
S T A B I L I T Y  C R I T E R I O N  F O R  T W O - P H A S E  

T R A N S P I R A T I O N  C O O L I N G  

V.  A .  M a i o r o v  a n d  L .  L .  V a s i l ' e v  UDC 532.546 

The stabi l i ty  c r i t e r ion  is  es tab l i shed  for  two-phase  t r ansp i ra t ion  cooling with p h a s e - t r a n s i -  
tion equi l ibr ium inside the po rous  wall.  

As an effect ive method of t h e r m a l  protect ion,  one now widely r e c o m m e n d s  the use  of l iquids which evap-  
o ra te  inside the cooled wall.  Two-phase  cooling o f fe r s  some excel lent  fea tures :  a high absorpt ion capaci ty  
of the coolant,  which is  due to evapora t ion  of the liquid and the subsequent superheat ing  of the genera ted  
vapor;  the re  is  no l imitat ion he re  on the t h e r m a l  flux density and on the shear ing  s t r e s s e s  at the outer  s u r -  
face; the d ischarging superhea ted  vapor  a l t e r s  the t e m p e r a t u r e  distr ibution in the outer  boundary l aye r  to 
such an extent that  convect ive heat  t r a n s f e r  to the su r face  abates  apprec iably ;  a t e m p e r a t u r e  r i se ,  within 
p e r m i s s i b l e  l imi ts ,  at the outer  su r face  does fu r the r  reduce  the convect ion of heat  and cause s  some of the 
heat  to be d iss ipa ted  into the ambient  space  by radiat ion.  

Despi te  these  obvious advantages ,  such a cooling s y s t e m  has  so f a r  r ema ined  comple te ly  unexplored.  
The reason  for  th is  i s  not a lack of r e s e a r c h  act ivi ty,  but that,  as  expe r imen t s  have revealed ,  a p r o c e s s  
with phase  t r ans fo rma t ion  inside a cooled wall i s  unstable  [1-6]. 

Among all the rmoteehnica l  devices ,  those with phase  t r ans fo rma t ion  of the act ive medium a re  mos t  
prone to unstable opera t ion whenever  a smal l  pe r tu rba t ion  of the p r o c e s s  p a r a m e t e r s  induces a t rans i t ion  
of the s y s t e m  f r o m  one s ta te  to a v e r y  different  o ther  s ta te  [9-13]. Bes t  known a r e  such types  of a p e r i o d i -  
cal ins tabi l i t ies  in thermotechnica l  devices  as  c r i t i ca l  boiling modes  and sudden wide f luctuat ions in the 
flow ra te  of the act ive medium in the hot piping s y s t e m  of pa ra l l e l - f low boi le rs .  

In an unstable two-phase  cooling s y s t e m  it is  imposs ib le  for  the boiling zone inside the porous  wall to 
s tabi l ize .  A resu l t  of a higher  heat  load is  that  the s t r e a m  of liquid which evapo ra t e s  at the su r face  be -  
c o m e s  rep laced  by a s t r e a m  of vapor .  The flow ra te  of coolant under  constant  feed p r e s s u r e  d e c r e a s e s  
fas t  and, under  heavy heat  loads,  th is  is  accompanied  by a burning of the wall. 

Ins tabi l i ty  under  opera t ing conditions typical  of m o s t  exper imenta l  t r a n s p i r a t o r s  bas ica l ly  a l t e r s  the 
s y s t e m  p e r f o r m a n c e  and gives  r i s e  to new dominant phenomena.  We still  have found no explanation for  the 
essen t ia l  c h a r a c t e r i s t i c s  of the s table  p r o c e s s  he re  and for  the way in which va r i ous  p a r a m e t e r s  affect  
them. According to the published evidence,  two s table  two-phase  cooling s y s t e m s  have been so f a r  deve l -  
oped success fu l ly  [6-8]. In both s y s t e m s  the s tabi l i ty  is  a t ta ined by the use  of a mu l t i l aye r  porous  s t r u c -  
tu re ,  but ideas  concerning the n e c e s s a r y  p r o p e r t i e s  of individual l a y e r s  a re  vague.  As to the effect  of 
o ther  p a r a m e t e r s  on the p r o c e s s  s tabi l i ty ,  the authors  of [7] have made some  genera l  a s sumpt ions  which 
a re  val id for  all two-phase  s y s t em s .  

The lack of n e c e s s a r y  data per ta in ing  to the basic  t r ends  of the s table  p r o c e s s  he re  m a k e s  a thorough 
ma themat i ca l  descr ip t ion  and subsequent  compu te r - a ided  ana lys i s  imposs ib le .  

A logical  way out of this  s t a l emate  is  to develop a model  which would s impl i fy  the actual  p r o c e s s  but 
re ta in  all i t s  qual i tat ive c h a r a c t e r i s t i c s .  An ana lys i s  of such a model would r evea l  the main  cause s  of in-  
s tabi l i ty  in two-phase  t r ansp i r a t ion  cooling. The authors  have under taken to de te rmine  the conditions which 
cause  instabi l i ty  in two-phase  t r ansp i r a t ion  cooling. 
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Fig. 1. Phys ica l  model  of 
two-phase  t r ansp i r a t ion  
cooling. 

The physica l  model of s teady two-phase  t r ansp i r a t ion  cooling is 
shown in Fig. 1. A homogeneous plane porous  plate ,  ve ry  long and v e r y  
wide re la t ive  to i t s  th ickness  6, is  exposed to an outside t h e r m a l  flux of 
constant  density q. The coolant is  a liquid at an initial  t e m p e r a t u r e  T~.  
Under a constant  feed p r e s s u r e  P0, this  liquid is  oozed into the ambient  
med ium where  a given p r e s s u r e  P l  p reva i l s .  While flowing through the 
porous  wall, the liquid a b s o r b s  heat  and i ts  t e m p e r a t u r e  r i s e s  so that the 
local  t e m p e r a t u r e s  of liquid coolant and wail m a t e r i a I  r ema in  equal. 
Meanwhile,  the p r e s s u r e  in the liquid d e c r e a s e s .  As soon as  the coolant  
t e m p e r a t u r e  and p r e s s u r e  r each  Ieve l s  co r respond ing  to:-saturation, t he re  
occu r s  a phase  t r ans fo rma t ion .  Boiling is confined to a thin ( r e l a t ive  to 
the plate th ickness)  zone at a dis tance L f r o m  the inner  sur face .  The 
genera ted  vapo r  ab so rbs  heat  f r o m  the region between the boiling zone 
and the ou te r  sur face ,  whereupon, superheated ,  it d i scha rges  into the a m -  
bient space.  

On the bas i s  of th is  hypothet ical  mechan i sm,  two-phase  t r a n s p i r a -  
tion cooling can be desc r ibed  by a s y s t e m  of di f ferent ia l  equat ions which 
includes: 

the continuity equation 

the flow equation 

dO = O, (1) 
dX  

dP _ a~t G @  ~l G~ 

d X  p p 
(2) 

the energy  equation 

for  the liquid region 0 -> X > _co 

~"  d2t~ - -  6c '  dt---L~ = 0 (3) 
dX" d X  

)~1 d2tl - - O c '  dt~ = 0 (4 )  
dX  2 d X  

fo r  the p o r o u s - s o l i d  zone with liquid 0 _< X -< L 

)~ d2t2 - - -  Gc" dt~ = 0 
dX  2 dX  

(5) 

and for  the p o r o u s - s o l i d  zone with vapo r  L -< X <- 6. 

The boundary conditions r e p r e s e n t  the following a spec t s  of the p roces s :  the initial t e m p e r a t u r e  of 
the liquid is  s t ipulated as  

x = - - c ~  t0 = T~; 

At the inner  sur face  the t e m p e r a t u r e  and the t h e r m a l  flux r ema in  continuous: 

X =  0 t o =  t I = T O , ~,' dr~ dtl �9 
" "dX = ~'1 - - ~  , 

(6) 

(7) 

At the phase - t r ans i t i on  boundary the t e m p e r a t u r e  distr ibution is continuous but the t h e r m a l  flux changes 
by an amount n e c e s s a r y  for  comple te  evapora t ion  of the liquid: 

dt 2 )~ dtl 
X = L  t l = t 2 =  T~, )~2-~-~--  1 " - ~  = G r ;  (8) 

At the outer  sur face  the t h e r m a l  flux density,  the ambient  p r e s s u r e ,  and the m a x i m u m  t e m p e r a t u r e  at 
whieh the plate m a t e r i a l  ean sti l l  p e r f o r m  re l i ab ly  a re  all defined: 

9~ dt~ X = 5  q =  ~ - ~ ,  P = P l ,  T I < T ~ ;  (9) 
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The location of the phase - t r ans i t i on  boundary is found f rom the condition of equi l ibr ium boiling: 

X = L Pz = Ps (Tt)' (10) 

and this makes  the sys tem of equations for  our p rob lem closed.  

In wri t ing the boundary conditions, we have denoted the unknown t e m p e r a t u r e s  at the three  su r f ace s  
by T 0, T l, and T 1 respec t ive ly .  The m a x i m u m  pe rmi s s ib l e  t e m p e r a t u r e  at the outer  surface  T~ r e p r e -  
sents  the boundary condition for  integrat ing the continuity equation. Fo r  the s e c o n d - o r d e r  different ial  
equations of energy,  it is n e c e s s a r y  to st ipulate two boundary conditions: the density of the t he rma l  flux 
f r o m  outside and the initial coolant t empe ra tu r e .  At the in te r faces  one mus t  sat isfy the respec t ive  c o m -  
patibil i ty conditions. The p a r a m e t e r s  which govern  the design of a cooling s y s t e m  a re  the loading t he rma l  
flux density and the ambient  p r e s s u r e  as  well as the kind of coolant substance and i ts  initial t e m p e r a t u r e .  
We must  now se lec t  a porous  wail with c h a r a c t e r i s t i c s  which will ensure  that i ts  sur face  t e m p e r a t u r e  does 
not exceed the p e r m i s s i b l e  l imit  specif ied for  re l iable  pe r fo rmance ,  with a min imum poss ib le  coolant flow 
ra te  and at as  smal l  as poss ible  f luctuations of the other  governing p a r a m e t e r s .  F u r t h e r m o r e ,  the feed 
p r e s s u r e ,  the m a s s  flow ra te  of coolant, and the location of the boiling zone inside the wall a re  a lso  to be 
determined.  

The modified Darcy equation (2) accounts  for  f r ic t ional  drag (first  t e r m  on the r ight-hand side) and 
for  iner t ia l  drag (second t e r m  on the r ight-hand side) during the flow of a liquid through a porous  medium.  
The drag  coeff ic ients  (viscous f r ic t ion c~ and iner t ia l  drag/3) c h a r a c t e r i z e  a porous  s t ruc tu re  and do not 
depend on the kind of the f i l t ra t ing  liquid [14, 15], nor  on the t e m p e r a t u r e  of the ma te r i a l  [15-18]. Only 
s t ruc tura l  changes in the porous  m a t e r i a l  which occur  at high t e m p e r a t u r e s  will a l t e r  i ts  hydrodynamic  
c h a r a c t e r i s t i c s  [17]. 

Most effect ive for  cooling s y s t e m s  are  m e t a l - - c e r a m i c  m a t e r i a l s  produced f rom meta l  powder by 
compact ing and then sintering.  The drag  coeff ic ients  in such m a t e r i a l s  a r e  de te rmined  by the i r  poros i ty  
as  well as by the shape and the size of the original  powder gra ins .  Many data a re  avai lable  on the c o r r e l a -  
tion between the poros i ty  and the drag coeff ic ients  for  va r ious  meta l  c e r a m i c s ,  and modern  technology is 
capable  of producing porous  s t r u c t u r e s  to mee t  specif ied hydrodynamic  c h a r a c t e r i s t i c s  [18-23]. The ef -  
fect ive t he rma l  conductivity of two-phase  s y s t e m s  (liquid in porous  solid, vapor  in porous  solid) genera l ly  
depends r a the r  in t r ica te ly  on the s t ruc tu re  and on the kind of porous  ma te r i a l ,  a l so  on the p r o p e r t i e s  of 
the f i l le r  liquid [24]. The following s imples t  exp re s s ions  will be adequate for  a quali tat ive analys is  

)~ = L~(1-17)  ÷ ~'//; ~-1- ~.~ (I - - / 7 ) +  ~."//. (11) 

A c lo se r  look at exp re s s ions  (1)-(10) will r evea l  that this  model of two-phase  t r ansp i ra t ion  cooling is 
descr ibed  by a nonlinear  cIosed s y s t e m  of differential  equations.  The physical  p rope r t i e s  of the coolant  
which appear  in the flow equation and in the energy  equation a re  functions of both the t e m p e r a t u r e  and the 
p r e s s u r e ,  they a lso  change s tepwise  during phase t r ans fo rmat ion .  The location of the phase - t r ans i t i on  
boundary is, in turn,  found by solving these  equations on the p r e m i s e  that a phase  t r a n s f o r m a t i o n  and a 
change in t he rma l  flux at the sought boundary are  equivalent.  Finally,  the coolant flow ra te  is also one of 
the unknown quanti t ies  here .  

A p rob lem like this can be solved only by a numer ica l  method. Such a method will not y ie ld  the mos t  
impor tant  answer ,  however ,  namely  the range within which the p a r a m e t e r s  may va ry  without exceeding the 
l imi t s  of s table pe r fo rmance .  In th is  case ,  when the actual cooling p r o c e s s  becomes  unstable,  it is o s -  
c i l la tory  and quite different  f r o m  the theore t ica l  p r o c e s s  calcula ted with the same nominal  va lues  of the 
sy s t em p a r a m e t e r s  [25]. 

A der ivat ion of the s tabi l i ty  c r i t e r ion  r equ i r e s  a m o r e  genera l  approach but, at the same t ime,  our  
p roposed  method of ana lys i s  is  m o r e  thorough and m o r e  economical  in t e r m s  of computat ion t ime.  If the 
location of the phase - t r ans i t i on  boundary is a s sumed  known, then the flow equation and the energy equation 
will yield the p r e s s u r e  and the t e m p e r a t u r e  at that hypothetical  phase - t r ans i t ion  boundary.  These va lues  
of p r e s s u r e  and t e m p e r a t u r e  can then be r e p r e s e n t e d  by a point on the phase  d iag ram for  the given coolant.  
The locus of such points cor responding  to all  locat ions of the phase - t r ans i t i on  boundary inside a porous  
wall is  a continuous curve .  F r o m  the t rend of this  curve  re la t ive  to the sa tura t ion  line, we can draw con-  
clusions concerning the location of the phase - t r ans i t i on  boundary and concerning the s tabi l i ty  of the s y s -  
t em.  Only in a s table  s y s t em  can the phase - t r ans i t ion  boundary be located inside a porous  wall. 

The solution scheme becomes  even more  comprehens ive  and the resu l t s  will appea r  in analyt ical  
fo rm,  if the physical  p r o p e r t i e s  of each coolant  phase and of the wall m a t e r i a l  a r e  a s s u m e d  constant .  This 
does not diminish the genera l i ty  of the conclusions concerning the conditions fo r  p r o c e s s  stabil i ty.  
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T A B L E  1. P h y s i c a l  P r o p e r t i e s  of W a t e r  and W a t e r  
V a p o r  on the  S a t u r a t i o n  Line 

"r o' 
Ps' bar Ts, * C v;-  o" 

0,1 
1,0 

10,0 
!00,0 

48,83 
99,63 

179,88 
310,96 

242,0 
73,5 
17,7 
2,9t  

I ,45. lO a 
1,69.10 ~ 
1,76.102 
1,26. I0 ~ 

With a h y p o t h e t i c a l l y  f i xed  l o c a t i o n  of the  p h a s e - t r a n s i t i o n  b o u n d a r y  and a s s u m e d  c o n s t a n t  p h y s i c a l  
p r o p e r t i e s  of e ach  coo l an t  p h a s e  and of the  s o l i d  wal l  m a t e r i a l ,  the  t h e r m a l  p a r t  of the  p r o b l e m  b e c o m e s  
l i n e a r .  The e n e r g y  equa t i ons  (3)-(5) b e c o m e  l i n e a r  with c o n s t a n t  c o e f f i c i e n t s  b e c a u s e ,  a c c o r d i n g  to (1), 
the  r a t e  of c o o l a n t  f low i s  the  s a m e  t h r o u g h  any c r o s s  s e c t i o n  of the  wa l l .  L i n e a r  a l s o  i s  the  b o u n d a r y  c o n -  
d i t ion  (8) r e g a r d i n g  the  change  in t h e r m a l  f lux d e n s i t y  at  a f ixed  p h a s e - t r a n s i t i o n  b o u n d a r y .  The e n e r g y  
e q u a t i o n s  f o r  a l l  t h r e e  z o n e s  can be r e d u c e d  to a d i m e n s i o n l e s s  f o r m .  F o r  t h i s  p u r p o s e ,  i t  i s  n e c e s s a r y  
to i n t r o d u c e  a d i m e n s i o n l e s s  c o o r d i n a t e  x = x / 5  and d i m e n s i o n l e s s  g r o u p s  c h a r a c t e r i z i n g  the p r o c e s s  of 
t r a n s p i r a t i o n  coo l ing :  

G6c' G~c ' G6c" 
K o -  , K 1 -  , K s -  (12) 

A so lu t ion  of the  d i m e n s i o n l e s s  e n e r g y  e q u a t i o n s  with the  b o u n d a r y  c o n d i t i o n s  (6)-(9) wi l l  y i e l d  the  
s a m e  k ind  of e x p r e s s i o n  fo r  the  t e m p e r a t u r e  d i s t r i b u t i o n  in each :  

0o _ t 0 - -  T~ __ exp (Kex) 01 - tl - -  Tn exp (Klx) - -  I 
T o - -  T= T z - -  T O exp (Kll)  - -  1 

02. t 2 - T  z exp IK2 (x - -  I)] - -  I 
T 1 - -  T z exp [IG. (1 - -  l)] - -  1 

(13) 

The d i m e n s i o n l e s s  t e m p e r a t u r e s  have  been  de f ined  r e l a t i v e  to  the  t e m p e r a t u r e s  at  the  i n t e r z o n e  
b o u n d a r i e s :  

T O := T~ q {exp [1( 3 (l - -  1)] - -  G,} exp ( - -K a l )  (14) 
GC~ 

T t =: T= ~ q exp [K,. (l - -  1)] - -  Gr (15) 
Gc' 

T 1 = Tt q{1 - - e x p  [K~. ( l - -  1)]} (16) 
Gc" 

E x p r e s s i o n  (15) fo r  the  t e m p e r a t u r e  at  the  h y p o t h e t i c a l  p h a s e - t r a n s i t i o n  b o u n d a r y  i s  p a r t i c u l a r l y  n o t e -  
wor thy .  I t  wi l l  be r e f e r r e d  to a few t i m e s  aga in  in the  c o u r s e  of t h i s  a n a l y s i s .  

In the  only c a s e  w h e r e  i t  had  been  p o s s i b l e  to  a c t u a l l y  m e a s u r e  the  t e m p e r a t u r e  d i s t r i b u t i o n  in a t w o -  
l a y e r  p o r o u s  s t r u c t u r e  of a s t a b l e  coo l ing  s y s t e m ,  c l o s e  a g r e e m e n t  was  found with  the  r e s u l t s  of the  a n a -  
l y t i c a l  so lu t ion  in [6] by a m e t h o d  not  much  d i f f e r e n t  than the one p r o p o s e d  h e r e .  F o r  the  p u r p o s e  of c o m -  
p a r i s o n ,  t e s t  v a l u e s  r e f e r r e d  to the  s p a c e  c o o r d i n a t e  of the  p h a s e - t r a n s i t i o n  b o u n d a r y  w e r e  u s e d  in the  
c a l c u l a t i o n .  

The p r e s s u r e  at  the  p h a s e - t r a n s i t i o n  b o u n d a r y  can  be found by i n t e g r a t i n g  the  f low equa t ion ,  if  the  
coo l an t  f low r a t e  i s  known. In a s tudy  of t w o - p h a s e  coo l ing ,  one u s u a l l y  d e t e r m i n e s  the  f low r a t e  f r o m  the  
equa t ion  of hea t  b a l a n c e  at  the  o u t e r  s u r f a c e  [6, 26, 27]. One a s s u m e s  tha t  the  n e c e s s a r y  change  in the  
f low r a t e  i s  e n s u r e d  by r e g u l a t i o n  of the  f eed  p r e s s u r e .  Such a m e t h o d  of c o n t r o l  i s  f e a s i b l e  only  in s t a b l e  
s y s t e m s ,  h o w e v e r .  Within the  m o s t  s i g n i f i c a n t  r a n g e  of f low r a t e s ,  the  h y d r o d y n a m i c  c h a r a c t e r i s t i c s  of 
an u n s t a b l e  t h e r m o t e c h n i c a l  s y s t e m  a l s o  have  a s e g m e n t  with a n e g a t i v e  s lope ,  w h e r e  c o n t r o l  by r e g u l a t i n g  
the  p r e s s u r e  d rop  b e c o m e s  i n e f f e c t i v e  [9, 12]. 

B e f o r e  s p e c i f y i n g  s o m e  f low r a t e ,  we m u s t  e s t a b l i s h  the  b a s i c  t r e n d s  of c oo l a n t  f low with p h a s e  
t r a n s f o r m a t i o n  i n s i d e  a p o r o u s  wal l  u n d e r  s o m e  c o n s t a n t  p r e s s u r e  d i f f e r e n c e  P0--P1 b e t w e e n  i t s  s u r f a c e s .  
F o r  t h i s  p u r p o s e ,  we i n t e g r a t e  the  f low equa t ion  (2) o v e r  the  e n t i r e  wal l  t h i c k n e s s  and t ake  h e r e  in to  a c -  
count  the  cond i t ion  of con t inu i ty  (1) a s  wel l  a s  t h e  c o n s t a n c y  of the  d r a g  c o e f f i c i e n t s :  
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Fig. 2. Dimens ion less  m a s s  ra te  of coolant flow as a 
function of the location of the phase - t r ans i t i on  boundary,  
at Re =0.1:  1) P s = 0 . 1 b a r ;  2) P s = l b a r ;  3) P s  =10 
bars ;  45 P s  = 100 ba r s .  

Fig. 3. Dimens ion less  p r e s s u r e  at the p h a s e - t r a n s i -  
t ion boundary,  as  a function of the location of this  bound- 
ary ,  a t P s =  10 bars :  1) R e = 0 ;  2) R e = l . 0 ;  3) R e = o o .  
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The nonanalytic tabular  c h a r a c t e r  of the physical  p r o p e r t i e s  of the coolant in e i ther  s tate  m a k e s  it unfeas -  
ible to p e r f o r m  this integrat ion in c losed form,  espec ia l ly  since the actual  distr ibution of p r e s s u r e  and t e m -  
pe ra tu re  is  stil l  unknown. The p r o c e s s  would be ve ry  different qual i tat ively,  if the physical  p r o p e r t i e s  
were  a s sumed  constant  and cor responding  to some value of a governing p r o c e s s  p a r a m e t e r .  F o r  a cooling 
sy s t em with phase t r ans fo rmat ion ,  it s e e m s  mos t  appropr ia te  to r ega rd  i ts  s tate cor responding  to the a m -  
bient p r e s s u r e  P l  on the sa tura t ion line as  the r e fe rence .  In tegra t ing Eq. (175 and then dividing both s ides 
by 6v' (r = #/p') yields  

Po6r l + - - ~  (1 - - t )  - I - - -~--  l-i- ( 1 ,  - -  (18) 

where  l = L/6  is the d imens ion less  space coordinate  of the phase - t r ans i t i on  boundary and where the p r i m e  
('5 and the double p r i m e  (") r e f e r  to the physical  p rope r t i e s  of the liquid and the vapor ,  respec t ive ly ,  on 
the sa tura t ion line. The f i r s t  and the second t e r m  inside b racke t s  r e p r e s e n t  the contr ibution of the liquid 
component  and the vapor  component,  r espec t ive ly ,  to the v iscous  drag (first  b racke t s )  and to the iner t ia l  
drag (second bracke ts ) .  The o rde r  of magnitude of these  components ,  a s suming  the two zones to be of 
equal lengths (l = 1/2), can be e s t ima ted  f rom tabulated data [28]. 

With the appropr ia te  notation 

m- -  l--}-  ( l - - l )  , n :=  l-l- ( l - - l )  , 

G1 fi (19) 
GI__.Po--P1 , Re-- 

6r " ,u" 

we can now conveniently e x p r e s s  the flow equation in t e r m s  of the d imens ion less  flow ra te  g = G/G 1 and the 
Reynolds number :  

I == gm+ g2n Re. {205 

T h e  physical  meaning of p a r a m e t e r  G 1 is the flow ra te  of liquid in the Darcy  mode, while the R e y -  
nolds number  may  be r ega rded  as  m e a s u r i n g  the ra t io  of iner t ia l  drag force  to v i scous  drag force  during 
the flow of liquid through a porous  wall.  The cha rac t e r i s t i c  dimension of a porous  s t ruc tu re  is then [3/a, 
which r e p r e s e n t s  the ra t io  of the r e spec t ive  drag  coeff icients .  
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After  mathemat ical  t r ans format ions  analogous to the preceding ones, we determine the p r e s s u r e  at 
the phase- t rans i t ion  boundary according to the express ion 

Po ' -  P~ = gl -i- g21 Re. (21) 
Po -- PI 

In order to comprehend the results obtained by the solution of Eqs. (20) and (21'), let us consider the 
example of water filtrating through a plate of stainless steel, 6 = 5 mm thick with a porosity II = 20%. The 
values of the drag coefficients (viscous drag ~ = 3.5.1013 m -2, inertial  drag/~ = 1.2" 108 m -t) a re  taken f rom 
the data in [18]. 

Both the specific rate of coolant flow (solution to Eq. (20)) and the p re s su re  at the phase- t rans i t ion  
boundary (21) are  functions of the p a r a m e t e r s  l, v " /v"  O'/P", /~', 7',  and Re. The physical  p roper t i es  of 
liquid and vapor are  uniquely determined by the saturat ion p res su re .  The effect of ambient p r e s s u r e  on the 
relation between the dimensionless  mass  flow rate and the location of the phase- t rans i t ion  boundary is shown 
in Fig. 2. The most  significant feature of the p rocess  is revealed here ,  namely the sharp decrease  in the 
coolant flow rate during a slight widening of the evaporation zone f rom the outer surface (l = 1) inward 
while the feed p r e s s u r e  is held constant.  It is ve ry  difficult to ensure  effective control  of the flow rate dur -  
ing phase t ransformat ion  within a thin surface layer  under such c i rcumstances .  Raising the sys tem p r e s -  
sure will cause the flow rate to vary  more  smoothly. 

The rat ios  of p r e s s u r e  drops a c r o s s  the liquid zone and the vapor  zone respect ively  during the fl0w of 
coolant, according to Eqs. (20) and (21), are  shown in Fig. 3 for  an ambient p r e s su re  of 10 bars .  The con-  
tribution of the liquid zone to the total drag in the plate is negligible, even when the vapor  zone becomes  
na r rower .  This t rend is more  pronounced at higher values of the Reynolds number,  which cha rac t e r i ze s  
a t ransi t ion to an inertial  flow mode. 

The resul ts  obtained here  become par t icu lar ly  significant in view of the opposite direct ions in which 
the liquid zone and the vapor  zone affect the p rocess  stability. The viscos i ty  of the liquid decreases ,  as 
the t empera tu re  r i ses ,  while the v iscos i ty  of the vapor  increases .  When a plate is cooled with a one-phase 
liquid, then a small  increase  in the heat load will cause the wall t empera ture  to r i se  and thus the v iscos i ty  
of the liquid to drop. The drag dec reases  then and the flow rate increases  till equilibrium has been reached.  
The effect will be opposite in the vapor zone. A small  t empera tu re  r i se  causes  a drop in the vapor  flow 
rate,  which allows the t empera tu re  of both vapor  and wall to r ise  further.  

With the variabi l i ty  of the physical  proper t ies  of the coolant taken into account in the integration of 
the flow equation, the result ing relat ions must  be quantitatively adjusted. Such p roces s  pecul iar i t ies  as 
the sharp decrease  in the flow rate during deeper penetration of the boiling zone, the major  contribution 
of the vapor  zone to the total drag in the plate, and the effect of the sys tem p r e s s u r e  as well as of the flow 
modes become so prominent  now as not to be subject any more  to any substantial qualitative changes. 

Comparing the p r e s s u r e  according to (21) and the t empera tu re  according to (15) at the phase - t r ans i -  
tion boundary, one can see that they are  both determined not only by the given sys tem p a r a m e t e r s  but also 
by the location of that phase- t rans i t ion  boundary: its space coordinate l appears  in each equation ei ther  
explicitly, or implicitly in t e r m s  of the flow rate G(/). This hypothetical coordinate of the p h a s e - t r a n s i -  
tion boundary is then another p a r a m e t e r  and can assume all values on the closed interval  l~ [0, 1]. The 
thus establ ished pa rame t r i c  relat ion is conveniently written in shorthand: 

P~ --= Pt (T~). (22) 

The specific fo rm of this relat ion is determined by the p roces s  pa rame te r s .  Let us examine a few 
possible var iants  at low values of the Reynolds number.  We select  a plate 5 = 5 mm thick with a porosi ty  
II = 20% and with drag coefficients which depend on the v iscos i ty  according to the data in [18]. Let the a m -  
b i en tp re s su re  be Pl  = 10 bars .  The plate is cooled with water so that, with the phase- t rans i t ion  boundary 
located at l = 0.95, the Reynolds number  is Re = 0.1 and constant.  The neces sa ry  p r e s s u r e  drop is found 
f rom relation (19) to be P0--Pl  = 1.25 bar.  The specific flow rate of water  is then G = 1.9 k g / m  ~" sec and 
the p re s su re  drop a c r o s s  the liquid zone is found f rom relation (21) to be P0--Pl  = 0.433(P0--P~). The 
p r e s s u r e  Ps  = 10.7 ba r s  at the phase- t rans i t ion  boundary cor responds  to a saturat ion t empera tu re  T s 
= 182.8oc. 

We now cons ider  three var iants  with different loading thermal  flux densities: ql -- 3.5" 107 W/m 2, q2 
= 1.8.107 W/m 2, and q3 = 0.83" 106 W/m 2. The effective thermal  conductivity of the vapor-- (porous)sol td  
system, with which the phase- t rans i t ion  boundary located at l = 0.95 will be in equilibrium, is found f rom 
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Fig. 4. P r e s s u r e  as  a function of the t e m p e r a t u r e ,  at the p h a s e - t r a n -  
sit ion boundary in the th ree  sys t ems :  1) q = 3.5- 107 W/m 2 and ~ = 0 . 8 5  
W / m .  ~ 2) q = 1.8" 107 W/m s and ~ = 1.0 W/m"  ~ 3) q = 0.83- 107 
W / m  s and ~ = 2.6 W/m"  ~ 4) sa tura t ion  line. 

Fig. 5. Blown up port ion of Fig. 4: solid l ines  1 and 3 r e p r e s e n t  a 
quiescent  state,  dashed l ines  r e p r e s e n t  a s tate  under  a sl ightly d e c r e a s -  
ing heat  load, dashed-dot ted  l ines  r e p r e s e n t  a s ta te  under  an inc reas ing  
heat  load. 

Eq. (15) for  T l = T s = 182.8~ to be h2,1 = 0.65 W/re .  ~ ~,2 = 1.0 W/m"  ~ and X2, ~ = 2.6 W/ re .  ~ r e s p e c -  
t ively.  

T h e t e m p e r a t u r e - - p r e s s u r e  re la t ion in the hypothetical  zone of phase  t r an s fo rma t ion  is  shown in Fig. 
4 fo r  the th ree  va r ian t s .  One coordinate  here  is  the d imens ion less  p r e s s u r e  at the phase - t r ans i t i on  bound- 
ary ,  de te rmined  according  to Eq. (21). Fo r  comprehens iveness ,  we have a lso  shown here  the c o r r e s p o n d -  
ing d imens ion less  space coordinate  of the phase - t r ans i t i on  boundary.  The re la t ion between this d imens ion-  
l e s s  space coordinate  and the d imens ion less  p r e s s u r e  r e m a i n s  the s ame  for  all the th ree  modes  cons idered  
here .  The other  coordinate  is  the d imens ion less  t e m p e r a t u r e .  It is  convenient to r e p r e s e n t  the t e m p e r a -  
ture  at the phase - t r ans i t i on  boundary in this  way, because  express ion  (15) can then be reduced to 

Cv ~ (T t - -T~)  qexp [Ko(I I)] ~ 1. (23) 
r Gr 

In r e f e r r e d  coordinates ,  the sa tura t ion  line 4 becomes  a lmos t  ver t ica l :  a p r e s s u r e  drop a c r o s s  
the plate P o - - P l  = 1.25 bar  at P l  = 10 b a r s  co r r e sponds  to a change in the sa tura t ion  t e m p e r a t u r e  AT s 
: 5.2~ or  h T s ( c ' / r  ) = 0.011 in d imens ion less  coordina tes .  

All th ree  cu rves  in te r sec t  the sa tura t ion  line at one point, but the i r  s lopes  at this  point and the i r  
t r ends  beyond it a re  different .  F u r t h e r m o r e ,  according to curve  2, in the second mode the phase  t r a n s i -  
tion boundary may  be located not only at 1 = 0.95 (point a) but a lso  at l =.0.4 (point b). 

In o rde r  to locate  the phase=t rans i t ion  boundary without ambiguity,  we es tab l i sh  a re la t ion  between 
the s tabi l i ty  of the s y s t e m  and the mode of in te rsec t ion  of the p r e s s u r e - - t e m p e r a t u r e  curve  with the s a t u r a -  
tion line within the zone of phase  t r ans fo rma t ion .  Let the loading t he rma l  flux density on s y s t e m s  1 and 3 
drop suddenly by a smal l  amount  (by 5% of the initial level) .  Under the new s t eady- s t a t e  conditions, then, 
the t e m p e r a t u r e  in the hypothetical  p h a s e - t r a n s f o r m a t i o n  zone drops  a lso  and a s s u m e s  va lues  r e p r e s e n t e d  
by the dashed l ines 1" and 3* r e spec t ive ly  in Fig. 5. At the instant  when the t h e r m a l  flux density changes,  
the l iquid--vapor  in te r face  is  located at  point a. As the heat  load d e c r e a s e s ,  the amount of heat  input to the 
p h a s e - t r a n s f o r m a t i o n  zone becom es  insufficient for  comple te  evapora t ion .  If  the liquid had evapora ted  
comple te ly ,  then the t e m p e r a t u r e  in the evapora t ion  zone tenta t ively  r e p r e s e n t e d  by point a* would have 
been below the sa tura t ion  point a. The phase - t r ans i t i on  boundary moves ,  t he re fo re ,  toward  the outer  s u r -  
face of the plate and this  is  accompanied  by an i nc rea se  in the coolant  flow ra te  (curve 3 in Fig. 2 g ives  an 
indication about the change in the coolant  flow ra te  in the th ree  c a s e s  cons ide red  here) .  The subsequent  
t r end  of the p r o c e s s  is  de te rmined  f r o m  the mode of in te rsec t ion  between cu rves  1 or  3 and the sa tura t ion  
line at  point a. 
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It follows f rom Eq. (16) written as 

qexp [K~ ( l - -  I)] = q- -qc" (T  1 - -  Tz) , (24) 

that the numera to r  in the f i rs t  t e r m  on the r ight-hand side of Eq. (23) for  the t empera tu re  at the hypotheti-  
cal phase- t rans i t ion  boundary rep resen t s  the thermal  flux density at this boundary. 

If the displacement of the phase- t rans i t ion  boundary is accompanied by an increase  in the heat load 
on it which is fas te r  than the inc rease  in the heat neces sa ry  for evaporating the fast  increasing coolant 
m a s s  (denominator on the r ight-hand side of Eq. (23)), then the t empera tu re  at the hypothetical phase-  
t ransi t ion boundary will increase  and a new steady state will be established with an equil ibrium mode of 
phase t ransformat ion .  The phase- t rans i t ion  boundary in sys tem 1 will move by a small  distance to a new 
location at an equil ibrium tempera tu re  represen ted  by point h. The tempera tu re  change in the evaporation 
zone during this t ransi t ion to the new state is tentatively represented  by the line a--a*--h.  

The amount of heat load on the moving phase- t rans i t ion  boundary in sys tem 3 inc reases  slower than 
the amount of heat n e c e s s a r y  for evaporating the fast increas ing coolant mass .  The phase- t rans i t ion  bound- 
ary  will move all the way to the outer surface of the plate. The coolant flow rate now exceeds the flow rate 
based on complete evaporation.  

If the thermal  flux density inc reases  by a small amount, then the phase- t rans i t ion  boundary in sys tem 
I moves deeper inward t o a n e w  location. The equilibrium tempera ture  of phase t ransformat ion  is r e p r e -  
sented here  by point f. In sys tem 3, on the other hand, a small  increase  in the density of the loading the r -  
mal flux will cause a continuous displacement  of the phase- t rans i t ion  boundary toward the inner surface of 
the plate. During boiling much more  vapor  appears  at the inner surface than is t ransmi t ted  through the 
plate. 

The sys tem can also be dislodged f rom its initial state by small fluctuations of the ambient p r e s s u r e  
or  the feed p r e s su re .  

The mode of intersect ion between curve 1 and the saturation line cha rac t e r i ze s  a stable sys tem of 
two-phase t ranspi ra t ion  cooling where a small  perturbat ion of the p rocess  p a r a m e t e r s  causes  a t ransi t ion 
to a new stable state near  the original  one. In sys tem 3, a small  such perturbat ion causes  a t ransi t ion to 
a new state much different f rom the original one. System 3 is unstable. 

Considering that during evaporat ion d P s / d T  s > 0, we may formulate  the stability c r i te r ion  as follows: 
in o rder  that a p roces s  of two-phase t ranspi ra t ion  cooling be stable, it is n e c e s s a r y  that the tangent to the 
p r e s s u r e - - t e m p e r a t u r e  curve at the hypothetical phase- t rans i t ion  boundary be s teeper  than the tangent to the 
saturat ion line at the operat ing point. This can be stated mathemat ical ly  as 

dPl dPs dPl ~>0; dPs dPz dPz 
dT-~7" >" d"-~s' if dT, "7~- s- > - ~ z  ' if dTz ,< O. (25) 

F r o m  the relat ions derived here,  it is  possible to find the range of p a r a m e t e r  values within which a 
stable pe r fo rmance  of a two-phase t ranspi ra t ion  cooling sys tem is ensured.  
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ts a dimensional space coordinate;  
is a dimensionless  space coordinate;  
ts the dimensional flow rate of coolant; 
ts the dimensionless  flow rate of coolant; 
ts the dimensional space coordinate of the phase- t rans i t ion  boundary; 
ts the dimensionless  space coordinate of the phase- t rans i t ion  boundary; 
ts the plate thickness;  
ts the feed p ressu re ;  
is the ambient p res su re ;  
ts the loading thermal  flux density; 
ts the coefficient of v iscous  drag; 
is the coefficient of inert ial  drag; 
are  the t empe ra tu r e s  at the charac te r i s t i c  surfaces;  
are  the dimensionless  t empera tu res ;  
is the poros i ty  of the wall mater ia l ;  
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is  
is 

v is 
p is 
c is  
r is 
G 1 is  
Re is  

S u b s  

the thermal  conductivity; 
the dynamic viscosity;  
the kinematic viscosi ty;  
the density; 
the specific heat; 
the total heat of evaporation; 
the specific ra te  of coolant flow in the Darcy mode; 
the Reynolds number.  

e r i p t  

s r e f e r s  
1 r e f e r s  
M r e f e r s  
(') r e f e r s  
C) r e f e r s  

s a n d  S t ~ p e r s c r i p t s  

to the saturat ion line; 
to values  of p a r a m e t e r s  at the hypothetical phase- t rans i t ion  boundary; 
to the plate mater ia l ;  
to the physical  p roper t i e s  of the l iquidon the saturat ion line; 
to the physical p roper t i e s  of the vapor  on the saturation line. 
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