressure  r i s e s  above t h e  t r i p l e  

po in t  end t h e  r e s u l t i n g  l i q u i d  b e g i n s ,  a g a i n ,  t o  flow toward t h e  Bow 



p r e s s u r e  end and t h e  e n t i r e  c y c l e  r e p e a t e d ,  This p rocess  of t h e  water  

f lowing p a r t  way i n t o  t h e  pore ,  f r e e z i n g ,  subl iming back,  mel t ing ,  and 

f lowing a g a i n  has been named t h e  c y c l i c  mode and i s  analysed i n  some 

d e t a i l  i n  t h i s  work. This c y c l i c  model proposed here  i s  v e r i f i e d  by 

t h e  exper imenta l  work a l s o  r e p o r t e d  h e r e i n  and e x p l a i n s  t h e  "cons tan t f '  

porous p l a t e  temperature  p rev ious ly  observed i n  sub l imators  o p e r a t i n g  

a t  t h e  h igher  h e a t  f l u x  ranges  and e r r o n o u s l y  i d e n t i f i e d  a s  t h e  "mixed 

mode . I '  

The work desc r ibed  i n  subsequent p o r t i o n s  of t h i s  r e p o r t  i s  

d iv ided  i n t o  two main phases.  The f i r s t  phase,  d e s c r i b e d  i n  P a r t  A -- 
c o n s i d e r s  a  uni-dimensional  model of a  sub l imator  - -  one i n  which t h e  

h e a t  source  i s  cons idered  t o  be a  s u r f a c e  of uniform temperature  and 

h e a t  f l u x  r a t h e r  than t h e  f l u i d  heated source  d e p i c t e d  i n  F igure  1. 

By t h i s  means, one may d i r e c t  a t t e n t i o n  t o  t h e  b a s i c  p h y s i c a l  mechanisms 

t a k i n g  p lace  wi thou t  t h e  a d d i t i o n a l  problem of l o n g i t u d i n a l  temperature  

g r a d i e n t s .  A l l  p h y s i c a l l y  p o s s i b l e  sub l imat ion-evapora t ion  modes a r e  

d e s c r i b e d ,  ana lysed ,  and reduced t o  working formulas .  Wetting and non- 

w e t t i n g  p l a t e s  a r e  cons idered  a s  a r e  p l a t e s  w i t h  uniform pore s i z e s  and 

non-uniform pore s i z e s .  Those modes which a r e  then  l i k e l y  t o  occur i n  

p r a c t i c e  a r e  t h e n  s c r u t i n i z e d  exper imenta l ly  by a  s e r i e s  of modular, 

e l e c t r i c a l l y  h e a t e d ,  t e s t s ,  and c e r t a i n  conc lus ions  drawn. 

Subsequent ly ,  i n  -- P a r t  B ,  t h e  v e r i f i e d  a n a l y s e s  of t h e  u n i -  

formly heated u n i t s  of -- P a r t  A a r e  incorpora ted  i n t o  an  a n a l y s i s  which 

r e p r e s e n t s  a  p ro to type  sub l imator  system i n  which t h e  h e a t  source  i s  

a  c i r c u l a t i n g  c o o l a n t  -- i n t r o d u c i n g  l o n g i t u d i n a l  temperature  g r a d i e n t s ,  

An a d d i t i o n a l  t e s t  program f o r  such systems i s  desc r ibed  and t h e  r e s u l t s  

d i s c u s s e d .  



PART A -- 

Modular, Uni formly Heated,  Sub l i m a t o r  U n i t s  

The p h y s i c a l  s e t u p  f o r  a  f u n c t i o n i n g  sub l imator  i s  shown 

i n  F i g u r e  I, The heated s u r f a c e  between t h e  c o o l a n t  and wa te r  w i l l  

have a l o n g i t u d i n a l  t empera tu re  g r a d i e n t  s i n c e  t h e  t empera tu re  of t h e  

c o o l a n t  w i l l  be reduced a s  i t  f lows through t h e  s u b l i m a t o r .  The 

behav io r  of a  f u n c t i o n i n g  system can be  unders tood on ly  i f  t h e  b a s i c  

l o c a l  h e a t  t r a n s f e r  mechanism i s  known. Hence, i n  t h e  a n a l y s i s  which 

f o l l o w s ,  t h e  h e a t  source  i s  r e p r e s e n t e d  a s  a hea ted  p l a t e  which i s  

assumed t o  have a c o n s t a n t  temperature  i n  s ~ e a d y  s t a t e  o p e r a t i o n .  The 

h e a t  f l u x  i n t o  t h i s  s u r f a c e  i s  then  c o n s t a n t  over t h e  whole s u r f a c e  

and assumed t o  be of known v a l u e .  The p h y s i c a l  models which r e s u l t  

from t h e s e  assumpt ions  and which a r e  subsequen t ly  analyzed a r e  shown i n  

F i g u r e s  2 and 3 .  These f i g u r e s  show t h e  sys tem o p e r a t i n g  i n  t h e  s u b l i -  

mation and e v a p o r a t i o n  modes. In each ,  i t  i s  assumed t h a t  t h e  h e a t  

f low i s  one dimemsional a c r o s s  t h e  wa te r  plenum and i s  uniform over 

t h e  whole a r e a  of t h e  p l a t e .  This  means t h a t  i t  i s  assumed t h e r e  a r e  

no convec t ive  c u r r e n t s  i n  t h e  wa te r  l a y e r .  

F i r s t ,  porous p l a t e s  i n  which i t  i s  assumed t h a t  t h e  pores  

a r e  a l l  of t h e  same s i z e  a r e  cons ide red  and then  p l a t e s  i n  which t h e  

pore s i z e  i s  non-uniform a r e  s t u d i e d ,  I n  both  i n s t a n c e s  t h e  pores  a r e  

presumed t o  be c i r c u l a r  i n  c r o s s  s e c t i o n  and p e r f e c t l y  s t r a i g h t .  



2. Analys i s  f o r  a  P l a t e  w i t h  Uniform Sized Pores - -- 

The number of pores per u n i t  a r e a ,  n ,  and t h e  diameter  of 

t h e  pores ,  D ,  a r e  t aken  a s  known q u a n t i t i e s .  Because of t h e  un i fo rmi ty  

of t h e  pore s i z e  and h e a t  source  t empera tu re ,  i t  i s  assumed t h a t  each 

pore c a r r i e s  t h e  same mass flow r a t e  of vapor ,  The thermal  conductj-vi-  

t i e s  of t h e  water  and t h e  p l a t e  mat r ix  a r e  t aken  a s  independent of 

temperature .  The o b j e c t  of t h e  a n a l y s i s  which fo l lows  i s  t o  r e l a t e ,  

f o r  a l l  p o s s i b l e  o p e r a t i o n a l  modes, t h e  temperatures  of t h e  porous and 

h e a t e r  p l a t e s  t o  t h e  imposed h e a t  load .  

Subl imat ion Mode 

For low h e a t  loads  and ambient p r e s s u r e s ,  t h e  p ressure  drop 

a c r o s s  t h e  porous p l a t e  may be below t h e  t r i p l e  p o i n t  p r e s s u r e s  of 

wa te r  s i n c e  t h e  vapor flow r a t e  through a  c a p i l l a r y  i s  smal l .  Thus 

i c e  i s  formed on t h e  upstream s i d e  of t h e  p l a t e  a s  suggested i n  

F igure  2 .  This i s  a  c h a r a c t e r i s t i c  of t h e  sub l imat ion  mode. I n  t h i s  

mode, h e a t  i s  t r a n s f e r r e d  a c r o s s  t h e  water  and i c e  l a y e r ;  t h e n  i s  

r e j e c t e d  a s  the  i c e  sub l imates ,  I n  s t eady  s t a t e  o p e r a t i o n ,  wa te r  

f r e e z e s  a t  t h e  w a t e r - i c e  i n t e r f a c e  a t  t h e  same r a t e  a s  t h e  i c e  

sub l imates .  Thus t h e  t o t a l  e f f e c t  i s  a  g l a c i e r  l i k e  f low of i c e  

toward t h e  p l a t e  w i t h  t h e  i c e  t h i c k n e s s  remaining c o n s t a n t .  The 

temperature  a t  which t h e  i c e  sub l imates  i s  t h e  e q u i l i b r i u m  tempera- 

t u r e  f o r  sub l imat ion  corresponding t o  t h e  p r e s s u r e  bu i ld -up  from t h e  

vapor f low through t h e  pores .  

and 

The e q u a t i o n s  r e l a t i n g  t h e  mass and h e a t  f low r a t e s  a r e  

&& = A &kls (1) 



For a  g iven h e a t  f l o w  r a t e  t h e  mass r a t e  of £lo%, 

per u n i t  a r e a  can be c a l c u l a t e d  from ( I )  and (2), namely 

I;\ arS & b / l A H s  - GMf') ( 3 )  

The mass f low through a pore c a r  then  be c a l c u l a t e d  from 

+ (41 

A t  t h e  t r i p l e  poi-nt p r e s s u r e  and t empera tu re ,  the  mean 
- 6 f r e e  molecular pa th  f o r  water  vapor i s  6,95 x 10 mete r s .  This  

has  been c a l c u l a t e d  us ing  t h e  k i n e t i c  theory  r e l a t i o n  from Reference  4 ,  

name l y  

For most a p p l i c a t i o n s ,  t h e  d iamete r s  of t h e  pores i n  t h e  porous p l a t e  

w i l l  be from 0 . 5  t o  10 m i c r o n s .  Thus t h e  f low a t  t r i p l e  po in t  prop- 

e r t i e s  or  below may be t r e a t e d  a s  - molecular". 

K i n e t i c  t h e o r y  a n a l y s i s  has  r e s u l t e d  i n  t h e  s o - c a l l e d  

Knudsen e q u a t i o n  f o r  f r e e  molecular  f low through a  c a p i l l a r y .  Th i s  

e q u a t i o n  i s  (Reference 4 )  

The Knudsen e q u a t i o n  i s  used t o  c a l c u l a t e  t h e  p r e s s u r e  

a t  t h e  s u b l i m a t i o n  i n t e r f a c e  which i s  a t  t h e  e n t r a n c e  t o  t h e  porous 

p l a t e ,  From pressure - t empera tu re  e q u i l i b r i u m  d a t a  f o r  sub l imat ion  

of w a t e r ,  t h e  temperature  a t  t h e  sub l imat ion  i n t e r f a c e  can  be c a l c u -  

l a t e d  f o r  t h e  known p r e s s u r e .  Fo r  t h e  sub l imat ion  mode t o  e x i s t ,  

t h e  p r e s s u r e  a t  t h e  e n t r a n c e  t o  t h e  porous p l a t e  must be l e s s  than  

t h e  t r i p l e  p o i n t  p r e s s u r e .  The sub l imat ion  t e m p e r a t u r e y  correspond-  

ing  t o  t h i s  p r e s s u r e  w i l l  t hen  be l e s s  than  t h e  f r e e z i n g  po in t  tempe:rature, 

Assuming t h a t  t h e  c o n d u c t i v i t i e s  a r e  c o n s t a n t  a c r o s s  t h e  water  

and i c e  l a y e r ,  t h e  h e a t  conduct ion r e l a t i o n  a c r o s s  t h e  i c e  l a y e r  can 

be w r i t t e n  

Combining (1) and ( 2 )  g i v e s  



Eqtiating ( 7 )  and (8) r z s u l t s  ir ,he r e l a t i o n  

The e q u a t i o n  governing h e a t  concluccion a c r o s s  t h e  water  

l a y e r  i s  g iven by 

Using t h e  r e l a t i o n % e g - $  t h i s  can be solved f o r  T,, 
t h e  temperature  of  t h e  h e a t  s o u r c e ,  t o  c b t a i n  

Equat ion ( 9 )  can be used to e l i m i n a t e  and thus  o b t a i n  
$ b l  

One c r i t e r i a  which i s  uscd t o  compare porous p l a t e s  opera- 

t i n g  i n  a  subl i rnator  m d e r  s t e a d y  s t a t e  c o n d i t i o n s  i s  t h e  h e a t e r  

p l a t e  temperature  at a  given lieai flux. For a  porous p l a t e  w i t h  

known p h y s i c a l  p r o p e r t i e s  ( t h i c k n e s s ,  pore d iameter  and number of 

pores  per u n i t  a r e a ) ,  Equat ion (1.2) can be used t o  c a l c u l a t e  t h e  

h e a t e r  p l a t e  t empera tu re  a t  a  g iven hea t  f l u x .  Thus t h e  p l a t e  

s e p a r a t i o n  (6) and p l a t e  p r o p e r t i e s  can be chosen such t h a t T e i s  

a t  d d e s i r e d  l e v e l  f o r  a g iven hea t  f l u x .  This  e q u a t i o n  can a l s o  

be used t o  g i v e  t h e  temperature  a t  hea t  f l u x e s  away from t h e  d e s i g n  

v a l u e  a s  loag a s  t h e  system o p e r a t e s  i n  t h e  sub l imat ion  mode. 

A sub l imator  i s  u s u a l l y  designed s o  t h a t  i t  w i l l  no t  com- 

p l e t e l y  f r e e z e  a t  low h e a t  f l u x e s ,  If t h i s  happens the s t r u c t u r a l  

i n t e g r i t y  of t h e  u n i t  can be endangered by t h e  expansion of t h e  i c e .  

Equat ion ( 9 )  can be used t o  o b t a i n  the  i c e  Layer t h i c k n e s s  i n  a  

sub l imator  o p e r a t i n g  i n  the  sub l imat ion  mode. The h e a t  f l u x  a t  which 

t h e  u n i t  w i l l  be f i l l e d  w i t h  i c e  can thus  be ca lcu la tec l  and a  

minimum s a f e  o p e r a t i n g  c o n d i t i o n  e s t a b l i s h e t l  , Tt shou l d  be pointed 

o u t  a g a i n  t h a t  t h e  sub l imat ion  temperatureVTs i n  a l l  7i t h e s e  e q u a t i o n s  

i s  ob ta ined  u s i n g  sub l imat ion  t empera tu re -p ressure  d a t a  and t h e  

p r e s s u r e  c a l c u l a t e d  from ( 6 ) ,  



Thus t h i s  temperatk~re  i s  a f u n c t i o n  of t h e  pore y o p e r t i e s  of t h e  

p l a t e  and t h e  h e a t  f l u x ,  

As t h e  hear f l u x  i n c r e a s e s ,  i r l c reases  toward t h e  

f r e e z i n g  p o i n t ,  and thus  t h e  i c e  l a y e r  t h i c k n e s s  d e c r e a s e s .  The 

l a y e r  d i s a p p e a r s  when t h e  i r i p L e  p o i n t  t empera tu re  and p r e s s u r e  

i s  reached a t  t h e  e n t r a n c e  t o  Che porous p l a t e .  The syscem then  

e n t e r s  e i t h e r  t h e  o r  c y c l i c  mode a s  d e s c r i b e d  l a t e r .  --- 
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  rhe  heaC t r a n s f e r r e d  i n  

t h e  s u b l i m a t i o n  mode depends 011 t h e  physical. p r o p e r t i e s  of t h e  

p l a t e  ( t h i c k n e s s ,  d i a m t e r  of p o r e s ,  and number of pores per u n i t  

a r e a )  b u t  n o t  on t h e  thermal  p r o p e r t i e s  of t h e  p l a t e .  This  i s  t r u e  

because  t h e  h e a t  i s  i r a n s f e r r e d  t o  t h e  wa te r  vapor by t h e  phase 

change which occurs  b e f o r e  t h e  porous p l a t e  i s  r eached .  

Evapora t ion  Node 

1. Hydrophobic 

I f  t h e  h e a t  f low r a t e  i s  Large enough f o r  t h e  p r e s s u r e  

d rop  a c r o s s  t h e  p l a t e  t o  be g r e a t e r  than  t h e  t r i p l e  point  p r e s s u r e  

and t h e  water  i s  r e t a i n e d  behind t h e  p l a t e ,  t h e  hea t  i s  t r a n s f e r r e d  

by e v a p o r a t i o n .  When t h e  p l a t e  m a t e r i a l s  i s  non-wet t ing,  t h e  wa te r  

i s  c o n s t r a i n e d  behind t h e  p l a t e  by s u r f a c e  t e n s i o n  u n l e s s  t h e  wa te r  

p r e s s u r e  i s  g r e a t e r  than  t h e  breakthrough v a l u e .  Thus the  r e l a t i o n  

between h e a t  and mas,s f  Eoiv' i s  given by  

q b  zz Ba r ij\ &He (1.3) 

For a  g iven h e a t  f low r a t e ,  t h e  mass f low can be c a l c u l a t e d  

and t h u s  t h e  p r e s s u r e  drop through t h e  p l a t e  can be c a l c u l a t e d  from 

( 6 ) .  The e v a p o r a t i o n  temperature  Te can t h e n  be c a l c u l a t e d  from 

e q u i l i b r i u m  tempera tu re -p ressure  e v a p o r a t i o n  d a t a .  The h e a t e r  s u r f a c e  

t empera tu re  can then  be c a l c u l a t e d  u s i n g  the  conduct ion e q u a t i o n ,  

name 1 y 

Th i s  g i v e s  



For a  system ope ra t ing  i n  the  evapora t ive  mode, t he  

temperature a t  t he  p l a t e  en t r ance  w i l l  be above the  f r eez ing  

po in t .  The temperature,  a s  s t a t e d  above can be obtained us ing  

(6) f o r  a  s p e c i f i e d  system wi th  known porous p l a t e  p r o p e r t i e s  

ca r ry ing  a  given hea t  f l u x .  The temperature of t he  heated su r f ace  

must be high enough t o  al low t h e  hea t  load t o  be conducted ac ros s  

t he  water  l a y e r .  Equation (15) al lows t h i s  hea t e r  su r f ace  temperature 

t o  be c a l c u l a t e d .  The hea t e r  su r f ace  temperature must be below a  

c e r t a i n  va lue  o r  e l s e  hea t  cannot be t r a n s f e r r e d  from the  c i r c u l a t i n g  

coolant  t o  t h w w a t e r ,  Thus the  above equat ion  can be used t o  check 

i f  an evapora t ion  system i s  compatable w i t h  the  c i r c u l a t i n g  coolant  

p a r t  of t h e  hea t  r e j e c t i o n  system. 

I n  a c t u a l  a p p l i c a t i o n ,  i t  i s  undes i rab le  t o  have a  system 

ope ra t ing  i n  t h e  evapora t ive  mode due t o  t h e  increased  p o s s i b i l i t y  s f  

breakthrough. This e x i s t s  because the  water  must be r e s t r a i n e d  by 

s u r f a c e  t ens ion  only.  I n  t he  subl imation mode, t he  i c e  l aye r  blocks 

t h e  pores and prevents  breakthrough. 

2 .  Hydrophil ic  

I f  t h e  ambient pressure  i s  above t h e  t r i p l e  poin t  pressure ,  

t h e  water  i n  t he  porous p l a t e  w i l l  no t  f r e e z e .  When the  p l a t e  ma te r i a l  

i s  hydroph i l i c ,  t h e  water  w i l l  be cons t ra ined  a t  t he  downstream end 

of t h e  p l a t e  by su r f ace  t ens ion  un le s s  t h e  water pressure  i s  too  high. 

Breakthrough occurs  when the  water pressure  i s  above a  c e r t a i n  va lue ,  

and t h i s  phenomenon w i l l  be analyzed i n  a  l a t e r  s ec t ion .  

I n  t h i s  mode, t h e  temperature of evapora t ion  can  be obtained 

from equ i l i b r ium pressure- temperature evapora t ion  d a t a  us ing  t h e  

ambient pressure  a s  t he  evapora t ion  p re s su re ,  

The equ iva l en t  conduc t iv i ty  of t h e  w a t e r - f i l l e d  p l a t e  i s  

given by 

This equat ion  i s  a  commonly used r e p r e s e n t a t i o n  f o r  t he  

conduc t iv i ty  of a  porous m a t e r i a l  f i l l e d  w i t h  a l i q u i d  and was 



obta ined  from Refe rences  E and 9 ,  

The e q u i v a l e n t  conductance of t h e  water  l a y e r  and p l a t e  

i s  t h e n  expressed a s  

The h e a t  conduct ion e q u a t i o n  g i v e s  

Th i s  e q u a t i o n  can  be combined w i t h  (17) and so lved  f o r  

t h e  h e a t e r  p l a t e  t empera tu re  t o  o b t a i n  

I n  t h i s  mode t h e  h e a t e r  s u r f a c e  i s  seen  t o  depend upon 

t h e  p h y s i c a l  p r o p e r t i e s  of t h e  porous p l a t e ,  p l a t e  s e p a r a t i o n  and 

h e a t  f l u x  a s  b e f o r e .  Dependence on t h e  thermal  c o n d u c t i v i t y  of 

t h e  porous p l a t e  a l s o  e x i s t s  f o r  t h i s  mode of o p e r a t i o n  because  

t h e  phase change t a k e s  p l a c e  i n s i d e  t h e  porous p l a t e .  The p l a t e  

m a t e r i a l  h e l p s  t o  conduct t h e  h e a t  t o  t h e  i n t e r f a c e  where t h e  change 

of phase occurs .  

Given t h e  p h y s i c a l  c o n f i g u r a t i o n  of a  sub l imator -evapora to r  

and t h e  p r o p e r t i e s  of t h e  porous p l a t e ,  e q u a t i o n s  (6)  and (19) 

can  be used t o  p r e d i c t  t h e  o p e r a t i n g  t empera tu res  of t h e  system f o r  

a  s p e c i f i e d  h e a t  f l u x .  These t empera tu res  can  be used t o  judge i f  

t h e  c o n f i g u r a t i o n  and p l a t e  s a t i s f y  t h e  requ i rements  of t h e  h e a t  

r e j e c t i o n  s e j e c t i o n  d e v i c e  needed f o r  a  c e r t a i n  miss ion .  

Once a g a i n  i t  should  be pointed o u t  t h a t  t h e  evapora t ion  

mode i s  n o t  a d e s i r a b l e  mode due t o  t h e  i n c r e a s e d  l i k e l i h o o d  of  

b reak th rough ,  For space  f l i g h t  a p p l i c a t i o n s  i t  i s  important  t o  keep 

t h e  weight  of a  s u b l i m a t i o n  u n i t  a s  low a s  p o s s i b l e .  Thus i t  i s  

impor tan t  t o  g e t  f u l l  h e a t  r e j e c t i o n  from t h e  wa te r  i n  t h e  sub l imat ion  

I f  breakthrough o c c u r s ,  e i t h e r  t h e  h e a t  r e j e c t i o n  requ i rements  w i l l  be 

u n f u l f i l l e d  o r  e x t r a  we igh t  must be added to t h e  v e h i c l e  i n  ehe f o r n  

of e x t r a  w a t e r .  Both of  t h e s e  a r e  ve ry  u n d e s i r a b l e  s i t u a t i o n s .  



Other Modes -- 
For t h e  case  of a  p l a t e  w i th  uniform pore s i z e  t h e  "mixedt8 

mode i s  no t  poss ib l e .  The ' k y c l i c "  mode proposed here  i s  of such 

s i g n i f i g a n c e  t h a t  it i s  t r e a t e d  s e p a r a t e l y  i n  s e c t i o n  A.111. 



11. Analysis  f o r  a  P l a t e  w i t h  D i f f e r e n t  Sized Pores - ---- -- 

I n  t h e  a n a l y s i s ~ o f  t h e  subl imation and evapora t ion  modes 

of ope ra t ion  f o r  a  porous p l a t e  w i t h  v a r i a t i o n  i n  pore s i z e  presented 

he re ,  i t  i s  assumed t h a t  t he  number of pores and diameter of each 

s i z e  i s  known. The hea t  f l u x  c a r r i e d  by a  pore i s  assumed t o  be 

p ropor t iona l  t o  t he  c r o s s - s e c t i o n a l  a r e a  of t h e  pore ( the  a r ea  

perpendicular  t o  the  d i r e c t i o n  of hea t  f low) .  This  i s  reasonable  

s i n c e  the  hea t  f l u x  i s  uniform. Because t h e  pores a r e  r a t h e r  evenly 

spaced i n  most p l a t e s ,  t h e  hea t  load c a r r i e d  by a  pore would be 

p ropor t iona l  t o  i t s  a rea .  Thus, i f  one pore has twice the  a r ea  of 

another ,  i t  w i l l  c a r r y  twice the  hea t  f l u x  a s  t h e  o the r .  I n  t h i s  

a n a l y s i s , r ( L d i s t i n c t  pore s i z e s  w i l l  be considered.  

Sublimation Mode 

The a n a l y s i s  i s  much the  same a s  f o r  a  p l a t e  w i th  pores 

of one s i z e  only.  For s u f f i c i e n t l y  low hea t  loads ,  t h e  pressure  

drop ac ros s  t h e  porous p l a t e  i s  below t h e  t r i p l e  poin t  pressure  i n  

pores of a l l  s i z e s  and thus  i c e  i s  formed on the  upstream s i d e  of 

t h e  p l a t e .  This  i c e  sublimes through the  p l a t e  w i t h  t h e  r e s u l t  t h a t  

hea t  i s  r e j e c t e d  due t o  t h e  l a t e n t  hea t  of subl imation.  For s teady  

s t a t e  ope ra t ion ,  t h e  supply water  f r e e z e s  a t  t h e  wa te r - i ce  i n t e r f a c e  

a t  t he  same a t  which subl imat ion  occurs .  Thus the  i c e  flows between 

t h e  water and the  porous p l a t e .  

The mass flow r a t e  w i l l  be made up of t h e  flow r a t e s  th:rough 

pores of s i z e s  D, t o  Dw, t hus  

It can be seen from the  subl imat ion  p r o p e r t i e s  given i n  

Table 2 t h a t  t h e  hea t  of subl imat ion  changes very  l i t t l e  w i th  

temperature v a r i a t i o n s  from -40 t o  3 2 ° F .  The subl imation temperature 

d i f f e r e n c e s  between pores of va r ious  s i z e s  w i l l  be small  f o r  a  pliste 

ope ra t ing  i n  t h i s  mode. Thus i t  i s  assumed t h a t  t h e  hea t  of subl imation 



i s  t h e  same f o r  e a c h  sized p o r e ,  Using  t h i s ,  t h e  r e l a t i o n s  gove rn ing  

h e a t  f l u x  and mass f l o w  c a n  be w r i t t e n  

and 

Combining t h e s e  l a s t  two e q u a t i o n s  g i v e s  

S i n c e  t h e  number of  po res  R ;  of  d i a m e t e r  D i i s  known, 

u s i n g  t h e  assumpt ion  t h a t  h e a t  f low and t h u s  mass f low th rough  a  pore 

i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  01 t h e  d i a m e t e r  g i v e s  t h e  sys t em of 

e q u a t i o n s  a 
. * a  z 

n, 0, 
B 

A, = ) V@+ nt D? f i b  (24 

These e q u a t i o n s  can  be combined w i t h  (23)  t o  o b t a i n  

Thus (24) and (25)  combine t o  g i v e  t h e  v a l u e s  of t h e  

t o t a l  mass f low th rough  e a c h  s i z e  of  pore .  The mass f low th rough  

e a c h  i n d i v i d u a l  po re  of s i z e  D; i s  t h e n  g i v e n  by 

The p r e s s u r e  d r o p  a c r o s s  t h e  p l a t e  i n  e a c h  pore s i z e  

can  be c a l c u l a t e d  from a  form o f  t h e  IZnudsen e q u a t i o n  g i v e n  

be low,  
L+L em 

&.pi = -$;-%P\-= D' 

T h i s  e q u a t i o n  g i v e s  t h e  p r e s s u r e s  a t  t h e  s u b l i m a t i o n  

p o i n t  f o r  each  pore  s i z e  s i n c e  t h e  ambient  p r e s s u r e  i s  known 



(vacuum i n  o u t e r  s p a c e ) .  From s u b l i m a t i o n  p ressure - t emperacure  d a t a  

the  sub l imat ion  temperature  Ts can be c a l c u l a t e d  cor respond ing  t o  

each +; . 
Using t h e  method d e s c r i b e d  above,  t h e  temperature  a t  t h e  

e n t r a n c e  t o  each of t h e  pores  can be c a l c u l a t e d .  S ince  the  pore 

s i z e s  w i l l  be randomly mixed over the  p l a t e  s u r f a c e ,  t h e  e f f e c t i v e  

temperature  a t  t h e  porous p l a t e  e n t r a n c e  w i l l  be some average of 

a l l  t h e  pore t empera tu res .  Because a l a r g e  pore r e j e c t s  more h e a t  

and covers  a  l a r g e r  fraction? of  t o t a l  a r e a  of t h e  porous s u r f a c e  than 

a  smal l  pore ,  t h e  temperature  of t h e  l a r g e  pore should  be weighted 

more i n  t h e  temperature  c a l c u l a t i o n ,  The we igh t ing  f a c t o r  which 

w i l l  be used he re  i s  t h e  a r e a  of a  pore d iv ided  by the  a r e a  of a l l  

pores .  Using t h i s  f a c t o r ,  t h e  e f f e c t i v e  p l a t e  temperature  i s  g iven 

b v  

From t h i s  p o i n t  on,  t h e  c a l c u l a t i o n  f o r  h e a t e r  p l a t e  

temperature"%, and t h e  i c e  t h i c k n e s s  l a r e  t h e  same a s  when t h e r e  

was only one pore  s i z e .  The r e l a t i o n s  g iven by ( 9 )  and (12) a r e  

and 

Using t h e  above e q u a t i o n s ,  t h e  performance parameters  

can be p r e d i c t e d  f o r  a  g iven  porous p l a t e  and sub l imator  c o n f i g u r a t i o n .  

A t  a  g iven h e a t  f l u x ,  ( 2 4 ) ,  (25)  and (26) g i v e  t h e  mass f low through 

t h e  pores  of d i f f e r e n t  s i z e s  and (27) r e l a t e s  t h i s  mass f low t o  t h e  

p r e s s u r e  drop i n  each pore .  These p r e s s u r e  drops  can be r e l a t e d  t o  

t empera tu res ,  and u s i n g  (28) t h e  porous p l a t e  temperature  can be 

o b t a i n e d .  The above two e q u a t i o n s  can then  be used t o  c a l c u l a t e  t h e  

i c e  t h i c k n e s s  i n  t h e  water  chamber and temperature  of t h e  h e a t e r  



s u r f a c e .  This approach can be used t o  s e l e c t  p r o p e r t i e s  of a  

porous p l a t e  t o  g ive  a  d e s i r e d  h e a t e r  p l a t e  temperature  and i n s u r e  t h a t  

t h e  subl imator  does n o t  f r e e z e  a t  a  s p e c i f i e d  hea t  load .  

Evaporat ion Mode 

1. Hydrophobic 

When t h e  p l a t e  m a t e r i a l  i s  non-wet t ing,  the  water  i s  

cons t ra ined  behind t h e  p l a t e  by s u r f a c e  t e n s i o n  f o r  water  p r e s s u r e s  

below t h e  breakthrough l e v e l .  h f  t h e  h e a t  flow i s  l a r g e  enough f o r  

t h e  p ressure  drop i n  t h e  pores of a l l  s i z e s  t o  be g r e a t e r  than t h e  

t r i p l e  po in t  p r e s s u r e ,  no i c e  w i l l  be p resen t  and t h e  h e a t  w i l l  be 

t r a n s f e r r e d  by evapora t ion .  This i s  b a s i c a l l y  t h e  same method t h a t  

t h e  L i s t e r  bag uses  t o  keep water  c o o l  i n  d ry  c l i m a t e s .  

The h e a t  of evapora t ion  changes s lowly w i t h  i n c r e a s i n g  

t empera tu re ,  Over t h e  range of temperature  encountered i n  t h e  

o p e r a t i o n  of an e v a p o r a t o r ,  i t  can be assumed c o n s t a n t .  This assump- 

t i o n  a l lows  t h e  h e a t  f l u x  and mass flow equa t ion  t o  be given by 

Combined w i t h  r e l a t i o n s  given b y  ( 2 4 ) ,  t h i s  g i v e s  

A l l  of t h e  mass f low Gates fl; can t h e n  be c a l c u l a t e d  from 

( 2 4 ) .  Using t h e  r e l a t i o n s  given by (26)  and (271,  t h e  mass flow 

and p r e s s u r e  drop through each pore s i z e  can be c a l c u l a t e d .  For a 

known ambient p r e s s u r e ,  t h e  p ressure  a t  t h e  evapora t ion  i n t e r f a c e  

i n  each pore i s  g iven.  These p r e s s u r e s  T i  give  t h e  evapora t ion  

temperatures  TB; from t h e  e v a p o r a t i o n  d a t a  i n  Table 3 .  

The same weight ing f a c t o r  i s  used i n  t h i s  mode a s  was 

used i n  t h e  sub l imat ion  mode t o  c a l c u l a t e  t h e  e f f e c t i v e  t empera tu re ,  

The express ion  FS given by  



The h e a t e r  p l a t e  temperature  i s  expressed  by 

For a  given. h e a t  f l u x ,  t h e  e f f e c t i v e  e v a p o r a t i o n  

temperature  of a  porous p l a t e  i s  determined by t h e  p h y s i c a l  p r o p e r t i e s  

of t h e  p l a t e ,  The h e a t e r  p l a t e  temperature  can be c a l c u l a t e d  us ing  

(34) when t h e  p l a t e  s e p a r a t i o n  d i s t a n c e  i s  s p e c i f i e d .  Because t h e  

vapor must pass complete ly  through t h e  p l a t e  i n  t h i s  node, t h e  p r e s s u r e  

d rop  can become v e r y  l a r g e  f o r  l a r g e  v a l u e s  of h e a t  f l u x .  Under t h e s e  

c o n d i t i o n s ,  t h e  evapora t ion  temperature  can become t o o  high t o  a l low 

t h e  evapora to r  t o  f u n c t i o n  a s  an  e f f e c t i v e  hea t  r e j e c t i o n  d e v i c e .  The 

non-wet t ing c h a r a c t e r i s t i c  of the  p l a t e  r e q u i r e s  t h e  wa te r  t o  remain 

behind the  p l a t e  and,  t h u s ,  causes  t h e  e v a p o r a t i o n  temperature  t o  be 

h igh .  Th i s  hydrophobic c h a r a c t e r i s t i c ,  however, does i n c r e a s e  t h e  

breakthrough r e s i s t a n c e  of t h e  p l a t e .  

2 .  Hydrophi l ic  

If t h e  ambient p r e s s u r e  i s  above t h e  t r i p l e  p o i n t  p r e s s u r e ,  

t h e  wa te r  w i l l  n o t  f r e e z e  i n  t h e  system and t h e  h e a t  w i l l  be t r a n s f e r r e d  

by e v a p o r a t i o n .  For a  h y d r o p h i l i c  p l a t e ,  wa te r  w i l l  be c o n s t r a i n e d  

a t  the  downstream end of t h e  pores  i f  t h e  wa te r  p r e s s u r e  i s  below the  

b reak th rough  p r e s s u r e .  The e v a p o r a t i o n  temperature  Te; i s  t h u s  t h e  

same f o r  a l l  pores  and can be c a l c u l a t e d  from e q u i l i b r i u m  l iqu id -vapor  

d a t a  us ing  t h e  ambient p r e s s u r e .  

The e q u i v a l e n t  c o n d u c t i v i t y  of t h e  p l a t e  can be expressed 

a s  

" +a ( I -  32 5. /$* 1 
Te "$ 

The e q u i v a l e n t  conductance of t h e  wa te r  l a y e r  and p l a t e  

system i s  g iven by 

- 
w *b- 

e 



The temperature  of t h e  h e a t e r  p l a t e  i s  then  g iven  by t h e  

fo l lowing  e x p r e s s i o n  

These r e l a t i o n s  a l low t h e  o p e r a t i n g  t empera tu res  of a  g iven  

sub l imator  t o  be e v a l u a t e d  a t  a s p e c i f i e d  h e a t  f l u x  and ambient 

p r e s s u r e .  These c a l c u l a t i o n s  can  be used i n  a  d e s i g n  o p e r a t i o n  t o  

o b t a i n  d e s i r e d  p l a t e  p r o p e r t i e s  I o r  s p e c i f i e d  t empera tu res .  

I f  t h e  ambient p r e s s u r e  i s  mainta ined j u s t  above the  t r i p l e  

p o i n t  p r e s s u r e ,  t h e  e v a p o r a t i o n  temperature  w i l l  be nea r  t h e  f r e e z i n g  

p o i n t .  Th i s  i s  a  r e l a t i v e l y  low s i n k  temperature  and should  a l low 

t h e  evapora to r  t o  o p e r a t e  e f f e c t i v e l y .  S ince  t h e  wa te r  i s  a t  t h e  

downstream end of t h e  porous p l a t e ,  however, t h e  water  p r e s s u r e  must 

be kep t  s t e a d y  and low t o  prevent  breakthrough.  

Mixed Mode -- 

The mixed mode i s  a  s p e c i a l  c a s e  of o p e r a t i o n  where 

some pores  a r e  o p e r a t i n g  i n  t h e  e v a p o r a t i o n  mode and t h e  r e s t  

i n  t h e  s u b l i m a t i o n  mode, For t h i s  t o  occur ,  t h e  wa te r  must n o t  e n t e r  

t h e  p l a t e .  Thus t h e  p l a t e  m a t e r i a l  must be hydrophobic.  I f  t h i s  were 

n o t  t r u e ,  wa te r  would e n t e r  t h e  pores ,  f r e e z e ,  and i n i t i a t e  t h e  c y c l i c  

mode. The mixed mode can occur because t h e r e  a r e  pores  of d i f f e r e n t  

s i z e s .  A t  an  a p p r o p r i a t e  h e a t  l o a d ,  some pores  w i l l  o p e r a t e  i n  t h e  

e v a p o r a t i o n  mode (one such pore having d iamete r  D,) and some i n  t h e  

s u b l i m a t i o n  pode (one of  t h e s e  having diameter  D a ) .  Such a  c a s e  w i l l  

occur f o r  some i n t e r m e d i a t e  h e a t  f low r a t e  between t h a t  f o r  pure 

e v a p o r a t i o n  and t h a t  f o r  pure sub l imat ion .  The wa te r  i s  conf ined 

behing t h e  p l a t e  by s u r f a c e  t e n s i o n .  f o r  pores  in t h e  e v a p o r a t i o n  

mode when t h e  wa te r  p r e s s u r e  i s  below t h e  breakthrough l e v e l .  

I f  i t  i s  assumed t h a t  A H e %  bq-bW+is  c o n s t a n t ,  t h e  mass 

f low r a t e  f o r  a  g iven h e a t  f low r a t e  i s  g iven by 



Using ( 2 0 )  and ( 2 4 )  g i v e s  

Knowing $4, , ( 2 4 )  can be used t o  g i v e  a l l  o f  t h e  

The pressure f; and temperature can then  be ca lcu la ted  u s i ~ l g  ( 2 7 )  

and e q u i l i b r i u m  pressure,-temperature d a t a ,  For pressures above the  

t r i p l e  p o i n t ,  evaporat ion data  i s  u s e d ,  and f o r  pressures below the  

r e i p l e  p o i n t ,  sub l imat ion  data  i s  u s e d .  I f  mixed mode e x i s t s ,  some 

o f  t h e  temperatures w i l l  be above and some below t h e  f r e e z i n g  po in t .  

Consider pores o f  diameter B, and D Since > Tf a* 
and T1<T4 , t h e n  / P , ~ % b e c a u s e  t h e  temperature increases  w i t h  t h e  

pressure .  From ( 2 7 )  we see t h a t  D,<ba, Thus it i s  seen t h a t  t h e  

larger  pores w i l l  be t h e  l a s t  t o  hose t h e i r  i c e .  T h i s  i s  f o r t u n a t e  

s ince  t h e  large pores w i l l  tend t o  breakthrough f i r s t  and t h e  i c e  a t  

t h e  entrance t ends  t o  prevent i t .  

For mixed mode, t h e  i c e  coverning t h e  pores must be 

c o n f i n e d  t o  t h e  pore areas on ly  and thus  can be assumed f a i r l y  

t h i n .  Using t h i s  knowledge, i t  can be assumed t h a t  t h e r e  w i l l  be a 

small  temperature drop across  t h e  i c e  por t ion .  The e f f e c t i v e  

temperature o f  t h e  plate  a t  t h e  entrance w i l l  be g iven  by 

For t h e  physical  s i t u a t i o n  o f  mixed mode t o  e x i s t , f b w  

must be e s s e n t i a l l y  equal t o  t h e  f r e e z i n g  point temperature ,  

The heater  plate  temperature w i l l  be g iven  by  

The above a n a l y s i s  can be used t o  c a l c u l a t e  t h e  temperattires 

governing t h e  opera t ion  o f  a subhimator w i t h  a porous plate  o f  known 

p r o p e r t i e s .  As s ta ted  above,  t h e  temperature o f  t h e  porous plate  i n  

t h i s  mode i s  e s s e n t i a l l y  equal t o  t h e  f r e e z i n g  point  temperature .  The 

hea ter  plate  temperature ,  as  seen in ( 4 E ) ,  t h u s  depends d i r e c t l y  on t h e  



plate separation. 

As stated earlier, the mixed mode can occur only with 

porous plates which are non-wetting. In the test program, all of the 

plates were hydrophilic. Thus the mixed mode was not encountered 

in actual operation, The existence of this mode, however, seems 

possible when a hydrophobic porous plate is used. 

Because some of the pores operate in the evaporation 

mode, the danger of breakthrough is increased, This situation 

always exists when the evaporative mode is present. If the plate 

is hydsophilic, the water behind the pores when the evaporation mo2.e 

is initiated will enter the plate and the cyclic mode will be initiated. 



111. The Cyc l i c  Sublima Lion Mode - - -. 

I n  t h e  f o r e g o i n g  a n a l y s i s  of porolis p l a t e s  w i t h  d i f f e r e n t  

s i z e d  p o r e s ,  t h e  r ange  of  o p e r a t i n g  l o a d s  between t h a t  which produces  

t h e  s u b l i m a t i o n  mode and t h a t  which produces  t h e  e v a p o r a t i v e  mode 

was i n v e s t i g a t e d  o n l y  f o r  the c a s e  i n  wnich bhe p l a t e  i s  hydrophobic  - -  
l e a d i n g  t o  t h e  ' h i x e d  mode". However, most commercia l ly  produced 

p l a t e s  a r e  h y d r o p h i l l i c ,  and i n  t h ~  load  r a n g e  b e i n g  d i s c u s s e d  w a t e r  

may e n t e r  t h e  p o r e s .  T h i s  w i l l  l e a d  t o  a e n t i r e l y  d i f f e r e n t  s e t  of 

phenomena which wi l  I. be c a l l e d  h e r e  t ne  " c y c l i c  mode". 

The c y c l i c  s u b l i m a t i o n  modc o c c u r s  when t h e  p l a t e  ma te r i a l -  

i s  h y d r o p h i l i c  and tile h e a t  f low r a t e  i s  such  t h a t  no  i c e  c a n  e x i s t  

behind  t h e  porous p l a t e ,  Under t h e s e  c o n d i t i o n s  w a t e r  w i l l  e n t e r  t h e  

p o r e s ,  f r e e z e  and t h e n  s u b l i m a t e  from t h e  down s t r e a m  end of t h e  p o r e s .  

As s u b l i m a t i o n  o c c u r s ,  t h e  i c e - v a p o r  i n t e r f a c e  w i l l  r e c e d e  and t h e  

p r e s s u r e  d r o p  i n c r e a s e s ,  The i n t e r f a c e  w i l l  r e c e d e  u n t i l  t h e  vapor  

p r e s s u r e  a t  t h e  i n t e r f a c e  s u r p a s s e s  t h e  t r i p l e  p o i n t  p r e s s u r e  o r  

u n t i l  t h e  i c e  i s  a l l  sub l imed .  Zf t h e  f i r s t  of t h e s e  e v e n t s  o c c u r s ,  

t h e  i c e  r ema in ing  i n  t h e  pore w i l l  m e l t .  The w a t e r  w i l l  t h e n  be f r e e  

t o  r e - e n t e r  t h e  pore  and f r e e z e  a g a i n .  Thus i t  i s  s e e n  t h a t  t h e  

p r o c e s s  r e p e a t s .  For t h i s  r e a s o n  ic i s  termed t h e  c y c l i c  mode. 

Al though a c y c l i c  p r o c e s s  o c c u r s  w i t h i n  t h e  p o r e s ,  t h e  

sys t em a s  a  whole o p e r a t e s  i n  an  e q u i l i b r i u m  c o n d i t i o n  when t h e  h e a t  

f l u x  i s  c o n s t a n t .  The porous p l a t e  a p p e a r s  t o  have a c o n s t a n t  

t e m p e r a t u r e  over   he e n t i r e  s u r f a c e  a t  t h e  waLer i n t e r f a c e .  

The i n i t i a l  e f f o r t s  t o  d e s c r i b e  t h i s  mode of o p e r a t i o n  

c o n s i s t e d  of  a n  a t t e m p t  t o  c o n s i d e r  one pore  a t  a  t i m e .  The mathema- 

t i c a l  d e s c r i p t i o n  of  t h i s  model i s  p r e s e n t e d  i n  Appendix 11. The 

po res  were  assumed t o  E i L E  compLeteLy and f r e e z e ,  t h u s  b e i n g  exposed 

t o  low t e m p e r a t u r e s  a t  t h e  downstream end .  D i f f e r e n t  pore  s i z e s ,  i t  

was t h o u g h t ,  would have d i f f e r e n t  c y c l i c  p e r i o r d s .  The e f f e c t i v e  

t e m p e r a t u r e  of t h e  p l a t e  would c o n s i s t  cf a  sum of many t ime v a r y i n g  

t e m p e r a t u r e s  i n  t h e  d i f f e r e n t  po res  and c o u l d  p o s s i b l y  remain  c o n s t a n t .  



For each pore t o  a c t  independent ly,  i t  had t o  be assumed t h a t  t h e  

p l a t e  m a t e r i a l  was e s s e n t i a l l y  a  pe r f ec t  i n s u l a t o r .  I f  n o t ,  t he  

p l a t e  conduc t iv i ty  would not  a l low t h e  l a r g e  temperature g rad ien t s  

necessary  t o  s a t i s f y  the  model. I n  a c t u a l  ope ra t ion ,  the  porous 

p l a t e s  a r e  o f t e n  n i c k e l  and have a high va lue  of conduc t iv i ty .  Thus 

t h e  i n i t i a l  model d i d  n o t  f u l l y  r e p r e s e n t  t h e  phys ica l  s i t u a t i o n .  

This  l ed  t o  t he  model t h a t  assumes t h a t  the  p l a t e  ope ra t e s  

i n  a  c y c l i c  mode but  only over a  small  d i s t a n c e  a s  shown i n  F igure  5. 

I f  t he  c y c l i c  process  occurred over a l a rge  d i s t a n c e ,  t h e  subl imation 

pressure  v a r i a t i o n  between t h e  extreme pos i t i ons  of t he  ice-vapor 

i n t e r f a c e  would a l s o  be l a r g e .  This  i s  t r u e  s i n c e  the  pressure  drop 

inc reases  l i n e a r l y  w i th  the  l eng th  of t h e  u n f i l l e d  pore. The l a rge  

pressure  v a r i a t i o n  would produce a  l a rge  temperature v a r i a t i o n  a l so , ,  

I f  t he  pores opera te  independent ly,  the  l a rge  temperature drop would 

no t  be allowed because of the  high conduc t iv i ty  of t he  p l a t e  m a t e r i a l .  

I f  t he  i n t e r f a c e s  i n  a l l  of t h e  pores move uniforrni ly ,  t he  temperature 

of the porous p l a t e  would vary  w i t h  time. However, from experimental  

obse rva t ions ,  t he  porous p l a t e  i s  known t o  ope ra t e  under seemingly 

s t eady  s t a t e  cond i t i ons .  Thus the  assumption t h a t  t he  c y c l i c  process  

occurs  only over a  smal l  d i s t a n c e  i s  j u s t i f i e d .  The i c e  l aye r  w i th in  

t h e  p l a t e  i s  loca ted  such t h a t  the  pressure  drop caused by mass flow 

through the  remainder of the  pore i s  equal  t o  t he  t r i p l e  point  pressure ,  

The i c e  l a y e r  i s  presumed t h i n  and i s  loca ted  a t  t h e  same 

depth  i n  a l l  of t he  pores.  This assumption i s  r equ i r ed  by the  r e l a t i v e l y  

high conduc t iv i ty  of t h e  p l a t e  m a t e r i a l  which tends t o  diminish any 

l a t e r a l  temperature g r a d i e n t s .  Pores of d i f f e r e n t  s i z e  w i l l  thus  

have i c e  l a y e r s  a t  equal  d i s t a n c e s  from the  p l a t e  su r f ace ,  The i c e  

c y c l i c a l l y  sublimes about t h i s  f i x e d  po in t .  The temperature i s  assumed 

t o  be cons tan t  a t  any given depth  over t he  whole p l a t e .  This assump- 

t i o n  i s  j u s t i f i e d  s i n c e  the  hea t  f l u x  i n t o  the  porous p l a t e  i s  uniform 

and the  p l a t e  m a t e r i a l  t ends  t o  diminish l a t e r a l  temperature v a r i a t i o n s .  

Neat i s  conducted one-dimensionally through t h e  p l a t e  and water  t o  t he  

po in t  where t h e  c y c l i c  mechanism occurs  and i s  then  c a r r i e d  away by 



means of t h e  l a t e n t  h e a t  oE sub l imat ion ,  

The assumption of no l a t e r a l  g r a d i e n t s  w i t h i n  t h e  p l a t e  

appears  t o  r e p r e s e n t  t h e  phys ica l  s i t u a t i o n  w e l l  s i n c e  t h e  c o n d u c t i v i t y  

of t h e  porous p l a t e  m a t e r i a l  i s  o f t e n  q u i t e  h igh .  

The temperature  drop i n  t h e  p l a t e  up t o  t h e  c y c l i c  p o i n t  i s  

such t h a t  t h e  given h e a t  f low i s  mainta ined.  The temperature  drop i n  

t h e  p l a t e  beyond t h i s  p o i n t  i s  z e r o ,  

To c a l c u l a t e  t h e  d i s t a n c e  L where t h e  t r i p l e  p o i n t  p ressure  

i s  reached,  a  m o d i f i c a t i o n  of tile Knudsen equa t ion  i s  used.  This  r e l a t i o n  

comes d i r e c t l y  from (27)  and i s  given below. 

From t h i s  e q u a t i o n ,  i t  i s  noted t h a t  t h e  mass f low through 

a  pore must be p r o p o r t i o n a l  t o  t h e  cube of t h e  diameter  f o r  t h e  c y c l i c  

po in t  t o  be t h e  same i n  a l l  pores .  This  requirement  i s  d i f f e r e n t  from 

t h e  assumption made i n  e a r l i e r  s e c t i o n s  where t h e  mass f low was assumed 

p r o p o r t i o n a l  t o  t h e  square  of the  diameter .  The change of phase i n s i d e  

of t h e  porous p l a t e  i n  t h e  c y c l i c  mode i s  t h e  cause  of t h i s  d i f f e r e n c e .  

The t o t a l  mass flow i s  r e l a t e d  t o  t h e  h e a t  f l u x  by t h e  

r e  l a  t ion  

The t o t a l  mass f low c o n s i s t s  o f  t h e  sum of t h e  i n d i v i d u a l  

pore mass f lows.  This  i s  r e p r e s e n t e d  mathemat ical ly  by 

As s t a t e d  above, t h e  d i s t a n c e  from t h e  o u t e r  edge a t  which 

t h e  c y c l i c  mechanism occurs  i s  assumed v i r t u a l l y  c o n s t a n t .  Since  a l l  

of t h e  q u a n t i t i e s  on t h e  r i g h t  hand s i d e  of ( 4 2 )  a r e  c o n s t a n t  except  Q; 

( 4 2 )  and ( 4 4 )  can be combined t o  g i v e  



d 

The e x p r e s s i o n s  f o r  fl from ( 4 3 )  and ( 4 5 )  can  be equated 

Th i s  can be solved. f o r  t o  o b t a i n  

With t h i s  d i s t a n c e  known, t h e  h e a t  conduct ion e q u a t i o n  

can  be  used t o  r e l a t e  t h e  t empera tu re  a t  t h e  p l a t e  e n t r a n c e  t o  the 

h e a t  f l u x ,  Th i s  e x p r e s s i o n  t a k e s  t h e  form 

S ince  t h e  l a y e r  of i c e  which subl imated c y c l i c a l l y  i s  

assumed t o  be v e r y  t h i n ,  t h e  e q u i v a l e n t  c o n d u c t i v i t y  i n  t h i s  p a r t  of 

t h e  p l a t e  can be  expressed  a s  i n  (16), namely 

Th i s  e q u a t i o n  can be used i n  (48) t o  g i v e  

The temperature  of t h e  h e a t e r  s u r f a c e  i s  then  g iven  by - 
The assumption t h a t  t h e  c y c l i c  p rocess  occurs  over a  smal l  

d i s t a n c e  has  al lowed t h e  temperature  of t h e  i c e  l a y e r  t o  be approx i -  

mated by t h e  f r e e z i n g  p o i n t  t empera tu re .  

I f  a  h y d r o p h i l i c  porous p l a t e  w i t h  known p h y s i c a l  p r o p e r t i e s  

i s  b e i n g  used t o  r e j e c t  a h e a t  f l u x  such t h a t  t h e  p r e s s u r e  d rop  through 

t h e  p l a t e  i s  g r e a t e r  than  t h e  t r i p l e  p o i n t  p r e s s u r e ,  t h e  sys tem w i l l  

o p e r a t e  i n  t h e  c y c l i c  sub l imat ion  mode. T h i s ,  of  c o u r s e ,  w i l l  be  t r u e  

on ly  i f  t h e  ambient p r e s s u r e  i s  s u f f i c i e n t l y  low. For a  p l a t e  o p e r a t i n g  



i n  t h i s  mode a t  a  s p e c i f i e d  hea t  f l u x ,  (47) can be used t o  l o c a t e  

t h e  pos i t i on  of the  i c e  l aye r  i n  t he  p l a t e .  With t h i s  pos i t i on  knox~n, 

(50) and (51) can be appl ied  t o  o b t a i n  the  temperatures of t he  porous 

p l a t e  and hea t e r  su r f aces .  These temperatures ,  i n  t u r n ,  can be used 

t o  eva lua t e  t he  poss ib le  a p p l i c a t i o n  of t h i s  porous p l a t e  i n  a  mission 

which would r e q u i r e  r e j e c t i o n  of t he  s p e c i f i e d  hea t  f l u x .  It should 

be noted t h a t  t h e  c y c l i c  model hypothesized he re ,  whi le  simple i n  concept ,  

has t he  de f i c i ency  of r e q u i r i n g  an i n f i n i t e  hea t  load t o  l o c a t e  the  

i c e  l aye r  a t  t h e  downstream p l a t e  su r f ace .  

The equat ions  developed above may a l s o  be used t o  p r e d i c t  

des i r ed  p r o p e r t i e s  i n  a  porous p l a t e  t o  s a t i s f y  given temperature 

requirements  such a s  a  hea t e r  su r f ace  temperature below a  s p e c i f i e d  

va lue  . 
It should be pointed out  t h a t  t h e  temperature of the  hea t e r  

p l a t e  can be reduced by decreas ing  the  hea t  f l u x .  This  can be decreased 

by making the  subl imator  s u r f a c e  a rea  l a r g e r .  This however, adds weight 

t o  t he  t o t a l  system and poss ib ly  v i o l a t e s  t h e  weight c o n s t r a i n t .  A 

t rade-of f  between these  two requirements  i s  u s u a l l y  n e c e s s i t a t e d .  The 

hea t  f l u x  i s  increased  by decreas ing  the  subl imator  a r e a  u n t i l  t he  

hea t e r  p l a t e  reaches  i t s  maximum value  a t  which the  system w i l l  fun.ctioin. 

This  i s  done a t  t he  peak h e a t  load t o  be encountered on the  mission.. 

P o s s i b i l i t i e s  of breakthrough a t  t h e  peak h e a t  load and freeze-up a.t 

t h e  minimum h e a t  load must a l s o  be considered i n  t h i s  s i z i n g  process .  



I V .  Exper imenta l  Program - 

An exper imenta l  program til3c dev i sed  and c l l r r i ed  o u t  t o  

v e r i f y  t h e  models d e s c r i b e d  i n   he f ~ r e g o b n g  s e c t i o n s .  S ince  t h e  

porous p l a t e s  a c t u a l l y  t e s t e d  were hydrophillic, o n l y  those  mechanisms 

i n  which t h e  wa te r  we t s  t h e  p l a t e  were ~ x a m i a e d .  

The b a s i c  exper imenta l  a p m r a t u s  c o n s i s t e d  of a  vacuum 

system t o  s i m u l a t e  t h e  c o n d i t i o n s  oT ouzer  space ,  an  e l e c t r i c a l  

system t o  provide  a  known h e a t  l o a d ,  a wa te r  feed system t o  supp ly  

a  known mass flow of wa te r  t o  be subILined, and a t e s t  module w i t h  

a  porous p l a t e ,  A schemat ic  of t h e s e  v a r i o u s  systems i s  shown i n  

F i g u r e  6 .  Photographs of t h e  a p p a r s t u s  a r e  shotm. i n  F i g u r e s  19-22,  

Vacuum System 

The vacuum chamber cons i sccd  of a  18" d  ,ameter,  i *  30" high  

b e l l  j a r  above a  s t a i n l e s s  s t e e l  Lase p l a t e .  The p l a t e  was f i t t e d  w i t h  

p o r t s  a l lowing  thermocouple l e a d s ,  power beads,  and wa te r  l i n e s  t o  

e n t e r  t h e  vacuum chamber, 

A 4" vacuum Pine connected t h e  chamber t o  t h e  l i q u i d  

n i t r o g e n  t r a p ,  Th i s  t r a p  was manufactured by Che Rice  machine shop 

and has  9  s q .  ft. of f r e e z i n g  s u r f a c e  w i t h  a  volume of 0,285 c u b i c  

f t .  t o  hold  l i q u i d  and gaseous n i t r o g e n ,  The manifold which c o n t a i n s  

t h e  n i t r o g e n  was des igned t o  i n s u r e  c o n t a c t  of the wate r  vapor 

produced by t h e  s u 5 l i m a t i o a  p rocess  w i t h  t h e  f l e e z i n g  s u r f a c e  a s  

t h e  vapor f lows through t h e  t r a p ,  

The p r e s s u r e  i n  t h e  system was measured u s i n g  thermo- 

coup le  gages (Bendfx Vacuum #TGC-100) with  a  range f rom 0 t o  1000 

microns.  Two gages were used, one located i n  the  vacuum l i n e  j u s t  

below t h e  base  p l a t e  and t h e  o t h e r  between t i e  c o l d  t r a p  and t h e  

vacuum pump, A 2" l i n e  connected t h e  t r a p  with t h e  vacuum pump 

(Welch 1497B) . 



E l - e c t r i c a l  ~~Fvs? 
The power source  Eor t h e  e l e c t r i c a l  system c o n s i s t e d  of 

a  power s t a t  w i t h  a  60 c y c l e ,  115 v o l t  i n p u t  and a  0-140, 0-8 amp, 

o u t p u t .  A Weston Model 433 ammeter, w i t h  two s c a l e s  f o r  accuracy  

was used t o  measure t h e  c u r r e n t  and a  T r i p l e t t  Model 630-phk combina- 

t i o n  mete r ,  w i t h  5 s c a l e s ,  was used t o  measure t h e  v o l t a g e .  The 

v o l t a g e  drop a c r o s s  t h e  t e s t  meddle and t h e  c u r r e n t  through i t  

determine t h e  power i n p u t ,  

Water System 

The wa te r  r e s e r v o i r  was a s r s i n l e s s  s t e e l  c l o s e d  c y l i n d e r  

(6" d i a m e t e r ,  12" t a l l )  having l i n e s  w i t h  micro-needle  v a l v e s  connect-  

i n g  t h e  t o p  w i t h  t h e  vacuum kine  and the  o u t s i d e .  These c o n t r o l s  

al lowed t h e  p r e s s u r e  above t h e  wa te r  t o  5e c o n t r o l l e d  a c c u r a t e l y ,  and 

t h u s  t h e  p r e s s u r e  i n  t h e  t e s t  sample Tzas c o n t r o l l e d .  

The wa te r  l i n e  c a r r i e d  tiae wa te r  t o  a  3,115h a b s o l u t e  f i l t e r  / 
(Gelman #12505) and then  through one of two flow mete r s  (F i schcr  and 

P o r t e r  Model jll0Al338) which measured t h e  f low r a t e  i n  cc/min,  

Connection l i n e s  of s t a i n l e s s  s t e e l  and polyprophelene and v a l v e s  of 

s t a i n l e s s  s t e e l  were used t o  keep c o r r o s i o n  o u t  of t h e  wa te r  s i n c e  

any p a r t i c l e s  could  b lock  pores  i n  t h e  porous p l a t e  and reduce t h e  

p l a t e s  a b i l i t y  t o  pass  w a t e r ,  

The wa te r  l i n e  connected t h e  f low mete r s  w i t h  t h e  t e s t  

sample i n s i d e  t h e  vacuum system through t h e  base  p l a t e ,  A p r e s s u r e  

t a p  from t h e  t e s t  module connected w i t h  an e x t e r n a l  gage (Crosby 880-10854) 

t o  g i v e  t h e  wa te r  p r e s s u r e  i n s i d e  t h e  wa te r  chamber. _As mentioned 

b e f o r e ,  t h i s  p r e s s u r e  was c o n t r o l l e d  by c o n t r o l l i n g  t h e  p r e s s u r e  

above t h e  wa te r  i n  t h e  r e s e r v o i r .  

Tes t  Module 
P P  

A cutaway diagram of the t e s t  module i s  shown i n  F igure  7 .  

The h e a t e r  p l a t e  was a  L/8" t h i c k  c o p p e r p l a t e  t o  g i v e  a unifcrm temp3ra- 

t u r e  and i n s u r e  one dimensionoL !?eat f low,  Thrs p l a t e  was hea ted  



by a  nichrome r e s i s t a n c e  h e a t e r  p laced dLrectE;~ under i t .  The i n i t i a l  

h e a t e r  module was made u s i n g  0,425 ohm/ft Nichrome w i r e  a s  t h e  h e a t i n g  

element and Micar t  (a pheno l i c  m a t e r i a l )  a s  i n s u l a t i o n .  The w i r e  was 

layed i n  grooves  c u t  i n  t h e  pheno l i c  m a t e r i a l .  S a u e r e i s e n  cement was 

used t o  hold  t h e  w i r e  i n  t h e  groove and provide  a  media f o r  conduct ion 

t o  t h e  copper p l a t e ,  The copper p l a t e  was a t t a c h e d  t o  t h e  i n s u l a t i o n  

and h e a t i n g  element u s i n g  RTV s i l i c o n l . r u b b e r ,  Because of t h e  temperature  

l i m i t a t i o n  on t h e  phenol ic  m a t e r i a l ,  t h i s  h e a t e r  u n i t  had a  maximum 
2 

o u t p u t  of 3200 ~ T u / h r - f t  . This  h e a t e r  was used i n  a l l  t h e  t e s t s  

which were r u n ,  

For b reak th rough  t e s t i n g ,  i t  was d e s i r a b l e  t o  have a  h e a t e r  

w i t h  a  h igher  power o u t p u t ,  A second h e a t i n g  module was made us ing  

1.1 ohm/ft Nichrome w i r e  a s  t h e  element and T r a n s i t e  (a cement and 

a s b e s t o s  m a t e r i a l )  a s  i n s u l a t i o n .  Th i s  module was made i n  t h e  same 

manner a s  t h e  previous  one and could  w i t h s t a n d  much h igher  t empera tu res ,  

Breakthrough t e s t s  were r u n  w i t h  h e a t  f l u x e s  up t o  8n0O ~ ~ / h r - f t  
2 

u s i n g  t h i s  h e a t e r  u n i t .  The u n i t  could wi ths tand  t h e  maximum ou tpu t  
2 

of t h e  power supply  (10,700 ~ T u / h r - f t  ) ,  b u t  the  temperature  l i m i t a t i o n  
2 

of 150 OF on t h e  p l a s t i c  space r  p r o h i b i t e d  f l u x e s  above 8000 ~ a ? ~ / h r - f t  . 
It should  be po in ted  ou t  t h a t  both h e a t e r  u n i t s  gave e s s e n t i a l l y  t h e  

same d a t a  i n  t h e  sub l imat ion  t e s t i n g .  

The spacer  square  which s e p a r a t e d  t h e  porous and h e a t e r  

p l a t e s  was made of p l e x i g l a s s .  This  subs tance  i s  advantageous s i n c e  

i t  can be po l i shed  on t h e  edges  t o  a l low t h e  water  chamber t o  be viewed 

d u r i n g  o p e r a t i o n .  The p l a s t i c  has  d e s i r a b l e  i n s u l a t i o n  p r o p e r t i e s  t o  

m a i n t a i n  one dimensional  h e a t  klow and c u t  down on h e a t  l o s s e s .  

The porous p l a t e  f i t t e d  i n t o  a  groove i n  the  p l e x i g l a s s  

space r  and was h e l d  i n  p lace  by a  phenol ic  frame which i s  b o l t e d  t o  

t h e  i n s u l a t i o n  m a t e r i a l  below t h e  copper h e a t e r  p l a t e .  

The wa te r  i n l e t  and water  p r e s s u r e  t a p  t o  t h e  wa te r  chambcr 

were connected us ing  Ill8 s t a i n l e s s  s t e e l  hypodermic n e e d l e s  which 

were epoxied i n t o  h o l e s  d r i l l e d  through t h e  p l e x i g l a s s  s p a c e r s ,  

Temperatures of t h e  h e a t e r  and porous p lazes  were measured 



us ing  copper -cons tan tan  thermocouples ,  Three thermocouples were 

mounted i n  t h e  copper p l a t e  t o  d e t e c t  non-uniformity  i n  the  h e a t i n g .  

To measure t h e  temperature  a t  t h e  p l a t e  wa te r  i n t e r f a c e ,  t h e  thermo- 

coup les  were s o l d e r e d  i n  h o l e s  d r i l l e d  almost  through t h e  p l a t e  from 

t h e  back s i d e .  The thermocouple t o  measure t h e  porous p l a t e  ternpera- 

t u r e  was welded t o  t h e  p l a t e  s u r f a c e  on t h e  wa te r  s i d e .  F o r t y  gage 

thermocouple w i r e  was used t o  reduce t h e  e r r o r ,  and t h e  l ead  w i r e s  

came through t h e  p l e x i g l a s s  s p a c e r ,  

The thermocoupl-es were connected t o  a  cont inuous  r e c o r d e r  

s o  t h a t  s t e a d y  s t a t e  c o n d i t i o n s  could be e a s i l y  v e r i f i e d .  

Tes t  Procedure 

The t e s t  procedure involved t a k i n g  h e a t e r  p l a t e  and porous 

p l a t e  t empera tu res ,  vacuum and wa te r  plenum p r e s s u r e s :  water  flow 

r a t e ,  and i c e  t h i c k n e s s  d a t a  f o r  v a r i o u s  h e a t  f low r a t e s .  

A t e s t  was i n i t i a t e d  by a l lowing  l i q u i d  n i t r o g e n  t o  e n t e r  

t h e  co ld  t r a p  t o  reduce t h e  temperature  of i t s  f r e e z i n g  a r e a .  The 

vacuum pump was then  s t a r t e d  and t h e  b e l l  j a r  chamber was evacuated 

t o  a  p r e s s u r e  below 3 0 0 p  of Hg a b s o l u t e ,  During t h i s  p rocess ,  t h e  

p r e s s u r e  above t h e  wa te r  i n  t h e  r e s e r v o i r  was reduced ( i . e . ,  5 i n .  

Hg a b s o l u t e  o r  l e s s ) .  The v a l v e s  on t h e  wa te r  system were then  opened 

and wa te r  was al lowed t o  e n t e r  t h e  t e s t  sample, Since  t h e  p r e s s u r e  

i n  t h e  r e s e r v o i r  had been reduced,  t h e  p r e s s u r e  d i f f e r e n t i a l  from 

t h e  wa te r  chamber t o  t h e  evacuated b e l l  j a r  was reduced and t h e  chances 

f o r  breakthrough were reduced.  

The system was al lowed t o  r u n  a  s h o r t  t ime t o  c o o l  t h e  

t e s t  module and then  t h e  powers ta t  was s e t  a t  t h e  d e s i r e d  i n i t i a l  

i n p u t .  For each h e a t i n g  r a t e ,  30 t o  45 minutes  t ime l a p s e  i s  allowl.d 

f o r  t h e  c o o l i n g  system t o  r e a c h  s t e a d y  s t a t e .  The c o n d i t i o n  of s t e a d y  

s t a t e  was determined t o  e x i s t  when t h e  t empera tu res  of t h e  h e a t e r  

and porous p l a t e s  no longer  v a r i e d  w i t h  t ime.  

When e q u i l i b r i u m  c o n d i t i o n s  were reached ,  t h e  dat3  was taken 

and then  t h e  power was i n c r e a s e d  t o  a  h igher  s e t t i n g .  



The s u b l i m a t i o n  t e s t i n g  was done w i t h  t h e  wa te r  p r e s s u r e  

i n  the  chamber between 2 . 0  and 3 , 0  p s i a .  I n  t h e  i n i t i a l  t e s t s ,  t h i s  

p r e s s u r e  was d i f f i c u l t  t o  m a i n t a i n  a t  a  s t e a d y  l e v e l  due t o  i n  l e a k s  

i n  t h e  wa te r  l i n e  and vapor locks  a t  t h e  wa te r  f i l t e r .  S ince  t h e  

wa te r  f lows a t  a  p r e s s u r e  of 2 p s i a  or  l e s s ,  t h e  d i s s o l v e d  a i r  i n  

t h e  water  tended t o  c o l l e c t  a t  t h e  0.45 f i l t e r  and choked t h e  f low.  

The i n i t i a l  f i l t e r  had a  smal l  a r e a  and was e a s i l y  choked. I n  t h e  

l a t e r  t e s t s ,  a  c a r t r i d g e  f i l t e r  w i t h  s e v e r a l  square  f e e t  of f i l t e r  

a r e a  was used and t h e  problem was so lved .  

During the  sub l imat ion  t e s t s ,  t h e  p r e s s u r e  i n  t h e  vacuum 

chamber was mainta ined below 100 . It i s  impor tan t  t h a t  t h i s  p ressure  P 
be mainta ined a t  a  Low v a l u e  t o  r e a l i s t i c a l l y  r e p r e s e n t  t h e  vacuum of  

space .  

The s h u t  down procedure c o n s i s t e d  of t u r n i n g  o f f  t h e  power 

supp ly ,  c l o s i n g  t h e  water  i n l e t  v a l v e ,  and opening t h e  bypass valve  

around t h e  f i l t e r  t o  prevent  damage by backflow. The vacuum chamber 

was then  s lowly r e t u r n e d  t o  a tmospher ic  c o n d i t i o n s .  A f t e r  each r u r ,  

a d r a i n  was opened a t  t h e  bottom of t h e  co ld  t r a p  t o  remove t h e  accu- 

mulated w a t e r .  Dry a i r  was then  blown through t h e  co ld  t r a p  t o  h e l p  

d r y  i t .  

Breakthrough d a t a  was t aken  i n  much t h e  same way. Steady 

s t a t e  o p e r a t i o n  was ob ta ined  a t  a  g iven h e a t  i n p u t  and then  t h e  water  

p r e s s u r e  i n  t h e  wa te r  plenum was i n c r e a s e d  s lowly u n t i l  u n c o n t r o l l e d  

breakthrough occured.  S ince  t h i s  caused a  l a r g e  amount of i c e  t o  

form above t h e  porous p l a t e ,  a  breakthrough t e s t  te rminated a  r u n .  

Thus t h e  breakthrough d a t a  was t aken  on ly  f o r  t h e  h i g h e s t  power 

s e t t i n g  i n  a  s t andard  r u n .  The p r e s s u r e  i n  t h e  wa te r  plenum was irr- 

c reased  by s l i g h t l y  opening t h e  micrometer need le  v a l v e  t o  abhow a i r  

t o  e n t e r  t h e  water  r e s e r v o i r .  

Bubble t e s t s  were a l s o  run  on t h e  porous p l a t e s  t o  g i v e  

in fo rmat ion  about  t h e  pore s i z e s .  The t e s t  procedure and a p p a r a t u s  

a r e  d e s c r i b e d  i n  Appendix I .  



V .  R e s u l t s ,  C o r r e l a t i o n ,  and Conclusions - - 

Exper imenta l  t e s t s  were run  t o  v e r i f y  t h e  a n a l y s i s  pre-  

s e n t e d  i n  t h e  e a r l i e r  s e c t i o n s  of t h i s  r e p o r t .  The porous p l a t e s  

used were h y d r o p h i l i c .  Thus a l l  modes p resen ted  i n  t h e  a n a l y s i s  

were no t  encoun te red .  These i n c l u d e  t h e  e v a p o r a t i o n  and mixed 

modes. The a n a l y s i s  which i s  checked by t h e s e  exper iments  i s  t h a t  

f o r  t h e  pure s u b l i m a t i o n  mode and t h e  c y c l i c  sub l imat ion  node.  T h l  

t empera tu res  of t h e  porous and h e a t e r  p l a t e s  a r e  t h e  important  qua?- 

t i t i e s  which determine t h e  u s e f u l n e s s  of a system o p e r a t i n g  a t  a  

g iven  h e a t  f l u x .  These t empera tu res ,  f o r  t h e  pure sub l imat ion  mode, 

a r e  determined u s i n g  ( 6 )  and (12) f o r  a p l a t e  wi th  uniform pores  and 

( 2 7 ) ,  (28) and (30) f o r  a  p l a t e  w i t h  d i f f e r e n t  s i z e  pores .  For t h e  

c y c l i c  sub l imat ion  mode, Equat ions  (50) and (51) g ive  t h e  d e s i r e d  

t empera tu res .  The exper imenta l  d a t a  c o l l e c t e d  were compared w i t h  

t h e  p r e d i c t i o n s  g iven  by t h e s e  e q u a t i o n s .  

T e s t s  were run  on t e n  porous p l a t e s  of s i n t e r e d  n i c k e l  

w i r e  mesh (Rigimesh) produced by A i r c r a f t  Porous Media, I n c .  Be- 

cause  of t h e  manufactur ing p r o c e s s ,  t h e s e  p l a t e s  have pores of more 

uniform s i z e  and s t r a i g h t e r  pa th  than  p l a t e s  made of s i n t e r e d  spheres .  

S ince  t h e  ~ h y s i c a l  model which was analyzed i n  t h e  e a r l i e r  s e c t i o n s  

c o n s i s t e d  of s t r a i g h t  pores  of known s i z e ,  t h e  Rigimesh p l a t e s  were 

d e s i r e d  f o r  t e s t i n g .  The p l a t e s  a s  r e c e i v e d  were r a t e d  by t h e  

maximum pore s i z e .  This r a t i n g  was done by t h e  manufac tu re r ,  

The p l a t e s  were trimmed t o  s i z e ,  measured f o r  t h i c k n e s s  

and a r e a ,  and weighed,  With t h e s e  q u a n t i t i e s  known, t h e  p o r o s i t y  

of each p l a t e  was determined.  

Bubble t e s t s  were r u n  on each p l a t e  t o  determine t h e  

maximum pore s i z e  and t o  g a i n  more i n s i g h t  about pore s i z e  d i s t r i -  

b u t i o n .  Using a l c o h o l  a s  t h e  w e t t i n g  a g e n t ,  t h e  a i r  p r e s s u r e  behind 

t h e  p l a t e  was i n c r e a s e d  g r a d u a l l y  u n t i l  t h e  f i r s t  a i r  bubble  comes 

through t h e  p l a t e .  S ince  a l c o h o l  forms a c o n t a c t  ang le  of rreasly 



ze ro  wi th  most s u r f a c e s ,  inc luding  n i c k e l ,  t h e  pressure  t o  break 

t h e  f i r s t  bubble through t h e  p l a t e  i s  dependent only upon the  su r -  

f a c e  t ens ion  and the  pore s i z e .  Thus an equiva len t  maximum pore 

s i z e  can be c a l c u l a t e d  f o r  t he  i n i t i a l  bubble po in t .  

The t e s t  can be continued by f u r t h e r  i nc reas ing  the  

pressure  t o  no te  t h e  bubble po in t s  of t h e  next  l a r g e r  pores.  For 

t he  t e s t  samples, t he  pore s i z e  d i s t r i b u t i o n  was r a t h e r  uniform and 

thus ,  a  s l i g h t  i nc rease  i n  pressure  from the  i n i t i a l  bubble poin t  

caused many pores t o  break  through. To bypass the  problem of keeping 

count of each bubble po in t ,  t h e  pressure  was increased u n t i l  about 

50% of t he  su r f ace  was covered wi th  bubbles.  The pressure  a t  t h i s  

po in t  can be r e l a t e d  t o  an  equiva len t  pore diameter which w i l l  be 

near  the median s i z e .  This  method of determining a  median pore s iz-e  

leaves  much t o  be des i r ed  but  no b e t t e r  d i r e c t  methods appear t o  be 

a v a i l a b l e .  A suggested a l t e r n a t e  method f o r  a c t u a l  design purposes 

i s  given i n  t h e  f i n a l  conclus ions  of t h i s  r e p o r t .  

Tes t s  were run  on each t e s t  p l a t e  and the  equiva len t  d i a -  

meters  a r e  presented i n  Table l. Included i s  t he  th i ckness ,  po ros i ty ,  

spacer  wid th ,  and manufacturers s p e c i f i e d  maximum pore s i z e  f o r  each 

p l a t e .  The p l a t e s  ranged i n  t h i ckness  from 0.0175 t o  0.0496 inches ,  

i n  po ros i ty  from 0.071 t o  0.313, and i n  maximum pore s i z e  from 4.69 

t o  17.9 microns. 

The rankings of t h e  p l a t e s  by inc reas ing  po ros i ty  and i n -  

c r e a s i n g  maximum pore s i z e  correspond almost e x a c t l y  w i th  only  two 

in te rchanges  being the  d i f f e r e n c e .  This i s  a s  expected,  s i n c e  a l l  

p l a t e s  a r e  made from a vary ing  number of l a y e r s  of t h e  same wire  

mesh. jThe r educ t ion  i n  pore s i z e  is  obtained by r o l l i n g  the  l a y e r s  

w i th  inc reas ing  pressure  and thus  reducing t h e  poros i ty .  

One c r i t e r i a  which may be used t o  compare p l a t e s  ope ra t ing  

i n  a  s teady  s t a t e  cond i t i on  i s  t he  hea t e r  p l a t e  temperature a t  a  given 

h e a t  f l ux .  Since t h i s  temperature v a r i e s  w i t h  changing p l a t e  s epa ra t ion ,  

however, a  b e t t e r  comparison may be gained by cons ider ing  the  tempera- 



t u r e s  of t h e  porous p l a t e s  f o r  a  g iven heat f l u x .  This  temperature  

should  n o t  change w i t h  v a r y i n g  p l a t e  s e p a r a t i o n ,  

T e s t s  were r u n  on t h e  porous p l a t e s  w i t h  h e a t  f l u x  v a r i a t i o n s  
L 

from 300 t o  3000 Ba"iT/hr-Et . The experirneneal r e s u l t s ,  h e a t e r  and 

porous p l a t e  t empera tu res  ve r sus  hea t  f lus, a r e  shown i n  F i g u r e s  8-16.  

P l a t e s  9 and P O  were t e s t e d  bu t  no v a l i d  d a t a  was ob ta ined  s i n c e  bo th  

p l a t e s  had e x c e s s i v e  breakthrough over most of t h e  h e a t  f l u x  r a n g e .  

I n  each f i g u r e  the  lower s o l i d  l i n e  i n d i c a t e d  t h e  t h e o r e t i -  

c a l l y  p r e d i c t e d  temperature  for Llle porous p l a t e ,  The X on t h e  l i n e  

i n d i c a t e d  t h e  h e a t  f l u x  a t  which,  t h c a i e t i c a l l y ,  t h e  pure sub l imat ion  

mode ends and t h e  c y c l i c  sub l imat ion  mode b e g i n s .  A t  h e a t i n g  r a t e s  

below t h i s  changeover v a l u e ,  t h e  system o p e r a t e s  i n  t h e  sub l imat ion  

mode and t h e  s u b l i m a t i o n  temperature  i s  ob ta ined  us ing  Equat ion (6)  

and Table 2 .  The porous p l a t e  temperature  f o r  o p e r a t i o n  i n  t h e  c y c l i c  

mode i s  determined from ( 5 0 ) .  The temperature  of a  porous p l a t e  was 

c a l c u l a t e d  assuming t h a t  the  p l a t e  had pores  w i t h  a d iameter  equa l  

t o  t h e  median d i a m e t e r ,  The t o t a l  number of pores per u n i t  a r e a  was 

ob ta ined  by d i v i d i n g  t h e  p o r o s i t y  by t h e  a r e a  of one pore ,  

For  t h e  p l a t e s  w i t h  smal l  median pore d i a m e t e r s ,  the  t h e o r -  

e t i c a l  porous p l a t e  t empera tu res  g iven by Equat ion (5O), of h e a t  

f l u x e s ,  v a r i e s  l i t t l e  from 32OF. These c a l c u l a t i o n s  were done us ing  

t h e  e q u a t i o n s  governing t h e  c y c l i c  sub l imat ion  mode from S e c t i o n  HV. 

This  approach was used i n  a l l  c a s e s  when t h e  t h e o r e t i c a l  p r e s s u r e  drop 

through t h e  p l a t e  was above t h e  t r i p l e  po in t  p r e s s u r e  s i n c e  n i c k e l  j s  

h y d r o p h i l i c .  Thus wa te r  should  e n t e r  t h e  p l a t e  t o  the  dep th  such 

t h a t  t h e  p r e s s u r e  drop e q u a l s  t h e  t r i p l e  po in t  p r e s s u r e ,  f r e e z e ,  and 

o s c i l l a t e  about  t h a t  p o i n t ,  The e x p e r i m e n t a l l y  measured porous p l a t e  

t empera tu res  a r e  c l o s e  t o  t h e  p r e d i c t e d  v a l u e s ,  bu t  i n  a l l  c a s e s  a r e  

s l i g h t l y  lower ,  

The p l a t e s  w i t h  h igher  p o r o s i t i e s  and Larger pores  have 

lower p r e s s u r e  drops  through the  p l a t e s  f o r  g iven h e a t i n g  r a t e s ,  

Thus t h e  maximum h e a t  f l u x  a t  which i c e  can be p1-ecent Sehjncl t h e  



porous p l a t e  i nc reases  wi th  inc reas ing  po ros i ty  and pore s i z e .  When 

the  pore p r o p e r t i e s  of a  p l a t e  a r e  represented  by pores of only one 

s i z e ,  the  t h e o r e t i c a l  temperature and i c e  th ickness  change r a p i d l y  

w i t h  decreas ing  hedt  f l u x  once t h e  h e a t  f l u x  i n  below t h a t  which g ives  

t r i p l e  poin t  pressure  drop througt) the  p l a t e .  The sha rp  t h e o r e t i c a l  

drop o f f  i n  temperature which r e s u l t 4  when the  subl imat ion  mode s e t s  

i n  i s  p a r t i c u l a r l y  apparent  i n  F igures  1 3  and 14. The experimental  

temperature i n  these  cases  dropped much more s lowly wi th  decreas ing  

hea t  f l u x ,  This  slower decrease  i s  e a s i l y  explained by the  f a c t  

t h a t  t he  p l a t e  i s  r e a l l y  made up of a  s t a t i s t i c a l  d i s t r i b u t i o n  of 

pore s i z e s .  The a c t u a l  temperature i s  thus  a  s t a t i s t i c a l  average 

due t o  a  v a r i e t y  of pore s i z e s ,  manv smal le r  than the  median. This  

v a r i e t y  i n  s i z e  causes  t h e  t o t a l  change i n  temperature w i th  changing 

h e a t  f l u x  t o  be much l e s s  pronounced. A t  t h e  higher  hea t  f l u x e s ,  

t he  experimental porous p l a t e  temperatures  agree  q u i t e  w e l l  w i t h  t he  

t h e o r e t i c a l l y  p r e r i s t e d  va lves .  

I n  each of F igu res  8 - 16,  t h e  upper s o l i d  l i n e s  r e p r e s e n t  

t h e  t h e o r e t i c a l l y  pred ic ted  hea t e r  p l a t e  temperatures .  F igure  8 

shows the t h e o r e t i c a l  p r e d i c t i o n  given by Equat ions (3) and (51) a s  

compared w i t h  the  experimental  d a t a  c o l l e c t e d  f n r  P l a t e  1. The 

d iscrepancy  i s  r a t h e r  obvious. The source of t h i s  e r r o r  l i e s  i n  the 

b a s i c  assumption t h a t  a  subl imator  i s  most l i k e l y  t o  opera ted  i n  the  

ze ro -g rav i ty  environment of space.  This  assumption l eads  t o  t h e  

corresponding assumption t h a t  conduction i s  t h e  only  mechanism by 

which hea t  i s  exchanged between the  hea t e r  p l a t e  and the  porous 

p l a t e  -- indeed,  t h i s  was t h e  b a s i s  of Equation (30) and (51) .  The 

l abo ra to ry  t e s t s ,  however, were performed i n  a  1-g environment w i t h  

t h e  h e a t e r  p l a t e  f ac ing  upward. Thus, t h e  expendable water  l a y e r  

was heated from below -- a  conf igu ra t ion  leading  t o  an uns t ab le  f r e e  

convect ion s i t u a t i o n .  V e r i f i c a t i o n  t h a t  f r e e  convect ion l eads  t o  

t h e  d iscrepancy  shown i n  F igure  8 was performed i n  two ways. 

Although t h e  o r i g i n a l  des ign  of t he  appara tus  d i d  no t  con- 



v e n i e n t l y  accommodate i t ,  the t esc  mcdu1.e was n.ount:~d Ln an ups ide  - 
down c o n f i g u r a t i o n  and t h e  t e s t  r e p e a t e d ,  The l i q u i d  l a y e r  would 

be hea ted  from above and r:.ot s u b j e c t  t o  f r e e  convec t ion  e f f e c t s ,  

The t e s t  r e s u l t s  a r e  a g a i n  com?ared w i t h  t he  t h o r e t i c a l  p r e d i c t i o n  

i n  F i g u r e  9 ,  and t h e  c l o s e  cor:cespondencs i s  rzadiHy a p p z r e n t ,  

I n  o r d e r  t o  con t lnne  ~ i s i n g  trha test aFpar3tu.s  i r r  t he  

o r i g i n a l  d e s i g n  c o n f i g u r a t i o n  (heate<? trow. be lo^) ir :,gas decided t o  

a t t empt  t o  account  f o r  t h e  f r e r  convec t ion  e f f e c t  b y  use of e x i s t i n g  

c o r r e l a t i o n s .  Reference 5 r e p o r t s  on an e r : ; ? i r i c a l  s t u d y  o f  f r e e  

convec t ion  i n  a l i q u i d  l a y e r  between t w o  plates, heaced  f r o m  below. 

Good exper imenta l  agreement,  :or a number of d i f f e r e n t  l i q u i d s ,  w a s  

ob ta ined  w i t h  t h e  foblowing r e l a t i o n  f o r  the PJusselk number: 

The RayEeigh number i s  based e? the p l a  c spac ing  and the  Liquid 

p r o p e r t i e s  a r e  e v a l u a t e d  ac the  a e a n  f ~ r n ~ e e a z " u r e ,  

When t h e  f r e e  s o n v e c t i m  Lfiechanism i s  coupled w i t h  t h e  

conduc t ive  mechanism g iven  by  Equat ions  (30) and  (51) t h e  ccrved 

l ine  of F i g u r e  9 i s  a b t e i n e d ,  Good agreement i s  seen co occur w i t h  

t h e  d a t a  c o l l e c t e d  i n  t h e  o r i g i n a l  c o n f i g u r a t i o n ,  The remaining 

t e s t s ,  shown i n  F i g u r e s  10 - 16 were conducted Fi-r t h e  ' kp"  conf igu-  

r a t i o n ,  and Equat ion (52)  was used  a long  w i t h  ( 3 0 )  2nd (51), co 

p r e d i c t  t h e  h e a t e r  p l a t e  t empera tu res .  The goed agreement between 

t h e o r y  and experiment l e a d s  to t h e  concLusirsn t h a t  t h e  a n a l y s e s  

p resen ted  f o r  t h e  sublimarEon and c y c l i c  rrodes 2 - 2  vaLi~2 r e p r e s e n t a e i c n s  

of t h e  mechanisms t a k i n g  p lace  -*-I a f u n c t i o n i n g  swbl imator ,  

The e f f e c t  of f r e e  convec t ion  i n  ground t e s t i a g  dese rves  

a d d i t i o n a l  emphasis.  Consider ,  a s  an example, P l a t e  i, (F igure  9 )  
2 

o p e r a t i n g  a t  a  h e a t  f l u x  of 1200 ~ m / h r - f t  . W i t h  f r e e  convec t ion  

p r e s e n t ,  a  h e a t e r  p l a t e  ternperaturc s f  about 65°F tias measured - -  
r e s u l t i n g  i n  a  temperature  d i f f e r e n c e  of 33°F a c r o s s  the water  Laye;:, 

I n  t h e  z e r o - g r a v i t y  s f  space  th? - s  same ternperabure d i f f r r e n c e  w i l l  
2 

maintain.  a h e a t  f l u x  of only 620  ~ ' r ~ / i ~ r - f t  - -  approxi .nate ly  5 0 k f  



t h e  ground-based  v a l u e !  A l t r r n a t i v ~ l : ~ ,  2 t e rnpe rz tu r e  d i f f e r e n c e  of  
, . 58' ( h e a t e r  p l a t e  a t  90°F) v~/ \n~ : ld  be ::tSgii;.re<i to r n a i ~ i a i n  t h e  t 200  

2 
E T ' / h r - f t  f l u x ,  a f:.ct havi .ng a pi:ofsrinc! i n f l i ~ e r a c e  on t h e  r e s t  of 

t h e  h e a t  r e j e c t i o n  sys t em!  

I t  i s  n o t e d  that: t i le  p o r o \ ~ s  ~~tha tn i ;  ope ra t - ?  e s s e n t i a l l y  a t  

32°F ove r  a  w ide  h e a t i n g  f l i rx  ra;;lc-e, .e ' Ihe  cii"e?cez.lce i n  o p e r a t i o n  o-F 

t h e  v a r i o u s  p l a t e s  in t h e  r e n g e  is thris n c g 1 i g l b l e *  'if t h e  tempera-  

t u r e s  of t h e  porous  and h e a t e r  -:, be s educed  in c p e r n t t o r .  

a t  a  g i v e n  h e a t  f l u x ,  a p l a t e  i t 7 t t / 1  enci1gl-i pcrr9sitgi and po re  
, - -  s i z e  must be chosen  s o  t h a t  i c e  w 7 % i i  be  p:cse;>t bel-ri.nd t h e  porous  

p l a t e .  The l i m i t a t i o n  t o  t h e  po::e s l z c  i s  5;augiit a h o u t  b y  t h e  

b r e a k t h r o u g h  phenomenon. 

The t e m p e r a t u r e  :>~h-Cch ti?{< h e n t i . r g  s u r f a c e  will have i n  a 

g i v e n  s u b l i m a t o r  o p e r a t i n g  a t  a s p u c i l : ~ . ~ d  h ~ 2 a ~  f l!~.x i s  d e t e r m i n e d  

b y  t h e  porous  p l a t e  u s e d ,  Thi ;  ~ : : < ~ p e r c  tur:; thus d e t e r m i n e s  which  

7 o a l l y  r e q u i r e d  t o  keep  the porpous  p l a t e s  a r e  d e s i r a b l e ,  P 1-. ].I:.. 

t e m p e r a t u r e  a s  low a s  p o s s l b I e  ~ i ~ l i ' ~  ;his ci~!!";es t h e  t r a n s i ' e r  of h e a t  

f rom t h e  c i r c u l a t i n g  c o o l a n t  tc t h e  w a t e r  l e s s  of a problem. To 
,, , " m a i n t a i n  a  low h e a t e r  plate temperature, :r is d e s i r a b l e  r o  have  

i c e  i n  t h e  w a t e r  chamber.  A low h e a t e r  p l -a te  ZemperaLure w i l l  then  be  

r e q u i r e d  t o  m a i n t a i n  a g i v e n  beat [lux si.i.ce the d i s k a n c e  from t h e  

,,ed. 'Thus h e a t e r  p l a t e  t o  t h e  p o i n t  of a freezLn;: Se~zn~eratur-e  i s  reci1;<. 

t h e  s u b l i m a t o r  shoulCcl be  d e s i g n e d  far t h e  pu re  sub2i.njs Lo?: mode. The 

h e a t  f l u x  a t  wh ich  t h e  s u b l i m n t i e n  mode theoretics l l y  v a n i s h e s  i s  i:l- 

d i c a t e d  by X i n  F i g u r e s  8-15. The subLinatEor: mode e x i ~ i b i r s  no b r e a k -  

t o  p r e v e n t  t h r o u g h  problems s i n c e  t h e  i c e  forms s physica'L b a r r i r -  

- ci.irLss czn  f -ncrease  1rapi2 I>' t h e  e s c a p e  of t h e  w a t e r ,  S i n c e  the i c e  +l. i ic1--=;- 

w i t h  d e c r e a s i n g  h e a t  f l u x ,  c a r e  must be used t o  p r e v e n t  c o m p l e t e  

f r e e z i n g  of t h e  s u b l i m a t o r  a t  heat f l u x e s  below t h e  d e s i g n  value. 

I n  a l l  t h e  a n a l y s i s  preserr.f::led i n  t h i s  r e p o r t ?  1-t h a s  been 

assumed t h a t  t h e  po?res i n  a p]-a';e a r e  st;-aigl:r, This rs not. the c a s e  

i n  most  porous  p l a t e s .  1.t seen?s pcssibl.~ :;,at c !:c;ri:tic?si;cy facZ-_tr 

might  be added t o  a l l  sf t h e  pressure d r o p  c q l z n t i o n s  t o  c 3 c r e c t  the 



crookedness of t h e  path  l e n g t h  of a  pore t o  some e q u i v a l e n t  s t r a i g h t ,  

longer  pore .  Th i s  f a c t o r  would always be g r e a t e r  than  u n i t y  and 

would have t o  be determined f o r  each p l a t e .  With such a  f a c t o r  i n -  

c luded ,  t h e  a n a l y s i s  p resen ted  could  be a p p l i e d  t o  p l a t e s  w i t h  more 

random p a t h s .  

The breakthrough p r o p e r t i e s  of some of  t h e  p l a t e s  was i n -  

v e s t i g a t e d  u s i n g  t h e  method d e s c r i b e d  under t h e  exper imenta l  procedure 

s e c t i o n .  A t  a  g iven  h e a t  f low r a t e ,  t h e  wa te r  p r e s s u r e  i n  t h e  water  

plenum was i n c r e a s e d  g r a d u a l l y .  The t e s t  was t e rmina ted  i f  t h e  water  

p r e s s u r e  reached a tmospher ic  p r e s s u r e  and breakthrough had n o t  occured.  

T e s t s  were r u n  on seven of t h e  porous samples.  These p l a t e s  

had a  range i n  maximum pore s i z e  from 4.69 t o  12.8 . The t e s t s  on P 
t h e s e  p l a t e s  d i d  i n d i c a t e  some b a s i c  t r e n d s .  However, e x a c t  conc lus ions  

a r e  d i f f u c u l t  t o  o b t a i n  due t o  t h e  v a r i e d  r e s u l t s  from sone of  t h e  t e s t s .  

The wa te r  p r e s s u r e  a t  which u n c o n t r o l l e d  breakthrough occurred 

depended upon t h e  i n i t i a l  c o n d i t i o n  of a  p l a t e .  A porous p l a t e  which 

was d r y  b e f o r e  t h e  t e s t  u s u a l l y  e x h i b i t e d  breakthrough a t  a  lower 

p r e s s u r e  t h a n  i t  would have had i t  been we t ted  from a  previous  break-  

through run .  The t e s t  d a t a  on t h e  p l a t e s  was no t  always r e p e a t a b l e ,  

A t y p i c a l  r u n  was t h a t  on p l a t e  number 4 .  The p l a t e  has  a  

maximum pore d iamete r  of 9 . 7 0 p .  E q u i l i b r i u m  c o n d i t i o n s  were reach-  
2 

ed w i t h  a n  i n p u t  h e a t  load of  3040 ~ T l J / h r - f t  and a  wa te r  p r e s s u r e  of 

2 p s i a .  The wa te r  p r e s s u r e  was g r a d u a l l y  i n c r e a s e d .  A t  a  v a l u e  j u s t  

above 3 p s i a ,  s e l f - h e a l i n g  breakthrough s t a r t e d  t o  occur .  Water 

broke through t h e  p l a t e  over a  smal l  a r e a  and immediately f r o z e .  The 

pore was blocked by t h e  i c e  and,  t h u s ,  t h e  breakthrough a t  t h i s  p o i n t  

ceased.  Th i s  phenomenon occur red  over s e v e r a l  a r e a s  of t h e  p l a t e  

r e g u l a r l y .  A i r  bubbles  i n  t h e  wa te r  chamber seemed t o  a i d  t h i s  pro- 

c e s s  when t h e  a i r  passed through t h e  porous p l a t e .  

Th i s  i n t e r m i t t e n t  process  occur red  a s  t h e  p r e s s u r e  i n  t h e  

chamber was i n c r e a s e d  t o  11.5 p s i a .  A t  t h a t  p r e s s u r e ,  uncontrol le~rI  

breakthrough occur red .  Water passed through t h e  p l a t e  i n  a  s t e a d y  

s t r eam and f r o z e  q u i c k l y  when i t  reached t h e  vacuum chamber. This  



water  formed a  mound which covered t h e  t e s t  p l a t e  and cont inued 

t o  grow u n t i l  t h e  wa te r  supply  was s h u t  o f f .  

The breakthrough pressure  f o r  t h e  v a r i o u s  p l a t e s  tended t o  

decrease  w i t h  i n c r e a s i n g  h e a t  f l u x  and pore d iamete r .  Th i s  i s  i l l u s -  

t r a t e d  i n  F igure  17. This graph shows breakthrough pressure  v e r s u s  

pore diameter  w i t h  h e a t  f l u x  a s  a  parameter.  The dashed l i n e  i s  the  

t h e o r e t i c a l  breakthrough po in t  f o r  w a t e r ,  w i t h  no h e a t  f l u x ,  ca lcu-  

l a t e d  from 

The d a t a  ob ta ined  tends  t o  i n d i c a t e  t h a t  t h e  water  r e t e n t i o n  

p r o p e r t i e s  of t h e  p l a t e s ,  a t  a  g iven  h e a t i n g  r a t e ,  i n c r e a s e  much more 

r a p i d l y  w i t h  decreas ing  pore s i z e  than  t h e  t h e o r e t i c a l  curve f o r  w a t e r .  

This  i s  a s  expected,  s i n c e  t h e  i c e  i n  t h e  pores would enhance t h e  

breakthrough r e s i s t a n c e .  

The d a t a  roughly sugges t s  t h a t  t h e  breakthrough p o i n t  i s  

determined by a  s e r i e s  of curves ,  one curve f o r  each h e a t i n g  r a t e .  

It should be pointed o u t  t h a t  no uncont ro l l ed  breakthrough 

was exper ienced by t h e  p l a t e s  w i t h  maximum pore s i z e  of 8 . 6 6 p  o r  l e s s ,  
2 

even when t h e  h e a t  f l u x  was a t  a  maximum of 8000 ~ T U l h r - f t  . 
From t h e s e  t e s t s  i t  may be concluded t h a t  i f  t h e  maximum 

pore s i z e  i s  l e s s  than y ,  t h e  breakthrough problem should be minimized. 

I t  should be pointed ou t  t h a t  t h e  i c e  i n s i d e  a  p l a t e  i s  

c e r t a i n l y  important  i n  p reven t ing  breakthrough.  A f t e r  t h e  smal l  pore 

p l a t e s  d i d  no t  breakthrough,  t h e  p ressure  i n  t h e  vacuum chamber was 

r a i s e d  above t h e  t r i p l e  po in t  and a l l  of  t h e  p l a t e s  broke through 

a lmost  immediately.  S ince  no i c e  could  be p r e s e n t  a t  t h e  h igher  

p r e s s u r e ,  i t  seems c e r t a i n  t h a t  i c e  had been t h e  r e s t r a i n i n g  f o r c e  

p reven t ing  breakthrough.  



V I .  Summary Of T y p i c a l  Performance Design C a l c u l a t i o n s  - 

It would appear  u s e f u l  a t  t h i s  p o i n t  t o  summarize t h e  

methods of c a r r y i n g  ou t  c a l c u l a t i o n s  f o r  porous p l a t e  s u b l i m a t o r s  

hea ted  w i t h  a  uniform h e a t  source .  Both performance and d e s i g n  

c a l c u l a t i o n s  a r e  of i n t e r e s t .  I n  a l l  t h a t  f o l l o w s ,  i t  i f  presumed 

t h a t  t h e  porous p l a t e  i n  q u e s t i o n  i s  h y d r o p h i l l i c .  Thus, o n l y  t h e  

s u b l i m a t i o n  and c y c l i c  modes of  o p e r a t i o n  a r e  p o s s i b l e .  

Performance C a l c u l a t i o n  

With t h e  median pore s i z e  and number of pores  known f o r  

each p l a t e ,  t h e  mode of o p e r a t i o n  can  be  p r e d i c t e d  f o r  a g iven  h e a t  

f l u x  (%&=%&). The mass f low of wa te r  i s  g iven by 

The flow through a  pore i s  then  g iven  us ing  

S ince  t h e  pore d iameter  and p l a t e  t h i c k n e s s  i s  known, 

(6)  g i v e s  

I f  t h e  p r e s s u r e  c a l c u l a t e d  from t h i s  e q u a t i o n  i s  g r e a t e r  

than  t h e  t r i p l e  p o i n t  p r e s s u r e ,  t h e  c y c l i c  sub l imat ion  mode e x i s t s .  

Th i s  w i l l  be cons ide red  l a t e r .  I f  t h e  p r e s s u r e  i s  l e s s  t h a n  0.0886 

p s i a ,  d a t a  from Table 2 i s  used t o  f i n d  t h e  corresponding sub l imat ion  

temperature  Tt6. 
The i c e  t h i c k n e s s  and h e a t e r  p l a t e  temperature  a r e  then  

g iven  by 



and 

Thus the  mode of ope ra t ion  and the  important parameters 

governing t h i s  mode have been c a l c u l a t e d .  

I f  t h e  pressure  had been g r e a t e r  than 0.0886 p s i a ,  

ope ra t ion  would have been i n  t he  c y c l i c  mode. 

The d i s t a n c e  from t h e  outer  edge of t he  p l a t e  t o  t he  i c e  

l aye r  w i t h i n  the  p l a t e  i s  

The equ iva l en t  conduc t iv i ty  can be ca l cu la t ed  us ing  

The temperatures  of t h e  porous p l a t e  and hea t e r  su r f ace  

a r e  then given by 

and 

Thus aga in  t h e  ope ra t ing  mode and temperatures  can be ca1 .c~-  

l a t e d .  The above c a l c u l a t i o n s  have t h e  r e s t r i c t i o n  t h a t  t h e  water  

pressure  i s  maintained a t  a  reasonable va lue  (5 p s i a  o r  l e s s )  and t h a t  

t he  maximum pore s i z e  i s  l e s s  than  10 microns. The above mentionedl 

r e s t r i c t i o n s  i n s u r e  t h a t  t h e  p o s s i b i l i t y  of breakthrough is.minimiz,ed. 

These equat ions  apply  f o r  performance i n  space.  I f  it is ,  

de s i r ed  t o  p r e d i c t  t h e  performance on the  ground, Equation (52) musat 

be used t o  c a l c u l a t e  t h e  hea t e r  p l a t e  temperature i n  subl imators  wh.ich 

w i l l  have f r e e  convection. 



Design Problem 

I n  a  g iven sub l imator ,  t h e  p l a t e  p r o p e r t i e s ,  wa te r  p r e s s u r e ,  

and h e a t e r  p l a t e  temperature  a r e  known. Can t h e  h e a t  f l u x  and mode 

be p r e d i c t e d ?  The answer i s  yes and t h e  approach i s  given below. 

The problem can be solved i t e r a t i v e l y .  The h e a t  f l u x  i s  

guessed and t h e  problem i s  handled a s  o u t l i n e d  i n  t h e  f i r s t  of t h i s  

s e c t i o n .  For each guess a t  t h e  h e a t  f l u x ,  t h e  mode and h e a t e r  p l a t e  

temperature  can be c a l c u l a t e d .  I f  t h e  c a l c u l a t e d  va lue  of t h e  p l a t e  

temperature  does n o t  e q u a l  t h e  given v a l u e ,  t h e  h e a t  f l u x  guess  i s  ad- 

j u s t e d  i n  t h e  a p p r o p r i a t e  d i r e c t i o n  and t h e  process  i s  r e p e a t e d .  

I n c r e a s i n g  t h e  h e a t  f l u x  always i n c r e a s e s  t h e  h e a t e r  p l a t e  temperature .  



PART B 

Pro to type ,  Fluid-Heated,  Sublimator U n i t s  

The e n t i r e  d i s s c u s s i o n ,  a n a l y s i s ,  and exper imental  v e r i f i c a -  

t i o n  of P a r t  A has  been devoted t o  a  s i m p l i f i e d  uni-dimensional  model 

of a  sub l imator  -- t h a t  i n  which t h e  h e a t  source  i s  r e p r e s e n t e d  a s  an  

i so - the rmal  s u r f a c e  of uniform h e a t  f l u x .  A model more r e p r e s e n t a t i v e  

of a c t u a l ,  f u n c t i o n i n g ,  sub l imator  u n i t s  i s  t h a t  d e p i c t e d  i n  F igure  1. 

I n  t h i s  i n s t a n c e  t h e  h e a t  t o  be r e j e c t e d  i s  brought t o  t h e  sub l imator  

by a  c i r c u l a t i n g  "coolant".  (The term "coolant" i s  used h e r e  i n  t h e  

r e l a t i v e  sense  -- t h i s  s t ream being a  c o o l a n t  t o  t h e  h e a t  g e n e r a t i n g  

dev ices  i n t e r i o r  t o  t h e  s p a c e c r a f t  being cooled by t h e  sub l imator ) .  

To avoid f u t u r e  confusion and t o  main ta in  c o n s i s t e n c y  w i t h  t h e  term- 

inology of "hea te r  p l a t e "  i n  P a r t  A d e a l i n g  w i t h  t h e  uniformly heated 

modular u n i t s ,  t h e  c i r c u l a t i n g  f l u i d  w i l l  be r e f e r r e d  t o  a s  t h e  h e a t e r  

f l u i d  i n  t h e  remainder of t h i s  r e p o r t  a l though  t h i s  i s  somewhat incon- 

s i s t e n t  w i t h  u s u a l  terminology d e a l i n g  w i t h  s p a c e c r a f t  thermal  c o n t r o l  

systems. 

I .  A p p l i c a t i o n  o f  t h e  Modular Uni t  Ana lys i s  t o  Performance C a l c u l a t i o n s  

of Fluid-Heated Subl imators  

S ince  t h e  temperature  of t h e  h e a t e r  f l u i d  d e c r e a s e s  a s  i t  

passes  through t h e  sub l imator ,  i t  i s  apparen t  t h a t  t h e  r e l a t i o n s  developed 

f o r  t h e  uniform h e a t e r  p l a t e  modules cannot  be a p p l i e d  t o  a  f l u i d -  

hea ted  u n i t  wi thou t  m o d i f i c a t i o n .  The b a s i c  assumption made i n  t h e  

development of t h e  fo l lowing  a n a l y s i s  i s  t h a t  t h e  r e l a t i o n s  obtaine 'd 

f o r  t h e  uniformly hea ted  u n i t s  may be a p p l i e d  l o c a l l y  over  a  s e c t i o n  

of s u i t a b l e  l e n g t h  i n  t h e  f l u i d - h e a t e d  u n i t .  On t h i s  b a s i s ,  t h e  

sub l imator  i s  modeled a s  a  s e r i e s  oc€ d i s c r e t e  segments, each being a 

uniform h e a t e r  u n i t ,  a s  suggested i n  F igure  23.  

The fo l lowing  assumptions a r e  i m p l i c i t  i n  t h i s  b a s i c  model: 

1. Conduction a long  t h e  porous p l a t e  i s  n e g l i g i b l e .  

2 .  Conduction a long  t h e  h e a t e r  p l a t e  i s  n e g l i g i b l e .  



3 .  Conduction i n  t h e  wa te r  l a y e r ,  p a r a l l e l  t o  

t h e  d i r e c t i o n  of t h e  h e a t e r  f l u i d  f low,  i s  n e g l i g i b l e .  

4 .  Axia l  conduct ion i n  t h e  h e a t e r  f l u i d  i s  neg1ibebl.e. 

Assumptions 1, 2 ,  and 3 a r e  j u s t i f i e d  by t h e  f a c t  t h a t  

temperature  g r a d i e n t s  a long  t h e  subl imator  ( p a r a l l e l  t o  t h e  h e a t e r  f l u i d  

f low) a r e  t y p i c a l l y  q u i t e  smal l  compared t o  t h e  g r a d i e n t s  over t h e  u n i t  

t h i c k n e s s .  For example, t h e  exper imental  u n i t s  t e s t e d  here  were approx- 

imate ly  25 t imes a s  long a s  t h i c k .  A t y p i c a l  temperature  d rop  over t h e  

t h i c k n e s s  was 50°F,  whi le  a  temperature  drop i n  t h e  h e a t e r  f l u i d  of 7°F 

was t y p i c a l .  

Assumption 4 has  been found t o  be v a l i d  f o r  P e c l e t  numbers 

above one hundred (Reference 1 2 ) .  This c o n d i t i o n  was s a t i s f i e d  i n  t h e  

range of h e a t  c o n d i t i o n s  s t u d i e d .  

I n  t h e  t e s t s  performed on t h e  f l u i d - h e a t e d  u n i t s ,  t h e  des ign  

e r r o r  noted f o r  t h e  uniform modulus was c o r r e c t e d .  The u n i t s  were 

mounted f a c i n g  downward i n  o rder  t h a t  f r e e  convect ion e f f e c t s  i n  t h e  

wa te r  l a y e r  could  be ignored .  

To p r e d i c t  t h e  performance of a  f l u i d - h e a t e d  subl imator  on 

t h e  b a s i s  of t h e  model j u s t  d e s c r i b e d ,  a  modi f i ca t ion  of t h e  procedure 

d e s c r i b e d  i n  A . V I  f o r  t h e  uniform heated u n i t  can be used.  The p r i n c i p a l  

d i f f e r e n c e  i n  t h e  method i s  t h a t  i n s t e a d  of c a l c u l a t i n g  t h e  h e a t e r  

p l a t e  t empera tu re ,  T o ,  t h e  temperature  of t h e  h e a t e r  f l u i d ,  Thf ,  i s  

c a l c u l a t e d .  Thus, an  a d d i t i o n a l  parameter,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

between t h e  h e a t e r  f l u i d  and t h e  h e a t e r  p l a t e ,  becomes involved.  Con- 

s e q u e n t l y ,  i t  must be presumed t h a t  t h e  geomet r ica l  and hydrodynamical 

c o n d i t i o n s  of t h e  h e a t e r  f l u i d  passage a r e  s u f f i c i e n t l y  d e f i n e d  t h a t  

e x i s t i n g  h e a t  t r a n s f e r  c o r r e l a t i o n s  may be used t o  p r e d i c t  t h i s  h e a t  

t r a n s f e r  c o e f f i c i e n t .  The p a r t i c u l a r  c o r r e l a t i o n  used f o r  t h e  u n i t s  

t e s t e d  here  i s  d i s c u s s e d  i n  d e t a i l  l a t e r .  It i s  s u f f i c i e n t  a t  t h i s  

po in t  t o  presume t h a t  t h i s  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h ,  i s  c a l c u l a b l e  

a s  a  f u n c t i o n  of l o n g i t u d i n a l  p o s i t i o n  a long  t h e  h e a t e r  f l u i d  passage.  

A s  noted e a r l i e r ,  t h e  b a s i c  model used f o r  t h e  f l u i d - h e a t e d  

u n i t  i s  t h a t  of a  s e r i e s  of uniform h e a t e r  p l a t e  u n i t s .  The i n l e t  



temperature  i s  t aken  a s  t h e  f l u i d  temperature  of t h e  f i r s t  segment 

and t h e  h e a t e r  f l u i d  t empera tu res  of succeeding segments a r e  ob ta ined  

from h e a t  and mass ba lance  r e l a t i o n s .  Assuming t h a t  t h e  o v e r a l l  u n i t  

geometry, t h e  h e a t e r  f l u i d  f law r a t e  and i n l e t  temperature  a r e  known, 

t h e  d e t a i l  performance c a l c u l a t i o n  procedure i s  then  ( r e f e r ,  a g a i n ,  

t o  the  summary i n  A.VI): 

1. Divide  t h e  sub l imator  i n t o  a number of long i tud i r t a l  

segments.  Let  t h e  s u b s c r i p t  j  deno te  one such segment. 

2 .  The h e a t e r  f l u i d  of  t h e  f i r s t  segment i s  t a k e n  e q u a l  

a s  e q u a l  t o  t h e  u n i t  i n l e t  temperature  and c o n s t a n t  

over  t h e  segment l e n g t h .  

3 .  An e s t i m a t e  i s  made f o r  the  h e a t  f l u x  i n  t h i s  seg-  

ment, and t h e  h e a t  f l u x  per pore i s  c a l c u l a t e d .  

4. Equa t ions  ( 3 ) ,  ( 4 ) ,  and (6)  a r e  used t o  c a l c u l a t e  

t h e  p r e s s u r e  a t  t h e  i n s i d e  of t h e  porous p l a t e  and t h e  

cor respond ing  s u b l i m a t i o n  temperature  (presuming t h e  

s u b l i m a t i o n  mode i s  i n  e f f e c t ) .  

5 .  Equat ion (12)  i s  used t o  c a l c u l a t e  t h e  h e a t e r  

p l a t e  temperature  T 
o  j ' 

6 .  The e s t i m a t e d  segment h e a t  f l u x ,  
' 0 jY  

and t h e  

"known" v a l u e  of segment h e a t  t r a n s f e r  c o e f f i c i e n t ,  

h  a r e  used t o  c a l c u l a t e  t h e  b u l k  h e a t e r  f l u i d  tempera- 
j ' 

t u r e  of t h e  segment, Thf : 
j 

i n  which T . i s  t h e  segment h e a t e r  p l a t e  temperature  
0 3 

found i n  s t e p  5 .  

7 .  The c a l c u l a t e d  T  i s  compared w i t h  t h e  known 
hf . 

i n l e t  t empera tu re .  ~ h d  e s t i m a t e d  segment h e a t  f l u x  

i s  r e v i s e d  and t h e  process  r e p e a t e d  u n t i l  a  s u i t a b l e  

agreement i s  ob ta ined  between t h e s e  two t empera tu res .  

8. The i n l e t  temperature  of t h e  n e x t  segment i s  then. 

c a l c u l a t e d  from 



i n  which W and c  a r e  t h e  mass f low r a t e  and s p e c i f i c  
P 

h e a t  of t h e  h e a t e r  f l u i d  and A t h e  h e a t  t r a n s f e r  s u r -  
j 

f a c e  a r e a  of t h e  segment. 

9 .  The above s e r i e s  of c a l c u l a t i o n s  i s  then  repeated 

f o r  t h e  n e x t  segment, e t c . ,  down t h e  l e n g t h  of t h e  

s u b l i m a t o r .  

I n .  As b e f o r e ,  i f  t h e  c a l c u l a t i o n  of s t e p  4 y i e l d s  a  

p r e s s u r e  above t h e  t r i p l e  p o i n t ,  t h e  c y c l i c  mode i s  

presumed t o  be i n  e f f e c t  f o r  t h e  segment and Equat ion 

(51) i s  used i n  s t e p  5 i n  p lace  of Equat ion (12) .  The 

model proposed presumes, t h e n , t h a t  p a r t  of t h e  over-  

a l l  u n i t  may be o p e r a t i n g  i n  the  sub l imat ion  mode and 

p a r t  i n  t h e  c y c l i c  mode. 

11. The bulk  temperature  of t h e  h e a t e r  f l u i d  c a l c u l a t e d  

f o r  t h e  l a s t  segment may u s u a l l y  be t aken  as t h e  o u t l e t  

h e a t e r  f l u i d  temperature  of the  o v e r a l l  u n i t  i f  a  

s u f f i c i e n t l y  l a r g e  number of segments has been used.  

Otherwise the  o u t l e t  temperature  should  be c a l c u l a t e d  

a s  t h e  i n l e t  temperature  of a  h y p o t h e t i c a l  "next 

segment" a f t e r  t h e  l a s t  segment. 

F i g u r e  24 p r e s e n t s  a  f low diagram of t h e  c a l c u l a t i o n  procedure 

j u s t  o u t l i n e d .  



X I .  Exper imenta l  Program - 

The method d e s c r i b e d  above e n a b l e s  the  c a l c u l a t i o n  of t h e  

o u t l e t  t empera tu re ,  t h e  temperature  p r o f i l e  a long  the  porous p l a t e ,  

and t h e  temperature  p r o f i l e  a long  the  h e a t e r  p l a t e  f o r  a  g i v e n  h e a t e r  

f l u i d  i n l e t  temperature  and flow r a t e .  I n  o r d e r  t o  t e s t  t h e  u s e f u l -  

n e s s  of t h i s ,  method, an  exper imenta l  a p p a r a t u s  was des igned and b u i l t  

s o  t h a t  t h e s e  q u a n t i t i e s  could  be  mcasured i n  an  o p e r a t i n g  s u b l i m a t o r .  

This  a p p a r a t u s  c o n s i s t e d  of t h e  fo l lowing  e lements :  

1. a  sub l imator  c o n t a i n i n g  a  porous p l a t e  

2 .  a  system t o  supply  wa te r  t o  t h e  sub l imator  

3 .  a  system t o  supply  h e a t e r  f l u i d  t o  t h e  sub l imator  

4 .  a  vacuum system 

A schematic diagram of t h e  a p p a r a t u s  appears  i n  F igure  25,  and a  

photograph appears  i n  F i g u r e  26 .  

Subl imator  Module -- 
The c o n s t r u c t i o n  of t h e  sub l imator  module i s  i l l u s t r a t e d  

i n  F i g u r e s  27  and 28 .  The main body of t h e  module was c o n s t r u c t e d  

of r e i n f o r c e d  pheno l i c .  The exposed porous p l a t e  s u r f a c e  was 2 inches  

wide and 13 inches  long.  The wa te r  l a y e r  was approximate ly  .25 inches  

t h i c k .  The h e a t e r  p l a t e  was made of s t a i n l e s s  s t e e l  s h e e t  -0625 

inches  t h i c k .  The h e a t e r  f l u i d  channel  was approximate ly  .09 inches  

t h i c k  and 2 inches  wide.  An e n t r y  l e n g t h  was provided s o  t h a t  f low 

i n  t h e  h e a t e r  f l u i d  channel  might be hydrodynamically developed a t  

t h e  o n s e t  of c o o l i n g .  The u n i t  was of sandwich c o n s t r u c t i o n ,  he ld  

t o g e t h e r  by 36 s t a i n l e s s  s t e e l  b o l t s .  The u n i t  could  be disassembled 

i n  o rde r  t o  i n t e r c h a n g e  porous p l a t e s .  

Feedwater System 

The feedwater  system c o n s i s t e d  of a  s t a i n l e s s  s t e e l  t ank  

connected t o  t h e  vacuum system and t o  t h e  sub l imator .  A l i n e  from 

t h e  t o p  of t h e  t ank  connected t o  t h e  vacuum system s o  t h a t  t h e  feed-  

wa te r  p r e s s u r e  could  be mainta ined a t  approximate ly  5 inches  Hg 



a b s o l u t e .  A l i n e  from t h e  bottom of t h e  t ank  was connected through 

a  f i l t e r  and flowmeter t o  a  v a l v e  a t  the base  p l a t e  of t h e  vacuum 

chamber, and from t h e r e  t o  t h e  sub l imator  module. A mercury mano- 

meter was connected t o  t h e  top  of t h e  t ank  t o  monitor t h e  feedwater  

p r e s s u r e .  

Heater  F l u i d  Supply System -- 
The h e a t e r  f l u i d  system con ta ined  t h e  fo l lowing  e lements :  

1. a  pump and motor 

2 .  a  r e s e r v o i r  

3 .  a  k n i f e - t y p e  immersion h e a t e r  l o c a t e d  i n  t h e  r e s e r v o i r  

and c o n t r o l l e d  by a "powerstat" 

4 .  need le  v a l v e s  f o r  c o n t r o l l i n g  t h e  f low through t h e  

sub l imator  module and through t h e  bypass  loop which 

r e t u r n e d  t o  t h e  r e s e r v o i r  

5 .  two q u i c k - a c t i n g  v a l v e s  ar ranged s o  t h a t  t h e  e f f l u e n t  

s t r eam from t h e  sub l imator  module might be e i t h e r  

r e t u r n e d  t o  t h e  r e s e r v o i r  or  d i v e r t e d  i n t o  a  graduated 

v e s s e l  f o r  t h e  purpose of measuring t h e  f low r a t e .  

Vacuum Sys tem 

The vacuum system was i d e n t i c a l  t o  t h a t  used i n  t h e  modu:Lar 

u n i t  t e s t s  d e s c r i b e d  i n  A.IV. 

I n s t r u m e n t a t i o n  

Copper-Constantan thermocouples were used t o  measure t h e  

t empera tu res  a t  t h e  p o i n t s  of i n t e r e s t .  These were connected t o  a  

po ten t iomete r  through a  r o t a r y  swi tch  s o  t h a t  t h e  v o l t a g e s  could  be 

r e a d  i n  r a p i d  sequence.  Thermocouples were p laces  i n  t h e  i n l e t  and 

o u t l e t  h e a t e r  f l u i d  s t reams and a t  f o u r  equal ly-spaced p o i n t s  a long  

t h e  f low a x i s  c e n t e r l i n e  of bo th  t h e  h e a t e r  p l a t e  and t h e  porous 

p l a t e .  The thermocouples were a t t a c h e d  t o  t h e  h e a t e r  p l a t e  and porous 

p l a t e  by a r c  welding.  



Procedure 

T e s t s  were run on t h r e e  d i f f e r e n t  porous p l a t e s ,  each of which 

was opera ted  under a s  wide a s  p r a c t i c a l  a  range of h e a t e r  f l u i d  i n l e t  

t empera tu res .  The p r o p e r t i e s  of t h e  t h r e e  p l a t e s  used a r e  t a b u l a t e d  i n  

Table 4.  The pore d iamete r s  and p l a t e  t h i c k n e s s e s  s p e c i f i e d  i n  o r d e r -  

i n g  t h e  p l a t e s  from t h e  manufacturer  were chosen t o  c o i n c i d e  w i t h  

p l a t e s  used i n  the  modular t e s t s  r e p o r t e d  i n  P a r t  A .  These p r o p e r t i e s  

were chosen s o  a s  t o  span t h e  range found t o  be u s e f u l  i n  t h e s e  t e s t s .  

Bubble p o i n t  t e s t s  on t h e  p l a t e s  i n d i c a t e d  t h a t  t h e i r  p r o p e r t i e s  were 

n o t  a s  s p e c i f i e d ,  s o  t h a t  d i r e c t  c o r r e l a t i o n  w i t h  the  e a r l i e r  t e s t s  

was n o t  p o s s i b l e .  The p r o p e r t i e s  of t h e  p l a t e s  r e c e i v e d  d i d ,  however:, 

f a l l  w i t h i n  t h e  u s e f u l  r ange .  I n  c a l c u l a t i n g  t h e  performance of t h e  

exper imenta l  s u b l i m a t o r s ,  t h e  porous p l a t e s  were assumed t o  c o n s i s t  

of c i r c u l a r  pores  of uniform s i z e .  This  uniform s i z e  was taken t o  be 

t h a t  of a  median pore a s  determined by bubble po in t  t e s t s  a s  d e s c r i b e d  

i n  P a r t  A .  

The h e a t e r  f l u i d  i n l e t  t empera tu res  were l i m i t e d  t o  t h e  

range from 50°F t o  120°F because of t h e  d i f f i c u l t y  of i n s u l a t i n g  t h e  

f low loop.  I n  t h e  t e s t s  on two of  t h e  p l a t e s ,  breakthrough was en- 

coun te red  i n  t h e  upper p o r t i o n  of t h i s  r ange .  This  l ed  t o  t h e  con- 

c l u s i o n  t h a t  t h e  upper temperature  c a p a b i l i t y  of t h e  a p p a r a t u s  was 

adequa te .  There i s  l i t t l e  p r a c t i c a l  j u s t i f i c a t i o n  f o r  t h e  o p e r a t i o n  

of  a  sub l imator  w i t h  low h e a t e r  f luFd  i n l e t  t empera tu res  (near 32OF) 

s o  t h a t  t h e  lower t empera tu re  c a p a b i l i t y  of t h e  a p p a r a t u s  was a l s o  

judged adequa te .  

The range of h e a t e r  f l u i d  f low r a t e s  was a l s o  l i m i t e d  t o  

some e x t e n t .  A t  ve ry  low flow r a t e s ,  i t  was d i f f i c u l t  t o  m a i n t a i n  

s t e a d y  flow. A t  h igh flow r a t e s ,  t h e  h e a t e r  f l u i d  t empera tu re  drop 

was s m a l l ,  and t h e r e f o r e ,  t h e  pe rcen t  e r r o r  i n  t h i s  q u a n t i t y  was l a r g e .  

An i n t e r m e d i a t e  range of 20 t o  30 pounds mass per hour was found t o  

avoid  t h e s e  d i f f i c u l t i e s .  

Both wa te r  and a  w a t e r - g l y c o l  s o l u t i o n  were used a s  t h e  

h e a t e r  f l u i d s  i n  t e s t s  w i t h  each of t h e  t h r e e  p l a t e s .  The p r o p e r t i e s  



of the g lycol  so lu t ion  a r e  tabula ted  i n  Table 5. 

A t y p i c a l  t e s t  run cons is ted  of the following s t eps .  

1. Coolant was fed i n  t o  the cold t r a p  and the vacuum 

chamber was evacuated. 

2 .  The valve a t  the top of the feedwater tank was 

opened t o  connect with the vacuum system u n t i l  

the  tank pressure was below 5 inches Hg absolu te .  

3 .  The feedwater valve i n  the  base p l a t e  was opened t o  

introduce water above the  porous p l a t e .  

4 .  Af te r  i c e  had formed i n  the water above the porous 

p l a t e ,  the  hea t e r  f l u i d  pump was s t a r t e d  and the  

flow r a t e  was ad jus ted .  

5 .  The powerstat was adjusted t o  give the  des i red  hea ter  

f l u i d  i n l e t  temperature. 

6 .  The thermocouple vol tages  were read and recorded. 

7 .  The hea ter  f l u i d  flow r a t e  was measured and recorded. 

8. Steps 6 and 7 were repeated u n t i l  i t  became apparent 

t h a t  s teady s t a t e  had been a t t a i n e d .  

The only major problem encountered during the t e s t s  was 

wi th  the  r e l i a b i l i t y  of the  porous p l a t e  thermocouples. The weld 

was extremely b r i t t l e  and f r a g i l e .  I n  s eve ra l  cases ,  porous p l a t e  

thermocouples became inopera t ive  during the  course of a  t e s t  and were 

subsequently found t o  be broken. For t h i s  reason, the porous p l a t e  

temperature da t a  i s  not  complete f o r  a l l  t e s t s .  

Even f o r  t he  t e s t s  where porous p l a t e  temperature da t a  

were obtained,  the r e l i a b i l i t y  of t h i s  da t a  i s  quest ionable.  The 

problems inherent  i n  obtaining a  good thermal contac t  between the  

thermocouple junct ion and the  porous p l a t e  were never comp1e:ely 

overcome. 

Heat Transfer  Coeff ic ien t  Determination - 
As discussed i n  the  foregoing, the app l i ca t ion  of the 

performance ca l cu la t ion  technique of s ec t ion  B . 1 1  n e c e s s i t a t e s  



knowledge of the hea t  t r a n s f e r  c o e f f i c i e n t  a t  the  wa l l  separa t ing  the 

hea ter  f l u i d  and the water r e s e r v o i r .  The passage through which the 

hea ter  f l u i d  flowed was rec tangular  i n  c ross  s ec t ion .  

The flow i n  the  rec tangular  hea ter  f l u i d  channel was laminar 

i n  a l l  cases  with Reynolds numbers near 200. The thermal e n t r y  region 

i n  the hea ter  f l u i d  channel was t y p i c a l l y  20% of t he  subl imator 's  work- 

ing  length ,  so t h a t  the v a r i a t i o n  of the  heat  t r a n s f e r  c o e f f i c i e n t  a t  

the heater  f l u id -hea t e r  p l a t e  i n t e r f a c e  was s i g n i f i c a n t .  An approximate 

so lu t ion  t o  the energy equat ion,  due t o  M. Leveque (Regerence 12) y i e lds  

a  dimensionless heat  t r a n s f e r  c o e f f i c i e n t  a s  a  funct ion of a  dimension- 

l e s s  d i s tance  along the duct  f o r  hydrodynamically es tab l i shed  flows near 

the thermal entrance according to :  

This so lu t ion  has been experimental ly  v e r i f i e d  f o r  the  range of condit ions 

encountered i n  the t e s t s .  

This r e l a t i o n  was used u n t i l  a  l imi t ing  Nusselt  number of 

2.43 was reached and the Nusselt  number was assumed constant  a t  t h i s  

value a f t e r  t h i s  po in t .  This l imi t ing  value was taken from the so lu t ion  

f o r  thermally developed flow between p a r a l l e l  p l a t e s  wi th  one p l a t e  

i n su la t ed  and the other  a t  uniform temperature (Reference 13) .  The 

assumed Nusselt-Graetz r e l a t i o n  i s  p lo t t ed  i n  Figure 29. 

A l l  thermodynimic proper t ies  were assumed t o  be independent: 

of temperature except the hea t  capac i ty  of t he  g lycol  s o l u t i o n  used a s  

the hea ter  f l u i d  i n  some of the  t e s t s  (see below). The v a r i a t i o n  of t h i s  

property was approximated by a  l i n e a r  funct ion of temperature.  



111. Experimental Resul t s ,  Corre la t ion ,  Conclusions - 

Twenty-eight t e s t s  were performed on the  experimental 

sublimator u n i t s  -- providing a  wide v a r i e t y  of combinations of the 

three  porous p l a t e s ,  water o r  water-glycol hea ter  f l u i d ,  and various 

i n l e t  temperatures.  

The experimental da t a  obtained a r e  shown i n  Figures  30 

through 57 .  Also shown i n  these f igu res  a r e  the t h e o r e t i c a l  predic- 

t i ons  provided by the ca l cu la t ion  procedure out l ined  i n  s ec t ion  B . 1  

coupled wi th  the heat  t r a n s f e r  c o r r e l a t i o n  of Equation (56).  These 

t h e o r e t i c a l  p red ic t ions  were generated by the use of the  FORTRAN 

computer program l i s t e d  i n .  F i f t een  sub-segments were used i n  the  

model described i n  s ec t ion  B . I .  

The t e s t  r e s u l t s  c o r r e l a t e  we l l  wi th  the t h e o r e t i c a l  pre- 

d i c t i o n s .  The porous p l a t e  and hea ter  p l a t e  temperatures were observed 

t o  be genera l ly  higher than predicted.  This was an t i c ipa t ed  i n  l i g h t  

of s imi l a r  observat ions i n  some of the  previous t e s t s  on the e l e c t r i -  

c a l l y  heated modular u n i t s .  The explanat ion f o r  t h i s  discrepancy i s  

t h a t  the porous p l a t e s  a c t u a l l y  conta in  a  spectrum of pore s i z e s  

r a t h e r  than pores of uniform s i z e  a s  modeled. Many of the  pores a r e  

smaller than the  equivalent  median diameter used i n  the c a l c u l a t i o n s ,  

and many a r e  l a rge r .  As the  hea t  f l u x  i s  decreased, the  smaller  pores 

would tend t o  remain longer i n  c y c l i c  mode opera t ion  ( a t  the f reez ing  

point  temperature) and thus e x e r t  a  moderating inf luence  on the  tempera- 

t u r e  response of the  porous p l a t e  t o  heat f l u x  changes. 

The high conduct iv i ty  of the  porous p l a t e  ma te r i a l  precludes 

the  p o s s i b i l i t y  of s i g n i f i c a n t  temperature v a r i a t i o n s  between pores 

so t h a t  the pores a l l  operate  i n  the same mode. Because of t h i s ,  a t  

a given moderate heat  f l u x ,  small  pores operate  a t  a  lower temperature 

than ca lcu la ted  while  the  l a r g e s t  pores operate  a t  a higher temperature 

than ca lcu la ted .  The hea t  f l u x  through the small  pores i s  smaller than 

ca lcu la ted  and conversely f o r  t he  l a rge  pores. Consequently the  a c t u a l  

temperature response t o  hea t  f l u x  changes i s  determined by the shape of 



t h e  pore s i z e  d i s t r i b u t i o n .  

It  can be seen from t h e  graphs ,  F i g u r e s  30 t h r u  57 ,  t h a t  

t h e  d i sc repancy  between c a l c u l a t e d  and observed h e a t e r  p l a t e  tempera- 

t u r e s  i s  g r e a t e s t  f o r  low h e a t  f l u x  (low h e a t e r  f l u i d  i n l e t  t empera tu re ) .  

The e f f e c t  of moderated porous p l a t e  temperature  response becomes most 

important  a t  low h e a t  f l u x .  This  i s  because t h e  t h i c k n e s s  of t h e  i c e  

l a y e r  i n c r e a s e s  w i t h  decreas ing  porous p l a t e  temperature .  The therm,sl 

c o n d u c t i v i t y  of i c e  i s  much g r e a t e r  than  t h a t  of wa te r .  I f  t h e  ca lcn-  

l a t e d  porous p l a t e  temperature  i s  lower t h a n  observed,  t h e  c a l c u l a t e d  

i c e  t h i c k n e s s  w i l l  be g r e a t e r  than observed.  Thus, a t  low h e a t  f l u x ,  

any d i sc repancy  between t h e  c a l c u l a t e d  and a c t u a l  porous p l a t e  tempera- 

t u r e s  w i l l  lead t o  a  g r e a t e r  d i sc repancy  between t h e  c a l c u l a t e d  and 

a c t u a l  h e a t e r  p l a t e  temperatures .  

The porous p l a t e  temperature  d a t a  shows a  poorer c o r r e l a t i o n  

w i t h  p r e d i c t i o n s  t h a n  does t h e  o t h e r  d a t a .  I n  some i n s t a n c e s  t h e  

c o r r e l a t i o n  i s  q u i t e  good, whi le  i n  o t h e r s  i t  i s  q u i t e  bad. This  i s  

though t o  be due t o  problems encountered i n  welding t h e  thermocouple 

j u n c t i o n  t o  t h e  porous p l a t e  a s  mentioned above. 

I n  some t e s t s  t h e  c u r v a t u r e  of t h e  observed h e a t e r  p l a t e  

temperature  p l o t  i s  o p p o s i t e  t o  t h a t  of t h e  c a l c u l a t e d  h e a t e r  p l a t e  

temperature  p l o t .  This may have been caused by d e f i c i e n c i e s  i n  t h e  

thermocouple c i r c u i t s .  However, r epea ted  i n s p e c t i o n s  f a i l e d  t o  r e v e a l  

t h e  e x a c t  cause  of t h i s  d i f f i c u l t y .  

It i s  concluded h e r e  t h a t  t h e  method presented i s  adequate  

t o  p r e d i c t  t h e  performance of a  f l u i d - h e a t e d  porous p l a t e  sub l imator .  

It i s  suggested t h a t  t h e  bubble po in t  t e s t  desc r ibed  i n  

Reference 1 i s  n o t  a  good method of  measuring t h e  mean e f f e c t i v e  pore 

diameter  s i n c e  r e s u l t s  ob ta ined  by d i f f e r e n t  o p e r a t o r s  v a r i e d  g r e a t l y .  

I n s t e a d ,  i t  was found t h a t  b e t t e r  correspondence of r e s u l t s  could  be 

ob ta ined  i f  a  modular u n i t  t e s t  of t h e  kind r e p o r t e d  i n  s e c t i o n  A.V 

were performed and t h e  exper imenta l  d a t e  used t o  i n f e r  a  median pore 

diameter  by r e v e r s i n g  t h e  c a l c u l a t i o n s  of A.VL. 



PART C -- 

Program Summary and Conclusions 

Based on t h e  work desc r ibed  i n  t h i s  r e p o r t ,  t h e  fo l lowing  

summarizing s t a t e m e n t s  and conc lus ions  may be drawn: 

For Uniformly Heated Modular U n i t s  - 

1. The o p e r a t i o n  mode temperatures  of a  porous p l a t e  subl imator  a t  

a  s p e c i f i e d  h e a t  f l u x  can be p r e d i c t e d  by t h e  a n a l y t i c a l  methods pre-  

sen ted  here  i f  in fo rmat ion  concerning pore s i z e  and s i z e  d i s t r i b u t i o n .  

i s  a v a i l a b l e .  Agreement w i t h  exper imenta l ly  measured d a t a  was v e r y  

good. 

2. P l a t e s  w i t h  a  maximum pore s i z e  l e s s  t h a n  10 microns should be used 

t o  prevent  breakthrough when t h e  p l a t e s  a r e  h y d r o p h i l i c .  

3 .  It i s  important  t h a t  a  p r e s s u r e  w e l l  below t h e  t r i p l e  po in t  be 

mainta ined o u t s i d e  t h e  porousp la te  t o  i n s u r e  t h e  presence of i c e  i n  

t h e  sub l imator  o r  p l a t e .  This  i c e  h e l p s  t o  prevent  breakthrough. 

Arrangements t o  i n s u r e  t h i s  should be made i n  t h e  manifold des ign .  

4 .  Porous p l a t e s  w i t h  t h e  h i g h e s t  p o r o s i t y  f u n c t i o n  t h e  most e f f i -  

c i e n t l y  a s  hea t  r e j e c t i o n  d e v i c e s .  

5 .  Ground t e s t s  on sub l imators  w i t h  l a r g e  temperature  and d i s t a n c e  

between p l a t e s  w i l l  perform d i f f e r e n t l y  than  i n  space due t o  f r e e  

convect ion h e a t  t r a n s f e r  i n  t h e  water  chamber. 

6 .  Hydrophi l ic  p l a t e s  which o p e r a t e  w i t h  no i c e  i n  t h e  t e s t  chamber 

w i l l  remain e s s e n t i a l l y  a t  32OF over a  wide range of h e a t  f l u x .  



7 .  The pure s u b l i m a t i o n  mode i s  t h e  most d e s i r a b l e  s i n c e  i t  pro- 

duces  t h e  lowest  h e a t e r  p l a t e  temperature .  The low h e a t e r  temperature  

produces t h e  g r e a t e s t  p o t e n t i a l  f o r  h e a t  t r a n s f e r  from t h e  c o o l i n g  

f l u i d  . 

8. The h e a t e r  p l a t e  temperature  can be  k e p t  low by making t h e  water  

l a y e r  t h i n .  This  a l s o  reduces  t h e  danger of r u p t u r e  dur ing  f reeze -up  

s i n c e  t h e  d i s t a n c e  of expansion i s  p r o p o r t i o n a l  t o  t h e  l a y e r  t h i c k n e s s .  

9 .  Hydrophobic p l a t e s  a r e  u n d e s i r a b l e  t o  r e j e c t  ext remely l a r g e  h e a t  

f l u x e s  s i n c e  t h e  r e s u l t i n g  e v a p o r a t i o n  mode would produce high porous 

and h e a t e r  p l a t e  t empera tu res .  

For - Fluid-Heated U n i t s  

1. The modes of o p e r a t i o n  of f l u i d - h e a t e d ,  p r o t o t y p e ,  sub l imator  

u n i t s  a r e  adequa te ly  p ro t rayed  by t h e  mechanisms hypothes ized f o r  

t h e  modular u n i t s ,  a t  l e a s t  i n  the  c a s e  of h y d r o p h i l l i c  p l a t e s  a s  

t e s t e d .  
& 

2 .  The performance of a  f l u i d - h e a t e d  sub l imator  i s  w e l l  p r e d i c t e d  by 

t h e  c a l c u l a t i o n  scheme dev i sed  h e r e i n  i f  adequate  knowledge of t h e  

h e a t  t r a n s f e r  c o e f f i c i e n t  i s  known f o r  t h e  c i r c u l a t i n g  h e a t e r  f l u i d  

loop.  

3. Uniformly heaeed modular t e s t s  a r e  s u p e r i o r  f o r  e s t a b l i s h i n g  a n  

e q u i v a l e n t ,  median, uni form pore s i z e  i n  a p p l i c a t i o n  of t h e  p e r f o r -  

mance c a l c u l a t i o n  scheme than  a r e  bubble p o i n t  t e s t s .  
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T e m p e r a t u r e  OF 

3 2 

3 0 

2 5 

2 0 

15 

1 0  

5 

0 

-5 

- 10  

- 15 

-20 

-25 

-30 

-35 

-40 

TABLE 2 

S U B L I M A T I O N  DATA 

P r e s s u r e  p s i a  

0.0886 

0.0808 

0.0641 

0.0505 

0.0396 

0.0309 

0.0240 

0.0185 

0.0142 

0.0109 

0.0082 

0.0062 

0.0046 

0.0035 

0.0026 

0.0019 



TABLE 3 

EVAPORATION DATA 

T e m p e r a t u r e  O F  P r e s s u r e  p s i a  
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TABLE 5 

SPECIFICATIONS AND PROPERTIES OF 

ETHYLENE GLYCOL-WATER SOLUTION 

1. Dens i ty  67.5 l b m . / f t .  
3  

2 .  Sodium N i t r i t e  -10  t o  .25% by weight  

3 .  Sodium Benzoate 1 .33  t o  1.57% by weight  

4.  Water 36 t o  38.5% by weight  

5 .  Thermal Conduc t iv i ty  .22 ~ T U l h r - f t - O F  

6 .  S p e c i f i c  Heat Capac i ty  Approximately 

.67 + .008T BTU/lbm.-OF 

T i n  OF i n  t h e  range of 

T = O°F t o  T = 100°F. 



T e s t  

TABLE 6 

TEST CONDITIONS - FLUID HEATED UNIT TESTS 

Porous 
P l a t e  

Heater  
F l u i d  

Water 

Water 

Water 

Water 

Water 

Glycol  

Glycol  

Glycol  

Glycol  

Glycol  

Glycol  

Water 

Water 

Glycol  

Glycol  

Glycol  

Water 

Water 

Water 

I n l e t  
Temperature (OF .) 

C Water 7 0 

C Water 80 
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Water 

Figure 2 

Sublimator operating i n  t h e  Sub l imt ion  Mode 

Water 

Figure 3 

ope ra t i ng  i n  t h e  Waporation Mode 
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mo Pores Operating i n  the  Cyclic Mode 
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Porolas Plate and Heater Plate Temperatures vs. Heat Flux f o r  Plate 1 
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Heater Pla te  Temperature, Observed 
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Porous P l a t e  and Heater Pla te  Temperatures vs. Heat Flux for Plate 2 
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Porous P la te  and Heater P la te  Temperatures vs. Heat Flux for Plate3 
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Porous Pla te  and Heater Pla te  Ternpeg-atures vs, Heat Flux f o ~  P l a t e  
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Heater Plate  Temperature, Predicted 
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Pornus Plate and Heater Plate Temperatures vs. Heat Flux for Plate 5; 
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Figurn 14 

Porous Plate and Heater Plate Temperatures vs. Heat Flux for Plate  6 
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Heater Plate Temperature, Predf ctsd 

0 Porous Pla te  Ternperat ure, Observed 
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Porous Plate and Heater P la te  Temperatures vs. Heat Flux fo r  Plate 7 
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Pa:mus Plate and Heater Plate Temperatures vs, Heat Flux for Plate 8 
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Figure 20 

Electrically Heated T e s t  Module Set Up In The Vacuum Chamber 
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Distance Along Sublimator 

Figure 23 
bde:L Repr€Sentati~n of Fluid-Heated Sublimator Unit 



Divjlde Sublimator 
Tn%o Segnents 

I(S Est i rnaLe Heat Flux I 
Decrement Estimate of 

rature Within 

Y e s  

Calculate I n k  t 
Temperat!lle of Next 
Sement 

Figure 2b 

Performance Calculation Scheme for Fluid-Heated Unit 
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Photograph of Tm t lbpp an-atus 





Figure 28 
Photograph of Fluid-Heated Teat  Unlt 



Figure 29 

Heater P la te  Heat Transfer Correlation 
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- - ?om;ls P i a t e  Tc~peratzrc ,  Prcciictkd 

A Beater  F l u i d  Ti.mperature, O 3 s c ~ ~ e O  

Heater P l a t e  Tenpe rah re ,  Gocsr-red 

.g Porous P l a t e  Tcmperatuze, Obse*ed 

DISTANCE ALONG St'i3LIMATOR - fte 

rxgure 30 
Test No, h 

Predicted and Observed Tempe~zLurss vs. Distance 
f o r  Fluid-Heated Units 

Porous Pla te :  k 
Heater Fluid: Water 
Flow Rate : 21.8 ~ b m / ~ r  
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Heater P l a t e  Trr:;~:ya,?'L;;r-, Fred$ si;ed 90 

-. - - - - ? O ~ ~ L S  i)fa", ?~ce?crat.;re, *cdfct& 

A 2 e ~ ; t e r  Fluid ?'experatare, O&scp~ed 

Heater Pizte Tern?erat.Jre, \;jcapJct 

O L ~ ~ U S  Pla te  Texperakm, Ob3eyvc.d 
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DISTAKCE ALONG SUBLIMATOR f i e  

figure31 
Test, NO* 2 

PredLcted and Obs+moZ Tempc~stures vs. Distance 
f o r  Phid-Keated Units 

Porous Plate:  A 
Fieater Fluid: Water 
Flow Rate : 22 e.2 Lbm/Er 



- -  Heater Fluid Tezperature,  Prr,iieted 
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tieakr Plate Tcnpemture., Prc?dic+,cd 
- - -, - Pomus P i a t e  Terfipcrature, f r c d t c t L ~  

A H e a t e r  Fluid Temucrat ure, Obser8ed 

g) Heater P l a t e  Tem?erat.~re, 9brre~8ed 

0 Porous Plate Tenperaturn, Qbscrved 
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DISTANCE ALONG SUi3LIMATOR - fte 

Figure 32 
Test No. 3 

Predicted and Observed Temperztures vs. Distence 
for Fl-did-Heated Units 

Porous Plate: A 
Heater Fluid :: Water 
Flow Rate : 27.0 ~bm/Hr 
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- - A ? o : ~ d ~  PPla",e T c n ? e r ~ % ~ r s ,  *rdict& 

A Y e.zLkr F lu id  Yenperat ure, Obse-rvcd 

Q ?amus Plate Temperakw, Observed 
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i?ig.lD? 33 
Tesd: lJo. b 

Predicted. and Observe? Texpa~zi'curgs vs. Distance 
for Fluid-Heated Units 

Porous Plate: A 
:!eater Fluid : Water 
FlowRate :21,8 ~bm/Hr 



0 Fomss P l a t e  Tem?eratciz, Observed 
-0 fin 

Test No. 5 
Predicted and Observed Tenpe~ztures  vs. Distance 

f o r  Phid-Heated Units 

Pomus Pla te :  A 
Fieater Fluid: Water 
Flow Rate : 27.0 ~ b n / ~ r  



---- Heater F lu id  ' i 'cc:pzrat~re, Prccicceci 
9 4 

B e ~ t e r  ? l a t e  3cr.?eraature, Prcd: nsed 

-. - - ?oross P l a t e  ?em~er.zturc, i+cdict& 

A Heate r  Flu id  Te~pera tu re ,  O b s e ~ ~ e d  

(pEeater P la te  Tempsrature, C b s c r ~ e d  

Test No. 6 
Predicted and Obsewed Tenperztures vs. Distance 

f o r  Fluid-Heated Units 

Porous Plate: A 
Heater Fluid : water-Glycol 
Flow Rate : 29 .C ~bm/Hr 
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. fi"aL3r , 'i;te :'c,y:jpx.i%Lr,>, . ?;.,...- A y . 4 :  . .:Lp7 .- 
.- - - ?~ . -~us  ?late TE~.?c -~ ;~ -c ,  l r , -d  ic tCd 

A xc~a&.r Fluid 'T'. caperat  are, 0 5 s u r ~ c d  

~ e s t  No,. 7 
Predicted and Obsened T e ~ p a ~ a t u r s s  vs. Distance 

f o r  Fhid-Heated Units 

Pomus Plate: A 
Heater Fliiid : Wat er-Glycol 
Flow Rate : 26.2 Lb 
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Test No, 8 
Predicted and Obsemc-d Tcmpcrziture; VS. Distance 

for Fluid-Heated Units 

Pomus Pla te :  A 
Heater Fluid: Wate-Glycol 
Flow Rate : 2,5,6 ~ b m / ~ r  



---- h'eater F lu id  "ic.;:peratilre, i'r;:c:ict,ed 

P l a t e  T ~ ,  :n3 , p-- . , d t ~ r e , .  Friidl.(=v_~d 97 
.-. - - Tomus Pla", Tcr,nerztcrz, P ~ e d i c t e d  

A Hea+kr  F l u i d  Temperature, Observed 

Eeater Ff a t e  Temperature, Obsc r~cd  

figurz 38 
Test Roe 9 

Predicted and Observed Texpe~ztures vs, Distance 
for Fluid-Heated Units 

Pomus Plate: A 
Heater Fluid : Wat er-Glycol 
Flow Rate : 2608 ~ b m h  



- - Keh'@a',er F lu id  Tcx,~;:.:tr:,ttrc:, P;-,7:!'icted 

t.:eaf,er Pfz.',e T ~ ~ ? ~ i - a $ a l - + ,  Prsdtc-ted 98 

Porous P l a t e  Teapsratsrc, 2rcdicted 

A 3ezA&r F lu id  Temperat we, Ct'osci-~cd . Heater ff ate Tem?erature, 3bsarrc.4 

DISTANCE ALONG SUBLIYATOR - f i e  

r'Fig3I-e 39 
Test KO. 10 

Predicted and Observe6 T e n ~ e r ~ , 5 ~ r e  s vs, Distance 
f o r  Fluid-Heated Units 

Porous Plate: A 
Heater Fluid: Wate~Glycol 
Flow Rate : 3203 ~bm/m 



---- Heater Fluid Pe:,~?eratcre, Frcdicted 

Heater Plate T e ~ . p e r a t a r ~ ,  ?red: c;ed 9 9 

- - Porous P la te  Te.::per3tzrs, & e c l c t &  

A Heater F lu id  Tenperatare, OSserfed 

Yeater Pf ate Temperature, O b s e ~ ~ e c ?  

DXSTAKCZ AMNG Slti3LIMATOR - f't. 

iicig3~2 w 
Test Noc 11 

Predicted and Observed Tem9ersturss vs. Distance 
for  Fhid-Heated Units 

Porous Plate: A 
Heater Fluid : Watm-Gl~col 
FlowRate : 2900Lbm/m 



---- Heater Fluid Texperattire, ?rc:iini .-;,ed 

Heater Pla te  i 'en?era't~re, Predi.ct& 

- -- - Porons Pla te  Ter;..?erst~~e, i+edicteJ. 

A 3eater Flu id  Temperature, OSserfed 

Heater P la te  Ternseratare, C b s e r ~ e $  

0 P o m u s  P la te  Temperature, Observed 
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xgure 42 
Test No. 12 

Predfcted and Observe6 Tempe~ztures vs. 3istance 
f o r  Fluid-Heated Units 

Pomus Plate: B 
Heater Fluid: Water 
Flow Rate : 21.1 Lk%/Hr 



- -  Xcater Fluid Ccrr,,?erstiArc:, ?rcc:ict ed 

Heater P l a t e  Tempemtare, PreciS cted 101 
- - Pomss Plate Tenperatcre, P r c d t c t d  

A H e a t e r  Flu id  Temperature, O ' s s e ~ ~ e d  

Heater Plate  Tempersture, O S s e ~ ~ e 3  

~ P o m u s  P la te  Temperaturn, Observed 

DISTANCE AUNS SU3LIMATOR - ft . 
r'igcrre L2 
Test No, 13 

Predicted and Observed Tempc;.;lturss vs* Distance 
for Fluid-Heated Units 

Porous Plate: B 
Heater Fluid: Water 
Flow Rate : 338Lbon/Hr 
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Bcater P la te  Tcz?e,-;>,ire:, Ti-~id: cted 

- - Pcrrmous Piate Terr..;c.r~turc, P;.cc! LLcLeci 

A Eeater  F lu id  Te~~peerature, O b s e n e d  

Heater Pla-te Terqe~ature, C b s c ~ ~ c r ?  

Xgure 43 
Teat No. 1.4 

Predicted and Observed Ternpe~ztures VS. Distance 
for Fitrid-Heated Units 

Porous Plate: 13 
Fiea te r Fluid : Wat er- Glycol 
Flow Rate : 43 0.5 ~bm/Hr 



---- Heater Fluid Per;;icrz$~ye, ~ ; r c  -;let& 

Ee:iter Piate Ter.?era:,;?e,. i j r t a d :  zted 

,- , ----. - - Poro-~s P i a t e  Temgera t~rc ,  P ~ c d i c t d  

A Heater F lu id  T e x p r a ~ i r e ,  O ~ S O F J ~ ? ~  

Seater Plate Tenperatare, C h s c r ~ e d  

 porous Pla t e  Temperature, Observed 

DISTANCE AIDNG STJi3LIMATOR - ft, 
r'igu= b4 

Ted NO. IS 
Predicted and Observed Tenpersturns vs. Distance 

f o r  mid-Heated Units 

Porous Plate: B 
Iieater Fluid : Glycol 
Flow Rate : 3b.0 ~bm/Hr 



---- Hentcr Fiu-id Tcr..sisrnt,ri., ?rcc:ieted 
., cea te r  Pla te  '?crr.neraSarr, ?;-c?d$.cted 104 

,- , -. - - ?orous Pla te  TcrGnzrrrtxr~, f i e d i c t c d  

A Heater F lu id  Te;r.:)erat >re, O b s c r ~ e d  

Q Heater Plate Terr.;jerature, Qbscrred. 

0 Porous Pla te  Tempera tu~ ,  Observed 
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45 
Test No, 16 

Predicted and Observed Tem;>crzitures vs, 3istance 
f o r  Fl-did-Heated Units 

Porous Pla te :  B 
If ea ter Fluid : Wat er-Glycol 
Flow Rate : E 2 d  Lbm/Hr 



---- Keater F lu id  T e ~ ~ x r a t u r e ,  Predicted 

Heater  Plate  7"c~?erak~re,  Prt:di c ted 

-, - Pornus Plate Temperatcre, P r e d i c t d  

A Heater F lu id  Tenqerature, Obse-ved 

Heater Plate  Temperature, C o s e r ~ e d  

~ P o m u s  Plate Temperature, Observed 

DISTANCE ALONG SUBLIPATOR 

f igure 46 
Te& No* 17 

Predicted and Observed Tempersturss VS. Distance 
for Fluid-Heated Units 

Porous Plate: C 
Ifeater Fluid : Water 
Flow Rate : 2R,8 6,bmI~ 



---- Heater Fluid Tenperature, Predicted 

Heater P la te  Temperature, Predicted 106 

.- , - Porous P l a t e  Temperatura, .r"Tedicted 

A Heater Fluid Temperature, Obser~ed  

Heater P l a t e  Temperature, Observed 

~Pomus  Pla t e  Temperature, Observed 
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figure L7 
Test No. 18 

Predicted and Observed Temperztums vs. Distance 
for Fluid-Heated Units 

Pomus Plate:  C 
Heater Fluid : Water 
FlowRate : 29&L 



- - -  Heator Fluid Tezaerat~ye,  ?rcdicted 

Heater Pla te  Tempratare, Prc.dfcted I 

,-. - - - - ?0rous Plate Tc.r.?craturs, .9cd' ict& 

AHeater  Fluid Tenperature, Observed 

Heater Pla te  Temperature, C ~ F  .,t.med - 
O ~ ~ U S  Pla te  Temperaturn, Observed 

DISTANCE AMNG SUi3LIMATOR , fie 

Xgure li8 
Test No. 19 

Predicted and Observed Tex?n?crztuns vs. Distance 
f o r  Flufa-Heated U n i t s  

Porous Plate: C 
Heater Fluid: Water 
Flow Rate : ~brnhr 



' - - - - Heater Fluid Ter;;,?cratdre, Prc13ictea 

I i c ~ t e r  Plate Tenperatura, Pr;>di = ted  108 

- Porous PlaLe Tempcratcre, PrcciictLxi 

A Heater Fluid Temperatare, O b s c r ~ e d  

Heater P la te  Temperabare, Obser~ed  

~ P o r u u s  Plate Temperature, Observed 

xgure lr9 
Test Noc 20 

Predicted and Observed Temperzitures V S r  Distance 
for Fluid-Heated Units 

Porous Plate: C 
IIea t e  r Fluid : Water 
Flow Rate : a,1 ~bm/Kr 



---- Heater F lu id  Texperature, Predicted 

Beater Pla te  Tenperature, Predi  c ted 
- - Pornus P la te  Teniperature, &edict& 

Q Heater F lu id  Temperature, O b s e r ~ e d  

@ Heater Plate Temperature, G b s c r ~ e d  

Porous Plate Temperature., Obser~sed 

DISTANCE A M N G  SUBLIMATOR - f e e  

ag?4m 50 
T e s t  M, 21 

Predicted and Obsemed Temperz tu~s  vs, Distance 
for Fbuid-Heated U d t s  

Porous Plate:  C 
Heater Fluid : Pdat ea. 
Flew Rate r 3P,7 ~bm/* 



---- Eeatar  F lu id  Tenipcraturc, Predicted 

Heater  Pla te  T e ~ p e r a t u r e ,  Piat?di :ted l LO 
.- - -. - - Porous P l a t e  Tem?crature, Predict& 

A Heater Fluid Temperature, Obsel-red 

Heate r  Plate Temperature, Oosesved 

i?igure 51 
Test Noo 22 

Predicted and Observed Tempersturns vs, Distance 
for Fluid-Heated Unfts 

Porous Plate:  C 
Heater Fluid: WatesGlycal 
Flow Rate : 33@5 ~h/)fr 



- -  Heater Fluid Texperat:ire, Predicted 

Heater  P l a t e  TtnperaLuri ,  Prsdi.cted 111 
- - Porous P l a t e  Temperature, Predicted 

A Heater F lu id  Temperature, Obsewed 

Heater P l a t e  Temperature, Observed 

 porous Plate Temperature, Observed 

DISTANCE AXX)hTG SUBLIMATOR - ft a 
U 

Figure 52 
T e s t  !be  23 

Predicted and Obsenred Texperzitures vs, 3istance 
for FL-did-Heated Units 

Pomus Plate: C 
Fiea te r  Fluid : Wat er-Glycol 
Flow Rate r 33,s ~bn/Hr 



---- Heator Fluid Tcrn,~crature, Prczicted 

Heater Plate Ten.?eratiire, Pin~-dl cted 
.--- - Pornus Plate Ten?craturc, ?;.ecicLed 

AHea t e r  Fluid Temperat~re, O'oserved 

Heater P la te  Temperature, Observed 

 porous Plate Temperature, Observed 

DISTAXCE ALONG SUBLIMATOR - fie 

figure 53 
T e d  Noo 24 

Predicted and Observed Ternperstures vs, Distance 
f o r  3'1-did-Heated Units 

Porous Plate: C 
Ilea t e  r Fluid : Wat er-Glycol 
Flow Rate r 33.5; ~bm/Hr 



---- Heator Fluid Tczpcrat:irc, Pi.c.i;icted 

Iieater P la te  Ptmperilture, Prt.il',cted 

- , -, - - Porous Pla te  Texperature, P=.cdlcted 

A Heater F lu id  Teqaerat  ure, Observed 

Heater P la te  Temperature, O b s e r ~ e d  

 porous Pla te  Temperatun?, Observed 

DISTANCE ALONG SUBLIMATOR - ft. 

r'igum St 
Test No, 25 

Predicted and Observed Temperatures vs. Distance 
for Fluid-Heated Units 

Porous Plate: C 
Heater Fluid : Wat er-Glycol 
Flow Rate : 22e2 Lbmm 



- -  Hcater F lu id  Ternperaturc, i'rci.; i.cted 

Heater Pla te  Tenperatare, Predicted 

- - Porous P la te  Temporatiire, P red i c t ed  

A Heater Fluid Temperature, OSser.~eO 

Heater P la te  Temperahre, Obser~ed 

 porous Pla te  Temperature, Observed 

DISTANCE ATDNG SU8LIMATOR o ft. 

r"igum 55' 
Test NO* 26 

Predfcted and Observed Temperatures vs. Distance 
for Fluid-Heated Units 

Pomus Plate: C 
Heater Fluid : W a t  er-Glycol 
Flow Rate t 3 2 k l  Ebm/Hr 



---- Hcatcr F ld id  Tcr:Lx-rstii~c, r3r;aic bed 

Hcatcr PlsCe Tcx?e:-3tzre, Prcdl cced 

- - - Pomss Pla te  Tcrnpe;.at~~c, I+cdict& 
A Eeater F lu id  Temperat sre, i ) b s c ~ ~ e d  

8 Seater P la te  Tempe?ature, 3bscrrc2 

o b r o u s  Plate Temperatun, Observed 

DISTANCE A U X G  Slii3LIMATOR - fie 

Xgurs 56 
Ted Moo 27 

Predicted and Observed Tcnpcrztures vs, Distance 
f o r  Flaid-Heated Units 

Porous Plate: C 
Heater Fluid : Water-Glycol 
F l o w h t e  : 2 7 2  L ~ ~ H F  



- - - ----- Heaher F1ufd ?c:..,~:,-zii;r~~~ P;L,li~;ad 

F ~ a t e r  Pla te  Tcrs?erat:r~, Tr~df zted 

, , - Pomxs Plate T e y ~ c r z t ~ r c ,  2 r ~ d i c t e d  

A Heater F lu id  Te;r,sera"uure, O b s e r ~ e d  

Heater P l a t e  '?ea;ie2ature, Z 5 s c n z t  

0 ,?omus P la te  Tcx?zra%um, Observed 

DISTANCE AILING SUaLIMATOX - f i e  

r7igur-2 57 
Test Noo 28 

Predicted and Observed Te~peratures  vs, Distznce 
f o r  Fl;;id-Heated Units 

Porous Plate: C: 
Heater Fluid: Water-Glycol 
Flow Rate : 29,C LbnJHk 



APPENDIX I 

Bubble Po in t  Tes t  

This  s e c t i o n  p r e s e n t s  t h e  method used t o  determine t h e  

s i z e  of t h e  l a r g e s t  opening i n  a f l a t  porous p l a t e .  Procedure 

t o  g a i n  in format ion  concerning t h e  d i s t r i b u t i o n  of pore s i z e s  

i s  a l s o  p resen ted .  

A schemat ic  of t h e  a p p a r a t u s  used i s  shown i n  F igure  18. 

The i n l e t  l i n e  c a r r i e d  d r y  shop a i r .  Th i s  a i r  was f i l t e r -  

ed through a 0.45 micron a b s o l u t e  f i l t e r  (Gleman # Green 6N). 

Needle v a l v e s  (Whitey #IVS4) were used i n  t h e  l i n e  t o  c o n t r o l  t h e  

f low. A low range p r e s s u r e  r e g u l a t o r  (Matheson model $1 70) w i t h  

a n  ou t -pu t  p r e s s u r e  range from 0-5 p s i  was used t o  r e g u l a t e  t h e  

p r e s s u r e  i n  t h e  t e s t  chamber,. 

The t e s t  chamber c o n s i s t e d  of a square  phenol ic  c a v i t y  

w i t h  a phenol ic  clamp which was used t o  hold t h e  porous p l a t e  i n  

p l a c e .  The p ressure  i n  t h e  t e s t  sample was measured us ing a 

mercury manometer. 

The t e s t  procedure was i n i t i a t e d  by soaking t h e  p l a t e  

t o  be t e s t e d  i n  a l c o h o l  f o r  a t  l e a s t  15 minutes .  The p l a t e  

was then  removed from t h e  a l c o h o l  and clamped i n  t h e  t e s t  chamber, 

A t h i n  l a y e r  of a l c o h o l ,  a few m i l l i m e t e r s  t h i c k ,  was poured 

on t h e  top  s i d e  of t h e  p l a t e .  The p ressure  i n  t h e  c a v i t y  was 

then  inc reased  s lowly u s i n g  t h e  p ressure  r e g u l a t o r .  

The p ressure  a t  which t h e  f i r s t  bubble broke through 

was recorded  i n  rn Hg. This  p ressure  can be r e l a t e d  t o  t h e  

diameter  of t h e  l a r g e s t  pore s i n c e  it would r e l e a s e  bubbles  

f i r s t .  

The t e s t  was cont inued by i n c r e a s i n g  t h e  a i r  p r e s s u r e  

u n t i l  50% of t h e  p l a t e  s u r f a c e  was bubbl ing u s i n g  t h e  b e s t  

v i s u a l  e s t i m a t e .  This  p ressure  was recorded i n  rnm Bg. 

Because a l c o h o l  forms a c o n t a c t  a n g l e  of e s s e n t i a l l y  

z e r o  w i t h  n i c k e l ,  t h e  p r e s s u r e  d i f f e r e n c e s  which caused 



breakthrough and 50% coverage can be r e l a t e d  t o  t h e  maximum 

pore s i z e  and median pore s i z e .  This  i s  done us ing  

For a l c o h o l ,  t h e  va lue  of s u r f a c e  t e n s i o n  *is 1.292 X 

l b s / i n .  

The d a t a  from t h e  bubble t e s t s  on t h e  p l a t e s  i s  presented 

i n  Table 1. 



APPENDIX I1 

Cyclic Sublimation Mode i n  a  Per fec t  In su la to r  

The c y c l i c  mechanism i n  each pore can be considered i f  

the p l a t e  ma te r i a l  i s  a  per fec t  i n s u l a t o r .  As s t a t e d  i n  

Sect ion 111, the  c y c l i c  sublimation mode occurs when the p l a t e  

mater ia l  i s  hydrophil ic  and the heat  flow r a t e  i s  such t h a t  no 

i c e  can e x i s t  behind the porous p l a t e .  Thus water can en te r  

the pores,  f r eeze ,  and then sublimate from the  down stream end 

of the pores. The sublimation i n t e r f a c e  recedes i n  a  pore and 

the vapor pressure a t  the i n t e r f a c e  increases .  This process 

cont inues u n t i l  a l l  of the i c e  i s  sublimed or the vapor pressure 

goes above the t r i p l e  point  pressure.  When t h i s  happens, the 

i c e  w i l l  melt and the water w i l l  en t e r  the pore. Thds the cycle  

i s  completed and i n i t i a t e d  again.  

I f  the i c e  f i l l s  a  la rge  f r a c t i o n  of a  pore, the  subli.rnati.cn 

pa r t  of the  cucle  w i l l  be la rge  compared t o  the  f i l l i n g  and 

f reez ing  p a r t s .  The f i l l i n g  time w i l l  be sho r t  s ince  the water 

must only flow i n t o  the pore. The melting time w i l l  be small 

compared t o  the subl imation time s ince  the  hea t  requi red  t o  melt 

a  given quan t i t y  of i c e  i s  one-seventh the hea t  requi red  t o  

sublimate i t .  Because of t h i s ,  only the  recess ion  of the s u b l i -  

mation i n t e r f a c e  w i l l  be analyzed. The equat ions governing the 

temperature a s  a  func t ion  of time and pos i t i on  i n  a  pore w i l l  be 

formulated. One pore w i l l  be analyzed with the idea t h a t  the  

t o t a l  e f f e c t  could be obtained by adding the inf luence  of each 

pore with some appropr ia te  phase angle included f o r  each pore. 

A s i d e  view of a  pore during the sublimation pa r t  of 

t he  cycle  i s  shown i n  Figure 4.  I n  t h i s  f i g u r e ,  the  s c a l e  of 

the diameter t o  length i s  g r e a t l y  exaggerated. This pore can 

be modeled a s  a  s l a b  of ma te r i a l  wi th  f r eez ing  and sublimating 

i n t e r f a c e s .  An equat ion must be w r i t t e n  fo r  each phase of the 



s l a b  ; t h u s  

and 

The boundary c o n d i t i o n s  a r e  

and 

The energy r e l a t i o n s  a t  t h e  i n t e r f a c e s  a r e  

and 

The temperature  a t  t h e  water  i c e  i n t e r f a c e  i s  a l s o  known, 

I n  t h i s  fo rmula t ion ,  i t  i s  assumed t h a t  no h e a t  i s  t r a n s -  

f e r r e d  t o  t h e  w a t e r - i c e  c y l i n d e r  from t h e  p l a t e .  

The temperature  a t  t h e  sub l imat ion  i n t e r f a c e  has t o  be 

eva lua ted  from t h e  mass flow r e l a t i o n s h i p  u s i n g  t h e  f r e e  mole- 

c u l a r  flow p r e s s u r e  drop r e l a t i o n  from Equat ion (6 ) .  

The problem i s  terminated when f c=) z St%). This system 

i s  complicated and a  numerical  approach has been under taken.  

It should be noted t h a t  some i n i t i a l  temperature  d i s t r i -  

b u t i o n  must be provided b e f o r e  any s o l u t i o n  can be ob ta ined .  



An e x p l i c i t  f i n i t e  d i f f e r e n c e  r e p r e s e n t a t i o n  has been 

a p p l i e d  t o  a  s e t  of mesh p o i n t s  i n  t h e  x ,  t plane w h e r e ~ a k ~  

htt K and ( &,i ) r e p r e s e n t s  t h e  ~ o i n t  &= k, tx i k  , 
Using t h e  approximat ions  

and 

express ions  f o r  (11-1) and (11-2) become 

and ad= 4 4 c%) 

4 t%1<44 st%) 
The boundary c o n d i t i o n s  given ,by (11-3) becomes 

(11-12) T \ b a i l  - T { Z # ~ * )  s 

$T 2"V 
Kw 

The c a l c u l a t i o n  of -and  at poin t s  a d j a c e n t  t o  t h e  w 
w a t e r - i c e  i n t e r f a c e  and t o  t h e  sub l imat ion  i n t e r f a c e  i s  done 

u s i n g  an  unequal i n t e r v a l  f i n i t e  d i f f e r e n c e  approach given i n  

Reference 3 .  This i s  an e x p l i c i t  method which makes computation 

v e r y  convenient .  

Using t h i s  approach,  (11-5) becomes 

Z(i t tb-4t i  ) -'&_"rt~tii)) 3 ~ 4 ~  

I n  t h i s  e q u a t i o n ,  i s  t h e  X i n d e x  of t h e  l a s t  g r i d  po in t  

b e f o r e  t h e  i n t e r f a c e  i s  reached and f l i s  such t h a t  y k i s  t h e  

d i s t a n c e  from t h e  A-1 g r i d  po in t  t o  t h e  i n t e r f a c e  i n  the  x 
d i r e c t i o n .  



This equat ion  al lows the  pos i t i on  of t he  i n t e r f a c e  a t  a new 

time s t e p  t o  be ca l cu la t ed  from the  known q u a n t i t i e s  of t he  

previous time s t e p .  

A s i m i l a r  express ion  can be w r i t t e n  t o  r ep l ace  (11-6),  

name 1 y : 

( I 1  - 14) 

I n  t h i s  e q u a t i o n . d i s  t h e X  index of t he  l a s t  g r i d  point  

before  the  r i g h t  boundary i s  reached a n d w i s  such t h a t 4  i s  

the  d i s t ance  from t h e @ - \  g r i d  poin t  t o  t h e  boundary i n  t h e s L  

d i r e c t i o n .  

Using (11-14) and (6) we can w r i t e  

Ts ( 4  +t)  can then be ca l cu la t ed  using fit{+%)and equi l ibr ium 

pressure- temperature d a t a  f o r  t he  subl imation of i c e .  

These equat ions allow t h e  g r i d  poin t  temperatures and 

i n t e r f a c e  loca t ions  t o  be ca l cu la t ed  from the  d a t a  a t  t he  pre- 

ceding time s t e p .  Thus f o r  given i n i t i a l  cond i t i ons ,  i t  would 

seem t h a t  the  system could be evaluated a t  l a t e r  t imes by c a l -  

c u l a t i o n s  on a  d i g i t a l  computer. 

These equat ions  were programmed and run  on the  Burroughs 5500 

computer a t  Rice Un ive r s i t y  f o r  var ious  i n i t i a l  condi t ions .  O s -  

c i l l a t i o n s  i n  t he  subl imation temperature have occurred f o r  a l l  

runs.  

The use of an i m p l i c i t  boundary cond i t i on  a t  the  subl imation 

i n t e r f a c e  delayed the  o s c i l l a t i o n ,  bu t  d id  not  e l imina te  i t .  It 

i s  thought t h a t  an  i m p l i c i t  formulat ion of t he  e n t i r e  system 

might prevent t he  i n s t a b i l i t y .  

This approach was not  taken ,  however, s i n c e  i t  was seen 

t h a t  the  model presented here  does no t  r ep re sen t  t h e  phys ica l  

s i t u a t i o n  very  w e l l  f o r  t he  opera t ion  of a  r e a l i s t i c  subl imator .  



Because of t h e  l a r g e  v a l u e  of c o n d u c t i v i t y  of t h e  p l a t e  m a t e r i a l ,  

t h e  i n d i v i d u a l  pores  cannot  o p e r a t e  independen t ly  a s  d i s c u s s e d  in 

S e c t i o n  111. 



APPENDIX 111 

COMPUTER PROGRAM FOR FLUID-HEATED POROUS PLATE SUBLIMATOR 

PERFORMANCE CALCULATION 

DIMENSION TL ( l o ) ,  PL (10)  
PITNCH100 

1 0 0  FoRMAT(~~HPOROUS PLATE NO. 3 )  
PUNCH9 9 

99 FORMAT(76H I Y EMDOT TIN T 0 
C TS DELIC H XNGS VX TO 

READ10, (TL(1) ,I=l, 1 0 )  
READ1 1, (PL ( I )  , I=l, 1 0 )  

1 0  FORMAT(lOF3.0) 
11 FORMAT(lOF6.4) 

C GLYCOL PROPERTIES 
TIN=55.0 
EMDOT=2 8.8 
ROGLY=62.4 
ALPHA=. 0056 
CONGL=.349 
CPGLY=l . 0  
ENPOR=16E 8 
DD=5.25E-15 
DELPP= - 0 0 6 0  
DIFF=. 2 
BIT=. 0 2 5  
N=15 

C GEOMETRIC PROPERTIES 
XTOT= 1 . 2  
WIDTH=.167 
GLYTH=.0078 
TS=28.0 

C POROUS PLATE PROPERTIES 
T=TIN 
EN=N 
X-XTOT/EN 

C BASIC LOOP 
D06001=1,N 

C ITERATION FOR PS 
5 0  J = O  
6 0  J=J+1 

I F  (T'L ( J )  -TS) 3 0 1 , 3 0 2 , 3 0 3  
3 0 1  GOT060 
302  TS=TL ( J )  

P=PL ( J )  
GOT0 3 0 4  

3 0 3  P=PL(J-~)+((TS-TL(J-~))/(TL(J)-TL(J-~)))>~(PL(J)-PL(J-~)) 



COMPUTER PROGRAM FOR POROUS PLATE SUB LIMATOR 

PERFORMANCE CALCULATION (CONTINUED) 

304 ~ = 6 .  ~~*P*ENPOR/DELLP 
Q=Q* (10.0**6.0) 
DELIC=l. 13*(32.0-TS) /Q 
T0=32.0+(.064;iQ)-(3.1*(32.0-TS)) 
XI =I 
Y=(XI- .5)>kX 
VX=EMDOT/(ROGLY*GLYTHWIDTH) 
XNGZ= (ALPHA*Y) / (VX&GLYTH*GLYTH) 
IF(XNGZ-.04)17,17,18 

17 XNUS=((VX*GLYTH*GLYTH)/(ALPHA"~Y))**.~~~ 
GOT0 19 

18 XNUS=2.43 
19 H= (XNUS*CONGL) /GLYTH 

RP=1 . O/H 
TSTAR=TO+ (RPV) 
IF (ABS (TSTAR-T) -DIFF)4OlY4O1 ,402 

402 IF(TSTAT-T)501,501,502 
502 IF(TS-31.99)702,702,701 
702 TS=TS+BIT 

GOT050 
5 01 TS=TS -BIT 

GOT050 
701 TS=32.0 

Q=T-32.0) /RP+. 064) 
TO=T-RPJcQ 
P=. 0001 

830 DELICzl. 13*(32.0-TS/Q 
401 PUNCH4~,I,Y,EMDOT,TINyTyQyTS,DELICyHyXNGZyVXyT0 
41 FORMAT(I4,F7.3,F5.1,2F7.1,F8.2,F6.2,F6.4,F7.5,F8 

CF7.1) 
T=T- ( (Q%IDTH*x) / (EMDOT*CPGLY) ) 

600 CONTINUE 
STOP 
END 

n.05.010.15.20.25.30.32. 
.0105 .0240 .0309 .0396 .0505 .0641 .0808 .0886 




