
What was said above is a lso  valid when a wett ing liquid p o s s e s s i n g  a wett ing h y s t e r e s i s  is used.  In this 
case  to obtain the s izes  of the pore  nar rowings  one mus t  allow for  the outflow fac to r  cos e3, while in e s t i m a t -  
ing the s izes  of p o r e s  at the su r face  one mus t  allow for  the equi l ibr ium fac to r  cos | 

To de te rmine  the total  number  of p o r e s  , one m u s t  draw upon additional data based on additional model 
considera t ions  or  mic roscopy  data.  
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pressure; 
su r face  tension;  
wett ing angle; 
capi l la ry  rad ius ;  
gas flow ra te  through m e m b r a n e ;  
gas flow ra te  through wet ted m e m b r a n e  dur ing an inc rease  in p r e s s u r e ;  
gas flow ra te  through wet ted m e m b r a n e  dur ing a dec r ea se  in p r e s s u r e ;  
cap i l la ry  p r e s s u r e  in the n a r r o w e s t  p a r t  of the capi l la ry ;  
capi l la ry  p r e s s u r e  at the exit  of the capi l la ry  at  the sur face .  

1. 
2. 
3. 
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A system of equations of heat and mass transfer is derived and analyzed which describes evapora- 

tion of several volatile substances from a porous body. 

Porous  m a t e r i a l s  a r e  widely heat  t r e a t ed  in industry fo r  the r e m o v a l  of volat i le  subs tances .  One fo rm 
of such a t r e a t m e n t  is drying,  where  one substance  (moisture)  evapora te s  [1]. In some technological  p r o -  
c e s se s  it is impor tan t  to r emove  f r o m  a porous  body not one but a group of var ious  volat i le  substance  (fil lers) 
contained there in .  In t i tanium product ion,  e .g . ,  the reac tan t  m a s s  is vacuum-hea ted  for  pur i f icat ion of the 
t i tanium sponge of m a g n e s i u m  and m a g n e s i u m  chloride [2]. When not one but s e v e r a l  volat i le  subs tances  a re  
r em oved ,  t he r e  a r i s e  new pa t t e rns  due to the effect  which escap ing  of m o r e  volat i le  f i l l e r s  has on the d i s t r ibu-  

tion of l ess  volat i le  f i l l e r s  in the porous  body. 

I. Mathemat ica l  Model. The s y s t e m  of t r a n s f e r  equations will  be cons t ruc ted  on the following basic  

p r e m i s e s .  

1. The condensate phase  of vola t i le  f i l l e r s  is s ta t ionary  re la t ive  to the "skele ton" of porous  m a t e r i a l .  
This  is poss ib l e ,  e .g . ,  when subl imat ion of solid f i l l e r s  occu r s  during hea t  t r ea tmen t .  When some of the 
f i l l e r s  a r e  in the liquid s ta te ,  however ,  then one a s s u m e s  that  they a r e  adsorbed  on the su r face  of the solid 
phase  and not f r ee  to move under  act ion of gravi ta t ional  or  cap i l la ry  fo rces .  

2. The  f i l l e r s  do not f o r m  solutions with one another  or  with the m a t e r i a l  of the porous  body. 

3. T r a n s p o r t  of vapo r s  through channels and po re s  is a f fec ted  by the p r e s s u r e  gradient ,  accord ing  to 
D a r c y ' s  law, the role  of diffusion being negligible.  Th is  a lso  a s s u m e s  a subsonic  flow of vapor  (Mach number  
s m a l l e r  than unity),  with vapor  behaving like an incompres s ib l e  fluid, and a s s u m e s  the model  of a continuous 

Depa r tmen t  of P o l y m e r  P hys i c s ,  Ura l  Sciences Cente r ,  Academy of Sciences of the USSR, Berezniki .  
T r a n s l a t e d  f r o m  Inzhene rno-F iz i chesk i i  Zhurnal ,  Vol. 37, No. 3, pp. 449-455, Sep tember ,  1979. Original  
a r t ic le  submit ted  N o v e m b e r  9, 1978. 
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medium to be appl icable (the Knudsen number  to be sufficiently smal l ) .  The la t t e r  condition can a lways be 
sa t i s f ied ,  if the porous  m a t e r i a l  does not contain ve ry  fine po re s .  

4. The "ske le ton"  of the porous  m a t e r i a l  does not become deformed  during heat  t r ea tmen t .  

We cons ider  a m a t e r i a l  containing N volat i le  f i l l e r s  (N >- 1). Let  m. ~ and Pi be,  r e spec t ive ly ,  the m a s s  
1 

p e r  unit volume of porous  m a t e r i a l  and the densi ty of the i - th  subs tance  in the condensate s ta te .  The volume 
f rac t ion  fi of the i : t h  subs tance  is 

f i  I "  m~ lp~. (1) 

The poros i ty  of the body is 

N 
v = 1 - -  ~ h.  (2) 

Subscr ip t  i = 0 r e f e r s  to the "skele ton"  m a t e r i a l  and subsc r ip t  i = 1 r e f e r s  to the m a t e r i a l  of the m o s t  vo l a -  
t i le f i l l e r .  

Le t  m i be the m a s s  pe r  unit po re  volume of the i - th  subs tance  (i = 1, 2, . . .  , ) in the vapor  s ta te  
and P i  be i t s  pa r t i a l  p r e s s u r e  in p o r e s .  Then 

rn~ = vM~PJRT  (3) 

accord ing  to the equation of s ta te  for  an ideal gas. 

Le t  W i be the densi ty of in ternal  s inks of the condensate  phase  r e su l t ing  f r o m  evapora t ion  of the i - th  
subs tance  (i ->- 1), p.0 be the s a t u r a t e d - v a p o r  p r e s s u r e  of the i - th  subs tance  o r  the equi l ibr ium p r e s s u r e  of the 
subs tance  adsorbed  ~n the s u r f a c e ,  Si be the su r face  a rea  pe r  unit po re  volume of the i - th  subs tance  in the 
condensate  s ta te  (during evaporat ion)  or  the act ive  su r face  a r ea  of pores  (during condensat ion),  and K i be the 
evapora t ion  ra te  coefficient  [3], 

Ki = V ' M J 2 n R T .  (4) 

Then the equation of condensa t ion-evapora t ion  kinet ics  is 

[o; ~ = o ,  p o < p ~ ;  
~ = ]0; h = 0, P :  > P~; (5) 

[K,s, (p,~ - p~). 
0 The i - th  subs tance  evapora t e s  when Pi > P i  and condense s when t)~ < Pi" Expres s ion  (5) a lso  t akes  into 

account  that  a condensate  phase  cannot evapora te  when it is absent  (fi = 0) and that  no condensation can occur  
in the absence  of po re s  (v = 0). 

Quanti ty p.0 can be e x p r e s s e d  as  
1 

pO = At exp (--  Q~/RT), (6) 

where  Qi is the la tent  heat  of evapora t ion  p e r  mole  of the i - th  subs tance  and A i is  a constant  whose value de-  
pends on the p r o p e r t i e s  of this subs tance .  

Accord ing  to Dal ton ' s  law, the total  vapor  p r e s s u r e  in po res  is 

N 
P ~--- ~ Pi.  (7) 

i~l 

Consider ing  the dependence of the pe rmeab i l i t y  k on the poros i ty  v 

D a r c y ' s  law can be e x p r e s s e d  as 

< ~ > = -- (~I~) vvP, (9) 

where  T/ is  the v i scos i ty  of the vapor  and <~> is its m e a n - m a s s  veloci ty.  

Flux gi of the i - th  f i l l e r  in the vapor  phase  is de t e rmined  f r o m  the re la t ion  

gi : ms < u > -=- ~ Mi (k~ v2PivP. (10) 
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The the rma l  flux is 
N T 

g -- -- ~.V T + ~_~ (m,/M,) ~. c, dT ( u >. (11) 
i = 1  o 

Here  c i denotes the specif ic  heat  per  mole of the i - th  f i l l e r  in the vapor  state.  

The the rmal  conductivity ~, of a composite ma te r i a l  can be calculated according to any of the well-known 
algor i thms [4] f rom known the rma l  conductivit ies k i of the component substances.  Here  the s imples t  a lgori thm 

N 

X = X flXl. (12) 
i = O  

will be used. 

Setting up, according to the well-known scheme [5], the equations of mass  balance for  each f i l l e r  in the 
condensate s tate  and in the vapor  s ta te ,  and also the heat-balance equations,  will ,  on the basis of e a r l i e r -  
made assumptions and der ived express ions ,  yield the following sys tem of t r an s f e r  equations 

d 
pi-d-~T [t =-=-wt,  i =  1, 2, . . . ,  N, 

_0___ (vPJT) = (k~ V �9 [ v2 (P,/T) V P] 

+ RWtlMt,  i = 1, 2, . . . ,  N, 

~ OT 
+ X d,t, + X c'P'l 

1 =1  i = l  
N 

- -  (ak~ ~ c iP tvP  " v T  = 
i = 1  

N N 

=a  V "[(1 + X et [ ' )vT]  - (a le~176 X Qio'WIIMt' 
l = , l  t = 1  

a = XoMo/poC~ 

o o = ~,~oth'--o, dt = ptci Mo]pocoMlfo; el 

(13) 

(14) 

(15)  

(16)  

(17) 

with c. ~ denoting the specif ic  heat  pe r  mole of the i - th  substance (i = 0, 1, . . . .  N) in the condensate state.  

The h e a t - t r a n s f e r  equation (15) becomes much s imple r  when the specif ic  heat of vaporizat ion in po res  
is d i s regarded  as negligible in compar i son  with the specif ic  heat  of condensation and when convective heat 
t r an s f e r  by vapor  is d i s regarded  as negligible in compar ison with that by condensate.  It is also expedient  
to introduce the following set  of d imensionless  quartettes:  

q~ = QtlRT ~ B ~ = At exp (~ qt), (18) 

ark = (AllAk) exp (q~ - -  qt), (19)  

Kpt = MoP~Qi l poMtf oc ~ (20) 

Xi = pIRAT/  MtB ~ (21) 

Hi = k~176 /atl, (22) 

14 = (X~176 SiKdapt ,  (23) 

t = T~IAT, 0 = (T - -  TO)/AT, (24) 

Fo = at/(X~ (25) 

~i = P , /B~  n~ = P ~ 1 7 6  (26) 
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N 

�9 bi = Z akiur~, (27) 
h =  l 

~i = W~ (XO)Z/pia. (28) 

Here X 0 is the characterist ic  dimension, T O ~ 0 is the reference point from which temperature is measured 
(*K), AT is the characterist ic  temperature difference, and B[ is the characterist ic pressure  of the i-th filler. 

With this notation and the simplifying assumptions, our system of transfer equations (13)-(15) becomes 

d [i : ~ o h ,  i =  1, 2, . . . ,  N,  (29)  
dFo 

0Fo ( t ~ O )  H ' V ' \ t q - O  Vo' -t-~,o~,, i = 1 ,  2 . . . .  , N, (30) 

N N N 

(1 + Z  dff') 0 ~ o  = V" [(I + Z e~[~)vO], Z Kp,o),. 
i = l  i = 1  i = l  

(31) 

II. Algorithm and Results of Numerical Calculations. The system of equations (29)-(31) was solved by 
the finite-differences method according to the explicit scheme. 

Let 5r be the time step, Es~be the value of function ~(v, NFo ) at nodes s in the grid, and Es~ be the 
value of function ~ii(r, NFo + 5r) at node s in the grid. The value Dsr is regarded as equal to that of function 
7~(v, NFo) taken at the internal node s of the grid in the finite-differences approximation. With this notation, 
the algorithm of calculation of functions fi, 0, and 7r i (i = 1, 2, 3 , . . .  ,N) at each internal node of the grid is 

Ms = Esf~ ~ 6"rL~E~ {exp [q~0/(0 +/ ) ]  ~ ~}, (32) 

i - - I  N 

Gi 1 fo--  ~ o 
h =  l h=,i  q- I 

0, M, ~ 0; 
E~ ft = .Gi, Ms ~Gi;  

(M., 

N 

1 Z d  ~(E o[i + Esfi), A ~ = I + ~ -  
i = l  

N N 

Eo O ~ E,O + 6x D, {( I + ~ elt,) D~O} / A~ -t- ~ Kpi [E~ f, - -  E~fi]/A., 
i = l  i = l  

(34) 

(35) 

(3 6) 

L~ ---- JL~, Es~ =/= O; (37) 
/o, e ~  f, = o, 

1 E o C, = -~- [ ~ {v/(O + 0 + E, {v/(O + t)}l, (38) 

0 0 E o ~ = C,E,~i q- xiLi 6"~E~ {exp qiO/(O q- t)} 

I } C, + x~L ~ 6~ - -  H~6"~D, ~ Dsb~ 
(~9) 
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Fig. 1. Var ia t ion  of (a) the volume fractiOn of 
f i l l e r s ,  (b) the pa r t i a l  p r e s s u r e s  of  the i r  v a p o r s ,  
and (c) the t e m p e r a t u r e  in the block of t i tanium 
sponge along the cyl inder  radius  at  the instants  
of t ime  NFo = 0.60 (1) and NFo = 5.50 (2) in the 
course  of t he rmovacuum pur i f ica t ion;  numera l s  
with a single p r i m e  sign r e f e r  to magnes ium,  
numera l s  with a double p r i m e  sign r e f e r  to m a g -  
nes ium chloride;  the ini t ial  r e l a t ive  t e m p e r a t u r e s  
a r e  0 = O, the ini t ial  pa r t i a l  v a p o r  p r e s s u r e s  of 
both  f i l l e r s  a r e  ~l = ~2 = 1; dots indicate  ca l cu l a -  
t ed  va lues  at gr id  nodes.  

Calculat ions were  made  fo r  the t he rmovacuum p roces s  of puri f icat ion of t i tanium sponge containing m a g -  
nes ium and magnes ium chloride as f i l l e r s .  The ma thema t i ca l  scheme  of the p rob lem is as follows. A porous  
cyl inder  with f i l l e r s  uni formly  d is t r ibuted  over  the c r o s s  sect ion and the height is initially at a constant  t e m -  
pe r a tu r e  T ~ At the instant  of t ime NFo = 0 the cyl inder  is subjected to heat  and vacuumizat ion ,  whereupon 
immedia t e ly  a constant  u n d e r p r e s s u r e d e v e l o p s  at the l a t e ra l  su r f ace  and the t e m p e r a t u r e  he re  s tab i l izes  at T 1 > T ~ 
Both bases  of the cyl inder  a re  t he rma l ly  insulated and no gases  e scape  through them. In this configuration 
the p rob l em is a one-d imens iona l  one. 

P r e l i m i n a r y  calculat ions had es tab l i shed  that  under  conditions of t he rmovacuum t r e a t m e n t  the e v a p o r a -  
t ion of f i l l e r s  f r o m  a sponge is cha r ac t e r i z ed  by degenera te  kinetics.  When the L i - n u m b e r  cha rac te r i z ing  the 
d imens ion less  evapora t ion  ra te  with ~ i  kinet ics  i s  l a r g e r  than 10, then a fu r ther  i nc rease  in this number  will 
not speed up the pur i f icat ion p r o c e s s .  In our  case  numbers  LI and L 2 for  magnes ium and its s a l t s ,  r e s p e c -  
t ively ,  we re  of the o rde r  of 10~-107. T h e r e f o r e ,  the l imi t ing  i tems in the purif icat ion p r o c e s s  were  supply of 
heat  to the porous  body and r em ova l  of vapor s  f r o m  it. 

Typica l  r e su l t s  of calculat ions per ta in ing  to one pa r t i cu l a r  va r ian t  of the the rmovacuum purif icat ion p r o -  
cess  a re  shown in Fig. 1. 

The zone within which the magnes ium (most  volat i le  of the two f i l le rs )  content v a r i e s  substant ia l ly  is 
na r row in the radia l  d i rec t ion  (Fig. l a ,  curves  1' and 2') and,  t h e r e f o r e ,  can be t r ea t ed  as a so r t  of " e v a p o r a -  
tion front" of magnes ium.  

Magnesium vapor  c a r r i e s  vapor  of the l ess  volat i le  f i l l e r ,  v iz . ,  of magnes ium chloride away with it f r o m  
the zone of intensive magnes ium evapora t ion .  The intensi ty of this p r o c e s s ,  which we will tentat ively call  
" fo rced  en t r a inmen t , "  is much higher  than the intensity of magnes ium chloride evaporat ion at the same  t e m -  
p e r a t u r e s  in the absence  of evapora t ing  magnes ium.  
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TABLE 1. Dependence of the Time for  Complete I ~ r i f i c a -  
tion of Titanium Sponge on the Initial Rat io  of Fi l ler  Volume 
Frac t ions  

Item No. [ t, h (t,/h)-1 Foo 

1 I 0,73 
2 . 0,63 
3 ] 0,56 
4 0,52 

0 
0,10 
0,17 
0,21 

0 
0,159 
0,303 
0,404 

7,516 
7,192 
7,518 
7,845 

The velocity of the vapor s t r eam increases  along the path between the zone of forced entrainment  and 
the surface of the cylinder.  The part ia l  p r e s s u r e  of magnesium chloride vapor  r i ses  along this path (Fig. lb ,  
curves  1" and 2") on the other  hand, and can exceed the equil ibrium pressu re .  In this case there  occurs  
condensation of magnesium chloride vapor ,  a p rocess  which we will tentatively call intermediate condensa-  
tion. 

The zone of forced entrainment  and the zone of intermediate  condensation appear ,  respect ively ,  as an 
intermediate  minimum and an intermediate  maximum along the curve of f2 (volume fraction of magnesium 
chloride) as a function of the radial  coordinate v (Fig. l a ,  curves  1" and 2"). 

The t empera tu re  inside the region where evaporat ion of magnesium has not yet  begun decreases  with 
t ime,  as it does inside the evaporat ion zone too, even though the tempera ture  of the outside cylinder sur face  
remains  constant (Fig. l c ,  curves 1 and 2). 

The length of t ime N~o required for  complete purification of titanium sponge by removal  of f i l lers  de-  
pends on the initial rat io f2/fl of f i l ler  volume fract ions .  Resul ts  of calculations regarding this dependence 
are  given in Table 1. The initial sum of both magnesium and magnesium chloride volume fract ions  in our 
block of titanium sponge was held constant at 0.73 and the volume fract ion of titanium in the sponge was a s -  
sumed to be 0.26. 

The data in Table 1 indicate the existence of an optimum initial f2/fl rat io,  close to 0.16, which will 
ensure  the shor tes t  time for  complete removal  of f i l lers  f rom titanium sponge. 

N 
i 

mi 
P 

v 

M i 
R 
T 
AT 

W i 
Pi 
p0 

i 

P 

Si 
Ki 
Qj 
k o 

gi 
g 

N O T A T I O N  

is the number  of volatile f i l le rs ;  
is the consecutive number  of a substance (i = 0 re fe rs  to the "skele ton,"  i > 0 re fe rs  
to f i l le rs ) ;  
~s the mass  of condensate per  unit volume of the medium; 
~s the mass  of vapor  per  unit volume of pores ;  
,s the density;  
is the volume fract ion;  
Is the poros i ty ;  
Ls the molecular  mass ;  
m the universa l  gas constant; 
is the absolute t empera tu re ;  
is the cha rac te r i s t i c  t empera tu re  difference;  
,s the density of internal sinks; 
is the part ial  p r e s s u r e ;  
is the sa tura ted-vapor  p r e s s u r e  or  the equilibrium vapor p r e s su re  of an adsorbed 
substance;  
is the total p r e s s u r e ;  
is the surface area  per  unit volume of pores ;  
is the evaporation rate coef f ic ie~ ;  
is the latent heat of evaporation;  

is the permeabi l i ty ;  
is the m e a n - m a s s  velocity of vapor in pores ;  
is the viscosi ty  of vapor;  
is the mass  flux density of a substance;  
is the thermal  flux density; 
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c i 
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)t i 
a 

di 
e i 

qi 
B? 

1 

~ik 
KP i 
Xi 
Hi 
L i 
T o 
T 

J 
~'k 
NFo 
0 
7r i and ~r. ~ 

1 

bi 

wi 
6T 

ES4~ and E~ 

Ds~ 
T1 

~o 

1~ 

2. 

3. 

4. 

5. 

is the 
Is the 
Is the 
Ls the 
~s the 
is the 
is the 
~s the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 

specif ic  heat of condensate; 
specif ic  heat of vapor;  
the rmal  conductivity of the composite mate r ia l ;  
the rmal  conductivity of the mater ia l  components;  
the rmal  diffusivity; 
re la t ive  heat  capacity;  
re la t ive  the rmal  conductivity; 
dimensionless  thermal  effect  of evaporat ion;  
cha rac te r i s t i c  p r e s s u r e ;  
ra t io  of the cha rac te r i s t i c  p r e s s u r e s  of substances i and k; 
phase t ransformat ion  number;  
vapor  tension number;  
permeabi l i ty  number;  
evaporat ion intensity; 
r e fe rence  t empera tu re  (~ 
t ime;  
space coordinate;  
cha rac te r i s t i c  dimension; 
r e f e r r e d  radial  coordinate;  
d imensionless  t ime;  

is the dimensionless  t empera tu re ;  
a re  the dimensionless  par t ia l  p r e s su re  and sa tura ted-vapor  p r e s su re  of the i- th 
substance;  
is the total  p r e s s u r e  r e f e r r e d  to the cha rac te r i s t i c  vapor p r e s su re  of the i- th sub-  
stance; 
is the dimensionless  denstty of internal  sinks; 
is the t ime step; 
a re  the values of functions 4~(v, NFo ) and ~(v, NFo + ST), respec t ive ly ,  at node s of 
the grid; 
is the dif ference analog of function V~(v,  NFo) at an in terna l  node s of the grid; 
is the t empera tu re  at the boundary; 
is the dimensionless  t ime for  complete purif ication of a porous mater ia l .  
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