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We ca r r i ed  out an experimental  investigation of the s t ructure  of the mass  flow of a substance 
over a sublimating surface.  It was shown that agitation of the medium over  the sublimation 
surface leads to overheating of the Surface of the mater ia l  and increases  the intensity of the 
p rocess .  

Physical  models for  the mechanism of the p rocess  of sublimation drying are  known [1-4]. and ex- 
per imental  investigations [5-7] have explained how mois ture  is removed f rom a mater ia l  by sublimation 
(volatilization) with a plane ice surface or  a fully-developed ice surface embedded into a capi l la ry-porous  
solid. 

The problem posed in the present  study is supplementary to the resul ts  obtained in [8], namely, the 
problem of investigating: 

a) the profi le of a submerged jet over  model solids (ice, quartz sand) in the p rocess  of the sublima- 
tion of the mois ture  contained in them; 

b) the variat ion of the height of the submerged jet as a function of time in the p rocess  of conductive 
sublimation drying of a model solid (frozen quartz sand). 

The profile of the submerged jet  was determined by means of a vane anemometer ,  the design and 
charac te r i s t i c s  of which are  descr ibed in [10]. The provisional  boundaries of the submerged jet over the 
sublimation surface,  within the l imits  of the selected vacuum range, were determined on the basis  of the 
principle of rotation of a vane anemometer ;  according to the dynamic charac te r i s t i c s  of the anemometer  
[10], this corresponded to gas-flow velocit ies of 3 + 0.5 m / s e c .  This method of placing the vane anemom-  
e ter  in a submerged jet made it possible to determine the variat ion of its profile over the sublimation su r -  
face as a function of t ime. 

Submerged Jet  over a Sublimating Ice Surface. In accordance  with the method described,  we de te r -  
mined experimental ly the profile of a submerged jet in a vacuum over  a sublimating ice surface (Fig. la) .  
As in [8], the submerged jet has a bias in the direction of the vacuum pump, and its height increases  as 
the vacuum in the subl imator  becomes  higher (Fig. lb).  

Submerged Jet  over a Quartz-Sand Surface in the P r o c e s s  of Sublimation Drying. A. Contact 
Drying under Conditions of Sel f -Freez ing  in a Vacuum. The experimental  model used in these invest iga-  
tions, schematical ly represented  in Fig. lc ,  consis ted of a glass  with a heat-flux sensor  and a heater  at 
its bottom. The in ter ior  of the glass was filled with wet sand. It was shown in [5] that the method used 
for  freezing a mater ia l  has a significant effect on the p rocess  of sublimation drying. In Fig. l c  we show 
the variat ion of the profile of the submerged jet as a function of time over the sublimating surface of the 
quartz sand during the p rocess  of se l f - f reez ing  and drying in a vacuum. The extended profile of the sub- 
merged jet at the initial instant of time (the curve for T1) can be explained by the active evaporation of the 
unfrozen mois ture  and the sublimation of the forming ice c rys ta l s  f rom the entire volume of the quartz 
sand [15]. As a f rozen layer  of ice forms within a capi l la ry-porous  solid and a zone of sublimation 

* Continuation of [7]. 
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Fig. 1. Variation of a profile of a submerged jet during 
the p roces se s  of sublimation and contact sublimation 
drying: a) sublimation of ice (q = 508 W/m 2, P = 0.1 mm 
Hg, T 1 = 1 0 m i n ,  T2=20,  T 3=30) ;  b) sublimation of ice 
( q = 5 0 8 W / m  2, P = 0 . 0 5 m m H g ,  T 1 = 7 r a i n ,  T 2=20) ;  
c) sublimation drying of quartz  sand (sel f - f reezing in a 
vacuum) (q = 508 W/m 2, P = 0.1 mm Hg, ~l = 13 min, T2 
= 20, T 3 = 25, T 4 = 40, T s = 60, ~'6 = 70, 77 , 78 = 90); d) sub- 
limation drying of quartz sand (after prefreezing)  (q = 508 
W/m 2, P = 0 . 1 m m H g ,  Tl = 2 O m i n ,  T2=32,  T 3 = 4 3 ,  T 4 
=70,T 5=110,  ~'6 =130,  T 7 = 2 2 5 , T  8=245) .  l, r measured  
in era. 

develops, the profile of the submerged jet becomes  nar rower  (curve 7 2, Fig. lc) and s t re tches  out along 
t h e / - a x i s .  When some time has passed af ter  the breakthrough of the ice plug and the evaporation of the 
unfrozen mois ture ,  the prof i les  of the jet widen again (curve T3). It should be noted that the pulsations of 
the jet profile take place up to the t ime when a dry layer  of sand is formed on the surface.  The fur ther  
decrease  in the height of the submerged jet is explained by the depress ion of the sublimation zone and the 
removal  of the mois ture  (vapor) through the dry layer  of mater ia l  which offers  hydraulic res is tance .  

B. Contact Sublimation Drying with Pre f reez ing .  The subl imation-drying p roces s  is usually p re -  
ceded by p re f r eez ingof  the mater ia l .  Figure  ld  shows the profi le of the submerged jet over the sublimating 
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Fig. 2. Direction diagrams, a: T 2 = 20 min, sublimation of ice; 
74 = 70 rain, sublimation drying (prefreezing); ~5 = 60 min, sub- 
limatioadrying (self-freezing) and structure of the submerged jet; 
b: 1) ice plug; 2) capillary; 3) wall of skeleton of material; Pk) 
pressure at the sublimation surface; P) pressure of the medium. 

is measured in degrees. 

sur face  of quar tz  sand a f t e r  p r e f r eez ing  in an industr ia l  f r e e z e r .  The i nc rea se  in the height of the sub- 
me rged  je t  at  the init ial  instant  of t ime  (curve 78 ) is  explained by the intensif icat ion of the vapor iza t ion  as  
the r e su l t  of the overheat ing of the m a t e r i a l  enter ing the subl imation c h a m b e r .  

The fu r the r  dec r ea s e  in the height of the submerged  jet  (curves TS-~" 8) is de te rmined  by a number  of 
fac tors :  the depress ion  of the subl imation zone into the ma te r i a l ,  the i nc rea se  in the hydraulic  r e s i s t a n c e  
of the forming dry  l aye r  to the t r a n s f e r  of vapor ,  the reduct ion of the amount  of f rozen  mois tu re ,  etc.  

P r o c e s s i n g  of thepro f i l e s  of the submerged  je ts ,  by analogy with d i ag rams  showing the d i rec t ions  of 
mo lecu la r  b e a m s  [12] in the f o r m  of the re la t ions  l ~ / l m a  x = f(~) (Figs.  l c ,  d, and 2a) shows that the p r o -  
c e s s e s  of f reez ing  and subl imation of mo i s tu re  f rom a cap i l l a ry -po rous  solid a r e  in te r re la ted .  Thus,  the 
re la t ion l q ~ / l m a  x = f(q~) for  an init ial  per iod T 2 < 7 < T 6 and the same e lapsed t ime f rom the beginning of the 
p r o c e s s  of subl imation drying of quar tz  sand and i ts  s e l f - f r eez ing  in a vacuum is substant ia l ly  different  
f rom the analogous re la t ion  for  the p r o c e s s  of subl imat ion drying with p r e f r eez ing  of the mois tu re .  In the 
case  of p r e f r e e z i n g  the curve  of the re la t ion  l ~ / l m a  x = f(q)) for  quartz  sand is equidistant  f rom the ana lo-  
gous curve  for  the sublimation of ice (curves for  74 and T 2, Fig.  2a). 

The submerged  jet  in subl imat ion-dry ing  p r o c e s s e s  has  a s t ruc tu re  analogous to the s t ruc tu re  
p resen ted  in [3, 13]. In Fig. 2b we show schemat ica l ly  the zones of the submerged  jet: 

I) the init ial  cone of the je t s  flowing f rom single cap i l l a r i e s  (this region is cha r ac t e r i z ed  by m a x i -  
mal  supercool ing of the gas flow); 

II) the region of in terac t ion  between the jet  flows (the region of initial  turbulence of gas flow in the 

submerged  jet); 

III) the region of act ive turbulence of the gas flows in the submerged  jet .  

Aaotherdis t inguishing fea ture  of the expe r imen t  p re sen ted  in this study is the fact  that the amount 
of heat  applied to the sur face  of the subl imat ing m a t e r i a l  was de te rmined  by means  of a heat- f lux senso r  
set  up on the sur face  of the hea te r .*  

In Fig.  3 we show how the height of the submerged  je t  v a r i e s  in the case  of subl imation drying of 
quartz  sand. As canbe  s e e n f r o m  Fig.  3, the cu rves  of jet  height vs t ime  have a sharp ly  defined max imum.  

* The construct ion of the heat- f lux s ens o r  has been  descr ibed  in [14]. 
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Fig.  3. Variat ion of the height l of the sub-  
m e r g e d  jet  and the heat  flux as  functions of 
t ime  in the p r o c e s s  of conductive sub l ima-  
tion drying of quar tz  sand: 1) p re f r eez ing ,  
q = 5 0 8 W / m  2, P = O . 1  m m  Hg; 2) se l f -  
f r eez ing  in a vacuum, q = 508 W / m  2, P = 0.1 
m m  Hg; 3) p re f r eez ing ,  q = 508 W / m  2, P 
= 0.05 m m  Hg; 4) heat  flux of  subl imation 
(prefreezing) ,  q = 508 W / m  2, P = 0.05 m m  
Hg); 5) heat  flux of subl imat ion (freezing),  
q = 5 0 8 W / m  2, P = 0 . 1 m m H g ;  6) product;  
7) heat - f lux sensor ;  8) hea te r ,  l is m e a -  
sured  in ram, ~- in min.  

This m a x i m u m  coincides with the m a x i m u m  of the heat  flux m e a s u r e d  by the hea t - f lux  senso r  (curves  4 
and 5 a r e  p ropor t iona l  to the intensi ty of the sublimation) .  Segment I co r r e sponds  to init ial  heating and 
drying of the ma te r i a l ,  segment  II to drying of the m a t e r i a l  alone.  At the end of the drying p r o c e s s  cu rves  
4 and 5 a r e  c lose  to 0 and fix the conclusion of the p r o c e s s .  The resul t ing  curves  4, 5 have an analogous 
fo rm for  contac t - rad ia t ion  drying as  well.  

Our invest igat ions  indicate the poss ib i l i ty  of us ing a se lec ted  exper imen ta l  model  to obtain c a l i b r a -  
tion cu rves  for  the p r o c e s s  of subl imat ion drying (of the type of cu rves  4 and 5 in Fig.  3) for  specif ic  
indust r ia l  p roducts .  These  ca l ibra t ion  cu rves  can be used  in s y s t e m s  for  the automat ic  control  of subl i -  
mat ion drying in l a rge- tonnage  product ion.  

In terac t ion  between the Submerged Je t  in the P r o c e s s  of Sublimation Drying and a Radia tor .  The 
technol0gical  conditions for  drying of a number  of food products  which requi re  low f reez ing  t e m p e r a t u r e s  
a r e  de te rmined  by the vacuum (0~ m m  Hg), at which it is p rac t i ca l ly  guaranteed that a submerged  
je t  will f o r m  at  the su r face  of the product .*  

Under  these conditions the p lacement  of a r ad ia to r  within the boundar ies  of the submerged  jet  a lways 
leads to ef fus ion- type ref lec t ion of molecu les  and the development  of act ive  per tu rba t ions  of the flow of 
r a r e f i e d  gas at the su r face  of the cap i l l a ry - po rous  solid [10]. 

We have shown that these  p r o c e s s e s  of agitat ion of a gas a r e  capable  of superheat ing the sur face  of 
the m a t e r i a l  somewhat  and inc reas ing  the intensi ty.  
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