
The me a su remen t s  on the in terac t ion  between molten cobalt  and VK8 alloy specimens  (7.6 wt, % Co 
92.4 wt. % WC) were  made by the method descr ibed  in [2]; the t imes  of contact  between the VK8 specimens 
and the molten cobalt  sa tura ted  with tungsten and carbon were  180, 300, 480, 720, 1080, and 1380 sec. The 
cobalt  dis tr ibut ion was examined by x - r a y  spec t ra l  mic roana lys i s ;  the following resu l t s  were  obtained for 
VK8 alloy: a = 0.6; C = 2 .5 .10  -6 m2/N; D = 1.86" 107 N. secb/2 /m2+b;  b = 1.44. The m easu rem en t s  agree  
well with the calculat ions (Fig. 2). 

The re fo re ,  (5) can be used in quantitative determinat ion of the amount of bonding meta l  in a s in tered 
ma te r i a l  and in analyzing the kinetic cha rac te r i s t i c s .  

Also, (5) can be used  in r e s e a r c h  on other  p r o c e s s e s  descr ibed  by different ia l  equations of parabolic 
type, e .g . ,  t he rma l  conduction, diffusion, gas  infi l trat ion,  and motion of ions in an e lec t r ic  field. However,  
(5) can be used  only if a negat ive-exponent ia l  relat ionship applies for  the extensive quantit ies (heat, mass ,  
and volume) in t e r m s  of the intensive quantit ies that provide the driving fo rce  ( tempera ture ,  chemical  potential,  
and p re s su re ) ,  i . e . ,  if  the conditions r ep re sen ted  by (3) a re  met.  

N O T A T I O N  

II, migra t ion  p r e s s u r e ;  r ,  par t ic le  s ize;  ~, amount of liquid phase as a volume fract ion;  km, migrat ion 
coefficient;  kp, permeabi l i ty  coefficient;  ~, viscosi ty;  x, coordinate;  T, t ime;  A, a, E, G, C, D, coefficients;  
b, m exponents.  
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Nonisothermal  t r anspor t  of mois tu re  in a capi l la ry  porous body was studied by an x - r a y  method. 
Radiometry  of the radiat ion and prec i s ion  t empera tu re  control  of the drying sample a re  dis-  
cussed. 

Absorption measu remen t s  of radiat ion passing through a sample should be recognized as a most  effective 
method for  studying the motion of mois tu re  in a capi l lary  porous body during drying. Gamma radiat ion f rom 
radioact ive isotopes is being used successful ly  for  this purpose [1, 7, 8]. Because  of the high energy of the 
radiat ion quanta, however,  the mass  absorpt ion coefficient  ~ is ex t remely  smal l  and the beam path in a sample 
is  large  (tens of cen t imeters ) ;  this c r ea t e s  exper imenta l  difficult ies connected with t em p e ra tu r e  control  and 
equalization of a i r  flow above the drying surface  in a cons tan t - t empera tu re  device. There fo re ,  b remss t raMung 
x - r a y s  were  used in the p resen t  work [2]. The p resence  of absorbing walls of the sample holder,  of sample 
mate r ia l ,  of the cover ing of the radiation de tec tor ,  and of the beryl l ium window of the x - r a y  tube makes  it 
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Fig. 1. Dependence of m o i s t u r e  content u, %, 
on coord ina te  x, ram,  at va r ious  t imes  (min): 
1) 70; 2) 80; 3) 90; 4) 100; 5) 110; 6) 120. 

poss ib le  to r e a l i z e  an exponential  law fo r  radia t ion  at tenuation by the wa te r  contained in a sample.  Ex p e r i -  
men ta l  ca l ib ra t ion  was  p e r f o r m e d  with a se t  of p l ane -pa r a l l e l  P lex ig las  conta iners  of known thickness  set  up 
in the path of the x - r a y  beam with a d ry  sample ;  i t  gave  an at tenuation coeff icient  ~ = 0.44 cm2/g for  water  
with the tube vol tage s tabi l ized  at 27 kV. 

We cons ide r  a l inear  theory  for  a s y m m e t r i c  drying of a l aye r  sea led  against  m o i s t u r e  f rom below and 
drying upward  at a constant  ra te .  E x p e r i m e n t  shows that  with good t e m p e r a t u r e  contro l  of the bot tom of the 
sample  holder ,  quar tz  sand d r i e s  with a t e m p e r a t u r e  g rad ien t  which is  constant  in space  and t ime  and in 
accordance  with theory  [3] the p r o c e s s  i s  de sc r ibed  by the following equations: 

Ou (x,  t) = a,~ O~u(x' t) , (1) 
Ot Ox ~ 

u (x, O) = uo - const, (2) 

ou(o, t) (3) 
6T=O, 

Ox 

Ou (L, t) G + 6-r -- (4) 
Ox a.,9o 

Equation (1) i s  the equation of m a s s  t r a n s f e r  fo r  r = ~ 0 / a x  = const ;  Eq. (2) i s  the ini t ial  condition fo r  uniform 
dis t r ibut ion of mo i s tu re ;  Eqs. (3) and (4) a re ,  r e spec t ive ly ,  the boundary conditions at the m o i s t u r e - s e a l e d  
bot tom of the sample  holder  and at the drying sur face .  

P e r f o r m i n g  a Laplace  t r a n s f o r m  of Eqs.  (1)-(4), we find a t r a n s f o r m  s i m i l a r  to that  in [4] (Chap. V, 
Sec. 2). I t s  i n v e r s e  has  the fo rm 

U =  UO + 6  ~ [a,.tL L2--3(L--x)26L +L ~( - -  1) '~+ln=l n2u - - ~ ' 2  eosnu(lX)_L_ exp (nz~ 2 amtL 2 )] . 

TABLE 1. Signs of Der iva t ives  in Var ious  Sections of Mois ture  
Dis t r ibut ion  Curve  

Derivative / Section tv~thod 
I 2 3 4 

Simplified analytic ! bu/ax -~ + - -  - -  

solution O2u/Ox z . . . .  

Numericaldifferenm- I Ou/Ox ~ "-}- - -  - -  

tion I O*u/Ox* -~- - -  - -  q -  
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Fig. 2. Dependence of am, m2/sec (1) and 5, ~ -1 (2) on au/  
ax, m -1. Quartz  sand fraction,  0.25-0.5 rara: a) bottom tem-  
pera ture  32~ motor  voltage 12.2 V; b) bottom tempera ture  
37~ moto r  voltage 4.8 V. 

amp 0 L 6L 

or  af ter  elimination of the sums which go to zero,  

U = Uo + ST L - -  2x G [ 1 amt ] 2 :- - - -  (L2 - -  3x2) (5) 
amp o 6L L 

The solution (5) gives a parabolic  distribution of mois tu re  content along the coordinate with a l inear 
drop in t ime,  i . e . ,  it is somewhat analogous to a regular  thermal  mode of the second kind. 

Fo r  the purpose of experimental  investigation of drying of a capi l lary porous body (sand with grain s izes 
0.25-0.5 mm cleaned by the standard method [5]), labora tory  equipment was built the main portion of which 
was a ver t ica l ly  displaceable cons tan t - t empera tu re  device; a sample holder with horizontal  dimensions of 
21 x 21 mm 2 was installed inside it. On its la tera l  surface,  the sample holder was lined with foam plastic 10 
mm thick. The ver t ica l  dimension of the sample holder was 15 ram. The displacement of the cons tant - tem-  
pera ture  device along the ver t ical  was measu red  with a eathetometer .  The sample was i r radia ted  horizontally 
by the beam from the x - r a y  tube. Fans were instal led inside the cons tan t - t empera tu re  device and the speed 
of the fan motors  was easi ly changed by means  of a rheostat.  

An automatic control  sys tem was used to regulate sample temperature .  The tempera ture  sensor  in this 
sys tem was a thermocouple  with its hot junction attached to the outer surface of the bottom of the sample 
holder (a b ras s  plate 2 ram thick) and its cold junction in a Dewar flask located outside the cons tan t - t empera -  
ture device. The thermocouple was connected to the input of a single-point recording potent iometer  (type 
EPP-09)  through a balancing voltage divider and photoelectr ic  amplif ier  (type F-117) with a voltage amplifica- 
tion factor  up to 100. By means  of a flag attached to the ca r r i age ,  this potent iometer  control led a fight beam 
incident on a photores i s tor  connected to a phase shifter  and, by means of a thyra t ron  unit, changed the 
operating cur ren t  of the heater  in the cons tan t - tempera ture  device, keeping the t empera tu re  of the bottom of 
the sample holder constant to within + 0.03~ The experimental  distribution of mois tu re  content over  the 
height of the sample holder was obtained f rom analysis  of the rad iometr ic  measurements .  The measurements  
of mois tu re  content re fe r  to 5-7 layers  located at different dis tances f rom the bottom of the sample holder and 
i r rad ia ted  in turn. A descript ion of the x - r ay  equipment for i r radia t ion and monitoring is found in [2] and 
the appropriate  formulas ,  in [7] and [8]. The background signal recorded  by the detector  was taken into con- 
sideration. 

A scheme for  the rmomet r i c  measu remen t s ,  which is not shown in the f igures,  recorded  the resul ts  of 
t empera tu re  measu remen t s  by a second multipoint recording potent iometer  through a second photoelectr ic  
amplif ier  and balancing voltage divider. The hot junctions of copper--Constantan thermocouples  provided for 
these measu remen t s  were  a r ranged  along the height of the sample holder at distances x = 0, 3, 6, 9, and 12 
tara f rom the inside bottom surface.  
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The d i a m e t e r  of the w i r e s  f r o m  which the the rmocoup les  were  made  did not exceed 0.1 mm.  The cold 
junctions of al l  t he rmocoup le s  we re  in a Dewar  f lask.  The  the rmocouple  switch was a double-pole  switch 
breaking  two coppe r  conductors  to avoid ha rmfu l  galvanic  connections.  The sens i t iv i ty  of the t e m p e r a t u r e  
r eco rd ings  could be changed. In m o s t  m e a s u r e m e n t s  i t  co r r e sponded  to 10~ full scale.  The total  t e m p e r a -  
t u r e  drop  between the bot tom and the su r face  of the sample  was 1-4~ Conta iners  of ca lc ium chloride were  
ins ta l led  in o rde r  to s tandard ize  expe r imen ta l  conditions with r e s p e c t  to the a i r  humidity inside the constant -  
t e m p e r a t u r e  device.  

E x p e r i m e n t  showed that  the solution (5) only a g r e e s  qual i ta t ively with expe r imen t  in the p r e sence  of a 
m a x i m u m  m o i s t u r e  content  between the bot tom of the sample  holder  and the drying surface .  The re fo re ,  an 
a t tempt  was made  at d i r ec t  ana lys i s  of the expe r imen ta l  data. 

By compu te r ,  equations of Lagrang ian  in terpola t ion polynomials  were  found f r o m  the expe r imen ta l  r e -  
sul ts  with u(x) being the polynomia l  fo r  each  interpolat ion curve  f r o m  the coeff ic ients  of which the der iva t ives  

X 

0 u / a x a n d t h e i n t e g r a l s  o~U(x)dx were  de termined.  Each  group of de r iva t ives  and in tegra l s  was ca lcula ted  for  

a single t ime  with a coordinate  spac ing  of 1 m m .  Dif ferent ia t ion  of the in tegra l  cu rve s  with r e spec t  to t ime  
in o r d e r  t o  de t e rmine  m o i s t u r e  flow dens i t ies  was p e r f o r m e d  graphica l ly  in o rde r  to avoid e r r o r s  which might  
poss ib ly  r e su l t  f r o m  a second analyt ic  approximat ion.  This  s tage of the work  was re la t ive ly  s imple  because  
of the sl ight cu rva tu re  of the in t eg ra l  curves .  

Keeping in mind the equation of m a s s  t r a n s p o r t  [3] for  T = const ,  we obtain for  two neighboring points 

( Oul 
Gz = - -  amP~ ~, Ox ) -- a'nP~ 

(6) 

G~ = -  a,~po \ Ox / 

G~.q_ Ot h 
a m = G2 - -  GI , 6 = - -  amP~ Ox (7) 

( Ou I Ou~ ) 
Po Ox ax 

If  we divide the dis t r ibut ion cu rve  cons t ruc ted  f r o m  the l inear  solution (5) and the cu rves  ref lect ing the 
r e su l t s  of n u m e r i c a l  ana lys i s  into four  succes s ive  sec t ions  along the coordinate ,  we then obtain in these  
sec t ions  de r iva t ives  with signs which a l t e rna te  as shown in Table  1. 

F igu re  1 shows an example  of m o i s t u r e  dis t r ibut ion cu rves  obtained by the x - r a y  method. Resul ts  f rom 
n u m e r i c a l  solution of Eqs.  (7) a r e  shown in Figs.  2a, b. Of course ,  opera t ions  based  on g raph ica l  analys is  
of p r i m a r y  m a t e r i a l s  a r e  of l imi ted  accu racy ,  but cons idera t ion  of them leads  to the following conclusions .  

1. Dis t r ibut ion cu rves  for  m o i s t u r e  content  ove r  the height of the sample  holder  for  mo i s tu re  contents 
exceeding the men i scus  content  d e t e r m i n e d  by ad ry ing  t h e r m o g r a m  (4.5%) have a c l ea r ly  e x p r e s s e d  m a x i -  

mum.  

2. F o r  negat ive  and posi t ive  va lues  of the a rgument  Ou/0x l a rges t  in modulus,  the function a m has 
negat ive values  (not shown in Fig. 2). It  is  easy  to conf i rm that  this si tuation occurs  when ~2u/Ox2 > 0. 

This  kind of dependence for  u(x) is  encountered in the l i t e ra tu re  [6] but as f a r  as we know is  nowhere 

d e s c r i b e d i n  detail.  

3. At compa ra t i ve l y  intense drying (bottom t e m p e r a t u r e  41~ mo to r  voltage 12.2 V), the dependence of 
the coeff ic ients  a m and 5 on p r o c e s s  p a r a m e t e r s  as  shown in Fig. 2 is  difficult  to r e p r e s e n t  despi te  the smooth-  
ne s s  of the m o i s t u r e  dis t r ibut ion curves .  It  i s  apparent  that  the p rev ious ly  used  method for  data analys is  f r o m  
two points does  not p rov ide  sufficient a ccu racy  for  so intensely varying grad ien t s  of the mo i s tu r e  content along 
the coordinate .  

4. The posi t ion of the m a x i m u m  m o i s t u r e  content in the sample  holder  is  dis t inct ively different  in dif- 
f e r en t  exper iments ;  i t  shif ts  toward  the drying sur face  as the t e m p e r a t u r e  i nc reases .  In our  exper iments ,  the 
coord ina tes  of the m a x i m u m  m o i s t u r e  content were  0.56, 0.66, and 1.1 cm for  s a m p l e - h o l d e r  bottom t e m -  
p e r a t u r e s  of 32, 37, and 41~ respec t ive ly .  
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NOTATION 

u(x), d is t r ibut ion cu rve  for  m o i s t u r e  content ove r  sample  height; x, coordinate  m e a s u r e d  along height of 
sample  with x = 0 at bottom of sample  holder;  P0, sample  densi ty;  G, G 1, G 2, m o i s t u r e  flow densi t ies ;  am,  
m o i s t u r e  diffusion coeff ic ient ;  6, m o i s t u r e  thermodif fus ion coeff icient ;  T, absolute value of t e m p e r a t u r e  
gradient ;  t, t ime;  | t e m p e r a t u r e ,  L, sample  height. 
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O P T I M U M  C O N T R O L  O F  P R O C E S S E S  OF H E A T  A N D  

M A S S  T R A N S F E R  D U R I N G  D R Y I N G  
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V.  A.  O d i n o k o v ,  a n d  G.  S. Z e l i n s k i i  
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The p rob lem of the opt imum control  of p r o c e s s e s  of conjugate heat  and m a s s  t r a n s f e r  during 
dr.ving is  solved for  the case  when the control l ing p a r a m e t e r  is the t e m p e r a t u r e  of the drying 
agent and the quality c r i t e r ion  is  the heat expenditure.  

Despi te  the fact  that  the s t ruc tu re  of the s y s t e m  of di f ferent ia l  equations descr ib ing  the p r o c e s s e s  of 
heat  and m a s s  t r a n s f e r  during drying is  well  known [1], the use of ma thema t i ca l  methods of opt imizat ion of 
drying p r o c e s s e s  is compl ica ted  by a number  of f ac to r s ,  among which one mus t  include the absence of 
analyt ical  exp re s s ions  for  the coeff ic ients  of the equations which a re  functions of the p a r a m e t e r s  of the drying 
p r o c e s s  and the absence  of sufficiently re l iab le  methods of optimization.  Even if analyt ical  express ions  for  the 
coeff ic ients  of the s y s t e m  a re  known, the i r  substi tut ion into the equations of the sy s t em so compl ica tes  the 
l a t t e r  that one is  often not able to use exact  methods  of optimization.  The r ep l acemen t  of the var iab le  coef-  
f ic ients  of the sy s t em  by cons tants  r educes  the accuracy  of the ma thema t i ca l  descr ip t ion  of the p r o c e s s  and in 
a number  of c a s e s  leads to the loss  of the connection between the control led and the control l ing p a r a m e t e r s ,  
which e l imina tes  the poss ib i l i ty  of opt imizat ion using the given model.  In this connection the development  of 
approx imate  methods  of opt imizat ion for  a sy s t em of equations with var iab le  coeff ic ients  is  an urgent  task.  

It is known that the drying p r o c e s s  in the gene ra l  c a se  is  desc r ibed  by a s y s t e m  of different ia l  equations 
of conjugate heat  and m a s s  t r a n s f e r  p roposed  by A.V. Lykov [2] inwhich the coeff ic ients  to the pa r t i a l  de r iva t ives  
a re  combinat ions  of the t he rmophys i ca l  and the rmodynamic  c h a r a c t e r i s t i c s  of the m a t e r i a l  being dried. F o r  
each  concre te  p r o c e s s  they a re  different  functions of the p r inc ipa l  drying p a r a m e t e r s :  the t e m p e r a t u r e  and 
m o i s t u r e  content. 

By replacing these  functions by constants  we obtain a new s impl i f ied  sy s t em of equations with constant  
coeff ic ients ,  the solution of which is  cons iderab ly  simplified.  

We will dis t inguish a c l a s s  of these  s impl i f ied  s y s t e m s  of equations,  each of which has  a solution, and 
for  one of the s y s t e m s  we will find an approx imate  method of solution of the p rob lem of the opt imum control  of 
drying p r o c e s s e s .  
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