
D E T E R M I N A T I O N  OF T H E  IR R E F R A C T I V E  I N D E X  

A N D  A B S O R P T I O N  C O E F F I C I E N T  OF S O L I D  F U E L S  

A.  G, B l o k h  a n d  L .  D,  B u r a k  UDC 536.3.01.24 

Measured optical constants are presented for anthracite over the infrared range f rom 0.8 to 
5.5 ~m. The spect ra l  absorption and scat ter ing coefficients have been calculated by compu-  
ter .  

The emiss ion f rom a flame formed by combustion of coal dust is determined by two basic emi t t e r s ,  
the t r ia tomic molecules  H20 and CO 2, together with the suspended solid par t ic les  of fuel, ash, and partly 
burned mater ia l .  

To calculate the radiation energy t ranspor t  in such a sys tem,  one needs to know f i rs t  of all the rad ia -  
tion proper t ies  of the par t ic les ,  together with the absorption coefficient kx, abs and the scat ter ing coeffi-  
cient kx, scat,  together with the scat ter ing indicatrix 7X(fl). 

Available solutions [1-3] show that 7X(#), kx, abs and kx, scat  are functions of two basic dimensionless  
pa rame te r s :  the complex ref rac t ive  index m and the relat ive part icle size p = vx/X; the f i rs t  m = n-- i~ r e -  
lates the e lec t ro-magnet ic  and optical proper t ies  of the par t ic les ;  this m is i tself  dependent on the wave- 
length. 

To calculate the emiss ion f rom a coal-dust  f lame, one needs to determine n and ~ for the solid par t i -  
cles of fuel, ash, and coke, together with the dispers ion in the infrared region.  Unfortunately, no such 
data have yet  been published, and for this reason it has not been possible to produce a physically sound 
method of calculating the emiss ion of such flames.  An important  step in solving this problem is to examine 
the optical constants of the condensed solid phase in the flame. 

There is no great  difficulty in determining n and ~ for the absorbing mater ia ls ;  there are  var ious  
methods,  such as p r i sms ,  cr i t ical  angle, in terference,  and immers ion  that enable one to determine the 
ref rac t ive  index n [4]. In the case of strongly absorbing mater ia l s ,  such as par t ic les  of coal and coke, 
the methods of [4] are unsuitable, because the light interacts  with mater ia l  in very  thin layers .  One has 
to use thicknesses comparable with the wavelength of the incident radiation,  and the physical  proper t ies  
of such films are very  much dependent on methods of preparat ion,  the mater ia l  of the substra te ,  and other 
fac tors .  

Also, n and ~ for strongly absorbing mater ia ls  are very  difficult to measure ;  while n for a t ranspa-  
rent  or weakly absorbing medium can be measured  to 0.1%, one has to accept e r r o r s  of severa l  per  cent 
for strongly absorbing conditions. Under these conditions, the sole radiation charac te r i s t i c  accessible  
to measurement  [5] is the reflect ion spectrum. In turn, reflection methods for measur ing  optical constants 
of absorbing mater ia ls  are very  var ied and a detailed survey has been made in [5]. 

All solid fuels are strongly absorbing substances,  so n and ~ are determined by reflection. One 
measures  the reflection at the boundary with an external  medium with two different ref rac t ive  indices n 1 
and n 2 for that medium. As one of the media one uses  air ,  while as the other one uses  CC14. The m e a s u r e -  
ments are made at near ly  normal  incidence. 

In that ease ,  the reflection coefficients R 1 and R 2 may be put in the form 

(n - -  n l )  ~ + ~" 
RI= (n+nl)  2 + ~  ' (1t 
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Fig. 1. a) Optical system; b) liquid cell for specimen and standard. 

R~= (n--n~)~ + • 
(2) 

(n + n~) 2 + ~" 

F r o m  (1) and (2) we determine the ref rac t ive  index as 

1 (1 - -  ~1)  ( 1 - -  ] ~ ] )  ( 1 - -  n2) (1 + n2) 
n - ( 3 )  

2 (1 --  n2) (1 - -  R,Rz) - -  (1 -[- nz) (R2 - -  R1) 

and the absorpt ion p a r a m e t e r  as 

. / ~ R ~  -k 1)2--(n - 1) 2 

| /  1 " R 1  (4)  

This method was f i rs t  used by Orsel  [6]; Kravets  [7] used it to determine the optical constants of 
some absorbing mater ia l s  by depositing them as fi lms on various types of glass.  Fur ther  improvements  
in the method have also been repor ted  [8-11]. The optical constants of germanium have been published [11]. 
The measuremen t s  were made by immers ing  the specimens in a liquid with a known ref rac t ive  index. The 
same method has been used [12, 13] for the optical constants of Co, Ni, Cu, Ag, and A1 together  with cer tain 
ore minera ls .  In all these studies, the values of n and ~ were obtained only for the range from 0.3 to 0.8 
/~m. 

In the present  study, the above method was applied to determine the optical constants  of coals in the 
infrared region.  The reflect ion spectra  were measured  with an LOMO attachment to an IKS-14A spec t ro -  
photometer .  Figure  la  shows the equipment used, which consis ted of the i l luminator 1, the IKS-14A infrared 
spec t romete r ,  and the two at tachments  2 and 3, which were placed respect ively  in the working channel and 
in the re fe rence  channel. The light source was imaged by the plane and spherical  m i r r o r s  4 and 5 near  
the specimen 6 and standard 6' with a magnification of 0.5. Fur the r ,  the image was t r ans fe r red  to the 
plane of the IKS-14A photometric  wedge by means of m i r r o r s  7 and 8. 

Figure lb shows the liquid cell  for holding the specimen and standard; the body 1 is attached to the 
holder 2 by means of the flat spring 3 and the screws 4. The fluorite window 5 is set at 20 ~ to the axis of 
the cell. This setting for the window enables one to eliminate ref lect ions f rom the f luor i te - -a i r  and fluo- 
r i te-- l iquid boundaries .  Device 6 is used to adjust the cell. Specimen 7 is p ressed  by screw 8 on to the 
carefully polished surface of the cell  body. The cavity in the cell  is filled with the immers ion  liquid 9. 

In measur ing  the ref lect ion coefficient at the boundary between the mater ia l  and the liquid, par t icular  
attention was given to obtaining good optical contact between the liquid and the surfaces .  

As the s tandard we used a polished germanium crys ta l ,  whose reflect ion coefficient was fairly d o s e  
to that of the polished coal surface.  One therefore  obtains roughly equal energy fluxes in the two channels,  
which somewhat improve the e r r o r  of measurement ,  especial ly since the optical constants  of germanium 
are known accurately .  
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Fig. 2. Dispersion of the optical constants  u and 
for:  a) anthraci te;  b) germanium: 1) our resul ts ;  2) 
f rom [21]; 3) f rom [20], X in ~m. 

The refleetivity of any substance is dependent on the strength of the surface;  to determine optical con-  
stants by specular  ref lect ion one has to eliminate such surface effect. For  this purpose,  the coal spec i-  
mens were cut by a diamond saw into plane-paral le l  plates and were careful ly ground and polished. In the 
t rea tment ,  we used the technology used for making plates of silicon and germanium with little surface dam-  
age [14-16]. The grinding of the surface and the production of a given plate thickness were provided by 
abrasive powders grades M10 and M7 using a glass grinding system.  The subsequent optical polishing 
with chromium oxide was done with a silk polishing head to eliminate the t races  of the grinding. The 
polishing was per formed with coarse  chromium oxide of grain size 0.6-0.8 ~m and was completed with fine 
chromium oxide, which gave a specularly reflect ing surface.  The quality of the polishing was checked 
against a test  glass.  

To determine the complex ref rac t ive  index of coal,  one has to measure  the reflection f rom the surface 
twice: once in air and a second time in an immers ion  liquid. In the infrared region (1-6 ~tm), there are  very  
few liquids that pass  more than 25% of the incident radiation, and even fewer liquids have been examined 
f rom the viewpoint of the ref rac t ive  index n in this wavelength range. The available published data [17, 
18] led us to use CC14 as the immers ion  liquid. These measurements  gave n and ~ from some grades of 
coal f rom the USSR; Fig. 2a gives values of n and ~ for anthracite f rom the Donets coal basin. It is c lear  
that n and ~ increase  with the wavelength X; n is more sensitive to X than is ~. The X dependence of these 
quantities becomes  less  as X increases ,  and at X -> 3 ~tm, ~ is no longer dependent on X and may be taken 
as constant at 0.8; It seems likely that constant n is attained for X > 5 ~m. 

The resul ts  of Fig. 2a are descr ibed sat isfactor i ly  by the following formulas :  

n = 1.72 + O. 19 ] / ~  (5) 
•  (6) 

Formula  (5) applies for the range of X f rom 0.8 to 5 ~m, while (6) applies f rom 0.8 to 3 #m. 

Formulas  (5) and (6) thus descr ibe the dispers ion of the optical constants for anthracite in the infrared 
spect rum region charac te r i s t ic  of industrial  f lames.  

Figure 2a gives n and x as found in [21] for X = 0.546 >m; the values differ appreciably f rom ours 
for X = 0.8 #m,  but one should bear  in mind that our resu l t s  apply to anthracite containing 93.5% carbon,  
1.49% hydrogen, and 2.27% sulfur, where the resu l t s  of [21] relate  to mater ia l  with C = 94.1%, H = 2.6%, 
and S = 0.7%. 

The e r r o r  in determining the optical constants is governed in the main by the surface finish (the 
approach to an optically smooth surface) and also by the perfection in the reference  standard. 

F r o m  (3) and (4) we may write 

j On AR1 l On ARo[ " On 

_1 § }, 
I O• AR, I 0• An [/ 

+ +1 'If 

(7) 

(8) 
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Determination of the e r r o r s  of measurement  for n 
and ~ .  

The relat ive e r r o r  in measur ing  R 1 and R 2 is limited by the accuracy  of the IKS-14A and is about ~= ~0. The 
value of An 2 is close to 0.0005, and its effect can be neglected to a f i rs t  approximation. Then 

On { ~0• AR2 } . 

Figure  3 shows curves  used in determining the e r r o r  of measurement  for n and ~;  to find 0n/31~ 1, 0n/3R2, 
0~/0  R 1,0~/3R2we use the graphical  method of [19]. 

The eoeffieient of var ia t ion for the refraet ive  index on average was 6%, as against 15% for the absorp-  
tion pa ramete r ;  note that An and A~ are dependent not only on the condition of experiment  but also on the 
absolute values of the quantities.  

To check the method we per formed measurements  on a standard germanium specimen; the resul ts  
for R and n were compared  with published values [20]. Table 1 gives the spectra l  ref lect ion coefficients 
for germanium in contact with air  R i and carbon te t raehlor ide 1~ 2. Our resu l t s  agree well with published 
values.  The maximum value for the coefficient of variat ion in the reflect ion coefficient is 2.5% for ge rman-  
ium. 

Figure  2b gives the dispers ion of n for germanium; it is c lear  that our values for  n agree well with 
the published values of [20] over the entire relevant  wavelength range. The maximum coefficient of va r i a -  
tion in determining n was 2.5%. 

These resu l t s  for n and ~ were used to determine the spect ra l  eoeffieient for absorption kx, abs and 
scat ter ing kk, scat  for anthracite par t ic les  [1-3]. We found that these two eoeffieients were dependent on 
the wavelength and on the part icle  size x. 

In examining the effect of wavelength on these pa rame te r s ,  we f i rs t  have to establish the effects 
ar is ing f rom the dispers ion n(X) and ~(X); for this purpose,  Figs.  4a and b give our resul ts  for the absorp-  
tion and scat ter ing pa rame te r s  as functions of wavelength for var ious  constant numerica l  values for the 
relat ive part icle  size p; the p used in the analysis  cover  fair ly well the charac te r i s t i c  range used in boi lers  
for fuel part icle size x and radiation wavelength X. 

It is c lear  that the dispers ion of the optical constants  of anthracite has a cer ta in  effect on the sca t t e r -  
ing and absorption p a r a m e t e r s  of the par t ic les ,  especial ly for k small;  here the var ia t ion in the spectral  
absorption coeffieient is due in the main to dispers ion in the absorption pa rame te r s ,  as is most  d e a r l y  
seen in the range 0.8 - X <-- 3 # m ,  in which there is appreeiable dispers ion in ~ .  In this range,  with 
1 ~ 0 >- 0.5, the var ia t ion as a function of p and k is deser ibed sat isfactor i ly  by 
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TABLE i .  Ref lec t iv i ty  of Ge 
I" 

k, pro. 

2,07 
2,42 
2,98 
3,41 
4,12 
4,51 
5,14 
5,53 
5,97 

Interface with air Interface with CCIa~ 
R,, % R,, % 

our results [21] our resul~ [21] 

37,1 23,2 
36,8 23,0 
36,5 23,0 
36,4 22,8 
36,2 22,3 
36,2 22,3 
36,2 22,3 
36,2 22,3 
36,2 22,3 

37,2 
36,4 
35,8 
36,0 
36,0 
35,4 
35,8 
36,0 
36,4 

23,0 
22,8 
22,5 
22,4 
22,3 
22,3 
22,3 
22,3 
22,4 

kk,ab ~ = (1.68 p - -  0.24) ~o.o6. (11) 

The va r i a t i on  in the s p e c t r a l  s ca t t e r i n g  coeff ic ient  is  due in the main  to d i s p e r s i o n  in n, and makes  
i t se l f  fel t  over  the wider  wavelength range (0.8 < -- ~ <- 5 ~m) ,  i . e . ,  where  there  is  apprec iab le  d i s pe r s i on  
in n. F o r  this  range in k and for  1 ~ p -- 0.5, the va r i a t i on  as a function of p and ~ is  d e s c r i b e d  s a t i s f a c t o r i l y  
by 

k/X, scat -~ 0,7 psL~ (12) 

The d i f ference  in the d i s p e r s i o n s  of n and ~ has d i f ferent  effects  on the two p a r a m e t e r s  as  functions of X; 
if  p is  g r e a t e r  than 1, the ef fec ts  of the d i s p e r s i o n  in the opt ica l  cons tants  i s  l e s s ,  and above X = 3 ~ m ,  the 
s p e c t r a l  coeff ic ients  for  each  p are  p r a c t i c a l l y  independent of k. 

There  is  a tu rn ing-poin t  r e l a t i onsh ip  to pa r t i c l e  s ize  for  the s c a t t e r i ng  and absorp t ion  p a r a m e t e r s ;  
the maximum value for  the absorp t ion  coeff ic ient  occur s  in the range  1 <- p ~ 2, while the maximum s c a t -  
t e r i ng  coeff ic ient  occur s  for  p ~ 2. Here  a va r i a t i on  in wavelength f rom 1 to 5.5 ~m has p r a c t i c a l l y  no e f -  
fect  on the s ca t t e r i ng  peak  pos i t ion ,  but it  does  apprec iab ly  affect the posi t ion of the absorp t ion  peak. While 
for  X = 1 ~m we get the max imum value of the absorp t ion  coeff ic ient  at p = 1.1, for  X = 5 .5~m we get the 
same for p = 1 . 9 .  This  change in the posi t ion of the absorp t ion  in r e l a t i on  to k is  en t i r e ly  due to the d i s p e r -  
sion in the opt ica l  constant .  

In (11) and (12), the ef fec ts  of the d i s p e r s i o n  in the opt ica l  cons tan ts  take into account the dependence 
of the two cons tants  on k; The r e su l t i ng  k dependence of the cons tan ts  i s  due to the d i s p e r s i o n  in the opt ica l  
cons tants  to the r e l a t i ve  pa r t i c l e  s ize .  

F ig .  4c shows how the s p e c t r a l  at tenuation coeff ic ient  k k = kk, abs + kk, sca t  v a r i e s  d i r ec t l y  with the 
p a r t i c l e  s ize  x and wavelength X; the hatched c i r c l e s  show the r e s u l t s  f o r  k k as  ca lcu la ted  f rom our m e a s u r -  
ed op t i ca l cons t an t s .  The open c i r c l e s  r e p r e s e n t  the kh ca lcu la ted  for  k = 0.546 ~m [21]. 

It is  c l e a r  that there  is  a tu rn ing-poin t  r e l a t i onsh ip  of k X to x; the posi t ion of the peak  in k X is  depen-  
dent on the wavelength,  the peak  shift ing towards  l a r g e r  p a r t i c l e s  s i z e s  as  X i n c r e a s e s .  

The effects  of wavelength of k x a re  in turn dependent on x; in the r e l evan t  range of X, i n c r e a s e  in wave-  
length r e s u l t s  in reduct ion  in kk for  x < 0.5 ~m; conve r se ly ,  for  x > 3 ~m we find that kk is  an i n c r e a s i n g  
function of wavelength.  There  is  a more  complex  va r i a t i on  of kk as a function of X in the range 0.5 < x < 3 
/~m, in which one usual ly  finds the max imum attenuation.  

As x i n c r e a s e s ,  the effect  of wavelengths of kx become apprec iab ly  l e s s ,  as  do those of x i t se l f .  
However ,  a d i f ference  f rom other  fuels  is  that the e m i s s i o n  of an thrac i te  is  se l ec ted  even for  quite l a rge  
pa r t i c l e  s i z e s .  F igu re  4c shows that k k is  s t i l l dependen t  on X even for  p a r t i c l e s  of s ize  200-300 ~m. In 
the l imi t  x - - o o ,  the asympto t ic  value of kk i s  found to be 2, as wil i  be expec ted ,  and the p a r t i c l e s  can be 
cons ide red  as  gray  r ad ia t ion  sou rces .  

In the range  of t h e r m a l  r ad ia t ion  wavelengths of i n t e r e s t ,  only p a r t i c l e s  with x > 500/~m act  as gray  
in the case  of an thrac i te ;  under  p r a c t i c a l  f i r ing  condit ions with powdered fuel,  such p a r t i c l e s  a r e  absent  
f rom the f l ames ,  and the l imi t ing  value for pa r t i c l e  s ize  for  an thrac i te  is  about 300 ~m. Then the an th ra -  
ci te  p a r t i c l e s  in a powder f lame cannot be cons ide red  as  gray  e m i t t e r s ,  and one has to use the e m i s s i v i t y  
as a function of wavelength in ca lcu la t ions .  
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Fig. 4. Radiation behavior  of anthraci te  par t ic les :  a-e)  
spec t ra l  coefficients  for absorption,  scat ter ing,  and 
attenuation respect ively;  d) radiat ion penetrat ion depth: 
1) our resu l t s ;  2) f rom [21]; ~ ,  X, and 5 in ~m. 

Inexaminingthe  interact ion of radiat ion with mat te r ,  it is often n e c e s s a r y  to know the penetrat ion 
depth of the radiat ion as a function of X. Fig. 4d shows how the penetrat ion depth 5 = (1/4mc)k va r i e s  with 
X for  anthraci te  having the above dispers ion in ~.  As r ega rds  this depth, anthraci te  falls between an insula-  
to r  and a metal .  

kx, abs, kx, s ta r t ,  kk 
7X(fl) 
p 

x 
X 

n 

% 

R1 
Rz 
n2 

N O T A T I O N  

are the spec t ra l  coefficients  for  absorption; 
~s the sca t te r ing  indicatrix;  
IS 

IS 

IS 

IS 

IS 

IS 

IS 

IS 

the re la t ive  par t ic le  size; 
the par t ic le  s ize ,  ~m; 
the wavelength, ~m; 
the re f rac t ive  index; 
the absorption index; 
the ref lec t iv i ty  in air ;  
the ref lec t iv i ty  in CClt; 
the r e f rac t ive  index of CC14. 
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