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Methods of measur ing  the hemispher ica l  ref lect ing and t ransmit t ing powers of radia t ion-  
sca t te r ing  mate r i a l s ,  s imultaneously or as a complex operation,  0n subjection to hemi-  
spher ica l  i r radiat ion are  cons idered .  

The calculation of radiant  heat t r ans fe r  is quite impossible  unless the spectra l  and integrated t he r -  
mal - rad ia t ion  cha rac t e r i s t i c s  R, T, and A of the i r radia ted mate r i a l s ,  measured  with due allowance for 
the sca t te r ing  of the radiat ion,  a re  known. The quantities R ,  T,  and A depend both on the state and p rope r -  
t ies  of the mater ia l  and on the spatial cha rac te r i s t i c s  and spectra l  composition of the incident flow of r ad i -  
ation ( i . e . ,  the i r radia t ion conditions).  The major i ty  of published exper imental  data regarding the spec-  
t ra l  ref lec t ing and t ransmit t ing powers R x and T?~ of rad ia t ion-sca t te r ing  ma te r i a l s  have been obtained for  
i r radia t ion  by a radiant  flux incident at a small  angle (0 =5-10 ~ [1-4]. These values,  i .e . ,  the d i rec t ional -  
hemispher ica l  coefficients RX(0; 2rr) and TX(0; 2r),  may only be used in calculating radiant  t r ans fe r  c o r r e -  
sponding to the a ctua I i r radia t ion conditions.  

\ 
The authors  there fore  studied the manner  in which R x (0; 2~r) and R x (0; 27r) varied with the angle of 

incidence 0 exper imenta l ly  for l ayers  of various scat ter ing mater ia l s  (Fig. la) ,  such as 0.52 mm poly-  
ethylene (curves 1), 0.09 paper  (curves 2), etc; the resu l t s  showed that R)t increased  and TTt diminished with 
increas ing  angle of incidence.  Hence the double-hemispher ica l  ref lec t ing power R) t (2~r; 2rr) wtll 'be g rea te r  
than the d i rec t iona l -hemispher ica l  value RX(0; 2~r), while TX(2r; 2rr) will be smal le r  than T\(0; 2rr) mea-  
sured  for  normal  i r radia t ion  by a para l le l  flux of radiation.  

The re la t ionships  shown in Fig.  lb for  the double-hemispher ical  and d i rec t iona l -hemispher ica l  
the rmal - rad ia t ion  cha rac t e r i s t i c s  of polyethylene,  paper ,  and raw potato support  the foregoing cons ide ra -  
t ions.  

In any pract ica l  the rmal - rad ia t iou  installations (furnaces and closed chambers)  i r radia t ion by a dif-  
fuse or mixed (diffuse +directional)  radiat ion flux is the ru l e .  In view of this i t  is important  to measure  
the double-hemispher ica l  p a r a m e t e r s  Rx(21r; 2v) and TX(27r; 2rr) of the ma te r i a l s  on subjection to a diffuse 
flow of radia t ion.  

A d i rec t  method of measur ing  the d o u b l e - h e m i s p h e r i c a I  p a ram e te r s  RX(27r; 2rr)and TX(2~r; 2r) or 
rad ia t ion-sca t t e r ing  mater ia l s  was f i r s t  proposed by Duntley [7]. In this method the hemispher ica l  i r r ad i -  
ation of the sample and the measuremen t  of its hemispher ica l  ref lect ing and t ransmit t ing  powers a re  

TABLE 1. Di rec t iona l -Hemispher ica l  Reflecting Power of the Sphere 
Coating at Various Wavelengths 

J I 
h.p 0 , 5 1 1 , 0 1 5 , 0  10,0 15,0 25,0 

R x (5~ 2n) 0,864 0,973 0,974 0,975 0,916 . 0,969 
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Fig. 1, Reflecting and transmitting capacities as functions of 
angle of incidence for X = 1.0 ~ (a) and as functions of the condi- 
tions of irradiation {b) for various materials:  1) polyethylene 
0.52 mm thick; 2) paper, 0.09 mm, 75 g/m2; 3) raw potato, 5.75 
ram; the continuous lines 1-3 give the double-hemispherical t rans-  
mitting power TX(21r; 2v); the broken lines 1' and 2' give the direc- 
tional-hemispherical transmitting power TX(0; 2~). X, 

carried out with the aid of two identical integrating spheres containing three apertures.  The advantage of 
this method lies in the possibility of carrying out absolute measurements of Rk(27r; 21r) and TX(2v; 2u); how- 
ever, it imposes strict  requirements upon the accuracy of photometric measurement, covers only a limited 
spectral range 0.40-0.75 ~, and involves a complex measuring technique [7]. 

A simpler method of measuring the double-hemispherical transmitting power TX(2~r; 27r) was 
described and an attachment to the SF-4A spectrophotometer, offering a spectral range of 0.4-1.4 ~, was 
proposed by the authors in an earlier paper [3]. In order to obtain hemispherical irradiation of the sample 
this system uses an MS-14 reflection standard and a specular ellipsoid, while for measuring the hemi- 
spherical radiation passing through the sample a receiver with a large receiving area is employed (an 
FESS-U10 photocell). 

For measuring the double-hemispherical reflecting power Rk(2v; 2~) in the infrared part of the spec- 
trum 1-38 Iz, Sherrell and Sharhrokhi [8] developed a spectrophotometer attachment with a C sBr prism in 
the form of an integrating sphere. The surfaces of the sphere and reflecting standard are coated with gold 
having a diffuse reflecting power RX~0.95. The value of RX(2~; 2v) is measured relative to the standard. 
This method also makes severe demands upon the accuracy of the photometric measurements. The accuracy of 
the measurements is less than ~2% [8]. 

Experimental-analytical methods of determining the double-hemispherical parameters RX(2~; 2~) 
and Tk(27r; 27r) are based on an experimental determination of the hemispherical brightness coefficients 
(radiance) px(2~; O R, q~) and tx(2v; 0T; ~0T) or the reflection coefficients R~(0, r 2~) and TX(0; ~p; 21r) for 
various angles of observation 0R,CPR and 0 T, OPT or angles of incidence of the radiant flux 0, cp and the analy- 
tical relationships between these [2, 3, 5]: 

R~(2n; 2~)=-~1 . I ~  pX(2U; OR; (~R) COS ORdo R, 

2~ 

where do~ =cos0RdSRdq~R; 

TABLE 2. 
Normal Irradiation 

Wave- I 
l~ngth, p_l-- lo ~o 

1,0 / 0,992 0,965 
2,0 [ 0,993 0,962 

15,0 0,991 0,961 

Spectral Reflection Indicatrtces of the Sphere Coating for 

3O 

0,666 
0,642 
0,587 

Reflection anglo, deg 
40 50 

0,450 0,360 
0,450 0,360 
0,361 0,287 

60 

0,298 
0,308 
0,239 

7o 

O, 280 
0,282 
0,209 

0,212 
0,218 
0,122 

(1) 
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Fig.  2. Basic a r rangement  of the a~achments  to 
the SF-4A monochromator  for  the simultaneous (a) 
and separa te  (lo) measu remen t  of the double-hemi-  
spher ical  ref lec t ing and t ransmit t ing  powers of sca t -  
te r ing  mater ia l s :  1) cover;  2, 8) FESS-U10 photo- 
cells;  3) scat ter ing opal glass; 4, 10) integrating 
spheres ;  5) holder;  6) standard; 7) sample;  9) mono-  
eh romato r  s l i t .  

R~.(2n; 2~)=  1 fR~(0,  r 2n)cos0dr 
(2) 

2 g  

where dco = cos 0d0d~p. 

Devices for  measur ing  the hemispher ica l  br ightness  coefficient  pX(2~r; OR, gVR) have been developed 
by many authors  [3, 5]. The quantit ies RX(0, r 2u) and (Tx(0, ~; 27r) may be measured  by means of special 
a t tachments  to spec t ropho tomete r s .  The main disadvantage of exper imenta l -analy t ica l  methods,  impeding 
thei r  p rac t ica l  use,  is the complexity involved in integrating the functions p~(2~; O R, ~R) and Rh(0, r 2~r) 
with r~spect  to the solid angle 2~r, even for cases  of a symmet r i ca l  re f lec t ion  indicatr ix .  

The authors  have now developed a method of measur ing  the double-hemispher ical  ref lect ing and t r ans -  
mitt ing powers of rad ia t ion-sca t t e r ing  mate r i a l s ,  e i ther  simultaneously or as a complex operat ion.  

For  s imultaneously measur ing  the absolute double-hemispher ica l  t ransmit t ing  and ref lec t ing powers 
T)~(2~; 27r) and RX(2~; 2?r) in the spect ra l  range 0 .4 -1 .4  ~ we developed and manufactured a special  a t tach-  
ment ,  based on an integrating sphere (4 65 ram) with three ape r tu re s  (Fig. 2a). The inner surface of the 
sphere 4 is coated with diffusely sca t te r ing  BaSO 4. A monochromat ic  flow of radiation emerging f rom the 
slit 9 of an SF-4A monoehromator  passes  through the entrance aper tu re  (4 12 mm) to fall on the inner su r -  
face of the sphere  and, as a resu l t  of multiple ref lec t ions  f rom its surface and the surface of the sample 7 
((p 2 0 m m ) , e r e a t e s  a uniform illumination, which is recorded  by the photocell 2. The aper tu re  (4 18 mm) 
in f ront  of the s ta t ionary photocell 2 is covered with a semi t ransparen t ,  diffusely sca t te r ing  opal glass 3. 
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TABLE 3. 
cal and Direc t iona l -Hemispher ica l  Reflecting Powers  of Various 
Mater ia ls  

Comparison between the Integrated Double-Hemispher i -  

Mamrial [ R(2u; 2m f~ gl~ I mblished data m g a r d i a g r a d i a t i o n  R(O ; 2v) 

Black mat enamel ] 0,085 40,074--0,055 [6] 
Silver I 0 , 9 9 0  |0,978--0,950 [6] 
Ping wood, 3.05 mm 1 0 ,307  |0,312,calculated by averaging 

The mobile photocell 8 with a large  receiving a rea  (~ 32 mm) measur ing  the radiat ion flux passing through 
the sample 7 maybe  set  d i rec t ly  under  the lower surface of the sample,  or e lse  under  the 20- ram-diameter  
ape r tu re  of the sphere 4, The signals of the (FlOSS-U10) photocells a re  measured  with a reading ins t ru-  
ment  UF-206 designed for measur ing  cur ren t s  down to 1/~A. 

For  these dimensions of the sphere and sample ape r tu re ,  the additional i l lumination AE =3.0RoE in- 
side the sphere  [8] crea ted  by the flow of radiat ion ref lec ted  f rom the sample is 2.25 t imes  g rea te r  than 
in the Sher re l l  apparatus [8] (AE =1.33 RoE). This enables us to increase  the signal of the radiation r e -  
ce iver  for  a be t te r  spectra l  resolut ion of the instrument ,  and to increase  the accuracy  of the measu remen t s .  
A shor tcoming of the device under  considerat ion is a cer ta in  difference in the conditions of illuminating 
the surface of the photocell 8 (Fig. 2a) recording the radiat ion passing through the sample and the standard.  
This r esu l t s  in e r r o r s  due to the dependence of the photocurrent  on the angle of incidence and the nonuni- 
fo rm sensi t ivi ty of the photosensit ive layer  at different  points on the surface and under different  conditions 
of i r radia t ion .  

In o rder  to es t imate  and el iminate these e r r o r s  we developed another  method: the complex m e a s u r e -  
ment of TX(2v; 27r) and Rx(21r; 27r). 

Fo r  the complex measurement s  the at tachment  to the SF-4A monochromator  (Fig. 2b), like that of 
Duntley [7], includes two integrating spheres  4 and 10 with identical charac te r i s t i c s .  F o r  measur ing the i l lumina- 
tions of the speres  we use two radiat ion r e c e i v e r s  2 and 8. The lower sphere  10 may be replaced by the model 
of an absolutely absorbing body, also made in the fo rm of a sphere,  with a blackened inner sur face .  The 
ref lec t ion and t ransmiss ion  samples  7 and standards 6 a re  fixed in a special  rotat ing holder 5. As r e f l e c -  
tion standard we use MS-14 opal g lass .  The cover  1 se rves  for  closing the entrance aper ture  of the sphere .  

The integrat ing sphere 10 and the semi t ransparen t  diffusely scat ter ing glass 3 c rea te  identical condi- 
tions of i l lumination of the photocell 8, whether the radiant  flux passes  through the sample or through the 
standard, and hence avoids the e r r o r s  a l ready discussed in re la t ion to the s ingle-sphere  ins t rument ,  

The method of measur ing  the double-hemispher ical  p a r a m e t e r s  1~ (2v; 27r), T k (2~r; 2Ir) is based on 
the dependence of the state of illumination of the inside of the sphere on the dimensions and ref lect ing 
powers of all its e lements  and a p e r t u r e s .  

In the ref lec t ion  of the incident flux Fin f rom the surface of the sphere,  the illumination E within the 
la t ter  is constant for  any point and may be determined by means of the Taylor  equation [3, 5] 

E Fin Rs 
s (1 - - ,~Rs)  ' (3) 

where go is a coefficient  determining the actual proport ion of the whole surface  of the sphere taking par t  in 
themul t ip l e  ref lec t ions  and allowing for the absorption of radiat ion by the aper tu res  and other e lements:  

q ) = l  1 ~ (  
- - - -  I - -  Ri) si. (4) 

S f ~ l  

It follows f rom Eq.  (3) with due allowance for  Eq .  (4) that the il lumination of the surface of the sphere 
only changes af te r  replacing the sample by the ref lec t ion  standard or the blackened sphere .  Hence Eq .  (4) 
may be conveniently expressed  in the following way: 

q~ ---- ~o' + Ro s~ 
s (5) 

where go' is a coefficient constant for  the par t icu lar  sphere and independent of the R 0 of the sample,  
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1 n 
~ ' =  1 - - - - / _ ~ ( 1 - - R i ) s i  s~ 

s s (6) 

For  the illumirmtion of the inner surface of the sphere,  on allowing for Eqs .  (3) and (5), we obtain a 
re la t ionship  for the double-hemispher ica l  ref lec t ing power R 0 of the sample in the following form:  

E (Re) = Fin Rs (7) 
s (I -- qJas) -- RoRs so 

S 

The method of s imultaneously measur ing  RX(27r; 27r) and Tk(2~; 2~r) with a single integrating sphere 
and two photocells  (Fig. 2a) is as follows. 

1. In the absence of the sample 7, the iower photocell 8 is placed d i rec t ly  in the aper ture  of the 
sphere 4, and the signals NpR and NpTOf the upper and lower photocells 2 and 8, proport ional  to the i l lu-  
mination of the sphere E(Rp) (which depends on Rp, the ref lec t ing  power ,of the photocell),  a re  measured:  

E (Rp) = Fi_._~n a s (8) 

s (1 - -  ~P'Rs)-- apR s s--t ' 
�9 S 

NpR = aE(Rp), Npr = ~ E  (Rp). (9) 

2. The sample 7 is placed in the aper tu re  of the sphere 4 and the signals N R and N T of the upper 
and lower photocells  2 and 8, proport ional  to the il lumination of the sphere,  a re  measured  at the same 
t ime:  

E (Ro) = - -  
Fin Rs 

i SO 
Ill --  q~ R s) - -  RoRs 

S 

(10) 

NR ---- ~zE (R o) Nr = [hE (Re) To. (ii) 

In the major i ty  of cases  a i r  is the t r ansmiss ion  standard,  so that NpT = NstT and by the simultaneous 
solution of Eqs .  (8)-(11) we obtain the following absolute value of the doubie-hemtspher ica l  t ransmi t t ing  
power of the sample:  

T~ (2n ; 2~) = __NT_ Np~ (12) 
Npr N~ 

The absolute value of the double-hemispher ica l  ref lect ing power of the sample is determined f rom 
Eqs .  (8) and (t0) with the aid of (9) and (11): 

2 )=(1-Sp ) 1- 'as  :Rp (13) 
NR as s~ N~ 

S 

where AR is a cor rec t ion  allowing for the ref lect ion of the radiation which has passed through the sample 
f rom the lower photocel l .  

The magnitude of the cor rec t ion  may be taken as approximate ly  

AR = T 2~ (2n; 2n) ap. (14) 

For  re la t ive  measu remen t s  of the sample ref lec t ing power we determine  the signal of the upper photocell 
2 for  the case in which the ref lec t ion standard 6 (opal glass MS-14) is placed in the aper tu re  of the sphere .  

Nst~ -- ~E (Rst) = a Fin Rs so (15) 
s (1 - -  q/Rs) - -  astR s - -  

S 

The quantity RX(21r; 270 for  the sample may be determined,  af ter  allowing fo r  (9)-(11) and (15), f rom the 
equation 

R~ (2:~; 2z) = ( N~ - -  NpR ~ N, stR R~st(2n; 2.n) + AR. (16) 
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The cor rec t ion  AR in this case equals 

AR=Rp[1--T~(2zt;  2 # ) - - (  Nn--NpR NstR[ 
NstR--NpR ) - ~ - R  J" (17) 

It follows from (17) that for large values of the T x or R X parameters of the sample (greater than 0.8) the 
correction AR is negligible owing to the small value of the reflecting power of the photocell (Rp __ 0.05), 
since the difference t e rm in the square brackets  then a s sumes  values smal le r  than 0.2,  so that AR < 0.001. 

The complex measurement  of TX(2~; 2~) and RX(2v; 2v) by means  of two integrating spheres  (Fig. 2b) 
is ca r r i ed  out as follows. 

1. In  the absence of the sample 7, the ape r tu res  (20 mm in diameter)  in spheres  4 and 10 a re  brought 
together and the signals NsR and Nst T of the upper and lower photocells 2 and 8, proport ional  to the i l lu- 
minat ions,  a re  measured :  

for  the upper sphere 

for  the lower sphere 

Fin Rs Ns~ = aEu(R~) = ~z ~ .  , (18) 
s (1--~'Rs)--R~Rs s_~o 

$ 

Nstr=~El(R's)=~ E2(R~) Fi n so, (19) 

where R s is the effective coefficient  charac te r iz ing  the proport ion of ref lec ted  radiation f rom the sphere 
10 passing through the aper ture  of a rea  S O into the sphere  4.  

2. The sample7 is placed in the ape r tu re s  of spheres  4 and 10 (Fig. 2b) and the signals N R and N T 
of the upper and lower photocells  a re  measured:  

N = =Eu(R~) = "  ~'~"- R~ ) 

s (1 - -  q~'Rs) - -  R'o/~ so (20) 

N r  = ~E z (r0, ~ )  = ~r0 ~ (R~)  Fi n s o. (21) 

The absolute value of the double-hemispher ica l  t ransmit t ing power is determined,  af ter  allowing for  
(18)-(21), f rom the equation 

T~ (2n; 2n) -- Nr Ns~ 
NstT" N~ " (22) 

In o rder  to de termine  the ref lec t ing power R x (27r; 2r) we still have to c a r r y  out the following m e a s u r e -  
ments .  

3. The sphere 10 under the sample is  replaced by an absorbing sphere,  in which case  the i l lumina-  
tion depends ou the  ref lect ing power of the sample,  and the photocell signal is equal to 

NR0 = aEu (R0)" (23) 

4. The sample 7 i s  removed  and the illumination of the sphere 4, depending on the ref lect ion R A of 
the absorbing blackened sphere,  is measu red .  The photocell signal is then 

NRA = aE u (RA). (24) 

The double-hemispher ica l  ref lec t ing power of the sample may be determined,  a f te r  allowing for  (18)-(20), 
(23), and (24), f rom 

R~ (2~; 2~)=  ( 1 -  N~A)  1--~ 'Rs (25) 
NR~ Rs s--~-~ 

S 

In the case of re la t ive  measu remen t s  the absolute value of R~(27r; 2v) must  be calculated f rom the equation 
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Rx(2u; 2~)= ( NR~ ) Nsst Rzst(2~; 2~), 
. N~t-- N~A ~ (26) 

where NRs t is the signal obtained f rom photocell  2 Oll placing the ref lec t ion  standard in the aper ture  of 
sphere 4. 

Using these methods we made some di rec t  measu remen t s  of the double-hemispher ica l  p a r a m e t e r s  
Rk(2~; 2~) and Tk(2~; 2v) for  se lect ively  absorbing and scat ter ing mate r ia l s  (Fig. lb ) .  Checks showed that 
the values of the double-hemispher ica l  re f lec t ing  and t ransmit t ing powers of the mate r ia l s  measured  with 
one and two spheres  (Fig. 2a and b, respect ively)  differed on average  by ~0.005, which indicated that the 
one-sphere  measu remen t  of T k(2~r; 2~) using a large rece iv ing  area  was fa i r ly  accura te .  An advantage of 
this method by compar ison  with the method of two spheres  and the Duntley method [7] l ies  in the fact that 
the signals of the ref lec t ion  and t ransmiss ion  r e c e i v e r s  a re  of the same order ,  since they measure  the 
il lumination inside a single sphere ,  tn devices  with two spheres  the illumination inside the second sphere 
is two o rde r s  of magnitude lower than in the f i r s t ,  and hence the photocell signal in the measurement s  of 
T k (2 ~; 2~) is much lower (by a factor  of 100), which imposes severe  conditions on the accuracy  of the photom- 
e t e r  measu remen t s .  In the p resen t  case of the diffuse i r radia t ion of var ious weakly scatferdng {poly- 
ethylene) and strongly sca t te r ing  (paper) ma te r i a l s ,  the r e c e i v e r  8 is subject  to a lmost  constant conditions 
of i r radia t ion (Fig. 2a), and the e r r o r s  due to the nonuniformity of the photolayer p roper t i es  are  no g rea te r  
than 0.5%. Only for samples  having a hemispher ica l - i r rad ia t ion  t ransmiss ion  indicatr ix  deviating sharply 
f rom the diffuse condition does the e r r o r  in measur ing  Tk(2~; 2;) by the s ingle-sphere  method become sub- 
s tant ial .  The major i ty  of rea l  sca t te r ing  mater ia l s  t r ansmi t  a hemispher ica l  radiat ion flux diffusely and 
may be studied by the simple method here  descr ibed .  

The proposed methods for the simultaneous and complex measu remen t  of the 4ouble-hemispher ical  
t ransmi t t ing  and ref lec t ing powers  may also be used in the inf rared  par t  of the spec t rum.  For  this purpose 
we developed a special  integrat ing sphere with a diffusely ref lec t ing aluminum coating; the ref lect ing power 
was 0 .9 -0 .97  in the near  and medium infrared par t s  of the spec t rum ' fo r  a diffuse ref lebt ion indicatr ix .  

The spectra l  cha rac t e r i s t i c s  of the special coating of the integrating sphere a re  shown in Tables 1 
and 2 for  the inf rared par t  of  the spec t rum.  Using a sphere of this kind we measured  the integrated r e -  
f lecting powers R(2;;  2~) of var ious  mate r ia l s  i r radia ted  in globar radia t ion.  As the radiat ion r ece ive r  we 
used a the rmoce l l  of the Kozyrev  type [4] with a rece iv ing  area  of 3 x 10 mm 2 m~daKRS-5 entrance window. 
On comparing the measu red  values of the integrated double-hemispher ica l  ref lect ing powers of var ious 
ma te r i a l s  (Table 3) with published data and data calculated f rom the d i rec t iona l -hemispher ica l  p a r a m e t e r s  
R(0; 2v), the re l iabi l i ty  of the r e su l t s  obtained by the sphere method is excel lent ly  conf i rmed.  

N O T A  T I O N  

R, T, and A, ref lect ing,  t ransmit t ing,  snd absorbing powers of the layer  of mater ia l ;  R 0 =R(2~; 2~) 
and T o = T(2~; 2~) double-hemispher ica l  ref lec t ing and t ransmit t ing powers  of the sample; E, il lumination 
of the surface  of the sphere ,  W/m2; s, a rea  of the sphere,  m2; si, area of the i- th aper tu re  of the sphere ,  
m2; F, radiat ion flux, W; N, photocell signal; a ,  fl, sensi t ivi t ies  of the photocel ls .  Indices: X, spect ra l ;  
R, ref lect ion;  T, t ransmiss ion;  0, sample;  in, incident; p, photocell;  s, sphere;  st, standard; l ,  lower; 
u, upper; A, black-body; i, e lement  or ape r tu re  in the sphere .  
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