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The author  ana lyzes  the phys icochemica I  m e c h a n i s m  of m a s s  t r a n s f e r  f r o m  a heated cap i l l a ry  
porous  body dur ing i ts  t h e r m a l  decomposi t ion .  The penet ra t ion  p a r a m e t e r s  of chemica l  con-  
v e r s i o n  f ronts  a r e  de te rmined ,  a lso  a re la t ion  is es tab l i shed  between the bas ic  m a s s  t r a n s f e r  
coeff ic ients  and the heat ing ra te .  

When ce r t a in  cap i l l a ry  porous  bodies a r e  heated to r a t h e r  high t e m p e r a t u r e s ,  there  occur  chemica l  
r eac t ions  ( thermal  decomposi t ion)  accompanied  by l ibera t ion or absorp t ion  of heat .  The ra te  of a chemica l  
reac t ion  can  be e x p r e s s e d  in t e r m s  of a power  law: 

m A m B 
W = kCA CB . . . . .  (1) 

with CA, C B . . .  denoting the concent ra t ions  of subs tances  A, B . . . . .  which pa r t i c ipa te  in the react ion,  with 
the ra te  constant  k depending on the t e m p e r a t u r e ,  and mA, m B . . . .  denoting the o rde r s  of the reac t ions  
re la t ive  to the r e spec t i ve  subs t ances .  It  is  usual ly  a s sumed  that chemica l  conver s ion  occurs  s imu l t a -  
neously  over  the ent i re  s pec i m en  vo lume.  Under actual  conditions, however,  it occurs  f i r s t  at the body 
su r f ace  and then, with t ime,  the conver s ion  zone gradual ly  extends deeper  into the body.  

For  the rmophys ica l  engineer ing calcula t ions  it is impor tan t  to know the ra te  at which the zone of 
chemica l  convers ion  extends into the body and how the phys icochemica l  p r o p e r t i e s  of the m a t e r i a l  as well  
as i ts  s t r u c t u r e  depend on the heat ing r a t e .  The m a s s  t r a n s f e r  p roce s s  during chemica l  convers ion  due to 
heat ing will be cal led h e r e  the dynamics  of m a s s  t r a n s f e r  in cap i l l a ry  porous  bodies .  

Under  the s imp le s t  a s sumpt ion  that chemica l  convers ion  occurs  only at i ts  f ront  and that  no reac t ion  
takes  place  before  and behind the front,  the m e c h a n i s m  of m a s s  t r a n s f e r  dynamics  will be analogous to the 
f reez ing  m e c h a n i s m  in wet soi l  - known in t he rmophys i c s  as the Stefan p rob l em.  

In the Stefan p rob l em  the phase  t r a n s f o r m a t i o n  front  (ice fo rma t ion  front) moves  deeper  into the body. 
I ts  ve loc i ty  is  de te rmined  by the law accord ing  to which the d is tance  ~ of the phase  t r an s fo rma t ion  front  
f r o m  the body sur face  i n c r e a s e s  with t ime,  i .e. ,  by the shape of the ~ = fff) curve .  In p rob lems  with phase  
t r a n s f o r m a t i o n  (freezing of wa te r  or  mel t ing  of ice) one usual ly  a s s u m e s  that the dis tance ~ is a power func- 
t ion of t ime  ~-: 

= ~ n ,  (2) 

with fl denoting the coeff icient  of pene t ra t ion  of a phase  t r ans fo rma t ion  f ront .  The penet ra t ion  veloci ty  of a 
phase  t r a n s f o r m a t i o n  f ront  is  

d._~ = ~n~n_l" (3) 
dr 

When n = 1, then fi is  equal  to the pene t ra t ion  ve loc i ty  of a phase  t r a n s f o r m a t i o n  front .  

The re la t ive  quantity of liquid t r a n s f o r m e d  into ice (in %) is 

Mr = - ~  ~. (4) 
R~ 
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Fig. 1. Schematic diagram of the test apparatus: 1) analytical 
balance, 2) capacitive probe, 3) mechanism for compensating 
the loss of Weight, 4 and 5) electronic amplifiers, 6) reversible 
motor, 7) gear sector, 8) capacitive millivoltmeter, 9) cam, 10) 
contactor of the regulating circuit, 11) temperature and weight- 
loss charts, 12) electrical  furnace with a platinum/rhodium coil, 
13) platinum-platinum/rhodium thermocouple, 14) crucible with 
test specimen, 15) rod of refractory material,  16) suspended lid, 
17) glass wool, 18) autotransformer with voltage-tap changer, 
19) electronic relay for furnace protection, 20) mechanism for 
recording the time, 21) synchronous motor, 22) rigid feedback 
coupling, 23) weight-loss recorder,  24) temperature recorder .  

Here R v denotes the ratio of volume to surface, i.e., the characteristic dimension of the body. 

In the reverse problem (melting of a body) or in the problem of liquid evaporating from a capillary 
porous body, when liquid is removed as the evaporation front penetrates into the body (the Stefan problem), 
the quantity Mr may represent the relative loss of weight due to evaporation of the liquid. 

The law (2) describing the penetration of a phase transformation front does, therefore, determine 
the mass transfer dynamics in terms of Eq. (4). The latter applies, however, only to the simplified mech- 
anism of phase transformation, i.e., to the ,pure~ Stefan problem. 

We will assume that at the phase transformation front occurs not the complete but only a partial 
transition of a substance from one phase to another (e.g., transition of a liquid to vapor). Simultaneously 
with the penetration of the phase transformation front into a body at a velocity d~/d7 there occurs behind 
this front a phase transformation of the part of the substance which has not been transformed during the 
front passage through it. The mechanism of phase transformation can be described as follows: there exists 
a zone of phase transformation bounded on one side by the body surface and on the other side by the phase 
transformation front. The latter penetrates into the body according to the law ~ = fit n and behind it there 
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Fig.  2. Curves  of the re la t ive  weight toss  M (%) as 
a function of t ime  r (rain): heat ing ra te  11.2~ 
(I), 8.32 ~ C / r a i n  (II), 4.17 ~ c/rain (IlI), 3 .67~ 
(iv). 

also  occu r s  a phase  t r a n s f o r m a t i o n  of a pa r t  of the subs tance .  While (4) appl ies  only within ce r t a in  t ime  
n in te rva l s  (0 < T < Tend)  , where  r e n  d is de te rmined  f r o m  the re la t ion  ~end = R = flren d (~end denoting the 

m a x i m u m  poss ib le  d is tance  f r o m  the phase  t r a n s f o r m a t i o n  front  to the body sur face ,  equal to half  the body 
th ickness  R): 

-%rid ~ - ~ / ' ~ - ~ ,  (5) 

in our  case  the equation of m a s s  t r a n s f e r  should r e p r e s e n t  the dynamics  of m a s s  t r a n s f e r  ove r  the ent i re  
per iod  of t h e r m a l  heat ing (0 < ~" < ~o). ]3ased on the m e c h a n i s m  of zone penetra t ion,  the equation of m a s s  
t r a n s f e r  dynamics  will  then becom e  

A| n 
M~= B ~ - x n  ' (6)* 

with cons tants  Ar  and B~ de te rmined  f r o m  t e s t s .  In this case ,  as 1- - -  % we have Me --- A~, i .e. ,  (M~)ma x 
= Ar  When the subs tance  has  t r a n s f o r m e d  comple te ly ,  A~ should be equal to 100% or Ar = 1, depending 
on whether  the re la t ive  m a s s  t r a n s f e r  is m e a s u r e d  in pe rcen t  or  in f rac t ions  of unity. 

It is e a sy  to show the re la t ion  between constant  ]3~ and coefficient/3.  During the init ial  per iod,  phase 
t r a n s f o r m a t i o n  p roceeds  e s sen t i a l ly  by a pene t ra t ion  of the phase  t r a n s f o r m a t i o n  front,  i .e. ,  with phase 
t r ans i t ions  within the phase  t r a n s f o r m a t i o n  zone d i s r e g a r d e d  (]3r >> rn), Eq. (6) yields 

Ar 
Mr = B--~ xn, (7) 

and (7) with (4) yield 

A~ _ R,  (Mr (8) 
= Ro Br B~ 

Consequently,  the coeff icient  of pene t ra t ion  of a phase  t r an s fo rma t ion  front  is i nve r se ly  propor t iona l  to ]3~. 

We will accept  this m e c h a n i s m  of phase  t r a n s f o r m a t i o n  in a wet body for  analyzing the chemica l  con-  
v e r s i o n  in a cap i l l a ry  porous  body during i ts  heat ing.  The equation of m a s s  t r a n s f e r  dynamics  during 
chemica l  conver s ion  will  now become  

AT" 
M B + ~" ' (9) 

o r  
M x~ 

. . . . .  , ( 1 0 )  
Mmax B §  n 

with constants  A and B de te rmined  f r o m  t e s t s .  

During the heat ing of a body, then, chemica l  convers ion  occurs  within a ce r t a imzone :  the chemica l  
conve r s ion  zone. It is bounded by the body su r face  and by the chemica l  conver s ion  front,  the l a t t e r  pene-  
t ra t ing  into the body accord ing  to the law ~ = / ~ - n  Throughout  the en t i re  heat ing per iod  there  occur ,  s imu l -  
taneously  with the pene t ra t ion  of the chemica l  conver s ion  front ,  chemica l  reac t ions  throughout the zone. 

*The val idi ty  of Eq. (6) will be demons t r a t ed  in a s epa ra t e  a r t i c l e .  
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Fig:. 3. Ca~es of (1/M-:L/Mmax) 
= f(T) : heat ing ra te  11 .2~  
(I), 8 .32~ (II), 4.17~ 
/ r a i n  (IIt), 3 .67~ (IV). 

When this zone extends to the cen te r  of the body, then convers ion  -will 
occur  throughout the body and the p r o c e s s  will begin to slow down to 
a g radua l  end. During extended heat ing (z -* ~) at the t e m p e r a t u r e  
r eached  by the body, the re fore ,  conver s ion  of the subs tance  p roceeds  
incomple te ly  (A < 100%). For  a continuation of the p r o c e s s ,  it is 
n e c e s s a r y  to r a i s e  the t e m p e r a t u r e .  

The constant  coeff icient  B and the constant  exponent n ha (10) 
can be de te rmined  f r o m  a tes t  cu rve  M = f(~'). Equation (10) can be 
r ewr i t t en  as 

1 ! ~ =|g_._B_.B--nigh. (11) 

Consequently,  the slope of the l o g ( 1 / M - 1 / M m a x )  = f(1ogT) 
curve  is equal to the exponent n and i ts  in te rcep t  on the axis of o rd i -  
na tes  is equal to l o g B / M m a  x. 

Constant B can be de te rmined  f r o m  the value of ~'max. Indeed, 
the m a s s  t r a n s f e r  ra te  is 

d M  . A B n ~  ~-1 

Equating the second der iva t ive  d2M/dT z to zero ,  we find 

(12) 

B =  n + l  ~ . (13)  
12- -  1 max 

Formu la  (13) was a lso  used for  calcula t ing B. 

T i m e  ~- (rain). The dynamics  of m a s s  t r a n s f e r  in cap i l l a ry  porous  bodies was 
studied with the aid of a Stanton ba lance  (built for  use in a h i g h - t e m -  

p e r a t u r e  furnace)  and by continuously r ecord ing  the weight - loss  cu rves  during the heat ing of a spec imen .  
The Stanton appara tus ,  shown schemat i ca l ly  in Fig.  1, cons is ted  of two bas ic  components :  an analyt ical  
ba lance  1 with a m e c h a n i s m  for  au tomat ica l ly  record ing  the changes of weight, and an e l e c t r i c a l - r e s i s -  
tance furnace  12 with a p r o g r a m m e d  t e m p e r a t u r e  r e c o r d e r .  The sens i t iv i ty  of the analyt ical  balance was 
0.0005 g and i ts  m a x i m u m  weight capaci ty  was 50 g. The ve r t i ca l  e l ec t r i ca l  r e s i s t a n c e  furnace  12 was 
cy l indr ica l  in shape,  with a p l a t i n u m / r h o d i u m  coil  D = 37.5 m m  in d i a m e t e r  and H = 360 m m  high. The 
p r o g r a m m e d  t e m p e r a t u r e  r e c o r d e r  made it poss ib le  to heat  a spec imen  inside l inear ly  at va r ious  r a t e s .  
The  heat ing mode was es tab l i shed  by an appropr ia t e  se t t ing of the c a m  prof i le  9, the c a m  being d r iven  by 
a synchronous  m o t o r  

The tes t  s pec i m en  was placed in a c ruc ib le  on a spec ia l  r e f r a c t o r y  base  d i rec t ly  coupled to the r e a r  
a r m  of the balance beam, and thus in se r t ed  into the furnace  f r o m  underneath  into a posi t ion on level  with 
the junction of the thermocouple  for  m e a s u r i n g  the furnace  wall t e m p e r a t u r e .  The bot tom opening in the 
furnace  was then covered  with c e r a m i c  r ings  leaving a sma l l  c l ea rance  for  the base  rod.  On top the fu r -  
nace was ca re fu l ly  insulated with a se t  of lids hanging down and a sbes tos  f ibe r s .  The c ruc ib le  with a 
s p e c i m e n  had been balanced into an equi l ib r ium posi t ion before  the furnace  was turned on, and the su b se -  
quent depa r tu re  f r o m  this equi l ibr ium posi t ion during heating was r eco rded  on a s t r i p  char t .  

In o rde r  to e l imina te  in our  ana lys i s  any weight change due to oxidation of the or ig inal  substance,  
or  due to so l id  and gaseous  products  of reac t ions ,  as weI1 as t h e r m a l  side effects ,  the spec imen  was 
heated in an a tmosphe re  of an iner t  gas  (argon). 

Curves  r ep re sen t ing  the m a s s  t r a n s f e r  dynamics  in a cap i l l a ry  porous  body (re la t ive  weight loss  as 
a function of t ime) a re  shown in Fig. 2 for  four  di f ferent  modes  c h a r a c t e r i z e d  by heating r a t e s  b = 11.2, 
8.32, 4.17, and 3 .67~ r e spec t ive ly .  

The re la t ive  weight loss  of m a t e r i a l  during heating will be denoted by M: 

�9 A G  
114 = : .~ 100, (14) 

Go 

327 



n 

20 

{ 

0 / 

'r~g x, 

h 

Fig .  4. Exponent n and t ime ~'max 
(min) as functions of the heating 
rate b (~ 

1Ra~ ,4" t{ ~1 

6,0 ~ gO 
@ O,S ~8 1,0 IRb 

Fig. 5. Curves of IogB = f(Iogb). 

with AG denoting the actual loss of mater ia l  and G O denoting the initial weight. 

It is evident here  that the M = fiT) curves  are  S-shaped.  Therefore ,  the mass  t r ans fe r  rate dM/d~- 
has a maximum and these curves  have knees.  The time which cor responds  to such an ex t remum will be 
denoted by Tmax, inasmuch as the rate is now (dM/dT)max. It has been found that these ex t rema occur  at 
T I = 30 min, ~-ImI = 48 min, ~-III = 58.5 rain, and ~-IV = 78 min respect ively,  the superscr ip t s  here  

max ax max max 
corresponding to the different heating ra tes .  The quantity A has been defined as the asymptote of the M 
= f(~-) curves .  According to the graph, A = Mma x = 72% in all four heating modes.  

Curves  of ( l / M -  1/Mmax) = f(~) are  shownin Fig. 3 for these fourheat ing modes.  It is ev identhere  
that the test  points lie on s t ra ight  lines and, therefore ,  the validity of Eq. (9) has been confirmed exper i -  
mental ly.  The graphs in Fig. 3 also c lear ly  indicate, however,  that the slope changes abruptly.  This 
means  that the exponent n changed during the heating p rocess .  When the body was heated at the rate b 
-- 11.2~ for example, the exponent was n = 19.1 during the f i rs t  30 rain (~- ~ 30 rain) and n = 4.8 af ter  
the f i r s t  30 rain (~- > 30 rain). A s imi la r  pat tern  was noted in other heating modes (Fig. 3). One may 
as se r t ,  on this basis,  that during the initial heating period (0 < ~" < 30 rain), with the body tempera ture  
r i s ing  f rom 20 to 350~ the re  occur red  predominantly one chemical  react ion of decomposit ion and then, 
at the body tempera tu re  r is ing f rom 350 to 750~ (30 rain < ~- < ~o), the decomposit ion was basical ly due to 
another chemical  react ion.  This t ransi t ion f rom one chemical  convers ion to another is charac te r ized  by 
a break  point on the curve or  an abrupt change of the exponent n. It is quite natural  that exponent n funda- 
mentally cha rac t e r i ze s  the nature and the mechanism of convers ion of a given substance but also that its 
magnitude depends on the heating rate b. 

This is explained by the fas te r  r i se  of the body tempera ture  during heating at a higher  rate .  

Curves of n = f(b) are  shown in Fig. 4. It is evident here  that exponents n 1 and n 2 are,  to the f i rs t  
approximation, l inear functions of the heating rate:  

n l=  9.2 ~- 0.86b; n~ = 2.45 -~ 0.215b. (15) 

The empi r ica l  formulas  (15) are  equations of the s t ra ight  lines in Fig. 4. It appears  that the exponent is 
approximately four t imes higher  for  the f i rs t  period of the react ion than for  the second period (high t em-  
pera ture) :  n i /n  2 ~ 4. At b = 0 the value of the exponent cha rac te r i zes  the rate of the chemical  reaction,  
inasmuch as it cha rac t e r i ze s  the mass  t r ans fe r  rate at an infinitesimally low heating ra te .  

The constant B in (13), which charac te r i zes  the penetrat ion velocity of a chemical  convers ion front, 
is a function of n and ~'max, which in turn are  functions of the heating rate.  In Fig. 4 is also shown the 
Vmax = f(b) curve,  which indicates that, to the f i r s t  approximation, Tma x is a l inear  function of b: 

~ma~ = 96 ~- 6b. (16) 

Consequently, the maximum mass  t r ans fe r  rate for  the given mate r ia l  is charac te r ized  by the time 
(rmax) 0 = 96 rain. Inasmuch as ~'max and n are  functions of the heating rate,  coefficient B will be a func- 
tion of it too. Curves of logB 1 = fl(logb) and logB 2 - f2(logb) a re  shown in Fig. 5. It is evident here  that 
the test  points fit c losely on s t ra ight  lines which can be descr ibed by the following equations: 
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B 1 = 4.10~Sbn,2; B 2 = 0.41.10Sb 1.6s. (17) 

Thus, B i is l a rge r  than B 2 by a few o rde r s  of magnitude (B i is of the o rde r  of 1023-1028, while B 2 is of the 
o rde r  of 10~). The re la t ion  between coefficients B and the heating rate can then be represen ted  by empi r i -  
cal equations of the genera l  fo rm 

B = Bob p, (18) 

where constants B 0 and p are  determined f rom tes ts .  For  our mater ia l  B0I = 4-1026 and B02 = 0.41 �9 106. 

The coefficient of penetrat ion of chemical  convers ion  front is 

= Ro Mmax . (19) 
B 

In our case  

~l~Rv. 18. lb-26b-ll,e; ~ =R~- 176.5.10-6b -1,65 (R~ ~ 0.125--0.214 cra). (20) 

Thus, while a capi l lary  porous body is heated, thermal  decomposit ion is accompanied by chemical  
react ion:  one occurs  during the f i rs t  period at t empera tu res  up to 350~ and another occurs  during the 
second period at t empera tu res  f rom 350 to 750~ In both eases  the chemical  convers ion  front penet ra tes  
into the body according to a power law, with the chemical  react ions proceeding within a continuously ex- 
panding convers ion zone. On the basis  of the values of 130 and n o or  (rmax)0, one can, to the f i r s t  approx i -  
mation, est imate physicoehemical ly  the thermal  p roper t i es  of a test  mater ia l .  
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