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CHARACTERISTICS OF RADIATIVE HEAT TRANSFER 

IN MULTIZONE SYSTEMS TAKING ACCOUNT OF 

ISOTROPIC SCATTERING 

Y u .  A.  Z h u r a v l e v  UDC 536.3 

A p rocedure  for  calculat ing h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  in absorbing and i so t rop ica l ly  s c a t t e r -  
ing media  is  developed and tes ted  by applying it to in ternal ly  f i red  furnaces .  

Opt imizat ion of the t h e r m a l  p e r f o r m a n c e  of indus t r ia l  heating units imposes  increas ingly  r igid r equ i re -  
ments  on the accu racy  and re f inement  of h e a t - t r a n s f e r  calculat ions.  Taking account of radia t ion sca t te r ing  
by solid pa r t i c l e s  suspended in s t r e a m s  of dusty ga se s  in working chambe r s  of in ternal ly  f i r ed  furnaces  and 
f i reboxes  may  signif icant ly affect  the ca lcula ted  resu l t s .  There fo re ,  it i s  of p r ac t i ca l  in te res t ,  pa r t i cu la r ly  
since detai led informat ion  has appeared  [1-3] on the radia t ion c h a r a c t e r i s t i c s  of dusty s t r e a m s  and luminous 
f lames ,  to p r e sen t  a solution within the f r a m e w o r k  of the zonal method of the h e a t - t r a n s f e r  p rob lem,  taking 
account of radia t ion sca t te r ing  in complex  t h r ee -d imens iona l  s y s t e m s  filled with a radiat ing and absorbing 
medium.  

The avai lable  l i t e ra tu re  ([4-10] et al. ) contains r e p o r t s  on the effect  of sca t te r ing  on radia t ive  t r a n s f e r  
for  such re la t ive ly  s imple  radiat ing s y s t e m s  as a slab,  an i so the rma l  medium with uniform radiat ion c h a r -  
ac t e r i s t i c s ,  black walls ,  etc. In [11] a p rocedu re  was developed and h e a t - t r a n s f e r c a l c u l a t i o n s  were  p e r f o r m e d  
for  a s t ee l -mak ing  furnace,  taking account of radia t ion sca t te r ing  by the Monte Car lo  method. This  solution 
was based on the de te rmina t ion  of photon mean  f ree  paths by using random numbers .  Genera l i zed  angular  coef-  
f icients  of radia t ion between zones ~ij were  calculated taking account of sca t te r ing  in a dusty gas  medium 
[11]. In the calculat ion of the reduced resolving radia t ion coeff icients  fij the re rad ia t ion  of energy  by surface  
zones was de te rmined  f rom the l inear  radiat ion equations [12-14]. The t e m p e r a t u r e s  of volume and sur face  
zones were  ca lcula ted  by solving the s y s t em  of nonl inear  a lgebra ic  h e a t - t r a n s f e r  and hea t -ba lance  equations 
of the zones [15, 16]. 

We have developed a p rocedure  for  de termining  the genera l i zed  angular  and resolving radia t ion coeff i -  
c ients  and have solved a zonal h e a t - t r a n s f e r  p rob lem in the working chambe r  of a s t ee l -making  furnace,  
taking account of i so t ropic  sca t te r ing  of radiat ion by solving the sys t em of l inear  a lgebra ic  equations of rad ia -  
t ive heat  t r ans fe r .  The use of an i so t ropic  sca t te r ing  indicatr ix  for  rea l  media  is justified to a cer ta in  degree  
by the fact  that under ce r t a in  conditions, in pa r t i cu l a r  for  re la t ive ly  la rge  dust pa r t i c l e s ,  the sca t t e red  pa r t  
of the radia t ion flux can be a s sumed  isot ropic ,  and the diffracted pa r t  ex t r eme ly  elongated forward,  that is ,  
coincident with the t r ansmi t t ed  radia t ion [17, 18]. 

The e s sence  of the p roposed  method cons i s t s  in the following. F i r s t  the genera l i zed  angular  radiat ion 
coeff icients  ~att  a re  found by the Monte Car lo  method [15], o r b y  some other  method If  the radia t ing s y s t e m s  a re  

s imple ,  by replacing the absorpt ion coeff icient  a of the volume zones by the attenuation coeff icient  K = a + fi, 
where  fl takes  account of i so t rop ic  sca t te r ing  only; the di f f racted radiat ion is  taken into account in the t r a n s -  
mi t ted  radiation. The values  of the coeff ic ients  sa t t  obtained in this way differ  f rom the genera l i zed  angular  

- i j  
coeff ic ients  ~i j ,  whichtake account of sca t te r ing  by the me thod  used in [11], s ince the pa r t  of the energy  sca t -  
t e r ed  into volume zone j i s  included in the value of the coeff icient  sa.tt An analysis  of the radia t ive  t r a n s f e r  

- l j  ' 
equation in an absorbing and sca t te r ing  med ium [19] 
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T A B L E  1. V a l u e s  of G e n e r a l i z e d  A n g u l a r  C o e f f i c i e n t s  ~ij  and  R e -  
d u c e d  R e s o l v i n g  C o e f f i c i e n t s  of  R a d i a t i o n  fi j  C a l c u l a t e d  by  P r o p o s e d  
Me thod  (I) an d  by M o n t e  C a r l o  M e t h o d  (II). T h e  W a l l  ( 2 3 r d  s u r f a c e  
zone)  R a d i a t e s *  

NO. of absorbing 
z o n e  

o b~ 

0 

= 
o 

o 
o 

6 
7 
8 

9 
0 

1 
2 
3 
4 
5 
6 
7 
8 
9 
0 

21 
22 
23 
24 
25 

No.of calcu- 
lated part 

I 

II 

III 

IV 

V 

I 

II 

III 

IV 

V 

~UH(1) 

0,001 
0,000 
0,002 
0,000 
0,007 
0,004 
0,015 
0,016 
0,054 
0,079 

0,001 
0,002 
0,009 
0,005 
0,00I 
0,000 
0,014 
0,008 
0,004 
0,045 
0,049 
O,048 
0,12~ 
0,265 
0,257 

tH(II) 

O,001 
O, 000 
0,002 
0,000 

0,005 
0,002 
0,008 
0,009 
0,029 
0,042 

O, OO2 
O,O01 
O, 000 
O, 006 
0,002 
O, 000 
0,018 
0,005 
O, 006 
0,053 
0,058 
0,052 
O, 148 
O, 282 
0,269 

/i j(1) 

0,001 
O,O00 
0,004 
0,000 
0,009 
0,003 
0,013 
0,012 
0,036 
0,051 

0,002 
0,002 
O, 000 
0,006 
0,004 
0,001 
0,020 
0,014 
0,007 
0,065 
0,066 
0,044 
0,177 
0,275 
0,188 

f i j ( I I )  

0,001 
0,000 
0,004 
0,000 
0,008 
0,003 
0,013 
0,012 
0,037 
0,051 

0,003 
O, 002 
0,000 
0,006 
O, 003 
O,O01 
0,020 
0,011 
0,007 
O, 064 
O, 069 
0,043 
O, 179 
O, 276 
O, 186 

* 1, 3, 5, 7, 9, fuel spray zones; 2, 4, 6, 8, 10, zones of diathermic and absorbing layers; 
II, 14, 17, 20, 23. wall zone; 12, 15, 18, 21, 24, roof zones; 13, 16, 19.22, 25, bath zones. 

d l _ ( z I - -  ~t (1) 
dx 

shows  t h a t  o v e r  a f i n i t e  p a t h  l e n g t h  l t h e  r a t i o  of the  s c a t t e r e d  e n e r g y  to  t he  s u m  of t he  e n e r g i e s  s c a t t e r e d  
and  a b s o r b e d  i s  e q u a l  to  the  S c h u s t e r  n u m b e r  So. * 

O v e r  a l e n g t h  l t he  s u m  of t h e  s c a t t e r e d  and  a b s o r b e d  e n e r g y  f lux  d e n s i t i e s  i s  

/at t  = Io {1 - -  exp [ - -  (~z + 6)/]}; (2) 

the  t r a n s m i t t e d  e n e r g y  f lux  d e n s i t y  a t  a d i s t a n c e  x f r o m  the  o r i g i n  of the  r a y  i s  

I = I o exp [ - -  (cz + ~) x], (3) 

a n d  the  e n e r g y  f lux  d e n s i t y  s c a t t e r e d  in  a p a t h  l e n g t h  dx a t  a d i s t a n c e  x f r o m  the  o r i g i n  of the  r a y ,  a s  fo l lows  
f r o m  (1) and  (3), i s  

dI sc = [~Io exp [ - -  (a + ~) x] dx. (4) 

I n t e g r a t i n g  o v e r  a l e n g t h  l, we o b t a i n  
I 

I sc = 61o S exp [ - -  (~z + ~}) x] dx 
0 

_ ~ 10 { l - -  exp [ _  (~. @ ~) l]}. 
~+1~ 

By u s i n g  Eq.  (2) 

(5) 

*A.  S. N e v s k i i  w a s  c o n s u l t e d  in  t h i s  p a r t  of  the  work .  
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Fig. 1. T e m p e r a t u r e  dis t r ibut ion T in ~ of fuel 
sp ray  (1), roof  su r face  (2), slag (3), and heat ab so rp -  
tion densi ty of bath qB (4), in k W / m  2 along length of 
furnace  ca lcu la ted  by neglect ing sca t t e r ing  (dashed 
lines) and by taking sca t t e r ing  into account (solid 
lines) by the Monte Car lo  method [11] (a) and by the 
p roposed  method (b). The number  of ca lcula ted  
p a r t s  is  plot ted along the axis of absc i s sa s .  

I ~c F = Sc; (6) 
I art ~ ~-  

i . e . ,  the f rac t ion  of the energy  s c a t t e r e d  in each vo lume zone is  equal to the Schuster  number  in that zone, 
independently of the levsl  of values  of ~ and fi, the amount of radiant  energy  enter ing the zone, and the ray  
length in the zone. 

Thus,  by de termining  the attenuation of the energy  in zone j i t  is poss ib le  to judge the amount of r ad ia -  
tion s c a t t e r e d  and absorbed  in that  zone. The f rac t ion  of the radiant  energy  radia ted  f r o m  zone i which is 
s c a t t e r e d  in volume zone j, taking account of the energy  reaching zone j by replacing the absorpt ion  coeff i -  
c ients  in the volunxe zones  by attenuation coeff ic ients ,  can be de te rmined  f rom the genera l i zed  angular  coef-  
f icient  attij as  (Sc) j ~ t t  

Assuming that  the sca t te r ing  in each  of m 1 volume zones is  uni form and i so t ropic ,  i . e . ,  the c h a r a c t e r  
of the s c a t t e r e d  and se l f - rad ia t ion  in these  zones is the same ,  the exp re s s ions  for  the gene ra l i zed  angular  
radia t ion coeff ic ients  $ij taking account of sca t t e r ing  can be wri t ten in the following form:  

for  volume absorbing  zone j, 

at t-  art 
(Sc)k ~k *hi r r [ t--(Sc)i l  + ~ (7) 

1:=I 

for  su r face  absorbing zone j, 

( i = l ,  2 . . . .  n+nz;  ] =  1, 2 . . . . .  m); 

m 1 
@art : 

lPiJ ~"  - - i i  T X (Sc)h "" att 
k = l  

( i = l ,  2 . . . . .  n + m ;  ] = 1 ,  2, . . . ,  n). 

(8) 
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Substituting Eqs. (7) and (8) into the exp re s s ions  for  the 
account of r e rad ia t ion  by sur face  zones [14], we obtain for  the 

reduced reso lv ing  coeff ic ients  fij, 
volume absorpt ion of zone j 

nt  

~;q [1 --(Sc)i] hs = ~is + ]~ Rp ~lp fps ~tt 
p~ l  

rr$ t rll ttz i 

(Sc)h ~ ~ ] fpj ( S c ) k  1'~i/r "~kJ -'[- [ ~Pip" "~- ~ a t t  

k = l  p ~ l  k ~ l  

?ix 
att ,hattf = @il [ 1 - -  (Sc)~] -F ~ Rp rip ,vJ 

p ~ l  

m I nl  

+ Z ) 
k ~ l  p = t  

( i -~ l ,  2, . . . ,  n + m ;  j = l ,  2 . . . . .  m). 

Taking account of the fact  that  for  the volume absorpt ion  of zone j 
n~ 

p=I 

Eq. (9) can be wri t ten  as  
tz t m 1 

fiJ att.. ~h att~ . "Sc" ' attf 
P = I  k = l  

( i = l ,  2 . . . . .  n + m ;  j - - l ,  2 . . . . .  m). 

and taking 

(9) 

(lO) 

(11) 

An express ion  for  the reduced reso lv ing  coeff ic ients  fij can be obtained s i m i l a r l y  by taking account of 
i so t rop ic  sca t t e r ing  of radia t ion in volume zones and re rad ia t ion  by su r face  zones when the absorbing zone j 
is  a su r face  zone: 

n I lnl 
~g art , ~ ,t, art f .art = *q A l T ~] , ,p ,fp ,vs + ~] (Sc)k~;~. [~j (12) 

p : l  k = l  

(i-= 1, 2, . . . ,  n--] rn; ] =  1, 2 . . . . .  n). 

I t  should be noted that  if the radia t ing s y s t e m  has  (n--n1) su r face  zones with nondiffuse ref lec t ion and 
(m--mi)  volume zones with anisot ropic  sca t te r ing ,  ~]~t is  ca lcula ted  by the Monte Car lo  method [11], taking 
account of the appropr ia t e  laws of ref lec t ion and the values  of the sca t te r ing  indica t r ix  in these  zones. 

In con t r a s t  with the method of calculat ing reduced  resolv ing  coeff ic ients  used  in [11], which takes  account 
of sca t te r ing  by the Monte Car lo  method,  the p r e sen t  method makes  it poss ib le  to ca lcula te  genera l i zed  angular  
coeff ic ients  by s imple  computa t ional  a lgor i thms  without taking account of sca t t e r ing  and with s m a l l e r  expendi-  
t u r e s  of machine  t ime.  The genera l i ty  of the r e su l t s  obtained can be i n c r e a s e d  by using the p roposed  method,  
s ince the gene ra l i zed  angular  radia t ion coeff ic ients  ~a~  can be used in subsequent  ca lcu la t ions  to de te rmine  
the reduced  resolv ing  coeff ic ients  of radia t ion in systeJms with different  values  of the Sc number  but the same  
values  of the at tenuation coeff ic ients  for  the volume zones. The s m a l l e r  number  of pseudorandom numbers  
r equ i red  to ca lcu la te  the gene ra l i zed  angular  radia t ion coeff ic ients  without taking account of sca t te r ing  in-  
c r e a s e s  the accu racy  of the r e s u l t s  obtained, s ince the r equ i r emen t s  for  the number  of pseudorandom number s  
a r e  not a lways r e l a t ed  to the exact ing r equ i r emen t s  for  the uniformity and dynamics  of the dis t r ibut ion of these  
n u m b e r s  on the in te rva l  (0, 1) [20]. 

In addition, for  re la t ive ly  sma l l  zones the use of the Monte Car lo  method to ca lcula te  genera l i zed  angular  
coeff ic ients  by taking account of radia t ion sca t t e r ing  leads  to a dec r ea se  in accuracy ,  since the number  of 
individual radiant  s t r e a m s  t r ansmi t t ed  which can be t racked ,  and, consequently,  a lso  the number  sca t t e r ed  in 
a volume zone, is  apprec iab ly  s m a l l e r  than the number  of individual radiant  s t r e a m s  init ial ly d i rec ted  f rom the 
radiat ing zone. In this  ca se  the e r r o r  in calculat ing the dis t r ibut ion of s ca t t e r ed  energy i n c r e a s e s  in c o m -  
pa r i son  with the e r r o r  in calculat ing the dis t r ibut ion of energy  among zones  as a r e su l t  of d i r ec t  radiation. 
The e r r o r  in calculat ing the dis t r ibut ion of s ca t t e r ed  energy  by using the solution of  the s y s t e m  of l inear  
a lgebra ic  equations (7) and (8) or  (11) and (12) r e m a i n s  at the level  of the e r r o r  in de termining  the genera l i zed  

angular  radia t ion coeff icients .  
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On the bas i s  of our  method we developed an a lgor i thm and un iversa l  operat ing p r o g r a m s  for  a Minsk-22 
�9 compu te r  to ca lcula te  the reduced  resolv ing  radia t ion coeff ic ients  fij, taking account of sca t t e r ing  in the vol -  
ume zones  and re rad ia t ion  by the su r face  zones,  and the coeff ic ients  of rad ia t ive  exchange ~, ij fo r  the zonal 
nonl inear  a lgebra ic  h e a t - t r a n s f e r  and hea t -ba lance  equations [15, 16] for  a number  of zones  (n + m) -< 52. The 
p r o g r a m  provides  for  the s imul taneous  checking of the accuracy  of the calcula t ions  of ~ij, fij, and aij , based  

n+m n-4-m 

�9 on the p rope r ty  of c lo su re  (e. g.,  X ~ ij = 1 and ~ fij = 1) and the co r rec t ion  ( inc rease  in accu racy  of the 
] = 1  " ] = 1  

calculation) of aij  based  on rec ip roc i ty ;  i . e . ,  a~i = a'ii = ( a i i  + u i i ) / 2 ,  where  aij and a i i  a re  coeff ic ients  of r ad i a -  
t ive exchange between zones  i and j, oalculated 'dire~ctly f~omf i ;bY  using the equatioI~s of [15], and a~i and 
a~. a re  the ref ined coeff ic ients  of rad ia t ive  exchange The meaning of the re f inement  is  that  a ' i  and a ~ a r e  

calcula ted  by using r e su l t s  obtained m a number  of tma l s  equal to the sum of the numbers  of t r i a l s  used to 
obtain aij and aji. 

Using the p roposed  method we inves t iga ted  heat t r a n s f e r  in a s t ee l -mak ing  furnace.  The working 
chambe r  of the furnace was divided into f ive pa r t s  for  the calculat ion,  cor responding  to the five charging 
por ts .  Each pa r t  cons i s ted  of two volume zones (a fuel sp ray  in the lower  pa r t  of the working c h a m b e r  and a i r  
or  combust ion  products  in the upper  par t )  and three  su r face  zones (wall, roof, and bath). The total  number  
of zones was 25. The emis s iv i ty  of the furnace  lining was taken as 0.8 and that  of the bath as 0.6. The 
basic  ve r s ion  was heat  t r a n s f e r  in a pure ly  absorbing (nonscattering) medium,  i . e . ,  one with an attenuation 
coeff icient  K equal to the absorpt ion coeff icient  (K = ~ ; 6 = 0). The dis t r ibut ion of absorpt ion coeff ic ients  over  
the volume zones and other  c h a r a c t e r i s t i c s  of the h e a t - t r a n s f e r  model  for  this ve r s ion  a re  given in [14, 16]. 

To c o m p a r e  with the basic  ve rs ion ,  va r i an t s  were  computed in which the attenuation of radiat ion due 
both to absorpt ion  and sca t t e r ing  was taken into account. The Sc number  in these  va r i an t s  was a r b i t r a r i l y  
taken as 0.5; i. e. ,  ~ = ft. The at tenuation coeff ic ients  in the volume zones were  equal  to the attenuation coef -  
f ic ients  for  the basic  vers ion .  The genera l i zed  angular  coeff ic ients ,  the reduced resolving coeff ic ients  of 
radiat ion,  and the t e m p e r a t u r e  d is t r ibut ions  were  ca lcula ted  both by the method desc r ibed  in the p re sen t  pape r  
and by the method of [11]. 

A c o m p a r i s o n  of the ca lcu la ted  values  of the radia t ion coeff ic ients  $ij and fij for  the zonal  model  of a 
s t ee l -mak ing  furnace  by the two methods  shows that in spite of a significant change in the calculat ion scheme 
the radiat ion coeff ic ients  fij which take account of sca t te r ing  in the volume zones a r e  negligibly different.  The 
absolute d i f ference  in the values  of fij for  rows does not exceed 0.008 on the average .  The m a x i m u m  dif- 
f e rence  for  the whole fij m a t r i x  is 0.020, and for  individual columns of fij does not exceed 0.003 (Table 1). 

Analys is  of the t e m p e r a t u r e  dis t r ibut ion of the fuel spray ,  roof,  and slag, and the densi ty of heat  ab-  
sorpt ion by the bath along the length of the furnace  for  the basic  vers ion  and the va r i an t s  which include 
sca t te r ing  (Fig. 1) showed that dec reas ing  the value of the absorpt ion coeff icient  and s imul taneous ly  taking 
account of sca t te r ing  leads to a significant change in tim h e a t - t r a n s f e r  pa t te rn  in the working chamber .  This  
shows the necess i ty  of separa t ing  the expe r imen ta l  values  of the attenuation coefficient  into absorpt ion  and 
sca t t e r ing  components  for  h e a t - t r a n s f e r  calculat ions.  

The t e m p e r a t u r e s  of the volume and sur face  zones and the total  heat  absorbed  by the bath ca lcula ted  by 
taking account of sca t t e r ing  in solving the h e a t - t r a n s f e r  p rob lem in a s t ee l -mak ing  furnace  by the Monte 
Car lo  method [11] and by the p roposed  method do not differ  by m o r e  than 0.13~ 

Thus,  taking account of radia t ion sca t t e r ing  may  in individual c a se s  lead to a significant  co r rec t ion  of 
the h e a t - t r a n s f e r  pa t t e rn  in industr ia l  heating units. The p roposed  method of calculat ing radia t ive  h e a t - t r a n s f e r  
c h a r a c t e r i s t i c s  by taking account of i so t rop ic  sca t te r ing  gives  an accuracy  which is  adequate fo r  engineering 
calculat ions.  

N O T A T I O N  

~ ,  ]3, K, absorpt ion,  sca t te r ing ,  and attenuation coeff icients  of medium,  m - l ;  ~ij, ave rage  genera l ized  
angular  coeff icient  of radiat ion f rom zone i to zone j; fij, reduced resolving coeff icient  of radiat ion f rom zone 
i to zone j; aij  , coefficient  of rad ia t ive  exchange between zones i and j, W/~162 x, l) va r i ab le  and constant  ray  
lengths,  m; I 0, I, init ial  and running values  of radia t ion flux density,  W/m2; Sc, Schuster  number ;  n, m,  
numbers  of sur face  and volume zones in sys tem;  nl, number  of sur face  zones with diffuse ref lect ion;  ml,  
numbe r  of volume zones with i so t rop ie  sca t te r ing;  Rp, re f lec t iv i ty  of su r face  zone p; Aj, absorpt iv i ty  (emis -  
sivity) of sur face  zone j. 
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SCATTER OF SPECIFIC HEAT AND DENSITY OF 

FILLED MATERIALS IN SAMPLES OF 

FINITE DIMENSION 

S. G.  Z h i r o v  UDC 536.21 

The probabil i ty of obtaining values of the specific heat and density of fil led samples  that differ  
f rom the mean is  considered.  

In exper imenta l  de terminat ions  of the specific heat and density of small  samples ,  it is necessa ry  to 
es t imate  the possible deviation of the p roper t i e s  of the given sample f rom the mean values. Such a deviation 
may  occur  because,  when the sample is small ,  the number  of f i l le r  pa r t i c les  that the cons idered  volume con- 
tains is  a random var iable ,  and hence cha rac t e r i s t i c s  such as the specif ic  heat and density of the sample are  
also random var iables .  

Let  c be the specific heat of the cons idered  filled mater ia l .  F o r  simplici ty,  we shall consider  a com-  
posite of no m o r e  than two mate r ia l s .  Since 

c : c l P l g  r ~ c2P2g r 
(1) 
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