
DETERMINING THE CHARACTERISTICS OF THE EMISSION 

FIELD IN CAPILLARY-POROUS COLLOIDAL BODIES 

S. G. ll'yasov and V. V. Krasnikov UDC 541.182:536.3 

A method is presented for determining the layer- th ickness  distribution of the total emiss ion 
flux and the amount of radiant energy absorbed by e lementary  layers  at a specified depth 
within capi l la ry-porous  colloidal bodies. A graphical  method is descr ibed for determination 
of the coefficients of absorption, effective radiation-flux attenuation, and reflection for a layer  
of infinite optical thickness on the basis of two t ransmiss ion  or  reflection measurements .  

The problem of propagation of monochromat ic  radiation in capi l la ry-porous  colloidal bodies has been 
solved in [1]. Materials  are dried and hea t - t rea ted ,  by commerc ia l ly  manufactured equipment thai: employs 
the total energy flux from radiation genera tors  ("bright" and "dark").  More than 95% of all the energy is 
radiated by the source  within a narrow wavelength band ~1-;~2 [2, 3, 6], while the optical proper t ies  of 
capi l la ry-porous  colloidal bodies are quite select ive [2-5]. Thus in calculations pertaining to the drying 
and hea t - t r ea tment  of various mater ia l s  it is important to know the thermal - rad ia t ion  charac te r i s t i cs  of 
the layer  of mater ia l  with respec t  to the par t icu lar  infrared emit ter ,  and the distribution of the overall  
energy flux produced by the total radiation over the thickness of the layer.  

If we consider  that par t  of the spect rum within which the minimum values of spect ra l  intensity do not 
exceed 0.1% of the maximum value, we can find the limits of the theoret ical  spectral  region for blackbody 
emission from the following relationship [6] 

0.25~ax ~ )~ ~ 13~m~ 

o r  

917/Te< 1~ "~ 47684/Te' (1) 

For  pract ical  purposes ,  we need only consider  the spect ra l  region containing most  of the energy 
(~ 95%) emitted by an actual inf rared genera tor ,  

0.4)~a• < 1~ < 4)~ .... (2) 

Thus for a Niehrome helix at T e = 1270~ Zma x = 1.9/~; it then follows from (2) that ;h = 0.76 #, 
~2 = 7.6 #, while for a type "NIK-220-1000 t r"  lamp, at T e = 2250~ ;~max = 1.16 # [3] and Z ! = 0.5.1 #, Z2 
= 5.1 ~. Thus the thermal  radiation charac te r i s t i c s  of the same mater ia l  will differ with respect  to di f fer-  
ent emi t te r s ,  and they must  be determined from the following approximate formula:  

where B;~ is the spectra l  variable (Az, RZ, TZ, a3, , G),), averaged over the spect rum of the chosen emit ter .  

In (3) a value of 0.1 p is adequate for the spect ra l  range Ah. Calculations show that a reduction of 
A~ to 0.05 p resul ts  in no substantial  change in the resul ts  obtained from Eq. (3), owing to the fact that the 
l inear dispers ion of spec t rophotometer  monochromators  is 0.100-0.200 p/mm in the 1-15/~ infrared region, 
while in studying l ight -sca t ter ing  media,  it is neces sa ry  to operate with a spectra l  width of 0.5-2.0 mm [8]. 
Calculations based on the approximate formula  (3) yield good agreement  with experimental  data. Thus for 
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a 1.5 m m  thick l a y e r  of wood (pine), the t r a n s m i s s i o n  f a c t o r  found f r o m  (3) for  the s p e c t r u m  of a "NIK- 
220-1000 tr , '  l amp at T e = 2250~ is 5.5%, while  in a c c o r d a n c e  with expe r imen ta l  data  [5] under  i l l umina -  
tion by a "br igh t"  r a d i a t o r ,  the t r a n s m i s s i o n  f a c t o r  of the s a m e  s p e c i m e n  is 5.2%. 

At a depth x, the s c a l a r  magni tude  of the r e su l t an t  f lux -dens i ty  v e c t o r  fo r  both comple te  and m o n o -  
c h r o m a t i c  [1] e m i s s i o n  is found as 

q = Q z e f  l - - R "  [ "tit2 ] 1 - - R ~  [ {- -e l ( l - -  - ~ e x p  ] 1 - - W  e e x p ( - - o x ) +  ~ -  exp(ox) - - Q z e f ~  exp x )}+  | { o ( l - - x ) }  , (4) 

w h e r e  

qr = R= exp (--  ol); a = V ~ a (a  + 2s). 

The e f fec t ive  rad ia t ion  f luxes incident  on both s u r f a c e s  of the l a y e r  depend on the t h e r m a l - r a d i a t i o n  
c h a r a c t e r i s t i c s  and the r e l a t ive  pos i t ions  of the l aye r ,  the r a d i a t o r s ,  and the c h a m b e r  b a r r i e r s ;  when Qe~ 
= Qe2 and Re1 = Re2, these  f luxes can be found as 

Qef . . . .  QeTm -- �9 (5) 

i = l  

W h e r e  the incident  e f fec t ive  f luxes a re  equal ,  gq .  (4) b e c o m e s  much s i m p l e r :  

1 R~ 
q = Qef [exp ( - -ox ) - - exp  { - - ~ ( / - -  x)}]. 

1 - -  ~F ~ 

(6)  

In the op t ica l ly  infinite l a y e r  al  - -  oo, the r e su l t an t  f lux dens i ty  at a depth x is found as 

q ~ Qef (1 - -  R~) exp (--  ox)  = G=o exp (--  ax), 

which yie lds  

( ~ = - - .  hl 
x 

(7) 

(8) 

Thus the coef f ic ien t  cr c h a r a c t e r i z e s  the a t tenuat ion of the r e su l t an t  flux of rad ia t ion  as the l a t t e r  pene t r a t e s  
into an opt ica l ly  infinite l aye r .  If the ra t io  q/qx=0 equals  e at a ce r t a in  depth x = L, we obtain a = L -1 f r o m  
(8). As a consequence ,  the coef f ic ien t  of e f fec t ive  a t tenuat ion is equal n u m e r i c a l l y  to the r e c i p r o c a l  of the 
depth of the l a y e r  at which the r e su l t an t  r ad ia t ion  flux is d imin i shed  by a f a c t o r  of 2.7183. The amount  of 
e n e r g y  a b s o r b e d  at the depth x by  an e l e m e n t a r y  vo lume of th ickness  dx in unit t ime  equals [1] 

dq 
o - -  = a q * Q e f .  (9) 

d x  

The quant i t ies  Ro~, a, and a, a v e r a g e d  over  the s p e c t r u m  of the chosen  e m i t t e r  on the bas i s  of Eq. (3) should 
be subs t i tu ted  into the f o r m u l a s  (4)-(9) fo r  the total rad ia t ion .  

The s p e c t r a l  r e f l ec t ive  power  R 2 ~  of an opt ica l ly  infinite l a y e r  can be d e t e r m i n e d  by one of the f a m i l -  

i a r  me thods  [7, 8]. 

To d e t e r m i n e  the a v e r a g e d  coef f ic ien ts  a and a, we can employ  the f a m i l i a r  r e la t ionsh ips  f o r  the s p e c -  

I < -- RR~ ) (10) o = - -  tn I 
I T 

1 - - R ~  a -- o. (11) 
1 + R ~  

t ra l  va r i ab l e s  [1]: 

In this ca se ,  the i n s t rumen ta l  e r r o r  in m e a s u r e m e n t  of R x and T h is not e l imina ted  and, m o r e o v e r ,  it 
is n e c e s s a r y  to m e a s u r e  the th ree  quant i t ies  R x, T2v and RX~.  At p r e s e n t ,  the re  a re  no c o m m e r c i a l l y  
p roduced  s p e c t r o p h o t o m e t e r s  fo r  inves t iga t ion  of l i g h t - s c a t t e r i n g  m e d i a  in the 1-15 p and longer  infrar 'ed 
reg ion  [3, 7]. The l i t e r a t u r e  conta ins  desc r ip t ions  of individual a t t achment s  fo r  s i n g l e - b e a m  s p e c t r a l  
s p e c t r o p h o t o m e t e r s  only,  and then  just  fo r  de t e rmina t ion  of R2, in the i n f r a r e d  reg ion  [7, 8]; these devices  
a re  u n s a t i s f a c t o r y  in that the m e a s u r e m e n t s  take so long and the r e su l t s  a re  so difficult  to p r o c e s s .  
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Fig .  1. N o m o g r a m  for  d e t e r m i n i n g  a,  (r, and R f r o m  m e a -  
s u r e m e n t s  of t r a n s m i s s i o n  (a) and r e f l e c t i o n  (b) of f l a t  l a y e r s  
of v a r y i n g  t h i c k n e s s .  

The a u t h o r s  have  d e v e l o p e d  an a t t a c h m e n t  fo r  the S F - 4 A  d e v i c e  [9] and fo r  the t w o - b e a m  IKS-14  
i n f r a r e d  s p e c t r o p h o t o m e t e r  that  m a k e s  i t  p o s s i b l e  to m e a s u r e  R k and T k fo r  l i g h t - s c a t t e r i n g  m e d i a ;  they 
m a k e  i t  p o s s i b l e  to r e d u c e  e x p e r i m e n t a l  t i m e  by  a f a c t o r  of 5 -10 ,  which  is v e r y  i m p o r t a n t  when m o i s t  m a t e -  
r i a l s  a r e  s t u d i e d .  Such d e v i c e s  have  been  u s e d  to m e a s u r e  R t and T k f o r  v a r i o u s  c a p i l l a r y - p o r o u s  c o l l o i -  
da l  b o d i e s  (pas t e ,  s t a r c h ,  po ta to ,  wood,  e t c . ) .  

To e l i m i n a t e  i n s t r u m e n t a l  e r r o r ,  R X o r  T X shou ld  be  m e a s u r e d  fo r  two t h i c k n e s s e s  I i and l~, and a 
s y s t e m  of type  (12) o r  (13) m u s t  be  s o l v e d  fo r  the unknowns c, and Roo: 

1 - -  exp ( - -  2e~i) (12) 
R = R ~  1- -R~exp( - -2cs l )  ' 

T = exp ( - -  el) 1 - -  R~ exp ( - -  2~/) (13) 

H o w e v e r ,  it is  d i f f i cu l t  to s o l v e  such  s y s t e m s  e x a c t l y .  A s i m i l a r  p r o b l e m  is e n c o u n t e r e d  when we 
d e t e r m i n e  the a b s o r p t i o n  and r e f l e c t i o n  c o e f f i c i e n t s  f r o m  the s u r f a c e  of a f la t  l a y e r  of a b s o r b i n g  s e m i e o n -  
d u e l e r  m a t e r i a l  [10]. Thus  such  s y s t e m s  can be  t r e a t e d  as  fo l lows :  1) by  f ind ing  a p p r o x i m a t e  s o l u t i o n s  
and e s t i m a t i n g  the p e r m i s s i b l e  e r r o r s  [11]; 2) by d e v e l o p i n g  g r a p h i c a l  so lu t ion  m e t h o d s  [12-14] .  

F o r  l i g h t - s c a t t e r i n g  m e d i a ,  it  is  b e s t  to use  the g r a p h i c a l  m e t h o d  p r o p o s e d  by  A. P .  P r i s h i v a l k o  fo r  
a b s o r b i n g  (but not s c a t t e r i n g )  m e d i a  [10]. 

Th is  i dea  has  been  e m b o d i e d  in a s i m p l e  and conven ien t  m e t h o d  f o r  g r a p h i c a l  so lu t ion  of such  p r o b -  
l e m s ,  wi th  the t h r e e  v a r i a b l e s  a,  e ,  and R~ of the l i g h t - s c a t t e r i n g  m e d i a  be ing  d e t e r m i n e d ,  The  m e t h o d  is  
b a s e d  on the use  of n o m o g r a m s  on which  s e v e r a l  T ( R ~ )  and a /cr (R~) ,  o r  R(R~)  and a/cr(R~) c u r v e s  a r e  
d r a w n .  Such n o m o g r a m s  a r e  i l l u s t r a t e d  in F i g .  1. They  w e r e  c o n s t r u c t e d  with  the a id  of Eqs .  (11), (12), 
and (13). 

The c o e f f i c i e n t s  of a b s o r p t i o n  a,  e f f ec t i ve  a t t enua t i on  or, and r e f l e c t i o n  R~ fo r  an o p t i c a l l y  in f in i te  
l a y e r  a r e  found f r o m  the n o m o g r a m  in the fo l lowing  m a n n e r .  The  r e l a t i o n s h i p s  ob t a ined  be tw e e n  I /k  o r  T A 
and the wave l eng th  fo r  two o r  m o r e  s p e c i m e n s  a r e  a v e r a g e d  o v e r  the s p e c t r u m  of the chosen  e m i t t e r  by  
m e a n s  of (3). Next  the l ine  T = cons t  o r  R = c o n s t  is d r a w n  fo r  the f i r s t  s p e c i m e n .  The v a l u e s  c~l fo r  the 
c u r v e s  cut  m u s t  be  d i v i d e d  by  the s p e c i m e n  t h i c k n e s s  l 1. The  r e s u l t i n g  v a l u e s  of ~ a r e  p lo t t e d  on a s u p p l e -  
m e n t a r y  g r a p h  as  a funct ion  of the R~  va lues  c o r r e s p o n d i n g  to the po in t s  at  which the g iven  s t r a i g h t  l ine  
i n t e r s e c t s  the R(R~o) o r  T (R~)  c u r v e s .  T h e s e  po in t s  a r e  j o i n e d  by  a s m o o t h  c u r v e .  In l ike  m a n n e r ,  we o b -  
ta in  the  ~r(R~o) c u r v e  fo r  the s e c o n d  s p e c i m e n .  The  c o o r d i n a t e s  of the  po in t s  of i n t e r s e c t i o n  of  t h e s e  c u r v e s  
g ive  the d e s i r e d  va lue s  of (r and R~ .  The  d e s i r e d  r a t i o  a / ~  is  g iven  by the o r d i n a t e  of the poin t  at which a 
s t r a i g h t  l ine  p a r a l l e l  to the ax i s  of o r d i n a t e s  th rough  the va lue  found fo r  R~  i n t e r s e c t s  the a/cr(Rm) c u r v e .  
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F i g .  2. D i s t r i b u t i o n  of d i m e n s i o n l e s s  to ta l  ( c u rve s  1, 2, 3) and 
s p e c t r a l  (X = 1.1 Ix) ( cu rve s  1 ' ,  2 ' ,  3 ')  f luxes  and t e m p e r a t u r e  [3] 
( cu rve s  4, 5) o v e r  l a y e r  t h i c k n e s s  f o r  v a r i o u s  m a t e r i a l s  e l i m i n a t e d  
by  "NIK-220-1000  tr, ,  l a m p s :  1, 1 ' )  m a c a r o n i  dough,  W = 31.2%; 
2, 2 ' )  candy  a f t e r  s e t t i n g ,  W = 30.0%; 3, 3 ')  wood (pine),  W = 6.2%; 
4, 5) t e m p e r a t u r e  in s h e e t  of m a c a r o n i  dough at  5 and 60 m i n ,  r e -  
s p e c t i v e l y .  

F i g .  3. D i s t r i b u t i o n  of d i m e n s i o n l e s s  to ta l  ( cu rve  1) and s p e c t r a l  
(X = 1.1 p) ( curve  2) f luxes  and t e m p e r a t u r e  [3] ( cu rve  3, 4) ove r  
l a y e r  t h i c k n e s s  f o r  m a c a r o n i  dough i r r a d i a t e d  by  "NIK-220-1000  
t r "  l a m p s ;  3, 4) t e m p e r a t u r e  at 8 and 12 min ,  r e s p e c t i v e l y .  

Thus the n o m o g r a m  y i e l d s  a l l  va lue s  of a,  (7, and R~o n e e d e d  to compu te  q(x) o r  co(x) f r o m  (4)-(9),  and fo r  
d e t e r m i n i n g  the t h e r m a l - r a d i a t i o n  c h a r a c t e r i s t i c s  of a m a t e r i a l  l a y e r  of any t h i c k n e s s  l f r o m  (12), (13). 

F i g u r e  1 i l l u s t r a t e s  the d e t e r m i n a t i o n  of a,  (7, and R~o. S p e c i m e n s  of wood (pine) of t h i c k n e s s  l 1 
= 0.14 m m ,  l 2 = 1.05 m m ,  have  v a l u e s  of TtX = 0.56, T2A = 0.11, and R12 t = 0.43, R2A = 0.80 fo r  a wave l eng th  
X = 0.8 #. F r o m  F i g .  1 we obta in  cr X = 1.12 m m  -~, ax/(72~ = 0.1, a X = 0.112 m m  -1. 

The n o m o g r a m  can a l so  be  u s e d  if we know T and R~  o r  R and R~ .  

On the b a s i s  of the a c c u r a c y  with which  T o r  R is m e a s u r e d ,  the n o m o g r a m  s c a l e  m u s t  be  so  s e l e c t e d  
that  in g r a p h i c a l  d e t e r m i n a t i o n  of a,  or, and R ~ ,  the e r r o r  p e r  m i l l i m e t e r  does  not e x c e e d  the e x p e r i m e n t a l  
e r r o r .  W h e r e  n e c e s s a r y ,  (12), (13) can  be  u sed  to ob ta in  add i t i ona l  R(R~)  and T(Roo) c u r v e s .  The  s l o p e  
and angle  of i n t e r s e c t i o n  of the (7(Roo) c u r v e s  on the s u p p l e m e n t a r y  g r a p h  w i l l  depend  on the t h i c k n e s s e s  
s e l e c t e d  f o r  the  i n v e s t i g a t e d  s p e c i m e n s .  F o r  a m o r e  r e l i a b l e  d e t e r m i n a t i o n  of a, (7, and R~o it  is  d e s i r a b l e  
to m e a s u r e  R o r  T fo r  s e v e r a l  s p e c i m e n s  of v a r y i n g  t h i c k n e s s e s ;  h e r e  the t h i c k n e s s  r a t i o  12/ l  I m u s t  e x -  
c eed  3 [14]. The  s u p p l e m e n t a r y  c u r v e s  m u s t  i n t e r s e c t  at d i s t a n c e s  d e t e r m i n e d  by  the e x p e r i m e n t a l  e r r o r .  

At p r e s e n t ,  R can be  m e a s u r e d  m o r e  r e l i a b l y  f o r  l i g h t - s c a t t e r i n g  m e d i a  than T,  so  that  we shou ld  
use  the R(Roo) n o m o g r a m  shown in F i g .  l b ,  even  though R is l e s s  s e n s i t i v e  to v a r i a t i o n s  in the op t i ca l  p r o -  
p e r t i e s  of the m a t e r i a l .  

The m e t h o d  d e s c r i b e d  was  u s e d  to d e t e r m i n e  the s p e c t r a l  and s p e c t r a l l y  a v e r a g e d  c oe f f i c i e n t s  a,  (7, 
and Roo fo r  v a r i o u s  e m i t t e r s  and s e v e r a l  t y p i c a l  c a p i l l a r y - p o r o u s  c o l l o i d a l  m a t e r i a l s .  Us ing  t h e s e  c o e f f i -  
c i en t s  and (3), we can  e s t a b l i s h  the d i s t r i b u t i o n  of the s p e c t r a l  and to ta l  e n e r g y  f luxes  o v e r  the depth of the 
m a t e r i a l  fo r  a g iven  e m i t t e r .  
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From the distributions of the dimensionless (q/Qef) spectra l  and total fluxes (Figs. 2, 3) over the 
depth of various mate r ia l s ,  we can draw the important conclusion that anomalous tempera ture  distributions 
(Fig. 2, curve 5 f3J) found by many investigators in drying and hea t - t rea tment  of various mater ia ls  [3, 15, 
16] cannot be explained by penetration of inf rared radiation to a certain depth where it is converted into 
heat energy.  As we see from Figs.  2, 3, the density of the resultant  total and monochromat ic  fluxes in the 
surface layers  of various capi l la ry-porous  colloidal mater ia ls  is severa l  times that found at a depth of 
2 mm [3, 15] and 5 mm [16], where the maximum tempera ture  is ordinari ly found. Thus more  heat is 
l iberated in the surface  layer  owing to absorption of radiant energy than in the layer  lying 2-5 mm deep, as 
is observed at the initial instant (Fig. 2, curve 4). 

The method proposed for determining the distribution of total-radiat ion fluxes in capi l lary-porous  
colloidal mater ia ls  on the basis of experimental ly obtained Rpt and T;~ charac te r i s t i cs  associated with the 
spectrum of an infrared emit ter  makes it possible for us to analyze internal heat-exchange processes  dur -  
ing drying and heating by infrared.  

T e 

t 

I}t 
A, R, and T 
a and (r 
q 

Roe 
~p 

W 
l 

N O T A T I O N  

is the emit ter  tempera ture ,  ~ 
is the tempera ture  of the medium, ~ 
is the spectra l  intensity, W/m 2" s r ;  
are  the absorption,  reflection, and t ransmiss ion  factors  for  a layer of finite thickness; 
are the absorption and effective-attenuation factors  for a layer  of unit thickness,  ram-t;  
is the resultant  flux density at a depth x, W/m2; 
is the reflective power of an optically infinite layer;  
is the i r radiat ion factor ;  
is the mois ture ,  %; 
is the layer  thickness,  ram. 

Subscripts 

e is the emit ter ;  
b is the b a r r i e r ;  
?~ is spect ra l ;  
ef is effective; 
i is incident; 
m is the s t e a m - a i r  mixture.  
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