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The feasibility is established here  Of analyzing and descr ib ing the s i s t e r  t rea tment  of c e r a -  
mics by solving the different ia l  equations of heat and mass  t r ans fe r  on the basis of nonequili-  
br ium thermodynamics .  

According to the resu l t s  obtained in ea r l i e r  exper imenta l  studies of s in ter  p rocesses  in the ce ramic  
industry,  the interdependent p rocesses  of heat and mass t r ans fe r  during phase t ransformat ions  and chemi-  
cal convers ions  can be descr ibed by the equations of nonequilibrium thermodynamics .  

The thermodynamic concept of heat dQ supplied to the sensible phase in a given system during an in- 
f ini tesimally small  change of state is an appropriate  one to use for descr ib ing the energy balance as follows: 

dQ = du + P dV ~ dWdiss - - Z  H kdc, nh" (1) 
k 

Quite evidently, according to Eq. (1), the externa l  heat supplied to the sensible phase during an in- 
f ini tesimally small  change of state is subsequently expended on a change in the internal  energy (du), on 
mechanical  work (PdV), on dissipative effects  of molecular  fr ict ion (dWdiss), and on chemical  react ions  

(also on heating as a resu l t  of mass  t r ans fe r .  ~ Hkdank, with Hk denoting the par t ia l  molar  enthalpy of the 
k 

given substance (k) and nk denoting the number of moles of substance (k) produced by mass  t r ans fe r  to the 
ambient medium). 

The mass balance in this case is descr ibed by the following equation: 

dnh = danh q- Z Vk~rd~r, (2) 
F 

with dnk denoting the total change in moles of substance (k), dan k denoting the change inmoles  of substance 

(k) due to mass  t r ans fe r  to the ambient medium, Z Vk , rd~r  denoting the change in moles due to chemical  
r 

reac t ions ,  Vk, r denoting the s toichiometr ic  factor  for substance (k) in the chemical  reac t ion  (r), and ~ 
denoting the degree  of completion of the chemical  react ion (r). 

The c lass ica l  Gibbs equation, which desc r ibes  the total different ia l  change in entropy within one r e -  
gion of a va r i ab le -mass  and var iable-composi t ion  body 

TdS = du -4- PdV- -  Z ILkdnh' (3) 
k 

is known to apply equally well to systems isolated from the amibent medium and systems in contact with it, 
inasmuch as a change in moles of a substance is affected by a chemical reaction within such a region as 
well as by mass transfer to the ambient medium. 

Combining Eqs. (1)-(3) and introducing the chemical potential for the case of isobaric-isothermal 
coupling 

~ = H k ~ T. S k, 
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Fig. 1. Thermogram of the heating process,  for two 
test specimens of kaolin: one presintered (curves la ,  2a, 
3a) and one unsintered (curves 1, 2, 3), plotted from the 
readings of three differential thermocouples; 4) oven 
heating-rate curve, 5) specimen loss-of-weight curve; 
temperature t (~ time w (min). 

we obtain the following equation to describe the process 

TdS = dQ + T ~ Skdan h -}- dWdiss -}-~ ArdOr, 
k r (4) 

with Ar = - - ~  Vk, r ~r denoting the affinity of reaction (r). 
r 

Dividing all terms in (4) by T will yield the entropy equation for this process 

dS = dQ 1 I E " T + ZS~dan~ -}- ~ dWdiss -~ -~-  _ _  ArdOr" (5) 
r. 

Considering Eq. (5) and taking into account the additivity property of entropy, we arrive at important 
results  which allow us to determine the entropy of dissipation: 

1 
dSdiss = T dWdiss (6) 

as well as the entropy of ehemical reactions within the system 

dS,. = l___ Y~AA~r. 
T (7) 

In order to demonstrate the gist of the problem more precisely, we will determine the entropy of a 
process in two specific cases.  

In the first case the entropy is determined from test values of the specific heat of a sintered ceramic 
specimen, in the second case the entropy is determined from the effective thermal characterist ics of the 
sinter treatment of a molded (clay) specimen. 
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Fig.  2. I s o b a r i c - i s o t h e r m a l  potential  of decomposi t ion reac t ions  during 
heating of kaolinite,  as  a function of the t e m p e r a t u r e :  1) A1203 �9 2SiC 2 
�9 2H20 = AI203 �9 2SiO 2 + 2H20; 2) AI203 �9 2SiO 2 �9 2H20 = AI203 �9 SiO 2 + SiO 2 
+ 2H20 , 3) A1203 �9 2SiO 2 �9 2H20 = 11203 + 2SiO 2 + 2H20, 4) AI203 �9 2SiO 2 
�9 2H20 = 1/3(3A1203" 2SiO 2) + 4/3SIO 2 + 2H20; temperature T(~ poten- 
tial ~z (cal/mole). 

Fig. 3. Specific heat of kaolin C (kcal/kg. ~ as a function of the tem- 
perature t(~ based on test values: 1) effective specific heat during 
the sinter treatment, 2) specific heat of a sintered specimen. 

In the f i r s t  case  there  occu r s  no chemica l  reac t ion  dur ing the heating of a s intered spec imen sad,  
consequently,  all  except  the f i r s t  t e r m  on the r ight-hand side of Eq. (5) a re  equal to zero .  

In the second case ,  where  raw clay is s in te red ,  all  t e r m s  will appear  in Eq. (5). 

The entropy due to m a s s  t r a n s f e r  to the ambient  medium,  within the t e m p e r a t u r e  of dehydrat ion,  is 
equal to the product of the p h a s e - t r a n s f o r m a t i o n  entropy and the quantity of  c rys ta l l i za t ion  wa te r  (gram moles)  
r emoved  f r o m  the spec imen dur ing the s in ter  p roces s .  T h e r e f o r e ,  Eq. (5) y ie lds  

X Shd~ nJ~ = Sr An. (8) 

The entropy due to chemica l  r eac t ions  is ,  analogously,  

1 
T (9) 

r 

The entropy of diss ipat ion is equal to the d i f ference  between the total  entropy of the p roces s  and all  
i ts  other  components  combined,  namely  

Sdiss AWdi~s = S T - - S r  �9 An pAn (10) 
T T ' 

AIVd~ = Sd~ ~ r ( l l )  

The t h e r m o g r a m  in Fig.  1 i l lu s t r a t e s  comprehens ive ly  the t he rma l  p r o c e s s  during dehydrat ion of 
kaolin, including the d iss ipat ive  effects .  In this exper iment  the hot junctions of three  d i f ferent ia l  t h e r m o -  
couples had been installed in each of two spec imens  of modeling kaolin: a s intered one and an unsintered 
one, as shown schemat ica l ly  in Fig.  1. 

Curves  1, 2, 3 in Fig.  1 c l ea r ly  indicate the endothermal  effect  in a s intered cyl inder  and they de-  
sc r ibe  the p roce s s  kinet ics .  On the r ight-hand side of the same  d i ag ram is  also depicted the second heat  
t r e a t m e n t  of the two cy l inders ,  both having been s intered now, taking place under the same  tes t  conditions. 
Curves  l a ,  2a, 3a indicate equal heating r a t e s  of both cy l inders .  

Curve 4 indicates  a constant  ambient  heating ra t e  inside the oven,  where  two spec imens  were  s intered 
while the i r  t e m p e r a t u r e  f ields were  recorded  and where  a third spec imen was s in tered  white i ts  loss  of 
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weight was r eco rded  (curve 5) as a function of t e m p e r a t u r e  and t ime ( m a s s - t r a n s f e r  kinetics) .  

As a typical  numer i ca l  example ,  we will  cons ider  the decomposi t ion  reac t ions  of the a rg i l l aceous  
m i n e r a l  kaolinite dur ing heating (Fig. 2) and the i s o b a r i c - i s o t h e r m a l  potent ials  of these reac t ions .  

According  to the cu rves  in Fig.  2, the reac t ion  mos t  likely to occur  within the 600-800~ t e m p e r a t u r e  
range  is the fo rmat ion  of metacaol in i te  A120 ~- 2SiO 2 with the r e l e a s e  of wa te r  vapor ,  

The s in te r  t r ea tmen t  of c e r a m i c  a r t i c l e s  is effeeted under constant  p r e s s u r e  in a constant  volume (the 
volume change due to shr inkage is negligible as compared  to the total  volume of a sample) .  It is thus pe r -  
mis s ib l e  to calculate  the  entropy of the s y s t e m  accura te ly  enough, for p rac t i ca l  purposes ,  f rom the tes t  
va lues  of the specif ic  heat for kaolin (Fig. 3). The change in entropy of a s intered kaolinite at oven t e m -  
p e r a t u r e s  f rom 600 to 800~ i . e . ,  f rom the beginning of dehydrat ion to the max imum endothermal  effect ,  
has been plotted on the d i f ferent ia l  t e m p e r a t u r e  curve .  The entropy of dehydrat ion has been calculated 
here  in two s tages .  

The f i r s t  s tage r e p r e s e n t s  the t e m p e r a t u r e  range  f rom the beginning of the endothermal  p roces s  to i ts  
peaking, s s  indicated on the d i f ferent ia l  curve ,  when the dehydrat ion p roceeds  at an inc reas ing  ra t e  (when 
the entropy d e c r e a s e  is l ess  than the entropy inc rease ) ,  and as conf i rmed by the d i f ferent ia l  loss -o f -we igh t  
kinet ics  (curve 5 in Fig.  1) with i ts  peak at 650~ 

The second stage r e p r e s e n t s  the range  of dec reas ing  dehydrat ion r a t e ,  when the entropy dec rea se  is 
m o r e  than the entropy inc rease .  

As has been mentioned e a r l i e r ,  a c e r a m i c  ar t ic le  is s in tered  under normal  a tmospher i c  p r e s s u r e  
and in an a lmos t  constant  volume,  making it much s imp le r  to calcula te  the change in entropy within the 
s y s t e m  between t e m p e r a t u r e s  T 1 and T2, i . e . ,  under the assumpt ion  that the tes t  values  of the specif ic  
heat  at these  t e m p e r a t u r e s  sa t is fy  the re la t ion  

ST, - -  ST, ~ ----- AS'~---- cr~ In T 2 - -  Crl In T 1. (12) 

According  to Fig.  1, the dehydrat ion of clay occu r s  f i r s t  at the sur face  and then proceeds  toward the cen-  
t e r  so that a dehydrat ion region appea r s  within the spec imen.  A model  of this p roce s s  can be cons t ruc ted  
as follows. Let the dehydrat ion p roce s s  be completed within the sur face  layer  (f irst  layer)  at a fixed in-  
stant  of t ime ,  whereupon the p roce s s  shifts  into the second l ayer  under the sur face ,  then into the third 
l aye r ,  etc.  until it r e aches  the cen te r .  

Thus,  in each l ayer  at a fixed instant  of t ime  there  may a r i s e  conditions c lose  to the rmodynamic  
equi l ibr ium,  which is n e c e s s a r y  for r ende r ing  the Gibbs equation valid.  

Accord ing  to this model  of the s in te r  p r o c e s s ,  a m a s s  of wa te r  is  t r a n s f e r r e d  f rom the spec imen to 
the ambient  medium,  pass ing  through the upper  l aye r s  and pe r fo rming  d iss ipa t ive  work  (producing d i s s i p a -  
t ive entropy) .  

Thus,  with the d iss ipa t ive  ent ropy (work) of m a s s  t r a n s f e r  taken into account,  the equation of the 
i s o b a r i c - i s o t h e r m a l  potential  becom es  

Az -- I / - -  :r (S + Sd~ s ). (13) 

The ra t e  of i nc rease  of d iss ipa t ive  entropy per  volume is ,  accord ing  to nonequi l ibr ium thermodyna~ 
ta lcs ,  desc r ibed  by the well  known equation 

dSdi~* T =  dSdiss T = q Z ,  (14) 
dV.d.r FdxdT 

where  Fdr  = dV is a volume e lement ,  r denotes t ime ,  q denotes the t h e r m a l  flux, and ~ denotes  the poten- 
t ial  ( thermodynamic  force) .  

The change is d iss ipa t ive  ent ropy assoc ia ted  with heat t r a n s f e r  within the sy s t em (Fig. 4) is 
dQ dQ dQ. dT 

dSdis-s T + dT T = T - - - -~-- -  (15) 

The t h e r m a l  flux and the the rmodynamic  force  a re  re la ted  accord ing  to the Onsager  equation 

q ---- L1xl " ~ . . .  (16) 

Combining Eqs .  (14), (15), and (16), we obtain the c l a s s i ca l  F o u r i e r  d i f ferent ia l  equation of heat 
conduction 
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Fig.  4. On de te rmin ing  the entropy in an e l emen ta ry  layer  
of the the rmodynamic  sys t em here .  

Fig.  5. D iagram of diss ipat ion effects  dur ing the heating 
and the s in te r ing  of kaolin spec imens :  1) entropy change 
during the s in te r  t r ea tmen t  of a spec imen ,  2) entropy change 
during the heating of a p res in te red  specimen;  entropy change 
AS (kca l /kg-  ~ t e m p e r a t u r e  t(~ 

Ot ~, c92t 

0 x  c70 Ox ~ (17) 

A s imul taneous  occu r rence  of heat conduction and chemica l  convers ions  in the ma t e r i a l  will be r e -  
flected in the equation of heat t r a n s f e r  with chemica l  convers ion  

02t XO2t p Ou 
, (18) 

a t  c%ax 2 c at  

where p denotes the heat  of reac t ion  and Ou/Or denotes the ra te  of change of m a s s  in the chemica l  p r o c e s s ,  
this  r a t e  of change being also a function of the t e m p e r a t u r e  gradient :  

Ou Ou cgt 
OT Ot c)z (19) 

(18), we obtain the effect ive t he rma l  diffusivity aeff  and the ef fec-  Inse r t ing  express ion  (1 9) into Eq. 
t ive specif ic  heat 

aeff = p Au ' (20) 
cvo + -  _ _  

c A'~ 

ccff = c~0 + p AU (21) 
c AT 

According to (20) and (21), an inc rease  in the ra te  of chemica l  convers ions  &u/&T in the ma te r i a l  
r e su l t s  in a higher specif ic  heat and a lower t h e r m a l  diffusivity,  as has also been conf i rmed exper imenta l ly .  

Following the method shown here ,  we have calculated and plotted (Fig. 5) the entropy change in a 
s intered kaolin spec imen (1) during heating. 

These  graphs  indicate that during the f i r s t  stage of dehydrat ion,  f rom the beginning of the p rocess  
to the t ime when the t e m p e r a t u r e  di f ference between the cen te r  and the sur face  of a spec imen  becomes  
max imu  .m, when the dehydrat ion p roce s s  zone shifts  f rom the sur face  to the center  of the spec imen ,  the 
dec rea se  in entropy as well  as the inc rease  in entropy become l a r g e r  and, consequently,  the d iss ipat ive  
entropy also i n c r e a s e s ,  while during the second stage of the p roce s s  the d e c r e a s e  in entropy becomes  
s m a l l e r  and, t he re fo re ,  the diss ipat ive  component  of entropy also d e c r e a s e s .  
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The work of dissipation was calculated as equal to the area bounded between curve 1 of entropy change 
during the sinter process and curve 2 of entropy change in the already sintered specimen during heating. 

The intensity of dissipative effects during sinter treatment of ceramics  or during glass heating and 
blowing is of practical concern, becuase they are associated with the breakdown of the crystal  lattice in 
argillaceous minerals and they affect appreciably the mechanical strength of tiles -- especially during an 
accelerated sinter treatment,  when the dissipative work at large temperature differences can easily exceed 
the resi l ience of a tile. This, in turn, causes breakage of ceramic articles as well as glass articles during 
blowing. 

t is the 
Az is the 
c is the 
AS is the 
dx is the 
dT is the 
Au/A7 is the 
neff is the 
Ceff is the 

N O T A T I O N  

temperature of the ambient medium and of the specimens; 
isobaric- isothermal  potential; 
specific heat of the material; 
change :in entropy; 
change in specimen dimensions; 
change in temperature;  
change in the rate of chemical conversions in the material; 
effective thermal diffusivity; 
effective specific heat. 
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