
The intensification of the sublimational dehydration process  by the use of sorbents can be evaluated quan- 
titatively from the variation in time in the moisture content of the ma te r i a l -d ry ing  curves in Fig. 4. 

The time taken to dry a moist  brick to a given moisture content (2%) is 220 rain (modification I). When 
the sorbent is placed on the surface to be sublimated (modification ID the duration of the dehydration is cut by 
18% (T= 180 rain). The dehydration time is affected significantly by the organization of the layer structure: 
modification Ill ~ = 130 rain and modification IV 90 rain, i.e., the duration of drying is reduced by 40% and 60%, 
respectively. 

Thus, the duration of dehydration in a vacuum is shortened considerably by the Use of sorbents in direct  
contact with the material  and by the co r rec t  organization of the so rben t -ma te r i a l  layer  structure.  

This kind of contact mass exchange takes on especial significance for the low-temperature drying of 
highly thermolabile materials .  In part icular,  for  a number of products of biological origin a 10=15 ~ increase 
in temperature causes the sudden inactivation of ferments and denaturation of cellular albumin. In this ease 
the cost of sorbents and their  requirement  for periodical regeneration is of secondary importance compared 
with the quality of the material  being dried. 

N O T A T I O N  

GI, AG, initial amount of moisture and loss of moisture in specimen; T, A~'phase, time and phase time; 
urn, Us, mean moisture contents of material  and sorbent; l, h, length and thickness of layer,  respectively. 

1. 

2. 

3. 
4. 
5. 

6. 

7. 

L I T E R A T U R E  C I T E D  

K. P. Shumskii, Chemical Industrial Engineering Vacuum Apparatus and Devices [in Russian], Mashino- 
stroente, Moscow (1974). 
t~. I. Guigo, N. K. Zhuravskaya, and ~. I. Kaukhcheshvili, Sublimational Drying in the Food Industry [in 
Russian], Pishch. P rom-s t ' ,  Moscow (1972}. 
L. L. Khardin and D. F. Daier, Teploperedacha, No. 3 (1973). 
A. S. Ginzburg and K. B. Gisina, Inzh,-Fiz. Zh., 14, No. 6 (1968). 
A. G. Pisarenko, K. A. Pospelova, and A. G~ Yakevlev, A Course in Colloidal Chemistry [in Russian], 
Vysshaya Shkola, Moscow (1969}, 
S. A. Baluin and S. G. Parfenov, Foundations of Physical and Colloidal Chemistry [in Russian], P ros -  
veshchenie (1964). 
V. I. FePdman, in: Thermodynamics [in Russian], Minsk (1970), p. 135. 

A N A L Y T I C  

T R A N S F E R  

I N V E S T I G A T I O N  OF H E A T  AND MASS 

U N D E R  V A R I E D  D R Y I N G  C O N D I T I O N S  

N. N. K u z n e t s o v a  UDC 66.047.35 

Formulas are  obtained for heat and mass flows at the boundary of the semispace during the 
second drying period with the temperature and mass - t rans fe r  potential remaining constant at 
that boundary. 

In a number of engineering processes  the basis is provided by heat and mass t ransfer  (drying, condi- 
tioning, rectification, etc.). In the present  art icle an analytic investigation is car r ied  out of heat and mass 
t ransfer  during the process of drying under varied conditions. 
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Let  us consider  a sys tem of differential  equations for heat and mass  t r ans fe r  [1]: 

0~01 00~ 00~ 0~0~ O~O1 
0 0 1  - -  a t  - -  + b 1 , - - -  a 2 + b.,. - -  , 

at Ox ~ at ot Ox ~ Ox ~ 

(al + blb~ + a2) ~' =/= 4ala 2 

in the domain D I (0 <x < 0% t > 0) under the following boundary conditions: 

0i(x, 0)=0~o ( 0 < x < c o ;  i = 1 ,  2), 

~ 00t(0, t) =q~(t), ~ 002(0' t) 001(0, t) 
Ox Ox + ~ = q2 (i) (t >0), Ox 

(1) 

(2) 

(3)  

00~ (oo, t) = of(oo, 0 = 0 (i = J, 2), (4) 
Ox 

where 01 is the temperature ;  02 is the m a s s - t r a n s f e r  potential; ql is the heat flow; q2 is the mass  flow; x is the 
space coordinate; t is t ime; al ,  a2, bt, b2, hi, Xz, 6 a re  well-known constant  values [1]. 

During the t ime t 1 the drying takes place with a constant heat  flow ql0 and a constant  mass  flow q20 which 
resul t s  in the temperature  and the m a s s - t r a n s f e r  potential reaching the values 0it and 0~l, respectively (the 
f i rs t  drying period). Rules will be established for  modifying the heat  and mass  flows so that the temperature  
011 and the m a s s - t r a n s f e r  potential 0zl a re  maintained on the surface (the second drying period). 

During the f i r s t  period one has 

q~ (t) = q~o, q~ (t) = q2o (5)  

in the boundary conditions (3). We shall determine the functions 01(x, t) and 02(x, t) that sat isfy  the sys tem of 
equations (1), the initial conditions (2), and the boundary conditions (3), (4), and (5). The solution is found by 
simultaneous application of Four i e r  and Laplace integral  t ransformat ions .  As regards  the variable x, the 
Four ie r  cosine t r ans form is used: 

F0 (x, t) = 2 ~ 0 (~, t) cos ~d~. (6) 
2 
0 

When the image F0(x, t) is known the function 0(x, 0 is found by using the formula 

0 (x, t)---- S IF0(x, t)] cosoxdo. (7) 
0 

For  the t r ans fo rm of the second derivative one has 

F 0*0(x' t) ._----o)2F 0(x, t ) - -  ~ O0(0, t) 
Ox 2 .~ Ox 

As regards  the variable t one uses  the Laplace t rans form 

LO (x, t) -~ .~ exp (-- pt) O (x, i) dt, 
o 

L-  O0(x, t) --pLO(x,  t ) - -O(x ,  0). 
Ot 

-. (S) 

(9) 

(10) 

By applying the integral  t r ans forms  (6) and (9) successively together with the formulas  (8) and (10), the 
initial conditions (2) and the boundary conditions (3) and (5), the original problem is reduced to an algebraic 
system; one then finds with the aid of the inverse  Laplace t rans form 

FOf(x, t ) =  ~ (A~iFv~j+ 2 B~iFwhj) ( i=1,  2), (11) 
k , ] = l  

where 

Fvhj = exp (-- (zk(o20 F0fo, 
l 

Fwhl = .I exp (-- czhco~x) qjodX, 
0 
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1 
aa = ~ [ax + b~b, + a, + ( ' 1 )  ~+' V (al + b~b, + a,) 2 - -  4a~a~ l 

(~ = ~, 2). 

The c o n s t a n t  coe f f i c i en t s  A i j ,  B~j (i, l~ j =  1, 2) a r e  g iven  b y  the f o r m u l a s  

Aft = (o~l--a~) z, A~ = ( a ~ - - ~ ) z ,  A t~2 = - -  Atm = a~blz, 

B ~ a~ 2~ = " bl~zzz, 

A~, = -  A ~ = --b~z, A ~m = (~q- -a~- -  blb2) z, A22 ~ = (bxb~ + o~ --ax) z, 

B~,=- -  B 22,= hal b:, B~2 = a,~ (a~-- ~.~) z, B~2 = -~a~ (a~-- a,) z, 

l 
Z~--- - ~  

The  app l i ca t ion  of the  i n v e r s i o n  f o r m u l a  (7) to the  e x p r e s s i o n  (11) r e s u l t s  in 
o 

O, (x, t) = ~ (A~j ohj + B~t tvh,O (i = I, 2), 
k,j=l 

w h e r e  

l; 
0 

Wht= i X [ X ,  ~a(t __T)] qjadv _~ qlo [ 2 ]f~tht ( )# 
czk " V ~  exp ( 4u~t 

(12) 

(13) 

) "] - -  - - x e d c  2 l/-~-~t ' ' (1.4) 

1 exp - -  . (15) x(x, y) = V ~  

I t  fo l lows  f r o m  the f o r m u l a  (12) tha t  on the bounda ry  ( for  x =0) the t e m p e r a t u r e  and the m a s s - t r a n s f e r  po t en -  
t i a l  a r e  g iven by  

2 

o~ (0, 0 = 0,0 + , ~ ,  2Bij qj~ V F  q = 1, 2). V ~  (16) 

From (16) one can find the time during which the heating should be maintained so that on the surface the tem- 
perature 8 II is obtained: 

tl (On - -  0,o) ~ :~ 
= ; (17) 

4 ( ~ B '  q'~ '* 

and a l so  the t i m e  r e q u i r e d  to e s t a b l i s h  the m a s s - t r a n s f e r  po ten t i a l  021 on the s u r f a c e :  

tz = (021 - -  0~o) 2 u ( 1 8 )  

4 ( ~ B  ~- qjo ~' "~,,=, k~ ~ ] 

al A0., -~ . - -  A01b, �9 

o, ~  
(19) 

The equa l i ty  t 1 = t 2 y i e ld s  

q20 ~ qlO 
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where  & 0i =0il-0i0 (i= 1, 2). 

Let  us now cons ider  the sys t em (1) in the domainD2(0 <x< % t > t  t) under the boundary conditions (20), 
(21), and (4) (the second drying period): 

2 

Oi (x, ll) =~ Oio + ~ B~/ qio [ 2 V aht ( x 2 ) 
,i=, ~k ~ exp 4~htl 

--xerfc 2 | f ~ - ~  = ~ ( x )  ( O < x < c ~ ; . i = l ,  9), 

9 

o~ (o, 0 = % + s e~ q,o2 V ~  = o~ (t > q). 

(20) 

(21) 

One now de termines  the functions 01(x, 0 and 02(x, 0 which sat isfy  Eqs. (1), the initial conditions (20), and the 
boundary conditions (21) and (4). 

As regards  the var iable  x, the Four i e r  sine t ransform is applied: 

FO(x, t ) =  _ ~ 2  ~ O(~, t)sino)~d~. (22) 
d 
0 

The function 0(x, t), if its image F0(x, t) is known, can be determined with the aid of the formula  

O(x, / )=  S [FO(x, t)] sino~xdr (23) 
0 

One has for the t r ans fo rm of the second derivat ive 

F --0~0 =--oJ~F 0_{_ . . . .  20) 0(0, t). (24) 
Ox ~ a 

As regards  the var iable  t, the Laplace t rans form (9) and (10) is used. 

By a success ive  application of the t ransform (22) and (9) together  with (23), (10), (20), (21), and (4), the 
original problem is reduced to an a lgebra ic  sys t em whose solution as a resu l t  of using the inverse  Laplace 
t ransform is given by 

2 

FOr (x, l)= ' ~  (C~ i FPk] + 2 .... D~] FQhl) (i = 1, 2), (25) 
/a.S'~-i ~t 

where 
t 

FPkj = exp (-- ano~2t) F$~ (x), FQk I = j" exp (-- a~r 
O 

The constant coefficients  C~j, D~j (i, k, j = i ,  2) a re  given by the formulas  

DI1 = In1 (bib., -? al) - -  ala2] z, DI2 = ~ bla#lz, D~l = [ala2~ 

- -  % (bib2 + al)] z, D~2 = bla2%z, 

c L  = - c~, := o.,z, c ~  = ( ~ -  ~ , -  a~a,) z, c ~  = ( ~  + b r  ~,) ~, 

D'~, -- bz%z, D.",, = --b=%z, D{2 = a2( % - - a  x) z, D~2 = a~(a 1 -  %) z, 

z =  1 
(Z 1 -- O~ 2 

Applying the inversion formula (23) to the express ion (25), one obtains 
2 

O~ (x, t) = Z (C~i Phi + Oki Q~) (i ~= 1, 2), 
k,/~ =i 

(26) 
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where  

1 1 ~ [X(x--~, ~ d ) + x ( x + L  ad)1%(r dL (27) Pk~ = 2 
O 

Qh~= " 2 1/~-~ t s exp 4e~r 

where  the symbol  t denotes  the convolution: 

t 

(t) ,t g (t) = S t (t - -  ~) g (~) d'n (29) 
0 

One now p roceeds  to de t e rmine  the unknown funct ions ql(t) and q2(t) f r o m  the boundary  condit ions (3). 

By d i f fe ren tmt ing  (23) with r e s pec t  to x one f inds 

O0~ (x, t) I ~ 
Ox i~=o (C~i Rai + D~i Shj) (i ----- 1, 2), (30) 

w h e r e  

I i ~ Rki= 2 - ~ x  [7~(x--~, aht)+z(x+~, aht)lxPj(~)d~!x=0, (31) 
0 

X ~ 

Sk~= 2 1 # ~  t s Ox 

The re la t ion  (31) is  t r a n s f o r m e d  by in tegra t ing  by par t s .  Taking into account  tha t  

Ox 4~t O~ 4~t ' 

0----~ - - "  4~  = 0---~---exp - -  4a t  ' 

one obtains f rom the fo rmu la  (20) 

or (D 
or 

and then 

2 

~,~ 2 l ? a - y  ' 
h , l = t  

• i  ( 0 )  = 011  , 

Rk./= 0]1 
! ~czht 

By t r a n s f o r m i n g  (32) one finds 

�9 2 

+ [1_ 2 arctg (33) 

Skj -- 0il 
ah lf~a-~t (34) 

F'.mally., using (3), (30), (33), and (34), and bear ing in mind the expres s ions  for  the cons tan t  coeff ic ients  C~j, 
D~j, BJnm , one obtains 

q~(t) = v)~ 0,1 a l a , [  2 V--{-]  V [  ax~z~ qio I . . . .  ~ arctg ~ , (35) 

where  

= (al + a, + hA) ( V U ~ -  V ~ )  + a,a, . 
�9 (Z2 
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in pa r t i cu la r ,  fo r  b 1 = b2= 0 (~i = al ,  a2 = az, v = O) it  follows f r o m  (35) that  

q~ (t) = qi~ [1-- 2~ arctg -~ ( i=1 . ,2) .  (36) 
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T E M P E R A T U R E  M E A S U R E M E N T  U S I N G  T H E R M I S T O R  
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T H E R M I S T O R  A N D  L I N E A R  R E S I S T O R  
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a n d  V .  E .  U l a s h c h i k  
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A method is cons ide red  fo r  de te rmin ing  the basic  p a r a m e t e r s  cha rac te r i z ing  a pulsed t h e r m -  
i s t o r -  l inear  r e s i s t o r  t e m p e r a t u r e - m e a s u r i n g  c i rcu i t  and ensur ing  i nc rea sed  sens i t iv i ty  to 
t e m p e r a t u r e  changes while conse rv ing  a given a c c u r a c y  of m e a s u r e m e n t .  

The main  demands  imposed  on the design of t e m p e r a t u r e - m e a s u r i n g  appa ra tuses  reduce  to sensi t iv i ty  
and accuracy .  In the event  that  a semiconduc tor  t h e r m i s t o r  is used as  the t e m p e r a t u r e  sensor ,  i t  turns  out 
that  these  demands  a r e  cont radic tory ,  s ince a high sens i t iv i ty  of  the appara tus  r e q u i r e s  a s ignif icant  c u r r e n t  
flow in the s enso r  c i rcui t ;  this  cu r r en t  heats  up the t h e r m i s t o r  and so gives r i s e  to a s y s t e m a t i c  m e a s u r e -  
ment  e r r o r .  This  e r r o r  is usual ly  reduced  at  the expense  of the sensi t iv i ty ,  by reducing the cur ren t ,  which 
fo r  m i c r o t h e r m i s t o r s  v a r i e s  f r o m  one to a few tens of m i c r o a m p s .  

The d i l e m m a  can be obviated to a l a rge  deg ree  by pulse  opera t ion of the t he rmi s to r - con t a in ing  m e a -  
sur ing c i rcui t .  If  the supply of the R T - R  c i rcu i t  (i .e. ,  the t h e r m i s t o r - l i n e a r  r e s i s t o r  circuit)  is pulsed in 
such a m a n n e r  that  the mean  power  supplied equals  the power  supplied a t  dc, then the ampli tude of the pulses  
of supply c u r r e n t  or  vol tage m a y  be i nc rea sed  over  the de value by a fac tor  of 1 /~-7  (where 7 is the duty f ac -  
tor ,  the ra t io  of pulse durat ion to the pulse repet i t ion period).  The heating of the t h e r m i s t o r  that  occurs  in 
this case  too by the c u r r e n t  pas s ing  through it  can be e s t ima ted  f r o m  the curve  of the t r ans i en t  p roce s s .  

The theory  of pulse  s y s t e m s  is well  developed and is  p r e sen t ed  in detai l  in Tsypk in ' s  books [1, 2], for  
example .  

T rans i en t  p r o c e s s e s  in t h e r m i s t o r  c i rcu i t s  for  pu l se - type  va r i a t ions  of the input quant i t ies  a re  con- 
s ide red  in [3-6]. 

Nonetheless ,  the p rac t i ca l  rea l iza t ion  of the pulse method of t e m p e r a t u r e  m e a s u r e m e n t  using s emicon -  
ductor  t h e r m i s t o r s  has been f r u s t r a t e d  until r ecen t ly  due to the absence  of a s imple  and re l iab le  h igh-speed  
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