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¡J6r»lai de™ 0118  l"*1 6  most d i f f i c u l t  products  to  f r e e z e  dry  us in g  co n ve n tio n a l  p r o c e s s in g .  T heir  s e n s i t i v i t y  to  
ha°CeSsin g r f d a t io n  and low th e rm o co n d u ct iv ity  l i m i t s  the  r a t e  o f  dehydration  and as a consequence, the 

a , lraes a re  1 engthy and the  c o s t s  are  h ig h .  However, the advantages in heren t in  the  s i m p l i f i e d  
v d r a t j ond s t o r a 8 e o f  f r e e z e  d r ie d  foods have made i t  worthwhile  to  co n sid e r  a l t e r n a t e  methods f o r  f r e e z e

[t is w
^ i e d 1 i kn0Wn t h a t  c o n ve n tio n a l  f r e e z e  dryin g  i s  l im it e d  by the  r a t e  at  which heat can be conducted through 

vd ra te da^e r  to  tlie s u b lim a tio n  zone ( 1 , 2 ) .  For example, a 12 mm t h i c k  s te a k  r e q u ir e s  12 to  15 hours to

* Vari
Of rle ty  o f
St l"icrov,a r metb°<is bave been exp lored  in  attem pts to  a c c e l e r a t e  the d ry in g  r a t e .  Of these  methods, the use 

al (3 ) ^e s < which gen era te  h eat  w ith in  the  f ro z en  c o r e ,  has been proven to  be most s u c c e s s f u l .  Jackson 
°urs emonstrated the p o t e n t i a l  o f  t h i s  p ro ce ss  by reducing the  d ry in g  time f o r  s l i c e d  pears from 18 to 

' Eater - - - - - -°bt
ll,P l

ained th t e r  atteraPt s  by Copson (4) and Copson and Decareau (5) proved t h a t  s i m i l a r  r a t e s  o f  dryin g  could be 
le»ienti r ° Ugh the use  o f  microwaves, but as in  J a c k s o n 's  work, they a l s o  encountered many d i f f i c u l t i e s  in  

j ng the  p r o c e s s .

 ̂ bbe P°r t ed th a t  the  t ra n sm iss io n  o f  microwave power in to  low p re s s u re  environments was the cause o f  many 
the : roblems. "  •
beenUi r °Unding

Su°^lem^: Under p re ss u re s  norm ally  encountered in  f r e e z e  d ry in g  ( .4  - .2 mm Hg) i o n i z a t i o n  or breakdown
Pi's ueeb f  8as l s  t r i g g e r e d  a t  low power l e v e l s ,  p re ve n tin g  tra n sm iss io n  o l  power i n to  the  c a v i t y .  I t

SsUre t ° Uad (b) th a t  the breakdown e l e c t r i c  f i e l d  l i m i t  can be r a is e d  s u b s t a n t i a l l y  by lowering the c a v i t y  
. t 0  below .1  mm Hg.

V i 8 the D
Pic °een c p a s t  b0 y e a rs  a t  the US Army N atick  Research and Development Command, a co n tin uin g re s e a r c h  e f f o r t  

tQ>,av6 rsued in  attem pt to  s o l v e  many o f  the  problems th a t  have i n h i b i t e d  the p ro gress  in  deve lop in g  the 
Iq ^ te e ze  d ry in g  p ro c e s s .

phase o f  the  work, Ma and P e l t r e
P i^ y  andtheore tica l  d e s c r i p t i o n  o f  the t r a n s i e n t  Figure 1: SCHEMATIC OF MICROWAVE-FREEZE DRYER
$stj°wave f ™aas t r a n s p o r t  p ro c e s s e s  encountered in
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s e 1 6 6 2 6  d rybng ( 7 ) .  To t e s t  the  t h e o r y ,  _ 
cbty c7 ^Pe r iments were performed on a small 

8 ) microwave f r e e z e  d r y e r  ( 8 ) .
bitipQ Paper „ •

aht a81Ves a summary o f  some o f  th e  more 
Urj is o j  p e c ts  ° f  the re c e n t  work in c lu d in g  the 

Cap acit a t a . °*3tadned r̂om the  o p era t io n  o f  a 
st ^ ,b a s  j y microwave and r a d ia n t  f r e e z e  drye r  

lng of t b » ° „ a s u b s t a n t i a l  change in  our under- 
be s u b lim a tio n  p r o c e s s .

Ut MENTAL SYSTEM

%Vehbil bON o f  th e  experim en tal apparatus i s  
t b°naf ‘ The f r e e z e  d ry e r  i s  b a s i c a l l y  a 

s ystem m odified  to  f a c i l i t a t e
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u t i l i z a t i o n  o f  the  microwave power. This  re q u ired  i n s t a l l a t i o n  
o f  the c o a x i a l  c a b le  through the  bulk panel and c o n s t r u c t in g  a 
screened microwave c a v i t y  which contained h e a t in g  p l a t e n s .  
T y p i c a l l y ,  the hybrid  system p ro c e ss e s  a load o f  7 Kg w ith  a 
maximum input microwave power l e v e l  o f  400 w atts  and a p la t e n  
temperature o f  6 6 °C. The average p re ss u re  during a run was 
.030 mm Hg which was maintained w ith  a -50°C condenser 
tem perature. Temperatures and p re ss u re s  a re  monitored through
out the system w h ile  the weight o f  the bottom la y e r  o f  product 
was re co rd ed.

EXPERIMENTAL RESULTS

THE PERFORMANCE o f  the  system can be b e s t  i l l u s t r a t e d  through a 
comparison o f  the  d ry in g  curves f o r  a con ventional and hybrid 
system. These c u r v e s ,  shown in  f i g  2, taken from the 
experim ental f r e e z e  d ry in g  o f  13 mm r o a s t  b e e f  s t e a k s ,  i n d i c a t e
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t h a t  a minimum c y c l e  o f  1 2  hours 
was needed f o r  co n ven tio n a l  d rye r  
o p e r a t in g  w ith  a p l a t e n  temperature 
o f  6 6 °C. The hyb r id  system o p e r a t 
ing w ith  an i d e n t i c a l  p l a t e n  temper
a tu re  and a microwave power input o f  
300 w atts  accomplished the  dryin g  
in  6  h o urs . While the  improve
ment in  d ry in g  times was s i g n i f i c a n t ,  
the  o v e r a l l  performance o f  the 
f r e e z e  d ryer  proved to  be even 
more i n t e r e s t i n g .

A comparison, g iv en  in  f i g  3 ,  o f  
the  d a ta  to  the  M a-Peltre  model o f  
microwave f r e e z e  d ry in g  m odified  
w ith  a r a d ia n t  boundry c o n d it io n ,  
i n d ic a t e d  t h a t  de h y d ra t io n  was 
o c c u r r in g  a t  a f a s t e r  r a t e  than 
p r e d i c t e d , based on the energy input 
to  the system. Such e vidence  would 
s u g g e s t  t h a t  the  energy re q u ir e d  to  
remove the  i c e  was reduced.

TIKE (kiari)

dAnother c h a r a c t e r i s t i c  0f  the f r e e z e  dryin g  p ro ce ss  t h a t  appeared unusual was the  e f f e c t  o f  load s i z e  an 
l e v e l  on the  d ry in g  t im e. I t  would be expected t h a t  the d ry in g  time would be improved w ith  h ig h er  PoW®r that 
and s m a lle r  lo a d s .  The o p e r a t io n a l  s u r fa c e  g iv en  in  f i g  4 ,  compiled from th e  c o l l e c t e d  d a t a ,  in d ic a te d  
w ith in  the  range o f  c o n d it io n s  t e s t e d ,  the  minimum d ryin g  time o ccurred w ith  a 6  Kg load a t  300 w atts  p

DISCUSSION OF RESULTS

THE APPARENT REDUCTION in  the h eat  o f  su b lim a tio n  i s  the  most d i f f i c u l t  a sp e c t  to  e x p la in  w ith in  the 
o f  the  cu r re n t  t h e o r i e s  o f  f r e e z e  d r y in g .  Such an o ccurrence  leads  t o  th e  reassessm ent o f  the  assumpti 
re g a rd in g  the su b lim a tio n  p r o c e s s .

text

able
vap'Recent o b s e r v a t io n s  made by Luikov (9) , in  a study o f  low p re s s u re  s u b l im a tio n ,  i t  was noted t h a t  a s i *  vaj 

q u a n t i t y  o f  i c e  c r y s t a l s  accompanied the  water vapor f l u x .  The p re se n ce  o f  unsublimated m a te r ia l  in  ^ at 
stream would tend to  reduce the  amount o f  energy re q u ir e d  t o  remove the f r o z e n  c o r e .  Luikov suggested 
e x t e n t  o f  entrainment was r e l a t e d  t o  th e  v e l o c i t y  o f  th e  e x i t i n g  
f l u x ,  or in  o t h e r  words, th a t  the phenomina was a r e s u l t  o f  a 
s t r i p p i n g  e f f e c t  o f  the  h ig h  v e l o c i t y  vapor j e t .  I t  was found, 
however, when t h i s  approach was used in  the  modeling o f  the 
s u b lim a tio n  p r o c e s s ,  the  correspondence o f  th e  s im u la t io n  to  the  
exp erim en tal d a ta  was poor.

An a l t e r n a t e  v ie w p o in t  was deve lop e d .  I t  was assumed t h a t  the 
v a p o r i z a t i o n  o f  the  most v o l a t i l e  components o f  the i c e  phase 
erodes the  support o f  the  l e s s  v o l a t i l e  components b e fo r e  these  
are f u l l y  sublim ated . As a r e s u l t ,  the  p a r t i a l l y  sublim ated 
re g io n s  o f  reduced a c t i v i t y  become detached from the  bulk  and are 
e n tra in ed  in  the  vapor f l u x .

In a g e n e ra l  t h e o r y ,  d e r iv e d  w ith  the  re a so n in g  g iv en  above,
( 1 0 ) ,  the  e f f e c t i v e  h e a t  o f  s u b lim a tio n  (d e f in e d  as the t o t a l  
amount o f  h eat  needed to  remove a mole o f  f ro z e n  m a t e r i a l ) , can 
be c a l c u l a t e d  by c o n s id e r in g  the  mole f r a c t i o n s ,  X^, and the

i0f

Figure 4:

Figure 5: EFFECTIVE HEAT OF S U B L I M A T I O N  F O R  
B O V I N E  M U S C L E

pomi uniisi

EXPERIMENTAL DRYING TlME 
TO .10 MOISTURE 

FRACTION

vapor p re ss u re s

AH V N = ? AH X Pi / p ,  
T  ie ' nt  i  l  l  • 1  

Here the s u b s c r i p t  ( i )  denotes th e  component 
i s  ass ig n ed  to  th e  most v o l a t i l e  component.

and (1)

t h i s  d e f i n i t i o n  i s  compared to  the expr
i o o f  r t f  e n K l î m o t i  rtn f r t r  a VirtTnrwrPfllTllS SO-*-

When
the h eat  o f  s u b lim a tio n  f o r  a homogenous so l  
uniform a c t i v i t y .

essiv0ti
(°{

witb

AH = I  AH. X .  S V 1 1  1
i/PT
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Is
aPParent that

‘'ich
AH = AH e s T/P.

lniP lif ie s  the calculation o f the e ffective heat of sublimation in  the case of meat.

N e
AH = AHe s .meat [P J  1 meat' P • ]pure i c e J

f  the r a t i o  o f  p r e ss u re s  in  the d e f i n i t i o n ,  the  h eat  o f  su b lim a tio n  becomes a s tro n g  fu n c t io n  o f  
re  as can be seen in  f i g  5.

Pt en®rgv i. 10n o£ entrainment in to  the  th e o ry  o f  the  f r e e z e  d r y in g  p ro ce ss  a l t e r s  the cou p lin g  o f  the mass 
°̂ a8ation a ânce an 6he d r ie d  l a y e r  to  the equ ation  o f  energy in  the  f ro z e n  c o re .  As a r e s u l t ,  the 

. n o f  th e  su b lim a tio n  i n t e r f a c e  i s  m o d if ied .

t 6ïrin
C >  noterfCk t0 î g  3 ’ the  e £ f e c t  o f  the a d d it io n  o f  entrainment in  the o v e r a l l  d e s c r i p t i o n  o f  th e  p ro ce ss  

lng th is  \  AS in  the  d a t a ’ the s im u la tio n  i n d i c a t e s  the dryin g  r a t e s  in  the i n i t i a l  s t a g e s  are  most ra p id .
phase o f  the p r o c e s s ,  the  i n t e r f a c e  temperature i s  a t  a minimum, s u b s t a n t i a l l y  reducin g the  energy

re q u ir e d  to  remove the f ro z e n  co re .

In order to  dehydrate most e f f i c i e n t l y ,  i t  i s  n e c e s sa ry  to 
m aintain a low chamber p r e s s u r e ,  th ereby  keeping the  core 
temperature as low as p o s s i b l e .  However, during p r o c e s s i n g ,  
the  d i f f u s i o n a l  r e s i s t a n c e  o f  the  in c r e a s i n g  dry  la y e r  
causes the  i n t e r f a c e  temperature to  r i s e  during the p ro c e s s .  
When the temperature p asses  through -20°C, the s a l t  phase 
m elts  and entrainment s t o p s .  This  r e s u l t s  in  a ra p id  
i n c r e a s e  in  the  energy re q u ired  f o r  v a p o r iz a t io n  and w ith  a 
co n sta n t  power input the dryin g  r a t e  slows p r o p o r t i o n a l l y .  
The s im u la tio n  in d i c a t e d  th a t  the core  temperature reached 
-20°C in  the 400 w att  run at  about 3 .5  hours w h ile  w ith 
300 w a tts  the m e lt in g  was d e layed  to  about 5 hours. The 
subsequent r i s e  in  the e f f e c t i v e  h eat  o f  sublim a tio n  leads 
to  a t a i l i n g  o f  the  d ry in g  curve  apparent in  the  h igher 
powered runs which can extend the c y c l e  time.

X f
•2, . 1 . 0  M O I S T U R E  

F R A C T I O N

s u r fa c e  was gen era ted  by the  s im u la tio n  and as can be noted in  comparing f i g u r e s  6 and 4
%

%

(d ef*Slm^^a r  Pr e d i c t i o n s .  The trough o f  minimum d r y in g  tim es fo l lo w ed  the l i n e s  o f  con stant  s p e c i f i c  
Ver> as 311(1 i s  re p re se n te d  by the  dashed l i n e s  in  the drawing o f  the experim ental s u r f a c e ) .

C U T A T Q  -f- 1 r\ C  ~  4- U     4  1   r    „  1 ~  ~    I   _____ _  U  „  4 C * . _  J  _ 1  _• .*. 1 .  _ 1  _ i«.*.
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cu rva tu re  o f  th e  t h e o r e t i c a l  s u r fa c e  i s  l e s s  and appears to  be s h i f t e d  s l i g h t l y  to  the l e f t .

a i ow chamber p re ss u re  and t a k in g  advantage o f  the  entrainment phenomena, i t  has been found th a t  
^ i n g  r a t e s  can be o btain ed  a t  r e l a t i v e l y  low power l e v e l s .  This  changes th e  emphasis in  design

6' Th^Stem £ro,n one as capable  o f  h ig h  power microwave o p erat io n  to  one t h a t  can s u s t a in  a low
r ’’’o d i f - l a t t e r  approach reduces the  c o s t s  in v o lv e d  in  the  upgrading co n ventio nal  f r e e z e  drye rs  s in c e

l c a t io n s  are  needed.
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