
REVIEWS 

T H E  R A D I A T I V E  P A R A M E T E R S  O F  S O L I D S *  

B. A.  K h r u s t a l e v  UDC 536.3:535.34 

Resea rch  on the radiative behavior of solids is surveyed. Radiation paramete r s  are  
classified, the state of the theory is surveyed, and details are  given of the state of know- 
ledge on p r imary  and average  radiative pa ramete r s  of solids. Radiative behavior is ex- 
amined as regards  use in engineering calculations. 

1. Basic Equations of Radiation Transpor t  and Classification of Radiative Pa rame te r s .  The radiative 
parameters  of solids a re  receiving increasing attention f rom scientists,  engineers,  and designers;  there 
is a steadily increas ing flow of papers on radiation by solids and radiative energy t ranspor t  in solids. 

These features  a re  due to the part played by radiative t ranspor t  in h igh- tempera ture  heat exchangers,  
combustion chambers ,  s team boi lers  and metal lurgical  furnaces,  flying vehicles,  and vacuum and space-  
r e sea rch  equipment generally. 

Reliable calculation of radiative t ransfer  is impossible without a knowledge of the radiative the rmo-  
physical pa ramete r s  of mater ia ls  and media. 

The radiative propert ies  of a solid a re  the thermophysical  proper t ies  that charac te r ize  the in te rac-  
tion of the solid with electromagnet ic  radiation during energy t ransfer .  

These propert ies  will be examined via the basic equations of radiation t ransport ,  which form the 
basis of radiative heat t ransfer  [1]. 

Radiation transport in a body is described by 

O&(s) 1 0I~ (s) , 2 Eo~ ' s 13~ f f  , , 
ds + - - n v  - - = % n v  - - - - - ( % q - ~ ' ) l ' ( ) +  T~-~ l~(s)y+(s, s) dfl', (1) 

Co Ot 
4~ 

and at the boundary by 

A 

l~ , ( s )  = 8~ (s) n~ E0___~ + __1 ln~ (s') cos (s'n) r~ (s') p, (s', s) df~'. (2) 

+ 2 n  

These equations contain the p r imary  radiation charac te r i s t i cs ,  which include the bulk p r imary  cha rac -  
ter is t ics :  n v = Co/c v the spectral  re f rac t ive  index of the medium with respec t  to vacuum (ratio of the speed 
of radiation in vacuum to that in the medium); a ~ = a v[1 - exp ( - h v / k T ) ]  the effective spectral  absorption 
coefficient of the medium (including induced emission); av  the absorption coefficient of the medium;/3 v 
the spect ra l  coefficient of the scat ter ing of the medium; and 7v(s ' ,  s) the spectra l  scat ter ing indicatrix. 
There  a re  also the boundary radiation charac te r i s t i cs :  ev(S) the spectral  emissivi ty  at point N in the d i rec -  
tion s; rv(S') the spectral  ref lect ion coefficient of an e lementary area for radiation incident f rom direct ion 
s ' ;  and pu(s' ,  s) the reflect ion indicatrix (indicatrix for surface scattering) of an e lementary area.  

* The paper is based on a review paper read in May, 1969 in Leningrad at the meeting of the Radiative 
Hea t -Trans fe r  section of the Council on Mass and Heat Transfer  in Technological P rocesses ,  Council of 
Ministers  of the USSR. This meeting was concerned with the use of the radiat ive propert ies  of solids. 
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These charac te r i s t i c s  (nu, au,  flu, Yu, r rv, Pu) are  p r imary  ones because they allow us to cal-  
culate all the integral ,  average,  and effective ones. 

Equations (1) and (2) a re  used in rad ia t ion- t ranspor t  calculations if one needs to take into account 
the var ia t ion in proper t ies  with direction, wavelength, etc.; but most  cur ren t  design calculations on radia-  
tive t rans fe r  use mean energy fluxes and the corresponding average radiation charac ter i s t ics .  

For  instance, we have the equation for conservat ion and t ransformat ion  of radiation energy: 

0u 
0-t- -~- div q = 4a'men'2a0T4 - -  ~z'cu (3) 

and the equations relating the effective, incident, and resul tant  radiation fluxes at the boundary surface:  

Ee = en2Oo T4 4-  rEi, (4) 

Ep == aE i - -  en~oo E, (5) 

which a re  derived by integrating (1) and (2) over the spect rum and space, and which contain the following 
average  charac te r i s t i c s :  

i _ _  r 

~rae-- a~ n~Eo, fl n~Eo,,d~, is the Planck mean emiss ion coefficient taken over all frequencies;  
0 - - 0  

0 4~  0 4~ 

direct ions;  

I~ (s) d~ is the absorpt ion coefficient averaged over all frequencies and 

n ~= ~n~Eo,dv / ;  Eo,dv is the square of the ref rac t ive  index averaged over all frequencies;  
0 0 

0 

surface;  

S n~E~ S e'(s)l cos(sn)l df] n n~Eo,d~ is the total hemispher ical  emiss ivi ty  of the boundary 
- -2~  0 

S A 
dv I ~  (s') cos (s'n) r~ (s') d~' 

0 -k2~J: 
r = is the total hemispher ical  emissivi ty  (reflection coefficient); and 

a = 1 - r is the total hemispher ica l  absorbing power of the surface. 

We will not consider  how to average  the other quantities in (3)-(5) because they are  not involved in 
the present  discussion. 

If other approximate or averaged expressions a re  used in calculating radiative heat t ransfer ,  one 
obtains other rules  for averaging the radiation charac ter i s t ics .  For  instance, the diffusion representa t ion 
for  the radiat ion-f lux vector  gives r i se  to the Rosseland mean emiss ion coefficient [2, 3]; again, a tensor  
approximation gives the more  complex Adrianov mean [1]. 

The mean charac te r i s t i c s  ~ ' ,  r,  and a have the important  feature that they are  not physical p roper -  
ties of the mater ia l ;  the other radiation charac te r i s t i c s  a re  such and a re  dependent on the form of the ma-  
terial ,  the pa ramete r s  of the thermodynamic  state, and the structure.  They are  functionals, since they 
depend not only on the above fac tors  but also on the spatial distribution of the radiation fluxes and thus vary 
with the detailed conditions in an engineering problem. 

This feature means that one must  examine the conditions of derivation of these mean charac te r i s t i cs  
and compare  them with the conditions of the detailed problem in order  to establish whether they are  ap-  
plicable. 

We now consider  our knowledge of these charac te r i s t i cs  for solids. 
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2. P r i m a r y  Radiation Character is t ics .  The most  important  are  n v (the ref rac t ive  index) and k v (the 
absorpt ion index); the latter is related to the absorption coefficient c~ v by 

4nk~ 
c% -= - -  (6) 

These coefficients charac te r ize  the interaction of e lectromagnet ic  radiation with mat ter  and indicate how 
the propagation speed var ies  and how the amplitude decays;  they are  termed the basic optical pa ramete r s  
of the body. 

Theoret ical  principles for deriving n u and k u were  derived long ago within the electromagnetic  theory 
of radiation, the classical  electronic theory,  and the quantum theory of solids. The basis has lat terly been 
considerably extended via the theory of the solid state. 

The classical  e lectromagnet ic  theory [4] for radiation is based on Maxwell 's equations: 

1 0B 
rot E - - -  , 

c Ot 

rot H =  4~n j +  1 0 D  
c c Ot 

div B = 0, 

div D -----4nf 

(7) 

and on the phenomenological relations between the induction and current  vectors  on the one hand and the 
e lectr ic  and magnetic field ones on the other: 

O = edE, 

a = ~ H, (8) 

] = ~ E .  

These equations may be solved for the electr ic  and magnetic fields in the radiation and also for nv 
and kv, i.e., 

oft : :  n~k~v, (9) 

o r  

k ~ = - ~  [ ~ / /  e~-~-4(-~v) 2 - - e ~ ] ,  

which re la te  n u and k u to the e lectr ic  and magnetic pa ramete r s  e d and it, as well as the specific e lec-  
t r ical  conductivity or. 

Maxwell 's  theory does not reveal  what controls  ed, ~, and or; the electronic and quantum theories 
of the solid state are  required to give the dependence on the frequency u. 

The c lass ica l  e lectronic theory deals with the interaction of e lectromagnet ic  waves with the outer 
(optical) e lectrons in the a toms [6-9]. 

Lorenz [6] considered the mot ionofan  electron bound to the mater ia l  by elastic forces  in response  to 
a periodic e lec t r ic  field, and he derived dispers ion formulas  for e and ed: 

o = N e e 2  " r176 

m ( ~  - ~ + v %~2' 

e d = l+4n  N e e ~  r176162176 (10) 
m (o~ - -  o~) ~ + v % ~ '  
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in which w i is the c i r cu l a r  f requency of the f r ee  v ibra t ion  of an e las t ica l ly  bound e lec t ron  and ~ = 2~v is 
the c i r cu l a r  f requency  of the radiat ion.  

Drude, Kronig,  Zener ,  and others  considered a f r e e - e l e c t r o n  model for  meta l s .  The D r u d e - Z e n e r  
fo rmu la s  a r e  der ived f r o m  (10) by putting wi = 0, and the D r u d e - Z e n e r  model  explains some observed  
p roper t i e s ;  i t  appl ies  to the longwave region (low frequencies) ,  but in the shor twave  region (near infrared,  
v is ible ,  and ul t raviolet)  the e lec t rons  in te rac t  with: 1) the ionic lat t ice;  2) one another;  3) e lec t rons  in 
deeper  shel ls ,  so the theory  does not apply to these  regions.  

Mott and Jones [10] extended the theory by incorpora t ing  the photoelect r ic  effects  and the po la r i za -  
tion of the deeper  e l ec t ron  shel ls  in a toms .  

Robe r t s  [11] took into account  bound e lec t rons  and seve ra l  types of f r ee  e lec t rons  to improve  Drudets  
theory,  and thus der ived the optical  p a r a m e t e r s  of nickel  and tungsten in the vis ible  region (T < 1600~ 

The quantum theory of the optical  p a r a m e t e r s  deals  in detail  with the d i spers ion  due to these i n t e r -  
act ions;  it is based  on the quantum theory  of the solid state.  There  a r e  s eve ra l  d i spe r s ion  fo rmulas  for  the 
v i s ib le  and u l t rav io le t  reg ions  for  me ta l s ,  a l loys,  f e r romagne t i c s ,  semiconduc tors  showing the anomalous  
skin effect,  etc. ,  which have been deduced by var ious  w o r k e r s  [4, 12, 13]. 

The K r a m e r s - K r o n i g  d i spe r s ion  re la t ion  between n v and k v is an impor tan t  one, s ince one can be 
deduced if the other is known ove r  a wide range  [5, 14]: 

nv, = 1 +  2 'V~ v -2 .  ~_~ d~. (11) 
0 

This is the posit ion as  r e g a r d s  the physical  pr inciples  of the optical  p rope r t i e s  of solids,  but we have 
only r a the r  r e s t r i c t e d  concre te  data on n u and k v for  technical  m a t e r i a l s ,  e.g.,  n v and kv for  some meta l s  
and insu la tors  in the v is ib le  and n e a r - i n f r a r e d  regions ,  mos t ly  for  room t e m p e r a t u r e  [15-19, 37]. It is an 
impor tan t  fea ture  of r e s e a r c h  on the radia t ion  p rope r t i e s  of solids to der ive  n v and k v for  technical  m a -  
t e r i a l s  over  wide s pec t r a l  and t e m p e r a t u r e  ranges .  

Also,  n v and k v govern  other  impor tan t  p a r a m e t e r s :  bulk ones flu, Yv (sT, s) and boundary ones Cv(S), 
ru(s) ,  Pv(S', s). 

The bulk ones a r e  the sca t t e r ing  coeff icient  f v  and the sca t t e r ing  indieat r ix  7v(S', s) which have 
been examined mainly  for  powder media;  theore t ica l  pr inc ip les  have been devised [20, 21] for calculating 
them. They depend not only on n u and k v but a l so  on d / h ,  the ra t io  of the inhomogeneity p a r a m e t e r  to the 
wavelength.  Btold~ [22] has used sca t t e r ing  calculat ions for  such media  in heat  engineering.  Adrianov and 
others  [23-27] have shown that sca t t e r ing  influences rad ia t ive  heat  t r ans fe r .  

However,  sca t t e r ing  is impor tan t  not only for  powder -based  media,  s ince Lapina has shown that  
sca t t e r ing  de t e rmines  to a l a rge  extent the emiss iv i ty  of ce r t a in  solid insu la tors ,  including oxide cathodes. 

Var ious  other papers  [24, 29, 30] deaI with the effects  of flu and ,/v(S', s) on the rad ia t ive  p a r a m e t e r s  
of solids.  

Handbooks and the technical  l i t e r a tu re  lack a lmos t  ent i re iy  data on flu and ,/v(s' ,  s) for technical  
m a t e r i a l s  ( insulators ,  oxides) in which sca t t e r ing  dominates  the radia t ive  heat  t r ans fe r ,  p r i m a r i l y  because  
no methods a r e  ava i lab le  for  d i rec t  m e a s u r e m e n t  of f v, and mos t  methods give instead (c~ ~ + f v). The 
sca t t e r ing  coeff icients  p resen t ly  in use  a r e  der ived by calculation. 

We now cons ider  av(s),  ru(s) ,  and pv(S', s), which a r e  c h a r a c t e r i s t i c s  re la ted  to the behavior  of 
rad ia t ion  at  the boundary of a body. 

F r e s n e l ' s f o r m u l a s  for  the magni tudes  of the re f lec ted  and re f rac ted  fluxes [4, 31, 49] a r e  derived by 
consider ing the re f lec t ion  and r e f r ac t i on  of e l ec t romagne t i c  radia t ion at the boundary on the bas i s  of Max-  
well~s equations,  whiIe Shel l ' s  fo rmula  gives the d i rec t ion of propagation. 

Fresnel~s  fo rm u l a s  give the re f lec t ion  coefficient  (speetra l  d i rec t ional  ref lect ivi ty)  a t  a surface .  
The re f lec ted  radia t ion is polar ized [50, 51]. 

The mean  re f lec t ion  coeff icients  consis t  of the re f lec t ion  coefficients  for  radia t ion polar ized in 
planes para l le l  and perpendicular  to the plane of incidence: 
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1 
r,(s') = -~ [r_~(O') -t-q (0')]. (12) 

The surface is considered as being smooth (scattering absent). 
defined by the polarization angle 0'. 

The following are  [32-36] the polarized components of the reflectivity: 

(n~ - cos 0') ~ + n~ [ 0  + k ~ )  ~ - I~ ~] . 
r ,  (0') = (n~ q- cos 0') 2 -}- n, [(1 + ko2v) a -- 1~] ' 

[n~;--a (cos O')-x] ' -q- n~ [(1 .~- k2v )a - -  ;~] 
r'l(O') = [n,; + ~ ~ - - ~ - ~ [ ( - ~ - ~ ~ ]  ' 

The direction s '  of the incident ray is here 

(13) 

where 

[ ( s i n 2 0 ' ) ]  ~ 4 [ sin20' 
~ =  1 +  - . 2 t l  ~_k2~ " ( l + k ~ )  - 2 ( 1 + k ~ )  

�9 -~ *, t 0V! n ~  

- -  2 + k~, n~ (1 + ko~ v) + ~ ; 
1-- k~v 2teov ~2] I/z 

kov --=. k.ffn.~. 

; 

We see f rom (12) and (13) that the reflectivi ty is governed by nu, kv, and 0'; Fig. 1 shows this dependence 
for r u(SY) and the components r•  (0') and r I1(0') for insulators  and metals.  

The directional spectral  absorptivity is usually derived f rom the energy balance: 

r~ (s') + a~ (s') -]- % (s') = 1. 04) 

The absorptivity and the refleetivity sum to unity for an optically thick body: 

a~ (s') = 1 - -  r,. (s'). 

KirchoffTs laws are  obeyed very  precisely [3, 38-40] by the spectral  directional character is t ics ,  
and they give the directional spectral  emissivi ty or degree of blackness: 

% (s') --= a~ (s') = 1 - -  r~ (s'). (15) 

From (12) and (13) we readily get part icular  formulas for 0 T = 0 (normal incidence), for insulators 
(k u = 0), etc. [32, 33]. 

The formulas  for ev(s T) have been tested by experiment,  e.g., ev(0') [41] for a smooth plate of alumina 
agreed precisely with that calculated f rom FresneUs formula for the known n u. The effects of roughness 
and wavelength were also examined, but no quantitative formulas incorporating the roughness were de- 
rived. 

Drude and others [7, 42, 43] derived a simplified expression for metals  on the basis of Drude's 
theory. For  metals  at low frequencies one has 

a )> Ca" (16) 

Then (9) gives 

V ~  V 30X (17) 

From (17) we get the Hagen-Rubens  formulas ,  which were la ter  averaged and revised [45--48]. These 
formulas  take the following form for the spectral  directional degree of blackness: 
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(0') = i - -  --1 U[ 60 ~_'~p --  2 ____l//_ 30~p cos 0' -F- cos20 ' 
E v 

2 [ 60 ~- -~- 2 | / 3 0 ) ~  cos 0' + cos~0 ' 
P F P 

60 - -  cos ~- O' --2 + 1 + ~ v ~ - -  . 

60 ~ cos20'@2 | / 3 0 ~  (18) 
v o +1 

For  the normal  d i rec t ion 

%(0)= 0.365 ] /  ~__v --  0.0464 P--- (19) 

or more  p rec i se ly  

%(0)=0.365(P)~/2--0.0667 (P)~-O.OO6(P)3/2--O.O04(~)5/2. 
These  formulas  explain the observed wavelength dependence of ev, but their  use is r e s t r i c t ed  to k 

> 10 p [4, 32, 33, 43, 52, 53] if one employs the stat ic conductivity ~s (or r es i s t ance  Ps) in place of the 
optical value. Sometimes [11, 61, 63, 82] the range of application has been extended to the near  inf rared.  
Drude 's  optical conductivity differs  f rom the stat ic one at short  wavelengths (high frequencies)  and is 
re la ted  to the la t ter  by 

1 y~ %. (20) 
p ~o 2 4-V ~ 

Also, quantum effects  and e lec t ron  in teract ions  make this formula and the Hagen-Rubens  formula  
inapplicable at shor t  wavelengths. 

These  formulas  give co r r ec t l y  the trend of % with ~ in the inf rared but r ep r e sen t  the t empera tu re  
dependence of av incor rec t ly ;  they do not predic t  the invers ion of the t empera tu re  dependence observed 
for meta ls  [53-56] (Fig. 2), and so a t tempts  have been made to der ive  formulas  that agree  bet ter  with ex-  
per iment ,  e.g. ,  Sadykov's formula ,  where  ev is expressed  in t e rms  of the thermal  conductivity ~ and the 
t empera tu re  T [58]: 

By, T = p  ~-  1@ ~ . (21) 

Although this formula  does give such an inversion,  the resu l t  is not quantitatively cor rec t .  

Dmitr iev [57] made a new approach to this problem via the interact ion with the collective e lec t rons ,  
which a r e  e las t ical ly  bound to the ionic lat t ice and which have a natural  plasma frequency Vp. A stat is t ical  
t r ea tment  gave the distr ibution for  the radiat ion density in the metal  as  the product of: 1) a F e r m i - D i r a c  
function for the e lec t ron  energy;  2) a B o s e - E i n s t e i n  function for the photon energy,  the resu l t  being 

u(v, T ) : 2  [exp (- el--Ix'  1 
T 

(22) 

Trans fe r  to radia t ion at the sur face  gives the degree  of blackness as 

e(v, T) = -~- 1 2kT / (23) 

where  

COS (p = 

2 _ _  u  
Vp 

The invers ion  then occurs  at Up, where ev is 1 /3 .  The available evidence is in sa t i s fac tory  a g r e e -  
ment  with this [56]. 

The foreign l i t e ra tu re  d iscusses  the exis tence and cause of the x point [54, 55], but no c lear  ex-  
planation of the invers ion  is given. Dmi t r iev ' s  formula  explains the behavior  of the t empera tu re  dependence 
of ~v. 
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90 0 30 60 0' 
Fig. 1. Spec t ra l  r e f l ec t iv i ty  as  a funct ion of d i r ec t ion  for :  
a) i n su l a to r s  [for k v = 0; I) n v = 3.0; II) 1.5]; b) me ta l s  [1)n v 
= 0.5; k v = 3.0; II) 3.5; 5.0; III) 1.5; 3.0]: 1) r •  2) rll; 3) r v. 

An x point o c c u r s  not only fo r  me ta l s  but a l so  for  c e r t a i n  o ther  m a t e r i a l s ,  e .g. ,  z i r c o n i u m  and t an -  
t a lum ca rb ides  or  z i r c o n i u m  and hafnium n i t r ides  [53, 60], but  ev x for  these  is l a rge r .  

P r e s e n t  t heo re t i ca l  s tudies  on these  d i rec t iona l  s p e c t r a l  c h a r a c t e r i s t i c s  thus enable one to ca lcu la te  
t h e m  only fo r  smoo th  homogeneous  m a t e r i a l s  with known n v and kv, and not much  is  known about these  
quant i t ies  f o r  technica l  m a t e r i a l s .  

D m i t r i e v ' s  f o r m u l a  p rov ides  a t heo re t i ca l  bas i s  fo r  ex t rapo la t ion  fo r  me ta l s ,  and this  does not con -  
ta in  these  quant i t ies  in expl ic i t  fo rm.  

D i r ec t  m e a s u r e m e n t  at  p r e se n t  r e m a i n s  the p r inc ipa l  s o u r c e  of ev idence  on rv(s)  and ev(S) for  
t echnica l  m a t e r i a l s .  Only in r e c e n t  y e a r s  has  t he re  been any ex tens ive  s tudy of these  quant i t ies  for  con -  
s t ruc t iona l  m a t e r i a l s .  The fu l les t  r e s u l t s  on ev fo r  wide r anges  in k and T have been  obtained for  s o m e  
h e a t - r e s i s t i n g  and p rec ious  me ta l s  [56, 60-65];  l e s s  is known about i n su l a to r s  and other  cons t ruc t iona l  
m a t e r i a l s ,  and m e a s u r e m e n t s  of r v and ev for  these  a r e  needed over  wider  r anges  in k and T in o r d e r  to 
de r ive  gene ra l  f o r m u l a s  su i tab le  fo r  des ign  ca lcula t ions .  

The r e f l ec t ion  ind ica t r ix  Pv(S', s) is ano ther  impor t an t  c h a r a c t e r i s t i c ,  which is analogous  to the bulk 
s c a t t e r i n g  ind ica t r ix  7v(S' ,  s) and c h a r a c t e r i z e s  the d i s t r ibu t ion  of the r ad ia t ion  incident  in a d i r ec t ion  s '  
and r e f l ec t ed  in space  along the d i r ec t i on  s (Fig. 3). The f o r m  of Pv(S', s) = pv(0 ' ,  0; 0, ~p; h r m / k ,  T) 
is  dependent  on k, T, and the su r f a c e  roughnes s ;  the d i s t r ibu t ion  b e c o m e s  m o r e  even as  the roughness  in-  
c r e a s e s ,  with Pv(S',  s) = 1 for  a d i f fuse ly  r e f l ec t ing  s u r f a c e  and Pv = ~ for  a m i r r o r  [66]. 

T h e r e  have been  s e v e r a l  s tudies  on Pv(S', s), which have [67, 69] re la ted  Pv(S',  s) to k and r o u g h -  
nes s  a r .  The r e f l ec t ion  a p p r o a c h e s  specu l a r  as  ar/k d e c r e a s e s .  

It has  been  found [68] that  t he re  is  a r e f l ec t ion  peak at  l a rge  angles  of inc idence  on a rough su r face ,  
which l ies  a t  an  angle  of r e f l e c t i on  c ons i de r ab ly  g r e a t e r  than the specu l a r  angle.  T o r r a n c e  gave a theo-  
r e t i ca l  explanat ion  of this .  

The b id i r ec t iona l  r e f l ec t iv i t y  Pba(O', ~P'; 0, ~; T, ~) is used  [33, 35, 67, 68] in the A m e r i c a n  l i t e r a tu r e  
to c h a r a c t e r i z e  the d i s t r ibu t ion  of the r e f l ec t ed  flux, which is r e la ted  to rv(S ')  and Pv(S', s) by 

~Pba (s', s) -- r v (s') Pv (s', s). (24) 

The produc t  of rv(S')  and pv(s ' ,  s) is usua l ly  [66, 70] cal led the b r igh tnes s  coeff icient .  

Use is a l s o  made  of the b id i rec t iona l  r e f l ec t iv i ty  as  a r a t io  to the va lue  fo r  the specu l a r  d i rec t ion:  

pbA0', 0; 0, ~) _ p~(s', s) (25) 
pb~(O', O; - -O ' ,  O) p~(s', Se)"' 

i .e . ,  the r e l a t i ve  r  

In the USSR the re  have a l so  been  s e v e r a l  s tudies  on Pv, e spec ia l ly  Shche rb ina ' s  [72] on the ef fec ts  of 
T, ~, and roughnes s  on the shape  of the ind ica t r ix  for  va r i ous  m a t e r i a l s  in n o r m a l  incidence.  The ef fec ts  
of T w e r e  found to be slight.  
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Fig.  2. I n v e r s i o n  of the t e m p e r a t u r e  dependence  of the s p e c t r a l  d e g r e e  of b l a c k n e s s  for  tungs ten  
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Fig. 3. R e f l e c t i o n  f r o m  a s u r f a c e .  

Some  rough  m a t e r i a l s  have  an  i n t e r e s t i n g  f e a t u r e  in the i n f r a r e d ;  obl ique inc idence  on a v e r y  rough  
s u r f a c e  r e s u l t s  in an  i n d i c a t r i x  e longated  not in the s p e c u l a r  d i r ec t i on  but tending t o w a r d s  the d i r e c t i o n  of 
inc idence .  

T o p o r e t s  [73] found tha t  a s p e c u l a r  componen t  of d i f f r a c t i o n - i n t e r f e r e n c e  o r i g i n i s  p r e s e n t  a t  l a r g e  
ang le s  of inc idence  fo r  a rough  s u r f a c e .  

Although t h e r e  a r e  de ta i led  f o r m u l a s  fo r  pv(sT, s) fo r  v a r i o u s  t echn ica l  m a t e r i a l s ,  they do not e x -  
pla in  a l l  the  o b s e r v a t i o n s .  

Dav is  and o t h e r s  [35, 74-78] have  examined  t h e o r e t i c a l l y  the e f fec t s  of ;~ and roughnes s  on pv(s ' ,  s),  
e .g . ,  the r e l a t i v e  i n d i c a t r i x  i s  [35, 76] 

/ { i 0 p~(0', 0; O, q~) 1 (m~_r - (cos0,+cos0i~exp 
p~(o', o; - 0 ' ,  o) . . . .  3 2 ~  ~ ~ ~ ( ~ - ~ ~  J /  (26) 

H e r e  the topography  is  r e p r e s e n t e d  via  the r m s  s lope  Sr,  which is  r e l a t e d  to the r o u g h n e s s  height  a r and 
the s c a l e  m r by m r / a r  = ~Z2/Sr,  which  app l i e s  fo r  a r / m  r < 1 and a r / k  ~ 1. 

BeckmanTs  f o r m u l a  [78] a g r e e s  b e t t e r  wi th  e x p e r i m e n t ;  i t  g ives  the i n d i c a t r i x  pv(O T, ~; 0, ~) as  con-  
s i s t i ng  of a c o h e r e n t  or  s p e c u l a r  c o m p o n e n t  r v m ( 0  r) �9 pro(6) and a di f fuse  or  n o n s p e c u l a r  one pvd(0 r, 7r; 0, 
~): 

[ t t 

p, (0', •; 0, q~) = r~<0 ) pro(8) + p.d(0,  a ;  0, ~p). (27) 

The fol lowing a r e  the e x p r e s s i o n s  fo r  the quan t i t i e s  in (27): 

cos O' cos 0 cos 0 + cos (~' exp --- 2~ (cos 0 -t- cos 0') 

x ~ ,  / [4~ (at/X) ~ (cos 0 + cos 0')~] m m~n~.)- }exp {--r~2 ( ~ - )  2 [sin'0'+sin20--2sin0'sin0c~ } ; m  
[ 

m ~ l  

6 (o'-- 0) ~ [~,-- (~ + ~)1. 
p~ (8) = cos 0' dQ' ' 

i ~x,=/~ ,o~*~ X~Ox~o, ~ * ~ '  
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It has been found [35] that the optical  roughness  a r is g r ea t e r  than the r m s  roughness  by 40-76%: a r ~- 1.40-  
1.76 hrm.  

These  fo rmulas  have not yet been thoroughly tes ted by exper iment  and do not desc r ibe  all  the f ea -  
tu res  of the ref lect ion.  

Also, exper imenta l  values  for  Pv(S', s) a r e  known only for  a few m a t e r i a l s  over  nar row ranges  in 
~, T, and angle of incidence. 

The following conclusions can be drawn about the s ta te  of our knowledge: 

1) Many of the theore t ica l  fo rmulas  a r e  imper fec t ;  they have only r e s t r i c t e d  l imi ts  of use  and do 
not take into account the r ea l  s ta te  of the sur face .  

2) The theore t ica l  re la t ionships  r equ i re  exper imenta l  conf i rmat ion over  wider ranges  of t e m p e r a -  
ture ,  wavelength, and sur face  s ta te  in o rder  to provide for  m o r e  re l i ab le  extrapolat ion.  

3) Much too litt le is known about the d i rec t ional  spec t r a l  cha r ac t e r i s t i c s  and optical p roper t i e s  of 
technical  m a t e r i a l s .  

The evidence on p r i m a r y  radia t ion c h a r a c t e r i s t i c s  is inadequate to allow detailed technical  ca lcu la -  
tions for  mos t  technical  ma te r i a l s .  

3. Mean Radiat ive Cha rac t e r i s t i c s  of Solids. Most  exist ing m e a s u r e m e n t s  on radia t ion p a r a m e t e r s  
r e l a t e  to ave rage  or in tegra l  cha rac t e r i s t i c s .  

a) In tegra l  c h a r a c t e r i s t i c s  have been examined for  mos t  technical  m a t e r i a l s  over  fa i r ly  wide t e m -  
pe ra tu re  ranges ,  since these  a r e  the c h a r a c t e r i s t i c s  used in mos t  design calculat ions on radia t ive  t r a n s -  
fer .  Although there  is abundant exper imenta l  evidence on these  cha r ac t e r i s t i c s ,  the va r i e ty  of operat ing 
conditions for  m a t e r i a l s  do not yet  allow us to make  sa t i s f ac to ry  theore t ica l  general iza t ions .  Of the theo-  
re t ica l  r e su l t s ,  the main  impor tance  a t taches  to some fo rmulas  derived f r o m  the e lec t romagnet ic  theory,  
e.g.,  ones der ived [32] for  the hemispher i ca l  emiss iv i ty  by averaging  ~v(S) over  a hemisphere :  

2a ~/2 

1 ~ S  (s)cosOsinOdOdq9. (28) 

0 o 

The e lec t romagne t ic  r e su l t s  a r e  used for  ~u(s) in (28) to get ~vH [79]; Fig. 4 shows ~uH as  a function 
of k u and n v. 

Analytic express ions  a r e  avai lable  [32, 79, 80] for  ~uH in cer ta in  specia l  cases ,  e.g.,  for insu la tors  
(k u = 0) 

n v (n~ 1)2 In 1 (3n~+l)(n,.--1) 2 2 _ (nv_l~ 2n~ (n~+2n~--l) 8n~(n~-kl) 
evn= 2 6(n~-Fl) (n~-}-l) "~ \ n - ~ ]  q- (n~+l)(n4v--1) (n~-i-1)(n~--l) lnnv" (29) 

If the m a t e r i a l  is such that sin 2 0 << n2(1 + k~v), we have 

1-l-2n~.+ nv+ ~ ov / 4n2tl--k 2~ -"v ~ ov~ kov 4 
~n==_4nv.--4nvZln -TT-n--5~-k~- + arctg l+nv+n,fl~v +nv(l+k2ov ) nv+  nv. ov I kov 

41n(l+2n~+ n~-~-2 n," ks~)" 4 (1+ ko2,) ( n,ko~ ] (30) 
n v (1 + k~) ~ + arctg 

Drudets  theory  gives [7, 32, 46, 47, 71, 81] for  me ta l s  the spec t ra l  hemispher i ca l  degree  of b lackness  as  

0 < p / g < 0 . 5  e,n==0.476 ]/p-]~---0.148p/~, 

0.5< p/~ <2.5  e~n=0.442 ~. p/)~--0.0995p//~, (31) 

and the emis s iv i t i e s  in tegrated over  the ent i re  spec t rum:  no rma l  

(0) =0.576V'p-T --0,124 pr  (32) 

and hemisphe r i ca l  

8n=0,751 (pT)1/2--0.632 (pT)+0.670 (pT) 3/2 ~0.607 (pT) '~ (33) 
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Fig. 4. Hemisphe r i ca l  spec t r a l  b lackness  as  a 
function of the optical  p a r a m e t e r s :  a) f r o m  (30); b) 
by exact  calculation.  

o r  

0<pT<~0.2 ell=0.751 j, 9T--0.396 pT, 

0.2<pT%0.5 e u =0,698 Vp-T --0.266 pT. 

There  a r e  [58, 130] a lso  some empi r i ca l  fo rmulas  
for  the in tegral  degree  of blackness:  

e ( O ) = t - - e x p ( - - - ~  ) c "  T , 

e (0) = 1-- exp (--  ~'T). 

These  averaged  values  r e l a t e  to smooth s u r -  
faces ,  as  do the initial d i rec t ional  quanti t ies.  In the 
main,  these fo rmulas  r e f l ec t  c o r r e c t l y  the observed  
T dependence for  the in tegral  p rope r t i e s ,  though they 
r ema in  r e s t r i c t ed  in appl icat ion or contain empi r i ca l  
coefficients.  

b) The emiss ion  f rom a rea l  su r face  of a r b i -  
t r a r y  shape may  be cha rac te r i zed  by an effect ive 

emi s s iv i t y  if the su r face  e lement  is  much l a rge r  than the sca le  of the roughness  and inhomogeneity.  Most 
technical  m a t e r i a l s  have rough su r f aces ,  and some of them have porous coatings,  grooves ,  or r idges  de-  
signed to i nc r ea s e  the emiss iv i ty .  The re  a r e  many  papers  on the effects  of  roughness  on emiss iv i ty ,  and 
this topic will be considered br ief ly .  

The exact  approach  to descr ip t ion  of the effect ive emis s ion  for  a rough sur face  va r i e s  with the ra t io  
of the geome t r i ca l  s ize  to the wavelength and a lso  with the the rma l  conductivity (Fig. 5). The emiss ion  
coefficient  is inc reased  if the su r face  has inclusions and micro inhomogenei t ies  s m a l l e r  than the wavelength 
(Fig. 5a), which has [82] been a sc r ibed  to a l t e red  d ie lec t r ic  p a r a m e t e r s ,  for  which purpose use was made 
of L o o r ' s  [83] theory  of the d ie lec t r ic  p a r a m e t e r s  of heterogeneous  mix tures .  Py derived an express ion  for  
~ r  (the e l ec t r i ca l  conductivity of a rough surface)  for roughness  and pores  of cyl indrical  and elongated 
shape: 

I - -  ~ ~and ~r = ( 1  3 ~ ]o ,  (34) O r =  
1+~ \ 2 / 

where  ~ is the volume f rac t ion  of the m i c r o d i s p e r s e d  phase in the sur face  layer .  Py used this express ion  
to der ive  the total emis s iv i ty  of a rough sur face  via fo rmu la s  f rom the e lec t romagne t ic  theory: 

( 1 + ~ ~'/2 ( ~ - ! 3  ~-~/2 
=: es \ 1--~ } a n d  e r =~ e s 1-- ~ /  . (35) 

It has been conf i rmed by expe r imen t  [82] that e r  (for a mic ro rough  surface)  is propor t ional  to es (for a 
smooth one). 

The re  is (Fig. 5b) another  m e c h a n i s m  that i n c r e a s e s  the effect ive e when the roughness  has a sca le  
g r e a t e r  than the wavelength.  The effect ive emiss ion  is inc reased  because  the emiss ion  f r o m  the su r face  
i t se l f  is supplemented by rad ia t ion  f r o m  other e lements  re f lec ted  f r o m  the sur face .  The genera l  resu l t  
for  an i so the rma l  su r face  is 

e~e (N) : %(N) + [1--e~(N)] i e~e(P)K(N, P)dFp. (36) 
Fr 

It has been a s sumed  that Pv = 1 (diffusing surface) .  This equation or an analogous one has been used in ca l -  
culations on the em i s s i on  f r o m  cavi t ies  of var ious  shapes  with i so the rma l  walls  and a lso  for s e v e r a l  non- 
i so the rma l  cases  [33, 84-87]. 

Simplified fo rm u l a s  have been proposed for  the eve of rough su r f aces ,  e.g.,  if the su r face  of a cavity 
is i so the rma l ,  opaque, and a b s o r b s  and emi ts  diffusely,  the r e su l t  is 

e r -- es (37) 
~ + 0--e,~) F' 
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Fig. 5. Scheme of real  surface radiation for var ious  types 
of surface roughness:  a) 2~ > hrm;  b) 2~ < hrm; T w = inv; c) 
2~ << hrm , T w = var .  

where F is the mean inclination of the cavity relat ive to the exit aper ture  (the roughness factor  [88]), which 
for equal-sided surfaces  is approximately equal to the rat io of F s (area of the geometr ical  enclosing su r -  
face) to Fr  (total surface area).  

Agababov has examined roughness fac tors  for cavities of various shapes and has made measurements  
that confirm that (37) can be used for the degree of blackness for surfaces  with various types of roughness.  

It is difficult to determine Fr  for a real  surface,  so one often uses charac te r i s t i cs  of the surface 
finish such as h rm (the r m s  roughness height) or h r m / m r  (the rat io of this to the mean distance between 
roughness peaks) [89, 90, 92, 93]. However, these quantities do not determine the optical roughness un- 
ambiguously [90], e.g., one does not obtain a single curve on plotting a against hrm. 

If the roughness cavities are  not isothermal  (Fig. 5c), one has to incorporate  thermal  conduction in 
the solid in calculating ave. An analogous problem a r i s e s  in considering a ribbed surface,  which is of con- 
siderable pract ical  importance in space research ,  and there a re  many papers on the topic [95, 96]. Here ave 
is dependent not only on the degree of blackness and the shape of the roughness or r idges but also on the 
rad ia t ion-conduc t ion  t ranspor t  number N = asO-0TBwL2/%5 (Fig. 5c), i.e., 

ee== ee(es; f s / F  r ; N). (38) 

c) Effects of surface s t ructure .  Polishing not only a l ters  the form of the surface but somet imes  also 
a l ters  the state of the surface layer  [98-103], e.g., a mater ia l  with an oriented s t ructure  such as pyro-  
graphite [99, 103] becomes amorphous on polishing, which increases  the degree of blackness. 

The s t ruc ture  is also affected by annealing, degassing,  and selective loss of a toms on heating to high 
T; for ins tance ,  the surface of a single c rys ta l  may become smoother  on heating, while a polycrystal l ine 
mater ia l  becomes rougher.  

There  have been some measurements  on the effects of surface s t ructure ,  c rys ta l  orientation, etc., on 
emissivi ty,  but we do not yet  have any quantitative relat ion of emissivi ty to s t ructure .  

d) Effective emiss ion  f rom a semi t ransparent  body. The effective emiss ivi ty  of a semit ransparent  
body is an important  pract ical  charac ter i s t ic .  A body is considered as semi t ransparent  if k v is small,  
i .e.,  the radiation penetration depth 

L ~  . . . .  

~% 4nk v 

is comparable with the thickness within which there is an appreciable tempera ture  change [108]. Most in- 
sulators  fall in this class ,  and the effective emiss ivi ty  is dependent not only on the above charac te r i s t i cs  
but also on the tempera ture  distribution in the body, which is governed by the direct ion and magnitude of 
the heat fluxes carr ied  by conduction and radiation, i.e., a e = ae[a(nv, kv); a~ 0T3x/z].  

There  a re  severa l  papers on heat t ranspor t  in a plane-paral lel  layer ,  e.g:, numerical  solutions [105, 
106] for an absorbing medium, somet imes  [107] with allowance for scattering. One paper [104] discusses  
emiss ion  under these conditions. All of these papers give only approximate solutions because it is difficult 
to solve exactly the integrodifferential  equations for the process .  Also, it is always assumed that the body 
is gray and a diffuser (directional and selective features are  neglected). There a re  only two papers [109, 
110] on the problem for bodies that a re  not gray.  
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The emissivity of a semitransparent body is a functional, i.e., is dependent on the detailed transfer 
conditions, so the following requirements have to be met in order to determine the emissivity: i) a detailed 

study has been made of the primary radiation characteristics; 2) a reasonably complete solution is avail- 
able for the transport by conduction and radiation in real bodies. 

Entirely analogous problems arise for the properties of the layered materials frequently used in 
space research and so on. We cannot enter here into the attempts to solve this problem for particular 
cases and merely note that there are several papers on th~opic [101, 102, 111-114]. 

4. Radiative Parameters of Solids Used in Heat-Transfer Calculations. Parameters of the accuracy 
appropriate to the accuracy of the calculations must be used in relation to radiative heat transfer. We 
examine this by reference to the radiative transfer between two parallel plates. In the gray approximation, 
the resultant flux takes the form 

a o (T~-- T~) (38) 
EPi2= 1 1 

- - q -  --1 
g I 13 9 

Here we use the integral hemispherical emissivities of the twobodies, which are taken as equal to the 
absorptivities and as independent of direction. This approach is adequate for estimates, but most bodies 
are not gray emitters, and for these one has to distinguish between the integral emissivity r and the inte- 
gral absorptivity a, which are not the same because the bodies are not gray and diffusing. The resultant 
flux is then calculated from 

~o V~--  - -  .~  
as , , (39) Ept~= 

I q_ I _ I 

a! a 2 

in which a is the in tegral  hemispher ica l  emiss iv i ty  and a is the integral  hemispher ica l  absorptivity.  The 
f i r s t  of these is dependent on T and the proper t ies  of the body and is a functional because it is dependent 
on the spec t ra l  composi t ion of the incident flux, so it cannot be determined accura te ly  in advance. Various 
s implif icat ions a re  the re fo re  used to es t imate  a, and the applicabili ty of these has to be tested in each par -  
t icular  instance.  

For  instance,  a for  a meta l  surface  is taken [115] as equal to r for  the geome t r i c -mean  t empera tu re  
T = ~T1T2, which is c o r r e c t  if the t empera tu re  dependence of the spec t ra l  proper t ies  is in accordance  
with the e lec t romagnet ic  theory and if black-body radiat ion of t empera tu re  T 2 is incident on the metal;  but 
we have seen that the e lec t romagnet ic  theory does not descr ibe  the emiss ivi ty  in the visible and n ea r - i n -  
f r a r ed  regions,  so this method can produce e r r o r s  at high T. 

The following integral  absorpt ivi ty  gives good resu l t s  in approximate calculations for  metals  and non- 
metals:  

,i" a'~l (T1) E~ (T~) dv 
a~ (T. Y~)= o 

i Eov (T~) dv 
0 

(40) 

Such calculations have [117] been per formed for rea l  technical  sur faces  (steel) showing selectivity:  unoxi- 
dized, oxidized, and ash-coated.  Relat ionships approximating to (40) were  der ived for  these. 

The following formula is used to determine exactly the radiative transfer between two selectively and 
diffusely emitting plates: 

EP~2= i '  E~ q(T~) --  1--1E~ (T~) 

t ,  g ~ l  Ev2 
0 

dr. (41) 

525 



This formula can be used if the spectral  charac te r i s t i cs  a re  known. 

It has been shown that e r r o r s  of 20-30% can a r i se  if one neglects the selectivity in calculating Eri 2 
for  metals  [35, 61, 118, 119] and, in part icular ,  for clean and dirty steel surfaces  [117]. 

The following formula is used for two bodies with allowance for wavelength and direction effects: 

0 q-2~ 0 - 2 n  

/ i  

le~ (s) -- e~(s)n~, E~ I l,,~(s) cos(sn)rv(s)p~(s, s)d~L 
3 

(42) 

Here one needs to know the reflection indicatrix as well as the emission and absorption spectra. The prob- 
lem has been considered for two intersecting planes [120] and for two parallel plates [77, 121]; it has been 
shown that large errors can arise (local intensity errors up to factors of 3) if the directional effects are 
neglected. However, there is not much change in the mean fluxes if one neglects directional effects. 

This calculation is too tedious to use in engineering design; also, we lack data on the primary spectral 
and directional characteristics for technical materials. 

It is sufficient to know integral radiative characteristics for the purpose of approximate heat-trans- 
fer calculation. More accurate calculations require detailed knowledge of the emission and absorption 
characteristics. 

5. Measurement of Radiative Characteristics of Solids. The measurement methods have to be chosen 
in accordance with the methods of design calculation, especially where integral characteristics are con- 
cerned. The latter are and will be especially important for engineering calculations on technical materials. 

Heating methods (electron-beam heating, induction heating, resistive heating, solar furnaces, etc.) 
enable one to reproduce various radiative heat-transfer conditions as regards spectrum and directional 
distribution. These techniques enable one to derive the integral characteristics directly, and they have 
been adequately tested in a number of apparatuses [I00,113, 114, 123-127, 129], which have been used with 
numerous materials in various surface states over wide temperature ranges. 

On the other hand, little work has been done on apparatus and measurement methods for primary 
spectral and directional characteristics of technical materials. Some methods have recently been de- 
veloped, and preliminary evidence has been obtained, mainly on the normal spectral degree of blackness 
for heat-resisting materials [Ii, 56, 63, 65, 99] and on the spectral refleetivity at room temperature. Less 
is known about the spectral directional characteristics and optical parameters of technical materials [63, 

72, 99]. 

Primary radiation characteristics for technical materials provide a basis for more accurate radia- 
tive-transfer calculations for technical processes and also provide a way of checking theoretical principles. 
These characteristics also enable one to monitor the structure and physical properties of materials in 
technical processes. 

There are more detailed surveys [35, 52, 53, I00, 125, 127, 131] of the various methods of examining 
radiative properties of solids, and also of the results. 

I is the 
E e is the 
E i is the 
Eref  is the 
E r is the 
E0u is the 
q is the 
u is the 
D is the 
B is the 

N O T A T I O N  

radiation intensity; 
effective radiat ion flux; 
incident flux; 
reflected flux; 
resultant  flux; 
spectral  density of black-body flux; 
radiation flux vector ;  
radiation energy density; 
e lect r ic  induction vector;  
magnetic induction vector;  
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e l e c t r i c  f ield vec to r ;  
m a g n e t i c  f ield vec to r ;  

e l e c t r i c  c u r r e n t  v e c t o r ;  
cha rge  c o n c e n t r a t i o n ;  
t e m p e r a t u r e ;  
t ime ;  
dielectric constant; 
magnetic permeability; 
optical conductivity; 
static electrical conductivity; 
specific resistance; 
thermal conductivity; 
radiative-conductive transport number; 
speed of light in vacuum; 
monochromatic speed in medium; 
mean speed in medium; 
refractive index; 
absorption index; 
effective spectral absorption coefficient; 
spectral absorption coefficient; 
mean radiation coefficient; 
mean absorption coefficient; 
scattering coefficient; 
scattering indicatrix; 
reflection indicatrix; 
bidirectional reflectivity; 
emissivity; 
reflectivity; 
absorptivity; 
transmission; 
frequency; 
wavelength; 
circular frequency; 
plasma frequency; 
circular frequency of free vibrations of electrons; 
oscillation decrement; 
mean free path for radiation; 
direction of incident ray; 
direction of reflected ray; 
azimuthal angle; 
polar angle; 
solid angle; 
proportion by volume of dispersed phase; 
roughness factor; 
equivalent smooth surface area; 
ac tua l  rough  s u r f a c e  a r e a ;  
r o o t - m e a n - s q u a r e  r o u g h n e s s  height;  
opt ica l  r o u g h n e s s  height;  

r o o t - m e a n - s q u a r e  i n c l i n a t i o n  of r o u g h n e s s ;  
m e a n  d i s t a n c e  be tween  r o u g h n e s s  r i dge s ;  
e l e c t r o n  c o n c e n t r a t i o n ;  
e l e c t r o n i c  cha rge ;  
e f fec t ive  e l e c t r o n  m a s s ;  
B o l t z m a n n ' s  cons tan t ;  
P l a n c k ' s  cons tan t ;  
S t e fan ' s  cons tan t .  
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Subscripts 

Y 

e 

i 

P 
S 

r 

m 

denotes the monochromatic; 
denotes the effective; 
denotes the incident; 
denotes the resultant; 
denotes the smooth; 
denotes the rough; 
denotes the mir ror .  
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