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A thermodynamic  analysis  of d ispersed  par t ic le  drying is used to formulate  the conditions 
which must  be satisfied in order  to cor rec t ly  r eco rd  and interpret  drying the rmograms .  

Information concerning pore  s t ruc tures  and the bonding of liquids to d ispersed  par t ic les  has been ob- 
tained by the analysis  of drying the rmograms ,  i .e . ,  curves showing the t empera tu re  changes occur r ing  
within a body during the drying p rocess  [1]. Information acquired in this manner  can be considered t ru s t -  
worthy only if the conditions under which the the rmogram was recorded  were both s t r ic t ly  controlled and 
consistent  with the requi rements  laid down by drying process  theory.  The experimental  techniques in- 
volved in the recording of drying t he rmograms  have been descr ibed in detail in [7, 9]. The experience of 
m o r e  than a decade has shown however,  that erroneous resul ts  can be obtained from the rmogram analysis 
unless certain conditions have been r igorous ly  satisfied during the recording p rocess .  A discussion of 
these conditions is especial ly important  now when the drying the rmogram method is being wide~.y used in 
many laborator ies ,  often, unfortunately, with insufficient care  for details.  

It is well understood [1] that the drying the rmogram method draws on the kinetic pr inciples  of liquid 
vaporizat ion from thin d ispersed par t ic le  films, the pa rame te r s  of the surrounding a i r  being held constant.  
The ra te  of bound liquid vaporizat ion from a sample is then determined by the difference in m a s s - t r a n s f e r  
potentials,  and liquid and vapor mobili t ies,  in the sample and in the surrounding air .  This implies that r e -  
producible t he rmograms  can be obtained only if recording is ca r r i ed  out with predetermined and carefully 
controlled values of the drying air  pa rame te r s  and liquid and vapor mobili t ies.  Both aspects  of this prob-  
lem will be considered in the present  paper.  

An important  considerat ion here  is the fact that thermal  exchange between the sample and the su r -  
rounding air  is controlled by mass  t rans fe r ,  the the rmogram itself being only a reflection of mass  t r ans fe r  
p rocesses  [2]. From this it follows that the form of the the rmogram must  be determined by the form of 
the hygrogram,  i . e . ,  by the t ime variat ion of the liquid vapor p r e s s u r e  above the sample.  The fact that 
the proper t ies  of d i spersed  par t ic les  a re  usually determined f rom the the rmogram ra ther  than the hygro-  
g ram t races  back to the ease with which accura te  t he rmograms  can be recorded.  As has already been 
pointed out in [3], however,  mass  t rans fe r  can with profit be considered separate ly  from thermal  ex- 
change in a f i r s t -approximat ion  discussion of the optimal conditions for application of the drying the rmo-  
g ram method. 

The f i rs t  prerequis i te  for t he rmogram recording  is that those pa rame te r s  of the surrounding a i r  
which fix the drying rate  be held constant.  There  a re  four such pa rame te r s ,  namely, the tempera ture ,  
p re s su re ,  and circulat ion velocity of the air ,  and the chemical  potential, i .e . ,  the mass  t r ans fe r  potential, 
of the liquid vapors  in the air  [4]. The values of the f i rs t  three of these pa ramete r s  can be set a rb i t ra r i ly ,  
and need only be held constant during the recording.  On the other hand, the absolute value of the fourth 
pa rame te r  ,~ is significant, and on two counts. In the f i rs t  place, the sample loses more  and m o r e  of its 
bound water  as the recording proceeds ,  this loss continuing until the value of ~ for the sample liquid be-  
comes equal to the value of # for the liquid vapors  in the surrounding air .  If, therefore ,  a ser ies  of ex- 
per iments  is ca r r ied  out on various samples of the same mater ia l ,  with the ~ value of the vapors  in the 
drying air  held constant at a different value in each experiment,  liquid vaporization will cease at a different 
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point in each exper iment  and the final m a s s  content of liquid vary  f rom one sample  to the other .  It is ob- 
vious that t h e r m o g r a m s  obtained under  such conditions will not be consis tent .  In the second place ,  the 
value of > f ixes the degree  of deliquification, thereby determining the "dry"  s amp le  weight against  which 
the m a s s  content of the sample  is then calculated,  it is,  there fore ,  useful  to se lec t  a cer ta in  s tandard  
value ~0 under  which all exper iments  a r e  to be ca r r i ed  out. 

In working with water  it is r easonab le  to se t  >0 equal to 0.8 k J /g ,  this  making,  as pointed out in [6], 
the dividing point between weak and s t rong  water  bonding in d i s p e r s e d  bodies.  According to [10] 

= RT1 In Pv(T~) (1) 
M Pliq 

Thus it i s  n e c e s s a r y  to v a r y  the p r e s s u r e  Pl of water  vapor  in the t h e r m o s t a t  in o rde r  to mainta in  the 
the rmodynamic  potential  constant  at #0 in exper iments  extending over  a wide in terval  of t e m p e r a t u r e s .  
This can bes t  be done by lowering the total  p r e s s u r e  in the the rmos ta t ing  s y s t e m  [7]. Here  it is useful  to 
bubble the a i r  through wate r  at r o o m - t e m p e r a t u r e  T2, before  allowing it to enter  the sys tem,  thus a s s u r -  
ing constancy of water  vapor  p r e s s u r e  PH (T2) at the input, i . e . ,  at a tmosphe r i c  p r e s s u r e .  The a i r  p r e s -  
su re  in the s y s t e m  will then be given by the express ion  

which, together  with (1), gives 

~, pliq 
P = Hat -- , (2) 

. p v (T~.) 

, _pv(T,)_ ~xp ~-- ~tM / 
P = t ' a t  pv(Tz) 4. I RT ,  t" (3) 

The fo rm of (3) is such as to indicate that the p r e s s u r e  requ i red  he re  is c lose ly  dependent on the t e m p e r a -  
tu re ,  especia l ly  when the t e m p e r a t u r e  and p r e s s u r e  a r e  both low. It can be seen  that main tenance  of con- 
s tant  p r e s s u r e  in the t he rmos t a t  is just as important  as the the rmos ta t ing  i tself .  

All that  has  just been said continues to apply with equal force  in work with d i spe r sed  bodies which 
have been wet with liquids other  than wate r  [8]. Other equations will, na tura l ly ,  then have to be used in 
calculat ions.  Water  vapor  is dis t inct ive in that it is always p resen t  in the a tmosphe re .  For  this r eason ,  
the potential  of wa te r  vapor  in the a i r  mus t  be mainta ined at the s tandard  value ~'0, even when working with 
other  liquids. If .this condition is not sa t i s f ied ,  vapor iza t ion  of the working liquid will be accompanied  by 
wate r  vapor  sorpt ion,  thereby  dis tor t ing the final r esu l t s .  

In actual i ty,  what is requi red  h e r e  is that  the t e m p e r a t u r e  and p r e s s u r e  be held constant over  only a 
l imi ted region around the sample ,  not throughout the en t i re  volume of the t he rmos ta t .  Vaporizat ion of the 
liquid f rom the d i spe r sed  body leads to the es tab l i shment  of a t e m p e r a t u r e  and m a s s - c o n t e n t  field (bound- 
a ry  layer)  around the sample ,  The usual p r ac t i c e  being to c a r r y  out work of this kind under natura l  con- 
vection,  or  with gentle aera t ion  of the sample ,  it follows that this boundary l aye r  can be s eve ra l  cent i -  
m e t e r s  deep. While it is t rue  that the t e m p e r a t u r e  and m a s s - c o n t e n t  will va ry  f rom point to point in the 
t h e r m o s t a t  during an exper iment ,  such var ia t ion  will have  no effect  on the f o r m  of the t h e r m o g r a m ,  this 
being de te rmined  by the kinet ics  of liquid vapor iza t ion .  F rom the p rac t i ca l  point of view, it is bes t  to 
sur round the t e s t  s ample  with a p r e f o r m e d  meta l l i c  wi re  sc reen ,  s epa ra t ed  f rom the sample  by 2-5 era. 
This can give much be t t e r  r esu l t s  than an a t tempted  the rmos ta t ing  of the s tagnant  a i r  in the t h e r m o s t a t .  

Since the boundary layer  surrounding the sample  is compara t ive ly  thick, the t h e r m o g r a m  can be r e -  
corded with the aid of a s ens o r  placed,  not in the sample ,  but in the boundary l aye r  i tself .  Special s tudies 
showed that t h e r m o g r a m s  r eco rded  with s enso r s  located in the sample ,  and at var ious  dis tances  above it, 
all  had the s a m e  genera l  form,  differ ing only in sca le  if the exper iment  was c a r r i e d  out slowly. This s i m -  
i la r i ty  in t h e r m o g r a m  fo rm d i sappeared  when the drying r a t e  was inc reased ,  poss ib ly  because  of slow 
heating of the cell  and the resu l tan t  delay in record ing  the sample  t e m p e r a t u r e .  On the other  hand, rapid  
drying is not r ecommended  for  t he rmograph ie  analys is ,  for  r easons  which will be outlined below. 

The re  a r e  a number  of advantages  to record ing  the t h e r m o g r a m  in the boundary layer ,  espec ia l ly  
when working with nonfr iable  subs tances .  This is poss ib le ,  however ,  only if the m a s s - t r a n s f e r  boundary 
l aye r  is s i m i l a r  to the t h e r m a l  boundary layer .  This condition will always be sa t i s f ied  in the a i r  above 
the sample .  If the wire  s c r een  d is tor t s  the m a s s - t r a n s f e r  boundary layer ,  the t h e r m o g r a m  mus t  be r e -  
eordd~l c lo se r  to the  sample ,  moving the s enso r  up to the s c r een  i tself .  
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A second group of factors to be considered here includes the sample dimensions and the rate of liquid 
vaporization. Since the vaporization rate fixes the form of the thermogram, and is, itself, determined by 
the mass-content of the upper surface of the sample, it should be possible to calculate the mean, integral 
mass-content from a weight curve recorded in the course of the experiment. For this reason, the drying 
rate and sample depth must be so chosen that the difference between these two mass-contents will be less 
than the experimental error 6u: 

! 
Uup-- ~;1 ~ -,~- (Uup- "1) -C 6u. (4) 

F rom the mass  balance conditions which must  apply at the upper sample  surface,  it follows that 

d; h ~u,,- "1)' (5) 

From this, the express ion for the rate  of vaporizat ion f rom unit sur face  a rea  follows as:  

o* , 
1 dm s'  (6) 

S dT ~ "  h 

In the derivation of (6) it was assumed that the t ime required for phase t ransi t ion is so shor t  that it can be 
neglected in compar ison  with the t ime required  for  mass  t ranspor t  within the sample.  It can be assumed 
that this condition will be sat isf ied in every actual recording  of a the rmogram,  the t ime required  for phase 
t ransi t ion of molecules  with velocit ies of the order  of 10 2 m / s e c  through a boundary layer  10 -5 m deep 
being about 10 -7 sec [5, 10]. 

Equation (6) can be said to m a r k  out conditions for a steady state  drying process ;  only if these con- 
ditions are  sat isf ied will the kinetic drying the rmogram give resul ts  charac te r iz ing  the proper t ies  of the 
sample itself. 

A condition for steady state thermal  exchange of the form:  

Tup-- V l "~ 6T, (7) 

must apply here, along with (6); simple rearrangement carries this into 

I dm .~ ZqST 
T ~  /..~ �9 (s) 

Equation (8) cannot be considered as exact, no account of heat leak through the bottom of the cell or of the 
heat required for maintaining the sample t empera tu re  having been taken in its derivation. The s imple 
form of equations (6)-(8) is, however,  adequate for the analysis  in view here .  

The method of drying t he rmograms  was f i rs t  proposed for work with thin d i spersed  body films [1]. 
The conditions of (6)- (8) give a thermodynamic  specification of the depth of film under which steady state 
thermal  and mass  exchange can be established with such bodies. 

These equations indicate that the steady state drying rate  should be inversely  proport ional  to h. The 
drying ra te  can vary  over wide l imits,  depending on the ra te  of a ir  circulat ion in the the rmos ta t  and the 
p resence  of fittings that might impede mass  t r ans fe r  f rom the sample surface.  The essential  thing here  
is that the thermodynamic  potential of the drying a i r  be maintained constant at #0- 

Despite the high precis ion of t empera tu re  and mass  determinat ions in the modern  laboratory,  and 
the correspondingly low values of 6T and 5u, the conditions laid down in (6) and (8) cannot be considered 
as excess ively  r igorous .  In analysis  of the form of liquid bonding in the d ispersed solid, 6T is a measu re  
of the accuracy  of locating the cr i t ical  points on the the rmogram,  which, unfortunately, is always lower 
than the accuracy  of a recording  of the t empera tu re  itself.  

Equations (6) and (8) indicate that the permiss ib le  sample  depth at fixed drying rate  should vary  with 
the coefficients of thermal  and mass  t r ans fe r .  Not only is there  very  little h m data, but the values avail-  
able prove to vary  markedly  with the mass -con ten t .  Tests  as to whether the conditions of (6) and (8) a re  
satisfied are ,  for this reason,  usually made experimentally,  compar ison  being made of the resul ts  of ex- 
per iments  on a single sample  at var ious values of h and dm/d  r .  Experience has shown that initial drying 
ra tes  as high as 2" 10 -4 k g / ( s e e ,  m 2) a re  pe rmiss ib le  in studies on the vaporizat ion of water  f rom highly 
d ispersed  friable mate r ia l s  in the form of films 1-2 mm thick. 
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In studies on certain weak Liquid bonding effects, it is sometimes useful to so work that the condition 
of (6) is satisfied, but that of (8) crudely violated. An example here could be an experiment with a thick- 
walled fluoroplastic cell (in place of the thin-walled metallic cell) from which exchange of thermal energy 
could occur only with a great deal of difficulty [9]. Here the thermogram could not possibly reflect rapid 
alterations in the drying rate. A succession of slight changes in the drying rate of liquid bonding energy 
would of necessity lead to entirely spurious t races  on the thermogram. 

This is an instance in which marked departures from the steady state permit  the detection of very 
weak equilibrium liquid bonding effects on the kinetic drying curves, effects so weak, in fact, that they 
can be followed only with difficulty if one i s  limited to equilibrium methods. It should, however, be noted 
that departures from the conditions of (6) and (8) are  permissible only if the thermogram is to be subjected 
to a special detailed analysis. The usual study of the form of liquid bonding in the dispersed solid requires 
that both conditions be satisfied. 

This discussion of the conditions which must be satisfied in recording drying thermograms is not ex- 
haustive; here  we have considered only those requirements whose violation cannot be detected from the 
thermogram itself but which essentially affect the results of thermographie analysis. 

N O T A T I O N  

M 
Uup, Ul, ui 
Tup, T 1, Ti 
T1 
T2 
h 
S 

)%q, km, 
L 

Pliq 
Pv 
P 
Pat 

is the chemical potential; 
is the molecular weight; 
a re  the mass contents of sample (of the upper layer, lower layer,  and integral); 
are  the temperatures of sample (of the upper layer, lower layer,  and integral); 
is the temperature in the thermostat;  
is the temperature  in the laboratory; 
is the thickness of sample; 
is the area of sample; 
are  the thermal conductivity and mass conductivity of sample, respectively; 
is the specific heat of evaporation of liquid; 
is the p ressure  of liquid vapours in the thermostat;  
is the pressure  of saturated vapors; 
is the total p ressure  in the thermostat;  
is the atmospheric pressure .  

LITERATURE CITED 

1. M . F .  Kazanskii, Dokl. Akad. Nauk SSSR, 130, No. 5, 1059 (1960). 
2. V . M .  Kazanskii, IFZh, 24, No. 2 (1973). 
3. V .M.  Kazanskii, in :Thermal  and Mass Transfer ,  Vol. 6 [in Russian], Minsk (1972), p. 144. 
4. L . M .  Nikitina, IFZh, _6, No. 4, 67 (1963). 
5. D . P .  Timofeev, Kinetics of Adsorption [in Russian], Izd. AN SSSR, Moscow (1962)~ 
6. V.M. Kazanskii, IFZh, 20, No. 5, 787 (1971). 
7. M.F. Kazanskii, R. V. Lutsyk, and V. M. Kazanskii, in Thermal and Mass Exchange in Dispersed 

Systems [in Russian], Nauka i Tekhnika, Minsk (1965), p. 136. 
8. V . M .  Kazanskii, R. V. Lutsyk, and A. F. Mel'nikova, IFZh, 22, No. 2, 259 (1972). 
9. V . M .  Kazanskii, P. P. Lutsyk, and M. F. Kazanskii, IFZh, 16, No. 5, 798 (1969). 

10. J . H .  deBoer, Dynamic Character of Adsorption [Russian translation], IL, Moscow (1968). 

1104 


