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Investigations into the behavior of vapor -gas  bubbles in ar te ry  channels have been conducted to 
analyze the capabilities of low-temperature increased-power heat pipes. A method for removing 
the bubbles from the a r te ry  system is suggested and experimentally confirmed. 

The working liquids of low-temperature heat pipes have very fair  thermophysical properties.  The hydro- 
dynamic pressure  losses in the liquid usually dominate in the total pressure  drop along the l iqu id-vapor - l iqu id  
circuit. Therefore ,  it is an important task in increasing the heat transfer for such pipes to develop a high- 
efficiency capillary structure which, on the one hand, would have a large capillary head, and on the other hand, 
low resistance to condensate flow. The perfect  solution to this problem would be ar ter ia l  capillary systems in 
which these two factors are not interdependent. 

Low-temperature ar ter ia l  heat pipes have already found use in the space research  field [1-3], where the 
absence of gravity facilitates the process of filling the ar ter ies  with liquid. However, wide use of these capil- 
lary systems is limited by a number of difficulties, which have not as yet been finally resolved. The main 
problem is the matter  of continuously filling the ar ter ies  with liquid heat- t ransfer  agent, and the associated 
problem of removing (or dissolving) vapo r - ga s  bubbles [4, 5], as well as the matter  of stable operation of 
heat pipes with this type of capillary system [6]. 

1. Theoretical  Analysis of the Equations of State for Vapor -Gas  Bubbles. Vapor -gas  bubbles can form 
when the wick is being filled with condensate, and also during startup and operation of heat pipes. The mech- 
anism for formation of bubbles, arising during the filling of the wick with heat t ransfer  agent, has been des- 
cribed in [7]. In gas-filled pipes, bubbles can also be formed during operation of the pipe because of desorp-  
tion, boiling or oscillations of the vapor-gas front in the condenser [6, 8, 9]; i .e. ,  even though the ar tery  
filling process has not generated bubbles, the introduction of noncondensible gas into the tube may cause a drop 
in its heat t ransfer .  Experimental proof of this phenomenon was presented in [8]. 

We require to find the main cri ter ia  governing the behavior of vapo r -gas  bubbles. In the analysis it is 
desirable to use the same principles which were used by the author of [10] in determining the cr i ter ia  for boil- 
ing on a surface. The size of the bubble, the concentration of gas in the bubble, the temperature superheat,  
and also the gravitational and circulatory pressure  drops in the heat pipe determine the growth, equilibrium 
or collapse of a bubble. The mechanical equilibrium equation at the vapor- l iquid  interface in the bubble has 
the form 

PuB q- Pg~s : Pl q- AP~. (i) 

The partial vapor pressure  in the bubble is given by the relation 

PuB : Pl + hPi, (2) 

where ~Pi  is the excess vapor pressure  due to the temperature superheat ATB of the liquid surrounding the 
bubble, and also to the gravitational and circulatory pressure  drop 

AP i = APg -I- AP z q- AP r. (3) 

The sum of the gravitational and circulatory pressure  drops can be expressed in terms of the effective 
radius Ref of curvature of the meniscus at the interphase boundary in the ar tery-vapor  channel: 

(~ (4) 
h P g  + A P  z - -  Ref 
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Fig. 1. The forces  acting on a v a p o r - g a s  bubble as a 
function of the radius R. 

Fig. 2. The tempera ture  dependence of the function 
~(T) for  the hea t - t r ans fe r  agents Freon  14 and Freon22.  
The quantity T /Tc r  is the relat ive tempera ture .  

The p re s su re  drop due to overheat  can be approximated by the express ion  

A P t =  ( aP '1 ATe. 
\ aT ./~ " 

(5) 

Thus,  the excess  vapor  p r e s s u r e  can be represented  in the fo rm 

AP~-- o ~_( OP ) 
- Ro--T' -a-g- AT . 

�9 s 

By introducing the excess  p r e s s u r e  of the v a p o r - g a s  mixture 

Pi - AP, + Pz~s' 

Eq. (1) for the mechanical  equilibrium can be wri t ten in the fo rm 

AP~ = AP~. 

The state of a spherical  v a p o r - g a s  bubble is given by the C lapeyron-Mende leev  equation 

P = b/R a, gas  

where 

(6) 

(7) 

(s) 

(9) 

3R, mT o = - u s  �9 ( l o )  

Taking into account the las t  re la t ions ,  Eq. (8) takes the form 

b 2a 
Ap~ + R- G- = - ~ - .  (11) 

If the excess  vapor  p r e s su re  AP i --< 0, the last  equation has the unique solution R = R1, which descr ibes  a stable 
state of the bubble. A bubble fo rmed during charging has a stable form.  If AP i > 0, Eq, (11) has two solutions 
in a specific range of the quantities b and APi:  R1 and R 2 (Fig. 1), where R 1 cor responds  to a stable bubble, and 
R 2 to an unstable equil ibrium of the bubble. Thus,  all v a p o r - g a s  bubbles with radius R < R 2 have a stable 
shape R = R1, and for R > 1:{ 2 there will be unlimited growth. When there is no gas in the bubble Eq. (11) has 
the s impler  fo rm 

AP~ = 2a/R (12) 

and there is unique unstable solution: R v = 2cr/APi; then all the vaporbubbles  with radius less  than the cr i t ica l  
value R < Rv will collapse,  while bubbles with radius R > Rv will grow without limit.  
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The solution to Eq. (12) can be wr i t ten  in the f o r m  

R,/Ref = 2/(1 -4- (OP/OT),a/Re~ A T , ) .  (13) 

In the absence  of t e m p e r a t u r e  ove rhea t  of the liquid R v = 2Ref, i .e . ,  the c r i t i ca l  curva ture  of the bubble is the 
curva ture  of the in te rphase  a r t e r y - v a p o r  channel su r face .  F o r  l o w - t e m p e r a t u r e  hea t  p ipes ,  opera t ing,  as a 
ru le ,  in the inc reased  p r e s s u r e  region,  the der iva t ive  (dP/dT)s is l a rge ,  and t he r e fo re ,  even sma l l  overhea t s  
lead to a cons iderable  var ia t ion  in the cr i t ica l  radius .  

The solutions of Eq. (11) a re  de te rmined-by  the excess  vapor  presSUre z~P i and the value of b, which,  in 
turn ,  depend on the amount  of gas m in the bubble. One mus t  consider  the influence of each of these  fac to rs .  
With inc rease  in AP i the curve  Pi of excess  p r e s s u r e  of the v a p o r - g a s  mix ture  r i s e s  upwards ,  and the so lu -  
tions R 1 and R 2 become c lose ,  while R 1 i n c r e a s e s  and R 2 d e c r e a s e s .  Thus,  with i nc r ea se  of AP i the growth in 
the amount  of gas in the bubble co r responds  to a r i s e  in the curve of Pi and has  the s ame  consequences as in 
the previous  case.  Final ly ,  one mus t  consider  the case  of degeneracy  of the two solutions into one: R = R. ,  
which co r re sponds  to tangency of the hyperbola  and can be de te rmined  f r o m  the s y s t e m  

b* 2a 3b* (14) a P : + ~ _  R,'2.R~-I" 

F r o m  the l a s t  equation of the s y s t e m ,  which desc r ibe s  equali ty of the der iva t ives  at the point of tangency 
of the hyperbola ,  i t  follows that 

R , = (  9/~ m'T*) ~/2 
8~ ~- ' (15) 

i .e . ,  R . ,  being the upper  l imi t  of the p a r a m e t e r  R1, descr ib ing  a stable s tate  of the bubble, and the lower  l imi t  
of the p a r a m e t e r  R2, desc r ib ing  an unstable  s ta te ,  is  de te rmined  by the amount of gas,  the t e m p e r a t u r e ,  and 
the sur face  tension coefficient.  The p a r a m e t e r  R ,  depends on the type of h e a t - t r a n s f e r  agent ,  via the l a t t e r  
p a r a m e t e r .  

By solving the s y s t e m  of equations (14), one can obtain an equation de te rmin ing  the re la t ionship  between 
the cr i t ica l  p a r a m e t e r s :  

By introducing the function 

/ 81 R, T'm* \ 1/5 �9 
~l-~n a a ) AP~ = 1. (16) 

1/2 
F(m, AP,, r ) .=  { 81R T m )  APt, (17) \�89 o8 

one can de te rmine  the s ta te  of the bubb le - l i qu id  s y s t e m  f rom the value of this function, 

F > 1. The re  is no solution to Eq. (11), an exis t ing  v a p o r - g a s  bubble is uns table ,  and there  is unbounded 
growth; drying out of the a r t e r i e s  is unavoidable.  

F = 1. The re  is a unique solution of the s y s t e m ,  cor responding  to an equi l ibr ium state .  Drying of the 
a r t e r y  occu r s  ff there  is a deviation f r o m  the equi l ibr ium s ta te  in the d i rec t ion  R > R,. 

0 < F < 1.  There  a re  two solutions of the equation: The f l r s t  co r r e sponds  to a s table s ta te  of the s y s t e m ,  
and the second to an unstable  state.  A v a p o r - g a s  bubble is in the a r t e r y  in a s table  s tate  R = R1, and the a r t e r y  
d r i e s  out for  an i nc rea se  in the bubble s ize  R > R 2. 

F -< 0, m ~ 0. T h e r e  is a unique solution cor responding  to a s table  s tate  of the sys t em.  A deviation of 
the bubble s ize  f r o m  the design value does not cause drying out of the a r t e ry ,  

F = 0, m = 0, /xP i > 0. The unique solution of Eq. (11) co r re sponds  to an unstable  s tate  of the sys t em.  
If the gas bubble devia tes  f r o m  equi l ibr ium,  the a r t e r y  co l lapses  o r  d r i es  out. 

F = 0, m = 0, AP i --< 0. The re  is no solution of Eq. (11). A vapor  bubble fo rmed  during fi l l ing of the 
a r t e r y  col lapses  independently of its s ize.  

F r o m  Eq. (16), knowing the re la t ion  a(T),  we can de te rmine  the t e m p e r a t u r e  dependence of the product  
(m*)l/2Al~i. Fo r  example ,  for  F reon  14 [11] we have 
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g=B(1-- T '~:,2; . 

A simi lar  relat ion exists for Freon  22, and it differs only in the value of the coefficient B. 

According to Eq. (16), 

o r ,  allowing for  Eq. (18), 

(m*)'/2Ap~ N c~ 3/~ (T*) 1/~ 

(IS) 

(19) 

(m*)';2AP• ,-- 1 - -  ~ u  = q~(T*). (20) 

Thus,  the t empera tu re  dependence of the product  (In*) I/z • AP* for  the hea t - t r ans fe r  agents F-14 and 
F-22 is descr ibed by the function ~o (Fig. 2), and the la t ter  dec reases  with increase  in tempera ture .  If there 
is no overheat  of the liquid (AT B = 0), f rom Eqs. (6) and (16) we can obtain 

R* ( 81 RT*m''):/z = - -  . (21) 
e~ , 1 2 8 -  ~ 

F r o m  the last  equation it is easy  to determine conditions where bubbles with a known mass  of gas cause drying 
of the capi l lary system.  

Thus,  the behavior of bubbles in heat  pipe a r t e r i e s  can be represented  as follows. V a p o r - g a s  bubbles 
formed during filling of an a r t e ry  lead to a slow drying out of the sys tem,  if their size exceeds a quantity R2, 
which is determined for each hea t - t r ans fe r  agent by the t empera tu re ,  the excess  p r e s s u r e  of the v a p o r - g a s  
mixture ,  and the mass  of gas enclosed in the bubble. If AP i --< 0, then R 2 = r In the opposite case ,  where 
R < R2, v a p o r - g a s  bubbles come to a stable equil ibrium state under the influence of surface tension fo rces :  
Subsequent behavior of a bubble is determined by the dynamics of diffusion p roces se s  of solution of the gas and 
the operat ing conditions. With an increase  in the excess  vapor  p r e s su re  R = Ri ,  due, e .g. ,  to an increase  in 
power or to a change in the slope of the pipe, bubbles with the least  mass  of gas grow, come close to the c r i t i -  
cal state APi ,  and when they reach this the force  equil ibrium is per turbed and drying of the a r t e r i e s  occurs .  
The relationship between the cr i t ical  pa r ame te r s  is determined by the equality F = 1. 

2. Methods of Increas ing  the Capabilities of Ar te r i a l  Heat Pipes.  F r o m  the foregoing,  it follows that 
the influence of v a p o r - g a s  bubbles shows up, in the best  case ,  in an increase  to hydraul ic  res i s tance ,  and in 
the wors t  case,  in drying out of the a r te r ia l  system.  Vapor bubbles can be condensed if there is a drop in t em-  
pera ture  or  a decrease  in the excess  vapor p r e s s u r e  R,. A drop in t empera tu re  corresponds  to a growth in the 
surface  tension coefficient,  and therefore ,  in the forces  which tend to condense the vapor  bubble. A decrease  
in the excess  p r e s su re  can be effectively achieved by supercooling of the a r te r ia l  liquid. In o rde r  to decrease  
the influence of v a p o r - g a s  bubbles, the authors of [6] used a supercooling effect and also per fora ted  disks that 
inhibit the generation of bubbles in the mos t  hazardous section, the evaporat ion zone. 

In gas-f i l led heat  pipes the p rocess  of bubble collapse is determined not by condensation of the vapor ,  
but solution of the gas. The dynamics of solution are descr ibed by p r o c e s s e s  of saturat ion of the liquid with 
gas in the condenser and diffusion of gas f rom the liquid to the vapor channel. While the collapse of vapor bub- 
bles can be accomplished in a short  t ime,  solution of v a p o r - g a s  bubbles is quite a slow process .  There fo re ,  
it is desirable to remove v a p o r - g a s  bubbles during filling of the a r t e r i e s  with liquid. An adaptation to allow a 
h igh-grade  filling is suggested in [4], consist ing of the use of a per fora ted  foil f rom which the a r t e ry  is filled 
in a cer tain section (usually in the evaporation zone). A bubble p resen t  in the a r t e ry  is separated f rom the 
vapor  channel by liquid, filling the perforat ion (Fig. 3). For  a certain rat io between the aper ture  d iameter  and 
the foil thickness the liquid menisci  are tangential; i .e . ,  the aper ture  is open and the v a p o r - g a s  mixture is 
drawn into the vapor channel. For  successful  use of this adaptation, one requires  that the foil thickness is 
less  than the perfora t ion d iameter ,  i .e . ,  it is measured  in microns  for a wick with a high capil lary head. In 
the heat pipes mounted on the communicat ion satelli te CS-1, a foil of thickness 15 ~m was used. However,  a 
thin foil is the least  robust  element in the construct ion of heat  pipes. In addition, the meniscus  at the r im of 
the aper tures  can change its shape, which does not eliminate the possibil i ty of blocking the perfora t ions  with 
liquid even for  low thickness.  

We have proposed the following method for removing bubbles: p repare  the a r t e r i e s  with perfora ted  screens  
and f reeze  the heat pipe af ter  filling the a r t e r i e s  with condensate. The f reezing of the pipe leads to vapor iza -  
tion of the liquid f rom the perfora t ions  above the v a p o r - g a s  bubbles. Thus,  a path is opened for drawing the 
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Fig. 3. Closing of a v a p o r - g a s  mix tu re  under  a pe r fo ra t ed  s c r een :  
1) vapor  channel; 2) bubble; 3) sc reen ;  4) liquid; 5) wall.  

Fig. 4. Tes t  sect ion to de te rmine  the f reez ing  requi red  to r emove  a 
v a p o r - g a s  bubble: 1) chamber  with liquid ni t rogen;  2) g lass  cyl inder;  
3) thermocouple  jacket ;  4) pe r fo ra t ed  sc reen ;  5) grid; 6) v a p o r - g a s  
bubble; 7) working liquid; 8) lid; 9) vacuum line. 

v a p o r - g a s  mix tu re  into the vapor  channel. By using this method for  r emoving  bubbles,  the sc reen  thickness  
can be quite l a rge .  We m u s t  explain the influence of var ious  p a r a m e t e r s  on the f reez ing  of the hea t  pipe. 

Le t  a v a p o r - g a s  bubble of d i ame te r  2R be in the gap between the heat  pipe wall  and a pe r fo ra t ed  s c r een  
of th ickness  5s with pore  d i am e t e r  2Rs. 

When the pipe t e m p e r a t u r e  is dec reased ,  f r eez ing  of the sc reen  above the bubble and the liquid in the 
pe r fo ra t ions  occurs  due to vapor iza t ion  of the la t t e r .  Assuming  that  for  a l a rge  poros i ty  the liquid t e m p e r a -  
t u re s  in the pe r fo ra t ions  and the surrounding cells  of the sc reen  a r e  the s a m e ,  we can obtain the following 
equat ion for  calculat ing the f reezing:  

[ (l _e) P~c~8 _F. 1] crzm~dT = rdrn~, (22, 
Pzcpl 

which r e f l ec t s  the fact  that  f reez ing  of the sc reen  cel ls  and the liquid located in the pe r fo ra t ions  occu r s  due to 
the hea t  of phase  t r ans fo rma t ion  during vapor iza t ion  of the liquid. The l a s t  equation is in tegra ted  f r o m  the in i -  
t ial  T O to the final t e m p e r a t u r e  T of the pipe,  and the m a s s  of liquid in the pe r fo ra t ions  is reduced f r o m  ml0 
to m l. The solution in in tegra l  f o r m s  has  the f o r m  

AT = T 0 -  T = r In ml----L~ (23) 
c~a i l + (l__e) P~Cps ] mz 

pzcpt 

The top l imi t  of the f reez ing  can be calculated f r o m  the assumpt ion  that in the initial  s ta te  the liquid 
comple te ly  fi l ls  the volume of the po re ,  and the meniscus  at  the infer face  is fiat.  The final volume is d e t e r -  
mined by the condition that  the men i sc i  l ink up, which co r responds  to the momen t  of opening of the pore .  The 
final m a s s  depends on the angle of wet t ing 0 of the s c r een  by liquid. In calculat ing the final m a s s  one mus t  
take into account  var ia t ion  in the volume of h e a t - t r a n s f e r  agent  with the t e m p e r a t u r e .  It  can be seen  f rom 
Eq. (23) that the f reez ing  d e c r e a s e s  with inc rease  of the m a s s  heat  capaci ty  of the cell PsCps and with d e c r e a s e  
of the poros i ty  e. An inc rea se  in the s c r een  thickness  leads to an inc rease  in the initial  amount  of liquid in 
the vapor ;  i .e . ,  the ra t io  mb/m/0 fa l l s ,  and AT inc rea se s .  I t  follows f r o m  Eq. (23) that  AT does not depend on 
the cooling t ime.  

In the case  where  (1-e)PsCps/plopl ~ O, Eq. (23) takes  the f o r m  

AT -= _r_ In mz0 , (24) 
Opl ml 

f r o m  which i t  can be soon that i t  is imposs ib le  to accompl i sh  complete  vapor iza t ion  of the liquid. 

The effect  of vapor iza t ion  of liquid f r o m  the pe r fo ra t ion  and drawing out of the v a p o r - g a s  bubble f r o m  
the cap i l l a ry  sy s t em  was  inves t igated expe r imen ta l ly  by the authors .  A genera l  view of the t es t  sect ion is 
given in Fig, 4. The shell  2 of the working cyl inder  of d i ame te r  40 m m  was t r a n s p a r e n t ,  which allowed the 
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m o m e n t  of wi thdrawal  of the bubble to be de te rmined  visual ly .  F r e e z i n g  was control led by pass ing  liquid 
n i t rogen through the c h a m b e r  1. The  t e m p e r a t u r e  in the working volume was m e a s u r e d  with a c o p p e r - C o n s t a n -  
tan thermocouple ,  mounted in jacke t  3. Between the wall  and the p e r f o r a t e d  s c r e e n ,  made of s ta in less  s teel  
of thickness  5 s = 0.2 m m ,  with su r face  poros i ty  e = 0.5 and ape r tu r e  radius  Rs  = 0.15 ram,  there  was a l aye r  
of s ta in less  woven mesh  of th ickness  0.2 mm.  The mesh  se rved  to space the s c r een  f r o m  the wall ,  and a lso  
to locate  the v a p o r - g a s  bubble 6, by means  of a s lot  provided for  this .  The gravi ta t ional  overhea t  of the bub-  
ble was control led by displacing the liquid 7 by ro ta t ing  the equipment  around its  longitudinal axis .  Af te r  the 
working sect ion was charged with liquid (ethyl alcohol) it was  cooled to T ~- 200~ and subsequently the gas in-  
t roduced into the working volume through the lid 8 was par t i a l ly  pumped out through the nozzle.  Then the s e c -  
tion was brought  to opera t ing  condition at  T = 343~ At the s t a r t  of the expe r imen t  the s c r e e n  and the mesh  
w e r e  wet ted by i m m e r s i n g  them in the liquid. Then hydros ta t i c  drying was c a r r i e d  out for  the gap in region 6, 
where  the liquid r i s ing  along the s lot  c losed off the v a p o r - g a s  dur ing the subsequent  filling. The bubble with 
R -~ 4 m m  fo rmed  and reached a s ta te  of s table  equi l ibr ium,  de te rmined  byEq~ (11). Af te r  holding this sect ion in 
a s t eady - s t a t e  condition by supplying liquid ni t rogen to chambe r  1, the working  volume was f rozen  until the 
pore  opened and the v a p o r - g a s  mix tu re  was drawn out f r o m  the wick. 

Accord ing  to a calculat ion,  f r o m  Eq. (23) with initial  value m/0 cor responding  to complete  fi l l ing of the 
pe r fo ra t ion ,  and final ml  cor responding  to tangency of the men i s c i ,  the value of the f reez ing  is ~ T  = 70~ 
However ,  the exper imen ta l ly  obtained value of AT fell  in the range 30-50~ This  o v e r e s t i m a t e  of the theo-  
re t ica l  data is evidently assoc ia ted  with an inexact  choice of the or ig inal  value of initial  f i l l ing of the p e r f o r a -  
tion m/0. 

Thus ,  t e s t s  have  shown that the use  of pe r fo r a t ed  s c r e e n s ,  together  with p r i o r  chilling, allows one to 
r em ove  v a p o r - g a s  bubbles f r o m  the a r t e r i e s ,  which makes  poss ib le  a cons iderable  inc rease  in the power  level  
of hea t  p ipes .  

b 
B 
Cl 
Cps 
Cp/ 
F 
m 
m/0, ml  
P 
PvB,  Pgas  
Pi 
Pl 
APg  
AP l 
APT 
AP i 
APa 
(SP/ST) s 
Qr 
Ref  

R 
RI and R 2 

Rv and R,  
Rs  

T 
To 
T c r  

N O T A T I O N  

~s the group in the gas equation of s ta te ;  
is the coefficient;  
is the l inear  hea t  capaci ty;  
is the hea t  capaci ty  of the sc reen ;  
is the hea t  capaci ty  of the liquid; 
is the s tate  function of the v a p o r - g a s  bubb le - l i qu id  sy s t em;  
~s the num ber  of moles  of gas in the bubble; 
a r e  the initial and final quantity of liquid in a pe r fo ra t ion ;  
is the p r e s s u r e ;  
a r e  the pa r t i a l  p r e s s u r e  of vapor  and gas in a bubble; 
is the excess  p r e s s u r e  function for  the v a p o r - g a s  mix ture ;  
is the p r e s s u r e  of the liquid surrounding the bubble; 
~s the gravi ta t ional  p r e s s u r e  drop; 
is the drop in p r e s s u r e  due to c i rcula t ion of liquid; 
is the p r e s s u r e  drop due to t e m p e r a t u r e  ove rhea t  of the liquid; 
~s the excess  vapor  p r e s s u r e ;  
is the p r e s s u r e  drop  due to the act ion of capi l la ry  fo rces ;  
~s the p r e s s u r e  gradient  on the sa tura t ion  curve;  
~s the heat  flux r emoved  f r o m  a pe r fo ra t ion  by evapora t ion;  
is the radius  of curva tu re  of the liquid meniscus  at  the in te rphase  boundary of the a r t e r y - v a p o r  
channel; 
is the bubble radius;  
a r e  the radi i  of the v a p o r - g a s  bubble in a s ta te  of s table  and unstable  equi l ibr ium,  r e spec t ive ly ;  
a r e  the c r i t i ca l  radi i  of the vapor  and v a p o r - g a s  bubbles;  
is the radius  of pe r fo ra t ions  in the sc reen ;  
is the un ive r sa l  gas constant;  
is the t e m p e r a t u r e ;  
is the init ial  t e m p e r a t u r e ;  
is the t e m p e r a t u r e  cor responding  to the c r i t i ca l  point on the l i q u i d - v a p o r  phase  t r ans fo rma t ion  
line; 
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is the amount of cooling; 
is the temperature overheat of the liquid; 
are the density of the liquid and the screen material;  
is the heat of vaporization; 
is the surface-tension coefficient; 
is the screen thickness; 
is the temperature function; 
is the wetting angle; 
is the porosity. 

The subscript * corresponds to solution of the system of equations (14). 
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