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Vacuum subl imat ion  and condensat ion (desublimation) cu rves  have been obtained with t he rma l  
flux p robes .  The r e su l t s  a re  used  as a ba s i s  for  opt imizing the p r o c e s s  p a r a m e t e r s  in 
vacuum-sub l ima t ion  drying.  

Feas ib i l i ty  s tudies  concerning the wider  use  of subl imat ion  drying have yielded quite favorable  r e -  
sul ts ,  if one cons ide r s  the f o r e c a s t  for  the next few y e a r s  in the development  of fully au tomated  h igh- ton-  
nage [6, 8, 9], semicont inuous-du ty  [1, 2, 4, 5], and cont inuous-duty [3] appa ra tus .  

The solution to this complex and difficult  p r o b l e m  r e q u i r e s  d ive r se  thorough study, theore t ica l  
r e s e a r c h ,  and engineer ing  development .  

Exis t ing methods  of au tomat ica l ly  control l ing [4, 5, 10] such a complex  technological  p r o c e s s  as 
subl imat ion drying,  which involves f reez ing  and subsequent  dehydrat ion of the resu l t ing  solid phases  as 
well  as condensat ion (desublimation) of f o rm e d  vapors ,  do not mee t  modern  r e q u i r e m e n t s .  This  is p r i -  
m a r i l y  due to the unavai labi l i ty ,  at this t ime,  of suff icient ly s imple  means  of cont inuous-duty au tomat ic  data 
acquis i t ion with r e g a r d  to des icca t ion  and condensat ion (desublimation) in indust r ia l  sub l ima to r s .  No 
method has been  developed yet  for  re l i ab ly  indicating the end of both the subl imat ion p r o c e s s  and the con- 
densat ion (desublimation) of vapor  in a condense r .  

Avai lable  weighing methods  [4, 5] and e l ec t r i ca l  methods  [10] based  on the loss  of m a s s ,  as well  as 
known and a l r eady  evaluated des icca t ion  techniques appl icable  to some  c a p i l l a r y - p o r o u s  or  colloidal  p r o d -  
uc ts ,  a re  hard ly  adequate for  the design and the opera t ion of future high-tonnage sub l ima to r s .  

Here  the au thors  a r e  p ropos ing  to use  a t h e r m a l  flux p robe  (TF probe)  for  the au tomat ic  control  of 
the subl imat ion drying p r o c e s s ;  a p robe  which has  been designed at  the Insti tute of Engineer ing  T h e r m o -  
phys ics  (Academy of Sciences  of the Ukrainian SSR) [19] and which will make  it  feas ib le  to let  the complex 
des icca t ion  p r o c e s s  take place under  op t imum conditions of subl imat ion  and desubl imat ion.  

Control l ing the Technological  P r o c e s s  of Contact ive Sublimation.  The authors  expe r imen ted  with the 
des icca t ion  of hydroxidizing bac t e r i a  at  the Moscow Power  Inst i tute .  A spec imen  of the colloidal product  
was p laced inside a cy l indr ica l  j a r  whose bot tom const i tu tes  a TF  probe .  This  probe  was heated e l e c t r i -  
cal ly.  During des icca t ion  of the produc t  inside,  the loss  of m a s s  was m e a s u r e d  on a model  VLTK-500  
ba lance .  The amount  of heat  supplied to the produc t  during subl imat ion was de te rmined  on the ba s i s  of 
the hea te r  power  and a l so  by the TF probe  reading  at  the s ame  t ime.  During spontaneous f reez ing  under  
vacuum, the TF probe  r ead  the amount  of c rys t a l l i za t ion  heat  r e l e a s e d  in the p r o c e s s .  

In Fig.  1 we com pare  the des icca t ion  curve  (Fig. la)  with the TF  probe  readings  (the subl imat ion 
curve)  (Fig. lb) taken with a r ecord ing  ins t rument .  In this case  the TF probe  read  the amount  of heat  

*Th i s  engineer ing  r e s e a r c h  was done as an extension of the s tudies  in [13, 14]. 
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Fig.  1. Des icca t ion  curve  (a) and subl imat ion curve  (b) for  the b iomass :  I, II, 
III) indicate the end of the f i r s t ,  the second, and the third s tage of des iccat ion,  
r e spec t ive ly ;  change of the vacuum level  in the chamber  0 .1-0.5-1.0 m m  Hg: 
1) 0.1 m m  Hg; 2) 0.5 m m  Hg; 3) 1.0 m m  Hg; O denotes s t a r t  of desiccat ion;  
A denotes end of des icca t ion;  t ime T (min); AG/AT (g /min) ;  q /54.3  W / m  2. 

Figl 2. Condensation (desubtimation) ra te  of wa te r  vapor  in vacuum, at  v a r i -  
ous t e m p e r a t u r e s  of the act ive su r face ,  as  a function of the vacuum level  [17]: 
1) t c = 1 9 6 ~  2) t c = - 7 4 ~  3) t c = - 3 4 ~  4) t c = - 2 5 ~  5) tes t  curve  ob- 
tained by these au thors  (t c = - 2 5 . 1 ~  p r e s s u r e  P ( m m  Hg); AGice/LXTF 
( g / h .  m2). 

r emoved  f r o m  the c a l o r i m e t e r  as a r e s u l t  of subl imat ion of the f rozen vapor  in the product .  These  r e a d -  
ings not only duplicated the bas ic  s tages  of the subl imat ion p r o c e s s  accord ing  to the des icca t ion  curve  a l -  
m o s t  exact ly ,  but a l so  yielded informat ion  about p r e s s u r e  f luctuations l ikely to occur  in the vacuum c h a m -  
b e r .  According  to Fig.  1, a change in the sub l ima to r  vacuum f r o m  1.0 to 0.1 m m  Hg (T = 35 min) a p p r e -  
ciably d e c r e a s e d  the subl imat ion  ra te ,  because  of the higher  t he rma l  r e s i s t a n c e  of the m a t e r i a l - c a l o r i m -  
e t e r  in te r face  (higher degree  of r a r e f a c t i o n  in the voids within the contact  zone). Th is  shor t  p r o c e s s  
occur r ing  in the contact  zone could not be  picked up by the weighing method.  These  findings a r e  espec ia l ly  
impor tan t  for  explaining how var ious  fac to r s ,  such as  a i r  "inject ion" and noncondensing gases  (helium, 
ni t rogen,  etc.) ,  contr ibute  to a higher  r a t e  of drying by contact ive subl imat ion,  insofar  as they effect  the 
contact  zone d i rec t ly  [7]. On the b a s i s  of such TF  probe  data,  then, i t  is poss ib le  to es tab l i sh  when the 
p r o c e s s  of subl imat ion  drying has come to an end. The comple t ion  of this p r o c e s s  is a l so  indicated by a 
null s ignal  at  the TF probe  output. 

An expe r imen t  with and an ana lys i s  of the contact ive subl imat ion  mechan i sm have shown [10, 11, 15], 
however ,  that an at tenuat ion of the TF probe  signal  t o z e r o e o r r e s p o n d s  m e r e l y  to a comple te  deicing of the 
m a t e r i a l  (not the r e m o v a l  of adso rp t ive ly  bonded mois tu re )  and, in the final ana lys i s ,  is de t e rmined  by the 
p redes i cca t i on  of i ts  l aye r  in contact  with the hea t e r  sur face  (point A in Fig.  1). 

The r emova l  of adsorbed  m o i s t u r e  (during the third s tage of subl imat ion drying) can be a sce r t a ined  
on the ba s i s  of the total  given drying t ime,  f r o m  an evaluat ion of des icca t ion  curves ,  and on the ba s i s  of 
a biological  p roduc t  ana lys i s  (F ig .  1). Tes t s  have shown that the t rend of a subl imat ion curve  (Fig .  1), 
which d e t e r m i n e s  the p r o c e s s  of contact ive  subl imat ion drying,  depends on the p r o p e r t i e s  of the product ,  
on changes in the vacuum level ,  on the prof i le  of the contact  su r face  (flat ,  co r ruga ted ,  or  other) ,  on the 
t h e r m a l  flux densi ty ,  e tc .  

Control l ing the Technologica l  P r o c e s s  of Water  Vapor  Vacuum-Desub l ima t ion  (Condensation). As 
has  been shown in [13, 14], a TF probe  p laced  on the cold su r face  during condensat ion (desublimation) 
r eads  the amount  of heat  r e l e a s e d  exact ly  during the phase  t rans i t ion .  

The ra te  of that  p r o c e s s  depends on the p r o p e r t i e s  of the raw product  (in re la t ion  to mo i s tu r e  and 
uneondensable  gases  r e l e a s e d  f r o m  it), on the t e m p e r a t u r e  of the condenser  wal ls ,  on the vacuum (total 
p r e s s u r e ) ,  on the s u r f a c e  condition, on the vapor  r a t e  (vapor s t r e a m  veloci ty) ,  e tc .  
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The vacuum (total p r e s s u r e )  l eve l  in the sub l ima to r  and in the condenser  is in many c a s e s  dictated by 
the neces s i t y  to conse rve  the produc t  in the f rozen  s ta te  throughout the des icca t ion  p r o c e s s .  At eve ry  
speci f ied  vacuum level  the m a x i m u m  p r o c e s s  ra te  depends l a rge ly  on the speci f ied  t e m p e r a t u r e  of the de -  
subl imat ion su r face  (cr i t ical  t e m p e r a t u r e )  T c r .  In Fig.  2 we show our  curve  as  well  as  cu rves  taken f r o m  
[17]. It is  quite evident  he re  that, in o r d e r  to lower  the c r i t i ca l  t e m p e r a t u r e  for  pure  vapor  (twice d i s -  
tilled), i t  is n e c e s s a r y  to deepen the vacuum in the condenser .  

During the subl imat ion  of va r ious  p roduc t s ,  one m o s t  often deals  not only with pure  wa te r  vapor  but  
a l so  with va r ious  admix tu re s  in the fo rm of uncondensable  and a r o m a t i c  gases .  Moreove r ,  the c o m p o s i -  
tion and the concent ra t ion  of these admix tu re s  va ry  continuously throughout the des icca t ion  p r o c e s s .  This ,  
in turn,  may  shif t  the m a x i m u m  ra te  of the desubl imat ion  p r o c e s s  toward a r e s idua l  p r e s s u r e  which is 
h igher  or  lower  than s t ipulated.  

It is welt  known [13, 14] that an i nc r ea s e  in the a r ea ,  p e r  unit  t ime,  under  a desubl imat ion  curve  
plot ted with the aid of a TF probe  r e p r e s e n t s  an i n c r e a s e  in the amount  of r e l e a s e d  desubl imat ion  heat  and 
this,  in turn,  indicates  an inc rease  in the icing ra t e  at  the act ive  su r face .  As the ice fo rmat ion  ra te  in-  
c r e a s e s ,  m o r e  hea t  is r e l e a s e d  and p a s s e s  through the TF  probe  with the r e su l t  that the absolute  magn i -  
tude of the e l ec t r i ca l  output s ignal  Uou t for  the r egu la to r  c i rcu i t  b e c o m e s  l a r g e r .  In this case  the r e g u l a -  
tion p r o c e s s  cons i s t s  in sea rch ing  for  the e x t r e m u m  (maximum) of the function 

Uout = f [Pc, 7s, : ,  On, On, 5( '0] ,  

(where Uou t denotes  the output s ignal  f r o m  the TF probe ,  Pc denotes  the total  condenser  p r e s s u r e ,  T s de-  
notes the t e m p e r a t u r e  at the condenser  (desubl imator)  su r face ,  J denotes  the vapor  c u r r e n t  densi ty  in the 
condenser ,  D n denotes  the pe rcen tage  of uncondensable  gases ,  D a denotes  the pe rcen tage  of a r o m a t i c  
components  in the gas,  and 5 (T) denotes  the th ickness  of the desub l imated  ice l a y e r  as a function of t ime) 
and, on this b a s i s ,  finding the means  of au tomat ica l ly  mainta ining the opt imum p r o c e s s  condit ions.  It 
mus t  be taken into account,  however ,  that  regula t ing  the desubl imat ion  p r o c e s s  under  vacuum b e c o m e s  
compl ica ted  because  of the p r o c e s s  instabi l i ty ,  namely ,  by the fact  that the p r o c e s s  r a t e  d e c r e a s e s  a l m o s t  
to ze ro  a f t e r  the e x t r e m u m  has been  reached .  All this makes  the design of the au tomat ic  regulat ion s y s -  
t em m o r e  difficult  and r equ i r e s  the deve lopment  of an en t i re ly  spec ia l  control  c i rcui t .  
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Fig.  3. (a) Schemat ic  d i ag ram  of tile au tomat ic  regula t ion  s y s t e m  for  p r o c e s s e s  with phase  t rans i t ions :  
1) opera t iona l  amp l i f i e r  IDA; 2) c o m p a r a t o r  unit; 3) decoder ;  4) null indicator  NI; 5) r e s i s t o r  R; 6) 
capac i to r  C; 7) po la r i zed  r e l ay  PR; 8) amp l i f i e r  AM; 9) r e l ay  RI. (b) Clocking t r ansmi t t e r :  1) con-  
tact  p la te ;  2) e l ec t r i c  mo to r ;  3) contact  a r m .  (c) Contact  p la te  for  clocking the r egu la to ry  s ignals :  
1) contact  p la te ;  3) contact  a r m .  (d) Schemat ic  d i a g r a m  of the s y s t e m  for  au tomat ica l ly  deicing the 
ac t ive  components  in a vacuum condenser  (desubl imator) :  1) opera t iona l  ampl i f i e r ;  4) null indicator ;  
8) ampl i f i e r ;  9) r e l ay ;  10) t ime re l ay ;  11) l imi t ing  r e i s t o r  R; 12) po ten t iome te r  _~o. 
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TABLE 1. Possible Modes of Actuating the Automatic Regulation 
System for  Vacuum-Condensat ion (Desublimatioa) of Water  Vapor 

ROW 
number 

2 

3 

TG(trig- 
get) 1 

0 

1 

TG(trig- 
get), 2 
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_Signal reset 
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2 

Signal reset_ 

t 

t 

t 

Preset 

With all these considerat ions  in mind, we have designed and built an automatic vacuum-desubl imat ion 
regula tor  (Fig. 3) with in tegra ted-c i rcu i t  components and se r ies  201 logic. While gas and vapor are  fo rm-  
lug in the subl imator ,  the proposed logic c i rcui t  sea rches  for  optimum Pc and T s so as to br ing the con- 
densation rate to its maximum. 

For  clocking the time intervals  between signals to the regula tor  we used a contact  plate 1 (Fig. 3b) 
mounted on a model RD-2 e lec t r ic  motor  2, with a contact  a r m  3 on the ro tor  shaft. The angular velocity 
of the ro to r  was var iable  and a function of the voltage U a applied to the motor :  co m = f(Ua), the la t ter  
regulated through a s l ide-wire  r e s i s t o r  and measured  with a vol tmeter .  

On the contact  plate we had spaced seven contact  buttons which, in sequence, produced seven signals.  
The length and the frequency of these signals were functions of the motor  speed w m and of the contact length 
l c - l c .  (Fig. 3c). Contacts 2, 2a and 5 could be made negligibly smal le r  than the others ,  since the t r ig-  
ger  t imes of TG-1 and TG-2,  as well as the stop "O" times, were sho r t e r  than 10/~sec. The lengths of the 
other  contacts  (makes and breaks)  had been designed to match the inert ia  of the vacuum chamber  and of the 
TF probe (the automatic  regulat ion or  AR probe). The t ransmi t te r  in Fig. 3b, c per iodical ly  generated 
a and b signals to shift the values of the regulated p a r a m e t e r s  (during sublimation drying (a2) = (b2) = -~Ap 
and (a 1) = {b 1) = ATs). After  such a per turbat ion by an a or  b signal, moreover ,  the residual  p r e s su re  and 
the tempera ture  had to be re turned to their  initial levels.  

A signal ffrom 0 to 80 mV) was t ransmit ted  f rom the TF probe (AR probe) 16 to the operational  
ampl i f ier  (OA) 1, as shown in Fig.  3a. The cu r ren t  gain of this operational  ampl i f ier  was approximately 
1000. Its maximum output voltage was 25 V. 

F r o m  the OA output, the amplified voltage signal was t ransmi t ted  to input 4 of the null indicator (NI) 
4 and through r e s i s t o r  (R) 5 to input 5 of the null indicator (NI) and to capaci tor  (C) 6. The null indicator 
NI) was loaded with a model R P - 5  polar ized re lay  7. 

The initially s teady p r e s s u r e  in the chamber  Pch = Pi was per turbed  with a signal a : AP .  As a r e -  
sult, Pch = Pi + Ap and the magnitude of signal Uou t f rom the AR probe was s tored in capaci tor  (C) 6, 
whereupon signal a was turned off and the sys tem re turned  to its initial state Pch = Pi" 

The sys tem was next per turbed  with a signal b = - A p .  As a result ,  Pch = Pi -AP"  Signal b was 
then turned off and the p r e s s u r e  in the vacuum chamber  re turned  to its initial level Pch = Pi.  The t em-  
pera tu re  of the active condenser  surface  was var ied  in an auatogous manner .  

Depending on which voltage p reva i l s ,  at  input 6 or  at input 7 of the null indicator  4, e i ther  contac tors  
12 or  contac tors  23 of the re lay (PR) 7 close.  Signals f rom these PR contactors  a re  s tored in the m e m o -  
r ies  of t r iggers  TG-1 and TG-2.  They are  then t ransmit ted  to the decoder  consist ing of a coincidence c i r -  
cuit which, through ampl i f iers  AM and re lays  RIa and RI b (Fig. 3a), controls  the motor  driven valve of the 
water  vapor evacuating sys tem.  When the ex t remum has been reached,  the sys tem can be operated in 
four possible different modes throughout the p roce s s  (Table 1). Contactors  23 PR close when U 4 < Us, 
contactors  12 I~R close when U 4 > U 5. 

Considering that the desublimation p roces s  in subl imators  is concealed f rom the opera tor ,  there is 
always the possibi l i ty that the active desubl imator  surface  will be deiced too ear ly  o r  too late, which will 
in each case ul t imately downgrade the entire technological p roce s s  of sublimation drying.  It must  be taken 
into account that a subl imator  condenser  often consis ts  of severa l  segments ,  each of them receiving a dif-  
ferent  amount of Vapor and each of them with a different  ice l ayer  geomet ry  [16, 17, 18]. 

740 



a 

b 

Fig.  4. Schemat ic  d i ag ram of an appara tus  for  con-  
tact ive  subl imat ion  drying with TF probes :  1) sub l ima-  
to t ;  2) t e m p e r a t u r e  r egu la to r ;  3) vacuum valve;  4) 
au tomat ic  regula t ion s y s t e m  for  the desubl imat ion  p r o -  
cess ;  5) coolant d i scha rge  valve;  6) r egu la to r ;  7) con-  
dense r  segment ;  8, 15) gate va lves ;  9, 16) v a c u u m v a l v e s ;  
10) cooler  aggrega te ;  11) vacuum pump; 12) hea t e r  e l e -  
ments ;  13) t he rm a l  flux p robes ;  14) coolant  ducts;  17) 
gate valve ac tua to r ;  18) p roduc t  t e m p e r a t u r e  control ;  
19) product ;  20) c o m p a r a t o r ;  a) des icca t ion  p r o c e s s  [I) 
per iod  of dec rea s ing  des icca t ion  ra te ;  II) per iod of hea t -  
ing and constant  des icca t ion  ra te ;  HI) end of desiccat ion] ;  
b) c o n d e n s a t i o n p r o c e s s  [ IV) end of condensation];  voltage 
U W). 

In o r d e r  to e l iminate  this d rawback  too, the au thors  have developed a s y s t e m  for  au tomat ica l ly  de-  
icing the act ive  condenser  components  (Fig. 3d). With the aid of the po ten t iomete r  (Po) 12, a definite 
voltage level Up = Uf is es tab l i shed  which c o r r e s p o n d s  to the min imum feas ib le  (both technical ly  and 
economical ly)  e l ec t r i c  s ignal  f r o m  the TF  probe  16, and this voltage is applied to the b input of the null 
indicator  4. 

Inasmuch as desubl imat ion  is a twofold nonsteady p r o c e s s ,  i . e . ,  s ince i ts  ra te  d e c r e a s e s  with t ime,  
because  of the inc reas ing  the rma l  r e s i s t a n c e  of the product  which f o r m s  on the act ive  su r face  in a vacuum-  
type condenser ,  and this t he rm a l  r e s i s t a n c e  is again p ropor t iona l  to the p r o c e s s  ra te ,  hence the magnitude 
of s ignal  Uou t genera ted  at  the AB probe  output and t r ansmi t t ed  to the a input of null indicator  4 a lso  de -  
c r e a s e s .  

As soon as  the magnitude of s ignal  Uou t at the AR p robe  output b e c o m e s  s m a l l e r  than the magnitude 
of the r e f e r e n c e  voltage Up at  the po ten t iomete r  (Po} i2,  a s ignal  f r o m  the null indica tor  4 is t r ansmi t t ed  
to amp l i f i e r  8 to actuate  r e l ay  (Bc) 9 and thus the s e r v o m e c h a n i s m  for  deicing the given condenser  s e g -  
ment .  

Because  the desubl imat ion  p r o c e s s  is not effect ive  enough dur ing the per iod  of c r y s t a l  nucleat ion 
with co r ruga ted  ice f i lm fo rma t ion  [13, 14] and Uou t < Up, we have added a t ime r e l ay  (TR) 10 to the c i rcu i t  
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in Fig. 3d which actuates  the deicing sys tem only af te r  a definite t ime delay, when Uou t becomes  g r ea t e r  
than Up. 

Basic  Automatic Regulation System for  Sublimation Drying. F o r  i l lustrat ion,  le t  us consider  a 
des icca tor  with an automatical ly  regulated contactive sublimation drying p roces s*  and with the TF probes  
instal led d i rec t ly  on the bottom of the t ray  containing the raw mater ia l ,  as shown in Fig. 4. Tes t  data and 
calculat ions indicate that a TF  probe can be designed also for  r ad ia t ive -convec t ive  heat  supply. In that 
case,  probes  a re  placed not only in the middle of the t ray  but  a lso at its edges (within the zone of nonuni- 
form thermal  flux distr ibution),  and char r ing  of the product  is thus prevented.  Information is picked off 
each TF probe in t e r m s  of sublimation curves  (Fig. 4a) and is continuously t ransmi t ted  to a compara to r .  
The control  valve m e t e r s  the amount  of heat c a r r i e r  supplied into a segmented hea te r  and each respec t ive  
sublimation curve thus becomes  adjusted to the optimum shape for eve ry  given raw mater ia l .  The subli-  
ma to r  vacuum is regulated through a t empera tu re  control  2 (with the product  t empera tu re  below the c ryo -  
scopic point as the r e f e r ence  level  [20]) and a valve 3. 

The desublimation p r o c e s s  is regulated by a sys tem of valves 5, a source  of low- tempera tu re  heat  
c a r r i e r  with a vacuum valve 16, and the opt imal -cont ro l  sys tem (described ea r l i e r )  with TF probes  7. 
The condenser  segments  are  switched on per iodica l ly  as they become c lea red  of desubl imated ice.  

The sys tem of gate valves 8, 15 and the valve 9, together  with the gate valves actuator  17, ensure  
the removal  of ice f rom the condenser  (desublimator) by switching on the hea te r s  12 (Fig. 4b). 

The proposed  concept  of an automatic  regulat ing sys tem for  contactive sublimation drying can  be 
developed fu r the r  for  the engineer ing design of continuous-duty apparatus .  
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