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It is shown that a satisfactory approximation can be given for the ob- 

served results on flash IR drying of bonded powders; a criterion charac- 

teristic of the process is derived. The results allow prediction of drying 

p r o c e s s e s .  

IR rad ia t ion  pene t r a t e s  to depths of 0 .05-1  m m  
into a moi s t  bonded porce la in  powder in accordance  
with the s t ruc tu re ;  any fu r the r  inward  heat t r a n s f e r  
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Fig. 1. Relation of t H (rain) to I V for 
I L = 5 sec and p r e s s u r e s  Pm (Torr)  of: 

1) 720, 2) 195, 3) 50. 

is governed  by the the rmophys ica l  p r o p e r t i e s  of the 
ma t e r i a l .  The outer  l aye r  d r i e s  rapidly,  and the 
pores  shr ink,  which i m p a i r s  l iquid and vapor  t r a n s -  
port ;  cont inued supply of heat  may produce  p r e s s u r e  
g rad ien t s  that d i s rup t  the ma t e r i a l .  The dry ing  m e c h -  
a n i s m  mus t  be known for  f lash  heat ing in o rde r  to 
p roduce  h igh -g rade  components .  

P r e l i m i n a r y  tes t s  showed that the p r e s e n t  method 
is  be s t  used at high rad ia t ion  fluxes (E > 1 W/cm2). 
Moist  po rce l a in  compos i t ions  absorb  well  in the long-  
wave IR, so we used sources  with e m i s s i o n  m a x i m a  
at about 2.7 pro. 

Dry ing  at r educed  p r e s s u r e  m e a n s  that the vapor  
p r e s s u r e  ~4thin the m a t e r i a l  is  lower,  which p rov ides  
m o r e  rapid  water  r emova l  at lower  t e m p e r a t u r e s .  In 
this case ,  diffusion is  accen tua ted  by i n c r e a s e  in T 
and by r educ t ion  in Pm" The m a t e r i a l  is e spec ia l ly  
l i ab le  to c rack  in the in i t ia l  per iod  of drying,  so it is 
impor t an t  to provide  the op t imum condi t ions  at  th i s  
stage, and hence  we have used  the m a x i m u m  dry ing  
r a t e  (dX/dt)* as a bas ic  concept in conjunc t ion  with 
t H [1], the t ime  needed to evapora te  half  of the water .  
However,  the o v e r - a l l  p e r f o r m a n c e  in d ry ing  can be 
eva lua ted  only by c a r r y i n g  the p r o c e s s  to complet ion.  

Expe r imen ta l .  It was found that I L did not inf luence  
the d ry ing  at  720, 195, or  50 t o r r  for  I V -- 1. With 
E = 1.4 W / c m  2, however ,  the qual i ty  of the product  is 
much improved  if I L < 20 sec and I V < 0.6; I L > 20 

sec and I V > 0.6 caused the in te rna l  water  t r a n s p o r t  to 
be l e s s  than the ex te rna l  mass  t r ans fe r ,  with the r e -  
sul t  that the sur face  dr ied  out rapidly  and shrank.  
This  leads  to re la t ive ly  rapid  mig ra t i on  of the evapo-  
ra t ion  zone into the ma te r i a l ,  with product ion  of a 
l a rge  t e m p e r a t u r e  gradient  at the sur face  and r e t a r -  
dation of the flow of vapor  in the ma te r i a l .  The i n t e r -  
va ls  between rad ia t ion  pu l ses  do not allow the p r e v i -  
ous m a s s  flux to be regained,  which u l t imate ly  leads 
to fa i lu re  of the spec imen.  

Here  Lu < 1, so it is n e c e s s a r y  [2] to control  the 
energy supply careful ly .  F i g u r e  1 shows the re l a t ion  
of t H to I V for  I L = 5 sec at s eve ra l  Pro, together  with 
the shape of the spec imen  (d iamete r  60 mm, height 
25 ram, side and base  isolated).  

Inc rease  in I I causes  i n c r e a s e  in t H, but reduc t ion  
in Pm can r e n d e r  this effect negl igible .  F igu re  2 shows 
that t H is l i nea r ly  r e l a t ed  to the m e a n  p r e s s u r e  Pro, 
while Fig.  3 shows I V = f[(dX/dt)*] .  The l i nea r  region  
r e p r e s e n t s  cont inuous heat  and m a s s  t r a n s f e r  within 
the ma t e r i a l .  A notable  point  is that I V can t henbe  r e -  
duced subs tant ia l ly ;  but t H then i n c r e a s e s ,  so the 
m a x i m u m  I V mus t  be as close as pos s ib l e to  the l imi t  
of cracking.  F o r  ins tance,  if wetake  I V > 0.65, the 
marked  i n c r e a s e  in t e m p e r a t u r e  grad ien t  p roduces  a 
l a rge  m a s s  flux gx opposed to the m a s s  flux gM 
caused by the m o i s t u r e  gradient ,  and this r e t a r d s  the 
o v e r - a l l  m a s s  t r a n s f e r .  The m a s s  flux i n c r e a s e s  with 
the evapora t ion  ra te  unt i l  the walls  of the pores  a re  
d is rupted;  the r equ i r ed  t r a n s p o r t  r a t e  cannot  be ob-  
ta ined under  such condit ions,  and the s t ra igh t  l ine  in 
Fig.  3 gives way to a curve  that tends  asympto t ica l ly  
to a l imi t ing  d ry ing  ra te .  
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Fig.  2. Relat ion of t H (min) to Pm (Torr)  for  va r ious  
I V (stated on curves  at E = 1.4 W/cm 2. 

This  effect occur s  the m o r e  rap id ly  the h igher  E 
and I V and the lower  the m a s s - t r a n s f e r  coeff ic ients .  
If the dry ing  is p r o p e r l y  a r r anged ,  the IR energy  is  
used only in cont inuous evaporat ion.  The p r o p e r t i e s  of 
the m a t e r i a l  mus t  be such as to provide  m a x i m a l  
water  t r a n s f e r  dur ing  IL; the danger  of c r ack ing  de -  
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Concepts  and Definitions Used in Flash  iR Drying 

Concept Symbol Dimensions- Definition 

pulse length 

Interval between 
pulses 

Pulse ratio 

Pulse frequency 

Pulse amplitude 

Total duration 
of irradiation 

Total length of pauses 
in irradiation 

1L 

It 

1 V 

If 

1 G 

t B 

tp 

sec 

sec 

sec -1 

W/cm 2 

m in 

min 

Irradiation time 

Time during which ma-  
terial is not irradiated 

IL/II 

1 
I f =  TL + I t  or 

lv  
I f - -  IL ( i v + l )  

Corresponds to the radia- 
tion flux density E 

Total duration of pulses 
in drying time t 

Total length of all inter- 
vals between pulses in 
drying time t 
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c r e a s e s  as the diffusion coefficient  and the rma l  con-  
ductivi ty inc rease .  Moreover ,  the energy r equ i r ed  in 
cont inuous m a s s  t r a n s f e r  i n c r e a s e s  with p; reduct ion  
f rom 720 to 50 t o r r  at I V = 0.5 r e p r e s e n t s  about 2~0 
saving of energy,  and even l a r g e r  savings  a re  pos -  
sible if I V is reduced.  F l a sh  IR dry ing  therefore  gives 
be t t e r  r e su l t s  under  vacuum than at a tmospher i c  
p r e s s u r e .  
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Fig.  3. Relat ion of I V = f [ (dX/dt )*]  to Pm 
for  E = 1.4 W/cm2; A) region of cont inu-  
ous migra t ion ,  B) c rack ing  region,  C) 
l imi t  of fo rmat ion  of c r acks  for Pm (torr)  
of: 1) 720, 2) 195, 3) 50. The units  for 

(dX/dt)* a re  g / k g - m i n  �9 10-3. 

The r e a s o n  for this is that m a s s  t r a n s f e r  encoun-  
t e r s  b e t t e r  condi t ions  as p is reduced,  s ince  the i n t e r -  
nal  r e s i s t a n c e  is lower,  because  the t e m p e r a t u r e  
grad ien t  is reduced and with it the water  flux due to 
t he rma l  water  t r an s f e r .  A s ingle  s t ra igh t  l ine r e p -  
r e s e n t s  (dX/dt)* = f ( t  H) in loga r i thmic  coord ina tes  for 
the va r ious  Pro, s ince  for  any t H there  is only one 
(dX/dt)*, which is dependent  only on the c h a r a c t e r i s -  
tic water  content. On the other  hand, a plot of (dX/ 
/dr)* aga ins t  t B involves  the pu l se  p a r a m e t e r s ,  Pm, 
and the s ize  of the m a t e r i a l .  

Laws of IR Drying.  The t e s t d a t a  showthat  I V = 
= f ( t  H) (Fig. 1) is of the s ame  fo rm for  al l  Pro, and 
the curves  a re  approx imated  c lose ly  by 

I v = C,/t B (1) 

o r  

tH = ~ ' -~J l v .  (2) 

Then B can be deduced graphica l ly ;  it is a funct ion 
of Pm alone, which takes  the fo rm 

B = ~ - -  ~ lg p,, (3) 

or,  n u m e r i c a l l y ,  

B = 4.175 --  0.925 l g Pro. (3 a) 

The B deduced graphical ly  f rom Fig. 1 are  B720 :- 
= 1.54, BI~ = 2.07, Bs0 = 2.62, while those found by 
ca lcula t ion  f rom (3a) a re  B720 = 1.53, BI~ = 2.06, Bs0 = 
= 2.60. 

C 1 may be ca lcula ted  f rom (1)viaknewn I V and t H. 
We use the a r i thme t i c  mean  of the values  c o r r e spond -  
ing to di f ferent  I V at fixed Pm, the r e su l t s  for 720, 
195, and 50 t o r t  be ing r e spec t ive ly  182.22, 833.19, 
and 4689.44 (C~ for 50 t o r r  nea r ly  25 t imes  that  for 
720 to r t ) .  This  i l l u s t r a t e s  the marked  effect of Pm on 
the drying. However,  the fo rm of C 1 = f (Pm)  is also 
dependent  on the shape of the spec imen.  

The re la t ion  of (dX/dt)* to t H is 

o r  

d X l *  - ~ 1  = c j t .  (4) 

=fdx/* 
C~ ~ dt ] tH. (4a) 

C2 for the reg ion  of cons tant  dry ing  ra te  is 0.185, 
which is the a r i t hme t i c  mean  of the values  for  the 

va r ious  Pro" 
Then (2) and (4) allow one to de r ive  the dry ing  

c h a r a c t e r i s t i c s  of po rce la in  in the f i r s t  pe r iod  of 
dry ing  under  pulse  i r r ad ia t ion .  F o r  ins tance,  the 
m a x i m u m  dry ing  ra te  for  a given I V is 

If it  is not n e c e s s a r y  to know the absolute  m a g -  
ni tudes  of (dX/dt)* and t B, we can use  the ra t io  of 
these  in graphica l  cons t ruc t ions ,  the e m p i r i c a l  coef-  
f ic ients  then becoming  d imens ion l e s s .  

These  re l a t ionsh ips  do not define the op t imum 
drying  condit ions,  which have to be based  on spec ia l  
s tudies  taking into account  the s t ruc tu re ,  the modes  of 
heat  and water  t r anspor t ,  and the way in which the 
water  is bound to the ma t e r i a l .  
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