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The mean  effect ive t h e r m a l  conductivity and the densi ty  of ice desubl imated  under  vacuum have 
been de te rmined  exper imenta l ly .  It is shown that  the desubl imat ion  ra t e  becomes  m a x i m u m  
within the 1.0-2.5 m m  Hg p r e s s u r e  range .  

Most publ ished data on the desubl imat ion of water  vapor  under  vacuum r e f e r  to conditions in indus-  
t r i a l  or  s emi ind us t r i a l  c o n d e n s e r - f r e e z e r  appara tus  [1, 2, 5]. 

The authors  have developed an exper imen ta l  model  with which they were  able to solve s e v e r a l  p r o b -  
l e m s  in t e s t  appara tus  and p r o c e d u r e  design while t r ea t ing  subl imat ion and desubl imat ion  as interdependent  
p r o c e s s e s ,  namely :  by s imulat ing both p r o c e s s e s  on a spec ia l ly  se lec ted  su r face ,  by control l ing the d i -  
r ec t ion  of wa te r  vapor  flow, by control l ing the desubl imat ion p r o c e s s ,  by de te rmin ing  the t r ans i en t  heat  of 
desub l imat ion  and the th ickness  of the ice l aye r  in fo rmat ion ,  and by continuously m e a s u r i n g  the bas ic  t h e r -  
modynamic  p a r a m e t e r s  which govern  the r a t e  and the c h a r a c t e r  of the desubl imat ion p r o c e s s :  the total  
p r e s s u r e  in the vacuum cham ber ,  the pa r t i a l  p r e s s u r e  of wa te r  vapor ,  the t e m p e r a t u r e  of the desubl imat ion  
su r face ,  etc.  

The expe r imen ta l  model  was built with ac ry l i c  g la s s ,  making it poss ib le  to v i sua l ly  obse rve  the de-  
subl imat ion  p r o c e s s  (Fig. 1). The model  included two essen t ia l  e l ements :  a source  of water  vapor  and an 
act ive  desubl imat ion  su r face .  The vapor  sou rce  was a wa te r - f i l l ed  container  7 with the top pa r t  of a p e r -  
meab le  porous  m e t a l - c e r a m i c  m a t e r i a l  8 heated f r o m  below with an e lec t r i c  hea t e r  9. Ice was sub l ima t -  
ing in the p o r e s  of the m e t a l - c e r a m i c  under  vacuum [3] while a vapor  s t r e a m  toward the desubl imat ion  
su r f ace  was genera ted .  

The vapo r  desub l ima to r  14 was a cyl indr ica l  v e s s e l  whose lower  pa r t  1 compr i s ed  the t es t  segment  
and whose desubl imat ion  was kept cold by means  of a r e f r i g e r a n t  mix tu re  dr iven by a spec i a l -pu rpose  
pump.  The flow of vapor  was d i rec ted  f r o m  the p e r m e a b l e  pla te  8 through d iaphragms  3 to the desubl i -  
mar ion su r face  1. At that  t i m e  the ice l aye r  on the desubl imat ion  su r face  was s teadi ly  building up in the 
d i rec t ion  toward  the vapor  s t r e a m .  

The quantity of heat  genera ted  during desubl imat ion  over  a definite t i m e  per iod was m e a s u r e d  with a 
t h e r m a l  flux p robe  2, backed up by t e m p e r a t u r e  m e a s u r e m e n t s  with the rmocoup les  (1), (2), (3) in the cop-  
p e r  plate  1. The t e m p e r a t u r e  at va r ious  points along the height of the forzen  ice l aye r  was m e a s u r e d  with 
t he rmocoup le s  (6), (7), (8), (9). The sa tu ra t ion  t e m p e r a t u r e  of water  vapor  in the model  at a given r a r e -  
fact ion level  was m e a s u r e d  with the rmocoup le  (5). The c i rc led  numbers  of the d i ag ram denote the r e -  
s p e c t i v e t h e r m o c o u p l e l o c a t i o n s .  All the rmocouple  readings  were  r eco rded  through po ten t iome te r s  R-307 
and ]~PP-09o 

The vacuum level inside the model was measured and maintained with a modelFA-160 Leybold-Hera- 
eus GmbH vaeumeter through a connecting tube 12. 

*Desublimation is a phase transformation of a substance directly from vapor to solid state. It is a special 
case of condensation. 
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Fig.  1. Exper imen ta l  model  for  studying the condensation (desub- 
l imation) of wa te r  vapor  on a f lat  su r face  (the Circled numbers  
denote the locat ions  of the the rmocoup les  in the model):  1) desub-  
l imat ion  sur face ;  2) t h e r m a l  flux probe;  3) d iaphragm;  4) plate;  5) 
window of optical  g lass ;  6) model  housing; 7) container  for  feed 
water ;  8) porous  me ta l  plate;  9) hea te r ;  10, 11) ga tes  with an e l ec -  
t r i c  dr ive ;  12) connecting pipe for  vacuum m e a s u r e m e n t  in the 
model ;  13, 16) speed r e d u c e r s ;  14) coolant tank; 15, 17) mo to r s ;  
18) p ro tec t ive  hea te r ;  19) e l ec t r i c  hea t e r .  

F o r  studying the t r ans ien t  modes  of wa te r  vapor  desubl imat ion  under  vacuum we had instal led two 
gates  10 and 11 with e lec t r i c  d r ives  13-15, 16-17. Before  the des i red  s teady s ta te  had been  reached,  the 
ga tes  were  in the posi t ions  10 closed and 11 open for  pass ing  vapor  f rom its source  to the vacuum chamber .  
Af te r  the des i r ed  s teady  s ta te  had been reached,  i . e . ,  the t e m p e r a t u r e  of the condensation sur face  1 and 
the vapor  f low ra te  had become  s teady at the de i s red  r e spec t i ve  levels ,  gate 10 was opened and gate I1 was 
c losed for  pas s ing  vapo r  to the desubl imat ion  sur face .  

In o rde r  to p reven t  vapor  f r o m  desubl imat ing  beyond the act ive  su r face  of the me ta l  p la te  1 (on the 
adjacent  sur face) ,  during cer ta in  t e s t  modes  we used in the exper imen ta l  model  a p ro tec t ive  hea te r  18 for  
holding the t e m p e r a t u r e  of these  su r f aces  nea r  the vapor  sa tura t ion  t e m p e r a t u r e  under  the given p r e s s u r e .  
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Fig.  2. G o e m e t r y  of desubl imat ing ice and the t e m p e r -  
a tu re  d is t r ibut ion along its th ickness :  a) t e m p e r a t u r e  
d is t r ibut ion along the th ickness  of a desubl imat ing ice 
l aye r ;  b) g e o m e t r y  of a desubl imat ing ice l aye r ,  T 
(~ ~ (mm),  �9 (rain). 

In o rde r  to fac i l i ta te  v isual  as well  photographic  examinat ion,  the exper imen ta l  model  was provided 
with windows 5 of optical  g lass .  Tile model  was p laced inside a vacuum chamber  where  the to ta l  p r e s s u r e  
was p r e c i s e l y  control led and the wall t e m p e r a t u r e  ~ s  held constant .  In all  t e s t s  the desubl imat ion  p r o -  
c e s s  was c a r r i e d  on until the fourth the rmocouple  (No. 9 in Fig.  1, f a r thes t  away f rom the desub l ima-  
t ion surface)  c losed.  Af ter  the las t  the rmocouple  above the su r face  had closed,  the desubl imat ion  p r o -  
c e s s  was t e r m i n a t e d  and the ice spec imen  was def ros ted  with the e lec t r i c  hea t e r  19 for  weighing and for  a 
de te rmina t ion  of i ts  g e o m e t r i c a l  c h a r a c t e r i s t i c s .  

Kinet ics  of the T e m p e r a t u r e  Fie ld  during Desubl imat ion of Ice under  Vaccum.  The desubl imat ion  of 
wa t e r  vapo r  on a f iat  su r f ace  under  vacuum was studied over  the p r e s s u r e  range  f r o m  20 to 0.05 m m  Hg at 
va r i ous  vapo r  flow r a t e s .  The va r i a t ion  of the t e m p e r a t u r e  field along the x -coord ina te  in the desub l ima t -  
ing ice (under 0.5 m m  Hg p r e s s u r e )  at va r ious  instants  of t ime  is shown in Fig.  2a, where  the t e m p e r a t u r e  
is seen  to v a r y  app rec i ab ly  with the th ickness  of the desubl imat ing  ice l aye r :  the t e m p e r a t u r e  at the desub-  
l imat ion  f ront  T D approaches  the wa te r  vapor  sa tura t ion  t e m p e r a t u r e  T s .  

The effect ive  t h e r m a l  conductivi ty and the densi ty  of desubl imated  ice were  calculated on the bas i s  of 
the expe r imen t a l l y  found t e m p e r a t u r e  field in the spec imen .  

Heat  Balance and Mate r ia l  Balance.  Method of Data Evaluat ion.  Our exper imen ta l  model  made it 
pos s ib l e  to r educe  the heat  balance and the m a t e r i a l  ba lance  as  well as the subl imat ion of ice f r o m  a p e r -  
meab le  pla te  to the following p r o c e s s :  

Gvr,~ (l) 
Q s(~) = Q~ + q~ = Ar 

The quanti ty of heat  genera ted  during desubl imat ion  was 

Qd (Ti) = b ; t~ (~i) dT -~- )~  ([1-- [a) AT, -= GI'rd 
8 ~ A~ i 

0 

The densi ty  of desubl imated  ice (at a m e a n - o v e r - t h e - t h i c k n e s s  t empe ra tu r e )  was de te rmined  as 

(2) 
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T A B L E  1. Ef fec t ive  T h e r m a l  Conduct iv i ty  of  Desub l ima ted  Ice as  
a Func t ion  of the  P r e s s u r e  
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F ig .  3. Dens i t y  and e f fec t ive  t h e r m a l  conduc t i v -  
i ty of de sub l ima ted  ice as  funct ions  of the v a c -  
uum level ,  t e s t  No. N at P = 0.5 m m  Hg; p = f(P) 
and k = f(P) (1), p =  ~(N) and k =~(N) (2). Dens i ty  
p (g/cmS),  conduc t iv i ty  ( k c a l / m  - h -  deg C). 

a i ' (~ , )  _ a ~ ( . 4 )  - - ,  (3 )  
PI(T) = V*s--V~ S x(y)dy 

~ ::~ - -  V o - -  V~ 

1 @ j" ~ (T) dT 
T~ 

w i t h  G I denot ing  the m a s s  of de sub l i m a t e d  ice,  ~ s  = f x(y)dy the vo lume  swept  by the  t r a n s f o r m a t i o n  
a 

s u r f a c e ,  and funct ion x(y) d e s c r i b i n g  the g e n e r a t r i x  cu rve  of the  t r a n s f o r m a t i o n  s u r f a c e  p lot ted  f r o m  the 
t e s t  c o o r d i n a t e s  of po in t s  a ,  b,  e, d,  e,  f (Fig.  2b). 

In al l  t e s t s  funct ion  x(y) was  obta ined by  the  a p p r o x i m a t i o n  method  and was  ca lcu la ted  on a " P R O M I N ' "  
c o m p u t e r .  The ge ne ra l  f o r m  of th is  funct ion was  

X (y) = A - -  Be-ay+ Ce -By, 

The nonun i fo rmi ty  of the  de sub l ima t ion  s u r f a c e  �9 V 0 was  d e t e r m i n e d  by  the des ign  c h a r a c t e r i s t i c s  of 

T~ 

the  mode l ,  V B = t 
Tt 

/~ (T)dT was  the  v o l u m e t r i c  expans ion  of the ice dur ing  the m e a s u r e m e n t  of the g e o -  

m e t r i c a l  coo rd ina t e s  unde r  a t m o s p h e r i c  condi t ions  (with a change in the m e a n  t e m p e r a t u r e  of  the  desub l i -  
m a t e d  ice vo lume  f r o m  the  ope ra t ing  t e m p e r a t u r e  T to  t e m p e r a t u r e  T 2 ~ - 5 ~  
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TABLE 2. Density of Desublimated Ice as a Function of the P r e s s u r e  

T-, ~ 

--22,39 
--16,94 
--17,08 
--II,00 
--10,75 
--22,50 
--16,11 
--18,18 
--16,00 

P, mm Hg 

0,1 

0,5 

1,0 

1,5 
2,0 

3,0 

0,5 

0,5 

0,5 

x (y) 
B 

yxdx=V'em 3 Gi,g 
a 

AT, ~ 
T~ 
.I (3TdT'cm3 
T1 

22--3,42e--~176 --~ 

.22--3,32e -~ 167y_}_ 10,3e -~ 

21-- 11,8e -~ 428y~_ e--O, ly 
22--8,00e--~ -0~965g 

22--12,4e -~176 

22,4-- 16,4e -~ -3'28y 
22--9,5e -~ -I,I67y 

22 --8,5e~ o, 21 y~_ 3,50e -0' 75oy 

21--4,4e -~ -0.550g 

10,123 

11,544 

10,355 

t1,119 

11,069 

11,500 

10,885 

10,813 

10,398 

7,85 

8,95 

8,19 

9,04 

9,11 

9,38 

8,50 

8,26 

7,94 

17,40 

11,94 

12,05 

6,00 

6,00 

17,5 

11,I1 

13,18 

13,00 

0,0021 

0,0014 

0,0014 

0,0007 

0,0007 

0,0021 

0,0014 

0,0015 

0,0014 

V$*, CFII 3 

10,1021 

11,5282 

10,3409 

t1,II14 

11,0615 

13,6632 

10,8703 

t0,7969 

. 10,3839 

p, gtem 2 

0,926 

0,903 

0,939 

0,953 

0,965 

0,95 

0,9187 

0,8999 

0,9058 

Note: In all tesr~ V 0 = 1.618 crn 3 and V T = 0.0039 cm a. 

The value of thermal  ex-pansivity fi(~') was taken f rom [6]. According to calculations,  the t e r m  VB 
could affect the final value of p(T) by not more  than ~0.15%. V T was the volume of thermocouples  f rozen 
into the ice. 

All p a r a m e t e r s  in formula  (3) were determined at the t ime �9 - 7  4 (Fig. 2a). 

The effective thermal  conductivity of desublimated ice was found by the formula  

~(x,)= O(x) .Ag(x~) = 2AG(r4) rd " [AS(T,) +AS(To)] (4) 

F(~) At(T) Av, [F(%) -5 F(%)] [Td(Z,) -- ts  (z,)] 

The magnitude of A5(70) represen ted  the initial thickness of the ice film on the desublimation surface (~0.5 
ram). 

Test  Resul ts .  The densi ty and the the rmal  conductivity of desublimated ice, calculated as functions 
of the vacuum level according to formulas  (3) and (4), a re  shown in Fig. 3 and in Tables 1 and 2. Accord -  
ing to Fig. 3, the densi ty and the the rmal  conductivity of desublimated ice v a r y  with the vacuum level and 
differ  f rom those corresponding to a tmospher ic  conditions. The density at -17~ may differ f rom that of 
a tmospher ic  ice by 5% and at 2 m m  Hg may approach that of water. 

The exper iment  has shown that the entire p r e s su re  range covered in this study can, on the basis of 
the desublimation rate  and the forming ice s t ruc ture ,  be broken down into three  phases corresponding to:  

a) ac icular  ice, 20 mm Hg >~ P > 4.58 mm Hg; 

b) t ransi t ional  rhombic and pyramidal  ice, 4.58 mm Hg > P > 2 mm Hg; 

c) l amina te -g lossy  ice, 2 mm Hg > P > 0.05 mm Ha. 

Within the 20 mm Hg >- P > 4.58 mm Hg range the desublimation p roces s  was sluggish, with ac icular  
c rys ta l s  grown, f rac tured ,  and worn away ac ros s  the entire surface.  Within the t ransi t ion range (above 
the tr iple point) the ac icular  c rys ta l s  became rhombic and pyramidal .  An appreciable increase  in the de-  
sublimation rate  was observed here .  As the vacuum dropped below 2 mm Hg, the desublimation surface  
of ice became smooth and glossy.  This surface  s t ruc ture  was observed over the entire p r e s s u r e  range 
f rom 2 to 0.5 mm Hg. Despite the decreas ing  density of ice within this range,  its thermal  conductivity was 
increasing.  This could be explained as a resu l t  of two opposing t rends :  near  the t r iple  point, on the one 
hand, the ice s t ruc ture  appears  highly sa turated with water,  but that water content dec reases  with d e c r e a s -  
ing p r e s s u r e ;  on the other hand, a decrease  in p r e s s u r e  resu l t s  in a longer free path of molecules  within 
the vapor s t r eam and, therefore ,  in a lower bond energy of molecules  with a consequent lower probabi l i ty  
of the i r  condensation (desublimation) where "heeded" on the ice layer  surface.  

According to Fig.  3, although the ice densi ty stabif izes,  the second of these two t rends  becomes  p r e -  
dominant with decreas ing  p r e s s u r e ,  and this explains the increase  in the effective the rmal  conductivity of 
desublimated ice. 
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Our resul ts  have a tremendous pract ical  significance. Several r e sea rche r s  have pointed out that 
the sublimation method of drying is probably most efficient under a residual pressure  of 1.0-2.5 mm Hg. 
Our studies confirm and support this proposition. According to Table 1, the desublimation rate AG/Av is 
maximum under a 1o0-2.5 mm Hg vacuum. The sublimation factor as well the desublimation factor are 
maximum under these conditions. 

Qs(v) 
Qe~ = W 
AGsi/ATi 
rn 

Qd(~i) 
b 
tT(~i) 
7 i 
A~ 4 

XM 
6 
AGI(T4)/~74 
r d 
P 

L 
t d 
F(T4), F(70) 
A6(74)~ ~6(70) 
ke 
P 
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is 
is 
IS 
is 
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is 
is 
is 
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N O T A T I O N  

the heat supplied for sublimation; 
the power from the electr ic  heater  of the permeable plate; 
the sublimation rate; 
the heat of evaporation of water; 
the heat released by desublimation of water vapor in time 7; 
the calibration factor of the thermal  flux probe; 
the reading of the thermal flux probe on the potentiometer; 
the desublimation time; 
the time till  all thermocouples close; 
the thermal  conductivity of the active desublimator element; 
the thickness of the active desublimation layer; 
the desublimation rate at the time when all thermocouples are closed with ice; 
the heat of desublimation; 
the total p ressure  in the model~ 
the average (over time ~74) temperature  of the active desublimator surface; 
the average (overt ime AT4) temperature of the desublimation front; 
the surface of desublimated ice at t ime ~'4 and at t ime 70 respectively; 
the thickness of desublimated ice layer at time ~4 and at t ime ~-0 respectively; 
the effective thermal  conductivity of desublimated ice; 
the density of desublimated ice. 

1. 
2. 

3. 
4. 
5. 
6. 
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