
B 

Z 

H 0 = ~0kp2g~(AT)2B6/ 
12~?~'; K = g2k2p2fl2(AT)2. 

B~S/120~2Deff; 
k 

is the gap per imeter ;  
is the viscosity; 
is the ver t ical  coordinate; 

is the permeabili ty.  
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A X I S Y M M E T R I C  S Y S T E M  

N. N. C h e n t s o v ,  G. V. D u m k i n a ,  
a n d  N. S. S h o i d i n a  

UDC 536.3 

A method is proposed for the calculation of the angular coefficients f rom an analytic determina- 
tion of the region of visibility. 

The design of furnaces,  high-temperature chemical equipment, high-temperature energy-conversion 
apparatus, and cryogenic systems involves calculations of radiative heat t ransfer .  

Because of the complexity of radiative heat t ransfer  and the lack of accurate values of the emissive char-  
acter is t ics  of surfaces,  it is usual in calculations to consider models and shells with simple surface proper -  
tie s. 

In calculating the radiative heat t ransfer  between diffusely emitting and diffusely reflecting surfaces 
separated by a diathermal medium, it is necessary to determine the angular coefficients of the radiation, 
which determines the proportion of the energy t ransfer  transmitted from one surface to another. 

There are a considerable number of works in which the angular coefficients are calculated analytically 
for  various configurations ([1-4], etc.). The present  paper proposes an algorithm for the computer calcula- 
tion of radiative angular coefficients. 

Translated from Inzhenerno-Fizicheskii  Zhurnal, Vol. 34, No. 2, pp. 306-312, February,  1978 Original 
article submitted December 8, 1976. 
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Fig. 1. Ax i symmet r i c  sys tem:  
z is the coordinate along the axis 
of rotation; r is the distance f rom 
the axis;  0 is the angle of rotat ion 
about the axis. 

In the case when the radiative flux density is uniformly distr ibuted over  the surface,  the angular coeffi-  
cient between the sur faces  p and q is 

A~Aq 
~pq = [ 

d,4~ J Ap 

where Ap and Aq are  the surface a reas  of p and q; Lij is the distance between the e lements  i and j of the s u r -  
faces;  fli and/3j are  the angles between the internal normals  to the surface elements  and the lines conta in ing  
these elements.  

The region of integrat ion extends over  those par t s  of the sur faces  p and q which are  direct ly visible to 
one another. 

The angular coefficients are  calculated in an ax i symmet r i c  sys tem consisting of a cavity with in ter ior  
bodies (Fig. 1). The regions p and q adopted in this case are  bands of the surface r = r(z) cut by the planes 
z = const. Each region p(q) is divided into smal le r  bands i(j). The required  integral  is calculated for  each 
pair  i, j and then for each pair  p, q these integrals  are  summed over  all the i bands into which the region p 
is divided and over  all the j bands into which region q is divided. 

The integral  is calculated using the following formula:  

0H 

• S Ai fudAidA.~= Aj (2) 2= 2 fu(r .  zi, O, % zj, O)dO. 
AIA j O 

The following theorem is valid: In an ax i symmet r i c  configuration, the region of visibil i ty of the points 
P(ri ,  0, zi) and Q(rj ,  0, zj) determined by an a rb i t r a ry  solid of revolution consists  of not more  than two a rcs  
in [0, ~1. 

Consider  the interfer ing body formed by rotat ion of the segment  r l r  F about the z axis (Fig. 2). Three 
cases  are  possible:  

a) r I and r F are  any finite values,  r # 0; 

b) r F = 0, r I > r F ,  r I =const ;  

c) r I - - * ~ ,  r F r 0. 

Now cons t ruc t  two cones with ver tex  at p and d i rec t r i ces  pass ing through the points r = r  I, z =zk (cone I) 
and r=  r F, z = zx(cone II) (case a ) .  When the pointQ is rotated about the axis, there  is visibility between the points P 
and Q when the ray  1~  lies outside cone I or  inside cone II. Hence, the region of vis ibility of points P and Q for  0 ~ [0, ~] 

I lr]. consis ts  of no more  than two a r c s :  [0, oF]  , [0ij, 

Fo r  r F = 0 (case b) the region of visibil i ty consists  of one a rc  [0, ei~l; for r I --* ~o (case c) the region of 
visibil i ty is [0~j, lr]. 
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Fig. 2. Region of visibility 
of points P and Q: ~, N'-k 

An in te res t ing  body lying on the axis (Fig. 3a) may be r ep re sen t ed  as a set  of large  number  of sufficiently 
thin cyl inders  (case b), for  which rFX = 0, r I X =  coast(k),  where  X is the cyl inder  number.  The region of v i s i -  
bility Aij de te rmined  by the given in te r fe r ing  body is 

A~s = [0, O~ l, 

where  

O~ - min OFx 
q 

Analogously,  the region of vis ibi l i ty  de te rmined  by the sur face  of an ax i sy m m et r i c  cavity (Fig. 3b) is [OI., ~1, 
where  

Lj 

Oij = max OIx.. 
h l i  

The region of vis ibi l i ty  de t e rmined  by an in te r fe r ing  body of toroidal  type (Fig. 3c) is in the general  case 

a,  = 1o, ~ l  n [o~;, ~t, 
where 

O F = rain ~x, 0~11 = max 0I~. 

Consider  a sys tem for  which the in te r fe r ing  bodies are  a body lying on the axis and the surface  of an 
ax i symmet r i c  cavity. The region of visibi l i ty for  any pa i r  of points P and Q consists  of one a rc  [0Ij, oF]. 

The n e c e s s a r y  and sufficient  conditions for  there  to be visibi l i ty between the points P ( r  i, 0, zi), Q(rj,  0, zj) 
a re :  1) that the angle/3i and flj be acute; 2) that the segment  PQ encounter  no interfer ing bodies. 

Assume that the sur faces  of the in ter fer ing  bodies a re  e i ther  cy l inders ,  cones,  or  spheres .  These s u r -  
faces  may  be desc r ibed  by the general  equation 

where X is the number  of the sur face ;  ~?, is the coordinate of the sphere center  or  the ver tex  of the cone; k x = 
- 1  for  a s p h e r e ;  k x = tan2r for  a cone (~ + r/2 i s  the angle  be tween  the in terna l  n o r m a l  to the su r face  and the 
p o s i t i v e  d i r e c t i o n  o f  the a x i s  o f  rotat ion);  kX = 0 for  a cy l inder ;  R~, = 0 for  a cone;  R h i s  the rad ius  in the c a s e  
of a sphere or  a cylinder.  

The s t ra ight  line PQ and the in te r fe r ing  surface  in Eq. (3) de te rmine  the coordinate z of the point of in t e r -  
section 

a z  z - -  2 b z  -F c = O, (4) 

where  

2 2 
a = r~ + r i - -  2r~r j  cos 0 --  kx (zj--  z~) ~ = m + h cos0; 

b = r~zj + 2 r !  zi - -  r i r j  (z~ + zi) cos 0 - -  k ~  (zj  - -  z~) z = l q -  t cos O; 

2 2  2 9  
c ~ ri  z i  ~ r i  z~ - -  2 r ~ r i z i z  I cosO - -  (kxE~ ~ R ~ ) ( z j  - -  z l )  z = s + g cos O. 
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Differen t  types  of in te r fe r ing  body. 

The r ay  PQ in t e r s ec t s  the i rder fe r ing  body if the roo ts  of Eq. (4) a r e  r e a l  and the point of in te rsec t ion  
(rp, Zp) l ies :  

1) between P and Q 

z~ ~< Zp ~ zj, (5) 

2) on the su r face  of the in te r fe r ing  body but not on i ts  continuation (the in te r fe r ing  body is bounded on the 
z axis by the coordina tes  z i~  ZFk) 

zi~ <~ z~ ~< zF~. (6) 

To de t e rmine  the region of v is ib i l i ty ,  those among the in te r fe r ing  bodies which affect  the angle of v i s i -  
bil i ty of the points P and Q a re  se lec ted ,  Le ; ,  those for  which 

# z i ~ ( z I ~  V . ~ ) ~ z j .  (7) 

Then the in te rva l  of v is ib i l i ty  is de te rmined  independently for  each in te r fe r ing  sur face .  

The p rocedure  for  de te rmin ing  the region of v is ib i l i ty  of the points P and Q (z i ~ zj) for  one in te r fe r ing  
su r face  is as  follows: 

1) to de t e rmine  the v is ib i l i ty  between the points  P and Q for  0 = 0, 

2) to ve r i f y  that  point Q is v is ib le  f r o m  point P for  e = ~. 

As a r e s u l t  of s teps  1 and 2 for  the in te r fe r ing  su r f ace ,  one of four  poss ib i l i t i e s  may  be found: 

I I I  l i l  I V  

Visibility at 0=0 [ yes ] no [ yes I no 

Visibility at 0=~ I yes [ no / no [ yes 

The region of v is ib i l i ty  of points  P and Q is [0, 7r] in case I ,  ze ro  in case  II ,  [0, 0[] in case  III ,  and [0 I ,  
~] in case  IV (O F is the angle at  which the s t r a igh t  line cuts the in te r fe r ing  sur face  when the point Q is ro ta ted  
about the z axis) .  

The equation of the tangent  to the in te r fe r ing  su r face  gives 

o 2 , 9 .  ~ , ,  r 2 2 
I R i  - -  ~, - -  ZiZ; -[- ~ (Z i -[- Zj) --]/-(r~ - -  Pi ) ( i - -  P/ )  

cosOx -- / P~Pi--V-(r~-  P~)(r]--~-- _2-777-,2 ---~__pi)- for a eoneor eytinder 
r~ r j  

p~ 'Z = k ~  ~ . - -  ~)2 § R L  v --  i, j .  

for a sphere 
(s) 

The tangent  d e t e r m i n e s  the angle of v is ib i l i ty  ff Eqs.  (5) and (6) hold for the coordinates  of file point of 
contact.  

If  there  is no tangent ,  the angle at  which the s t r a igh t  line p a s s e s  through the edge of the in te r fe r ing  s u r -  
face  (zik or  ZFh ) is de te rmined  

F 2Izi~ - -  s - -  mz~,~ 
cos O~ ~ (9) 

h z ~  - -  2 tz lx  + g 
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T A B L E  1. A n g u l a r  C o e f f i c i e n t s  ~0ij 

Region No. I 2 3 4 5 6 7 8 

3 0 0 0 0 0 0,06688 0,27174 0,1512 
30 0 0 0 0,00061 0,0009 0 0 0,00051 
34 0 0 0 0 0 0 0 0 

Region No. 9 10 11 12 13 14 15 

3 0,10993 0,08134 0,06119 0,00044 0,01463 0,01596 0,01578 
30 0,00086 0,00155 0,00306 0,04347 0,04628 0.1003t 0,19174 
34 0,02097 0,10796 0,16726 0,06494 0,t1469 0,09496 0,07791 

Region No. 16 17 18 19 20 21 

3 0,01369 0 ,01121 0 , 0 0 8 8 5  0 ,00712  0,00583 0,01827 
30 0,24544 0 ,18213  0 , 0 9 3 0 2  0 ,04284  0,02047 0,02053 
34 0,06153 0 ,03957  0 , 0 1 9 8 2  0 ,00961 0,00498 0,00417 

Region No. I 22 23 24 25 26 27 28 29 .30 

3 0,00849 0 0 0 0 0 0 0 0 
30 0,0066 0 0 0 0 0 0 0 0 
34 0 0 0 0 0 0 0 0 0 

i 
Region No. 31 32 33 34 35 

3 
30 
34 

0 0,02292 0 0 0, ! 1609 
0 0 0 0 0 
0 0,14709 0,06548 0 0 

t t ~ / /,8 e,, ,,,e 

.~\\\\L I 6 ~  I .< L x . . . . \~  ~\ \~ .xx~\ . . . . . . .~ . . . .~ .  

. ' q .  ~.~.I ...r I....,,~_ ,,a ' z~ l '  15 ' ~'e ' t ; ' '  /a ' 19 ' z o  

~ ,  o ' s  ' ,o'M I 22 
1~ I  3o ~9 ,-8 . 

[ . 

F i g .  4. C o n f i g u r a t i o n  of  s y s t e m  w h o s e  a n g u l a r  c o e f f i -  
c i e n t s  a r e  shown in T a b l e  1; z i s  the  a x i s  of r o t a t i o n .  
The  d i v i s i o n  into  r e g i o n s  i s  shown. The  d i m e n s i o n s  
a r e  g iven  in cm.  

If  the  s t r a i g h t  l ine  PQ p a s s e s  t h rough  both ends  of  the  i n t e r f e r i n g  s u r f a c e  when  the p o i n t  Q is  r o t a t e d  
about  the  z a x i s ,  the  s m a l l e s t  of  the  two r e s u l t i n g  v a l u e s  of O F i s  c h o s e n  (01 i s  d e t e r m i n e d  f r o m  the  cond i t ion  
t ha t  the  s t r a i g h t  l i ne  PQ p a s s e s  t h r o u g h  the  edge  of  the  i n t e r f e r i n g  s u r f a c e ) .  ~ 

C o n s i d e r i n g  the  s e t  of  i n t e r f e r i n g  s u r f a c e s  in Eq.  (3), the  fo l lowing  s e q u e n c e s  a r e  o b t a i n e d :  

I : ~ ,  0 I, � 9  OI; 

. . . . .  

w h e r e  1, 2 ,  . . .  , n i s  the  n u m b e r  of  the  i n t e r f e r i n g  s u r f a c e .  

The  r e g i o n  of  v i s i b i l i t y  f o r  p o i n t s  P and  Q i s  (8[j ,  0 iF) ,  w h e r e  

O~i = max 0I; O F = min O F . 

I f  0 I. > O F the p o i n t  Q i s  not  v i s i b l e  f r o m  P .  
l j  

F o r  the  c a s e  z i = z j ,  the  on ly  b o d i e s  tha t  m a y  i n t e r f e r e  a r e  t h o s e  w h o s e  p r o j e c t i o n s  on the z ax i s  inc lude  
the p r o j e c t i o n s  of the  p o i n t s  P and Q. 
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If there  is no vis ibi l i ty  between P and Q for  0 = 0, the region of visibi l i ty is 0. If there  is vis ibi l i ty  for  
0 = 0 and 0 = ~, the region of vis ibi l i ty  is [0, ~]. If there  is z e ro  vis ibi l i ty  fo r  O = ~, the angle of visibi l i ty is d e t e r -  
mined f rom the conditiOn o f t angency  of the s t ra ight  line PQ at the in ter fer ing  surface 

The integrand in Eq. (2) is 

p~)(r~ - -  pD (9') os F o ~ - l / ( d - ~  ~ " c Ox 
girl 

1 (A u + B~ cos O)(C~j + Di.icos O) 
(E u q- F u cos O) z 

and the coefficients  Aij , Bij ,  Cij , Dij, Ei j ,  Fij a re  calculated f rom the values of r i ,  zi ,  r r j ,  zj,  ~j. 

The integral  I = SI fijd0 is calculated f ro m  the t rapez ium rule.  

tl 

F or  small  angles (0 -< 30 ~ and for  z i =z j ,  an analytic express ion  may be obtained for  the integral .  

As an i l lus t ra t ion,  Table 1 gives the angular  coeff icients  calculated for  the sys tem shown in Fig. 4. 

The sys tem includes 166 computational points. Regions 1-6,  8-11,  13-25, and 28-31 a re  divided into 
two computational points ,  regions 7, 12, 26, 27, 32, and 33 are  divided into t h r ee ,  and regions 34 and 35 into 
five; the division is uniform over  the length. 

As is evident f rom Table 1, the accu racy  of the angular coeff icients  obtained using angular-coeff ic ient  
35 35 35 

algebra is sufficiently high: ~ ~s~j = 1.0016, ~ ~%0,j = 1.00032, ~ ~ , j  =1.000999. At the co rne r s  (regions 
i= l  i = l  ]=L 

5-6 and 20-21) the accu racy  of the calculation is r a the r  lower.  

The t ime requ i red  for  the calculation on a BESM-6 computer  was 20 sec. 

In de termining  the region of visibil i ty by the t radi t ional  method (the region [0, ~ ] is divided into 50 in te r -  
vals of equal length and the visibi l i ty is de termined  for  each interval) the same accuracy  requ i res  10-20 t imes 
the calculation t ime. 

p,  q,  i ,  j 
Ap 

~Pq 
r ,  z ,  0 

Lij 
P 
Q 

k, ~, R 
n 

Aij 
r  

N O T A T I O N  

are  the surface  numbers ;  
is the sur face  a rea  of p; 
is the angular  coefficient  between sur faces  p and q; 
a re  the cyl indr ical  coordinates ;  
is the angle between internal  normal  to surface  i and the line joining sur faces  i and j; 
is the distance between e lementa ry  a reas  dAi, d ~ ;  
is the point of i - th sur face ;  
is the point of j - th  surface;  
is the number  of in ter fer ing  sur face ;  
a re  the p a r a m e t e r s  of in ter fer ing  sur face ;  
is the number  of in ter fer ing  sur faces ;  
is the region of vis ibi l i ty  of points P and Q; 
is the angle between internal  normal  to surface and posit ive direct ion of axis of rotation. 

I n d i c e s  

I is the initial (at beginning of interval) ;  
F is the final (at end of interval) .  

1o 

2. 
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R E F L E C T I V E  P O W E R  O F  T W O - P H A S E  M E D I A  O F  

C Y L I N D R I C A L  G E O M E T R Y  

K. S. A d z e r i k h o  a n d  N.  V. P o d l u z h n y a k  UDC 535.36 

The br ightness  of the radiat ion re f lec ted  f ro m  a cyl inder  fil led with par t i c les  of known optical  
p r ope r t i e s  is considered.  The dependence of the re f lec t ive  power on the optical p rope r t i e s  of 
the medium and the exper imenta l  conditions is investigated in the s ing le -sca t te r ing  approxima-  
tion. The l imi ts  of applicabil i ty of the method a re  es t imated.  

In de termining  the re f lec t ive  power of two-phase media of cyl indr ical  geomet ry ,  the approximation most  
commonly used is that of Eddington (see [1, 2], for  example).  As shown in [3, 4], it may co r r ec t l y  be used to 
calculate the emiss ive  cha rac t e r i s t i c s  of two-phase media of nonplanar geometry .  However ,  when ex te rna l  
radiat ion is incident on a finite two-phase medium,  the use of the Eddington approximation r equ i r e s  pa r t i cu la r  
caution, espec ia l ly  for  media of optical  thickness T ~ 1-3. In the p re sen t  work ,  the s ing le -sca t te r ing  approxi-  
mation is used to calculate the re f lec t ive  power of such media and its dependence on the optical p roper t i e s  of 
the medium and the exper imenta l  conditions is analyzed. 

The solution of the r ad i a t i on - t r ans f e r  equation in a two-phase medium may be wri t ten  in the fo rm (see 
[5l, for  example) 

5 S 

/(s, I )=  ' (0,  I ) exp[ - - !a ( s ' )ds ' ]  + 0 S d(s') exp[--, i"(s'!ds"]ds'" (1) 

Here  I(s,  1) is the radiat ion intensi ty at  the point s in the d i rec t ion 1 = l(O, 9); I(0, 1) is the intensity of 
the ex te rna l  radiat ion;  J(s) is the emiss ive  power of an e l ementa ry  volume of the medium; ~ = ~ + ~ is the 
attenuation coeff icient ,  equal to the sum of the absorpt ion and sca t te r ing  coefficients .  

Since J(s) depends on I(s ,  1) in the sca t te r ing  medium,  Eq. (1) may only be solved by numer ica l  methods. 
Limit ing considerat ion to the case of single (nonmultiple) sca t te r ing ,  a solution of the problem may be obtained 
by replacing J(s) in Eq. (1) by the distr ibution function for  the sources  c rea ted  by the ex te rna l  radiation. In the 
case  of nonplanar media ,  the in tegra l  t e r m  in Eq. (1) r equ i r e s  special  considerat ion.  Its physical  meaning in 
the context of single sca t te r ing  is fa i r ly  s imple.  It  is the sum of the contributions of the radiat ion f rom each 
point of the medium in a given d i rec t ion ,  taking into account attenuation. 

Consider  a medium of cyl indr ical  geometry  containing par t i c les  of known optical p roper t i es .  The chosen 
coordinate sys tem is shown in Fig. la :  the x axis ,  f rom which 77 is measu red  is chosen in the plane containing 
the d i rec t ion of the externa l  radiat ion and the cyl inder  axis.  The angles ~ and ~0 are  posi t ive when measured  
in the counterclockwise d i rec t ion  and negative in the opposite case. The angle 0, charac te r iz ing  the d i rec t ion 
of observat ion of the sca t t e red  radiat ion,  is measu red  f rom the z axis. It is simple to show that ,  fo r  normal  
incidence of the ex te rna l  radia t ion,  the distr ibution of radiat ion sources  in the cyl indr ical  medium is given by 
the re la t ion 

S = S ( r ,  q, 1) 1 j =  = -a  4~ p (V) I0 exp [-- T (r, •)], (2) 

where  I 0 is the ex te rna l - rad ia t ion  intensity in the d i rec t ion 10 =10(00, ~o0); P(7) is the sca t te r ing  index for  an e l e -  
menta ry  volume; 7 is the angle between the incident and observed  radiation;  ;~ = r + ~) is the probabil i ty of 
survival  of a quantum; ~nd: 

Institute of Phys ics ,  Academy of Sciences of the Beloruss ian  SSR, Minsk. Trans la ted  f rom Inzhenerno-  
Fiz icheski i  Zhurnal ,  Vol. 34, No. 2, pp.313-318, F e b r u a r y ,  1978. Original ar t ic le  submitted December  28, 1976. 
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