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C A L C U L A T I O N  O F  E F F E C T I V E  T H E R M A L  R A D I A T I O N  

A B S O R P T I O N  C O E F F I C I E N T  O F  A C A V I T Y  W I T H  

D I F F U S E L Y  R E F L E C T I N G  W A L L S  

S .  B .  K i s e l e v  UDC 536.3 

The s y s t e m  of in tegra l  equations of rad ia t ion  heat  exchange in a c losed cavi ty  is solved nu- 
m e r i c a l l y .  

One of the bas ic  r e q u i r e m e n t s  of  a c a l o r i m e t e r  for rad ian t  heat  fluxes is the total  absorp t ion  of al l  r ad i a -  
t ion incident on i ts  en t rance  opening, independently of the spec t r a l  composi t ion  and d i rec t ion  of the radiat ion.  
The mos t  effect ive  method of inc reas ing  the absorp t ion  of radia t ion is the use of cav i t ies  of different  conf igura-  
t ions to col lec t  the radia t ion.  The g e o m e t r y  of a cavi ty  can be changed so as  to make its radia t ion c h a r a c t e r -  
i s t ics  approach  those of a b lack  body as  c lose ly  as  poss ib le .  The actual  c h a r a c t e r i s t i c s  of the cavi ty  can be de-  
t e rmined  e i ther  expe r imen ta l l y  or  theore t i ca l ly ,  but the expe r imen ta l  a r r a n g e m e n t s  for de te rmin ing  the ab-  
so rp tance  of a cavi ty  a r e  so  complex  that  only the theore t i ca l  solution of this p rob l em is p rac t i ca l .  

The effect ive  t h e r m a l  rad ia t ion  absorp t ion  coeff icient  of a cavi ty  of any configurat ion is defined as  the 
r a t i o  

Qref (I) serf= 1 - - ~ ,  

where  

is the re f l ec ted  heat ,  and 

A r 

i = l  A i A o 

(2) 

Qin = .1% (r0) dAo (3) 
Ao 

is the incident heat.  H e r e  ~i(ri)  is an unknown function cha rac t e r i z i ng  the flux densi ty  of effect ive radia t ion  
f r o m  the i - th  zone of the cavi ty  su r face  (the subsc r ip t  o r e f e r s  to the opening); fi (ri) is a known function which 
c h a r a c t e r i z e s  the s e l f - r ad i a t i on  of the cavi ty  su r face .  

In o rde r  to find the unknown function ~i( r i ) ,  and consequently to de t e rmine  the radia t ion  c h a r a c t e r i s t i c s  
of the cavi ty ,  it is n e c e s s a r y  to solve the radia t ion  hea t -exchange  p rob lem in a c losed cavi ty .  By using the gen- 
e r a l i zed  zonal method this  p rob lem is reduced  to the solution of a s y s t e m  of in tegra l  equations of the fo rm [1] 

N 

r (r3 = g ~ ( r 3 +  ~ ~ f g j ( r j ) K ~ j d A j  (i = 1, 2 . . . . .  N) ,  (4) 
/=1 A 1 
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w h e r e  X i = 1 -  ai is the r e f l e c t i o n  coef f i c i en t  of the i - t h  zone of the cav i ty  s u r f a c e ;  gi (ri), d i s t r ibu t ion  of t h e r -  
ma l  flux dens i ty  o r  t e m p e r a t u r e  ove r  the i - t h  zone (specif ied in the boundary  condi t ions) ;  Kij, ke rne l  of  the in- 
t e g r a l  equat ion,  and is r e l a t e d  to the e l e m e n t a r y  diffuse angu la r  coef f ic ien t  by the e x p r e s s i o ~  d FdAi_dA j - 

KijdAj.  For  the g e o m e t r y  of the s y s t e m  shown in Fig.  1 the quant i ty  d FdAi_dA j is given by the e x p r e s s i o n  

d F d A _ d A  ' __ (nlr,.o)(n~rto.) dA~. 

As shown in [2], so lving Eq.  (4) is equ iva len t  to f inding the e x t r e m u m  of the funct ional  

' = .'~l S S ~p~ I(~.#A/IA, + 9 X (~ .I S qJ,~pfi(,,dA,dA, ) - -  (p~ dA, + 2 x .f g:~flA,. 
Aj.4.i 1=2 i=1 A i A  j ]=1 �9 121  A]  

(5) 

I f  the funct ions ~ol,..., g0 N a r e  d e t e r m i n e d  so as  to make  the funct ional  (5) an e x t r e m u m ,  they a r e  a l so  the so lu-  
t ion of the s y s t e m  of i n t e g r a l  equat ions  (4). Since it is diff icul t  to find the exac t  so lu t ions  for  the ihnct ions 
(yl(rl),..., ~0N(rN), we use the Ri tz  a p p r o x i m a t i o n  method [3] in which each  of  the funct ions ~oi(ri) is r e p r e s e n t e d  
as  a l inea r  combina t ion  of  M a p p r o p r i a t e l y  chosen  funct ions  ~im(r i ) :  

N (6) 
qDi(r i)= ~c~mr ( i =  1, 2, N), 

t n ~  1 

w h e r e  the cons t an t s  Cim (i = 1, 2 . . . . .  N; m =1, 2 . . . . .  M) a r e  found f r o m  the condi t ion 

01 (7) 
- - 0  (i l, 2 . . . . .  :V, r e = l ,  2 . . . . .  M). 

aci m 

This  s y s t e m  conta ins  MN a l g e b r a i c  equa t ions  with MN unknown coef f ic ien t s .  The a c c u r a c y  of the solut ion ob- 
ta ined  can be i n c r e a s e d  by i n c r e a s i n g  the n u m b e r  of t e r m s  in expans ion  (6). 

The method  d e s c r i b e d  is used  to ca lcu la t e  the e f fec t ive  abso rp t i on  coef f ic ien t  of  the cyl indri ical ly s y m -  
m e t r i c  c o m p o s i t e  cav i ty  shown in Fig.  2. Equa t ions  (4) a r e  so lved  sub jec t  to the fol lowing a s s u m p t i o n s  and 
bounda ry  condi t ion:  

1) the quant i t ies  X 1 = ~k 2 = •3 = )k do not depend on the wave length  or  d i r ec t i on  of the incident  r ad ia t ion ;  

2) r ad ia t ion  is r e f l e c t ed  and emi t t ed  d i f fuse ly  by the cav i ty  wa i l s ;  

3) fi(ri) = 0,, the s e l f - r a d i a t i o n  of  the cav i ty  wai ls  is e l imina ted  f r o m  the solut ion;  

4) the opening is r e p l a c e d  by an ideal  b lack  s u r f a c e  with a un i fo rmly  d i s t r ibu ted  ef fec t ive  rad ia t ion  flux 
dens i ty ;  

%(ro)  : 1 (;% : O, %(ro)------go(ro)); 

5) the bas i s  funct ions  in expans ion  (6) a r e  chosen  in the f o r m  

~i~ (ri) = [7 -1, (8) 

whe re  ll = r l ,  12 = r2, 13 = r3. The s u b s c r i p t s  c o r r e s p o n d  to the n u m b e r s  of the su r f ace  shown in Fig.  2. 

Using the a s s u m p t i o n s  and bounda ry  condi t ions ,  we obtain  f r o m  (5) '(7) 

AX = B, (9) 

w h e r e  X is a co lumn v e c t o r  of the unknown coef f ic ien t s  

xh=cj,~, k = ( ] - - l ) •  ( ] : 1 ,  2, 3; n = l ,  2 . . . . . .  ~4); (10) 

A is  the m a t r i x  of  the coef f i c ien t s  with e l e m e n t s  

(i) K~flA~dAy for ~ =/= ], 

azk = ~.i' [ ( / ' ) " - '  (l;)~-~ + ( I [ )~ - '  ( I ' ) ~ - ' ]  KudA~dA; - -  2 i' ( i ') '~§ for i = ]; 
AzA z 1 - - e h i  (12) 
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Fig. 1. Coordinates for defining the diffuse angular  co- 
efficient,  

Fig. 2. Geome t r i c  cha rac t e r i s t i c s  of cavity: 1-3) sur -  
face numbers .  
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Fig. 3. Effective absorpt ion coeff icient  of a cavity as a function of: a) 
angle of taper ;  b) height; c) radius of opening; d) emiss iv i ty  of wails:  
1) paral le l  radiat ion;  2) diffuse radiation. 

B is a column vector  with the following e lements :  

be = - -  2(1 --e)  ,[J" (ll)m-'h'iodAidAo, e = ( i -  1) X M 4- m 
AiAo (13) 

( i =  l, 2, 3, m-----1, 2 . . . . .  M). 

The sys tem of linear a lgebra ic  equations (9) was solved numerica l ly  by computer .  All the surface inte- 
grals  appearing in Eqs.  (2), (11), (12), and (13) were calculated by success ive  applications of Gauss ' s  formula 
[4] with 7, 6, 5, and 4 nodal points, respect ive ly .  With this integration scheme Qref  was evaluated with an e r r o r  
of no more  than 20% for M = 3, which cor responds  to a re lat ive e r r o r  Z~eeff- < 2%, for Serf>-0.9. A further  in- 
c r ease  in the number  of t e r m s  in expansion (6) does not lead to a significant increase  in accuracy .  The accuracy  
of the calculation can be increased  to any specified value by using Gauss ' s  formula with a la rger  number of 
nodal points, or  by employing other more  accura te  integrat ion schemes .  It �9 be noted, however,  that this 
leads to a sharp  increase  in computation t ime. For  example,  doubling the number  of nodal points leads to a 16- 
fold increase  in machine t ime. On the other hand, with an increase  in e e r  f the accu racy  of its calculation is 
sharply increased  as the resu l t  of the smal l  role played by Qref  in the overal l  heat balance [cf. Eq. (1)], and 
therefore  the accu racy  achieved is quite sufficient for pract ica l  purposes .  The calculat ions were per formed for 
two limiting cases :  1) the opening of the cavity radiates  diffusely; 2) the radiat ion enters  the cavity parallel  to 
the axis of symmet ry .  In all the calculat ions the cavity pa rame te r s  were as  follows: angle of taper  0 = 1.571 
rad;  height H = 2.0, radius R = 1.0 (scale of l inear dimensions);  radius of opening R 0 = 1.0; emiss iv i ty  ofwalls  
e=0.5.  
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The r e su l t s  of the ca lcula t ions  for cav i t ies  of va r ious  configurat ions a r e  shown in Fig. 3. It is c l ea r  
f r o m  the f igures  that the effect ive absorp t ion  coeff icient  of the cavity is higher  for  para l le l  than for diffuse 
radia t ion,  except  for a cyl indr ica l  cavi ty  with H < 2.0. With inc reas ing  depth of the cavity,  or a dec r ea se  inthe 
angle of t ape r ,  eef f approaches  a ce r t a in  l imit ing value a sympto t i ca l l y  (eeff = 1 for para l le l  radiat ion,  and eeff= 
0.943 for diffuse radiat ion) .  The re fo re ,  i nc reas ing  H beyond 4.0 or dec reas ing  0 below 0.5 for diffuse radiat ion 
i nc rea se s  eel  f only sl ightly.  The value of S e r  f is m o r e  ef fect ively  inc reased  by inc reas ing  the e m i s s i v i t y  of the 
cavi ty  walls  and dec rea s ing  the rad ius  of the cavi ty  opening. For  para l le l  radia t ion dec reas ing  the angle of 
t aper  0 below 0.5 is a lso  effect ive in increas ing  ~eff. By choosing opt imum values  of all  four p a r a m e t e r s  it is 
poss ib le  to produce a c a l o r i m e t e r  for t he rm a l  radia t ion  with c h a r a c t e r i s t i c s  c lose ly  approaching  those of a 
b lack  body. 

NOTATION 

0, angle of t ape r  of cavity;  H, height of cavi ty;  R, rad ius ;  R0, radius  of opening of cavi ty;  e, emi s s iv i t y  
of cavi ty  wal ls ;  eeff, effect ive e m i s s i v i t y  of cavi ty;  Qin, incident heat;  Qref ,  r e f lec ted  heat;  k, re f lec t ion  co- 
eff ic ient  of cavi ty  wal ls .  

i. 

2. 

3. 

4. 

LITERATURE CITED 

R. Siegel and J .  Howell, T h e r m a l  Radiat ion Heat  T r a n s f e r ,  McGraw-Hi l l ,  New York  (1972). 
E. M. Sparrow and A. Hail-Sheikh,  "A genera l ized  var ia t iona l  method for calculat ing radiant  interchange 
between su r f ace s , "  J .  Heat  T r a n s . ,  T r ans .  ASME, Sec. C, 87, 103 {1965). 
M. N. Otsis ik ,  Complex  Heat Exchange [in Russian] ,  Mir ,  Moscow (1976). 
D. McCracken  and W. Dorn, Numer ica l  Methods and FORTRAN P r o g r a m m i n g ,  Wiley, New York  (!964). 

SOME FEATURES OF THE THERMALLY CONCENTRATED 

CONVECTIVE MOTION OF A HARDENING BINARY 

MELT AND THE IMPURITY DISTRIBUTION 

P .  F .  Z a v g o r o d n i i  UDC 621.746.7.001 

Some fea tu res  of the t he rma l ly  concent ra ted  convect ive motion of a b inary  melt ,  hardening in 
a c losed r ec t angu la r  region with movable  boundar ies ,  and the impuri ty  dis t r ibut ion a re  inves-  
t igated numer ica l ly .  

It was shown in [i] that the impurity distribution in the hardening part of a crystallizing fixed meR is 
mainly determined by the nature of the change in the impurity concentration at the boundary between the hard 
and liquid phases. It was established in [2] that convective mixing of the liquid nucleus due to its temperature 
nonuniformity has a considerable effect on the nature.of the impurity distribution at the phase-transition bound- 
ary and, consequently, on the impurity distribution in the hardening part of the crystallizing melt. 

However, some features of the hardening of a binary melt were ignored in [i, 2]. Thus, when a binary 
melt hardens a concentrational nonuniformity develops in the liquid nucleus together with a temperature non- 
uni formi ty ,  due to the d i f ference  in the solubil i ty of the impur i ty  in the solid and liquid phases .  The re su l t  of 
the combined act ion of the t e m p e r a t u r e  and concentra t ion  nonuniformit ies  will be the occur rence  and develop- 
ment  of a t h e r m a l l y  concent ra ted  gravi ta t iona l  convect ive motion in the liquid nucleus of the hardening alloy,  
the fea tu res  of which should a lso  mani fes t  t h e m s e l v e s  in the nature  of the impur i ty  dis t r ibut ion.  

Consider  a r ec tangu la r  region filled with mel t  with initial  t e m p e r a t u r e  T O >T K and an initial impur i ty  con- 
tent  co, with re la t ive  d imens ions  l 1 = L J x o ,  l 2 = L2/x 0. The region in which the mel t  exis ts  is s i tuated in space 
such that 0 -< x l -  < Lt, 0 <- x2 -< L2, and the d i rec t ion  of the acce le ra t ion  due to gravi ty  de t e rmines  the posit ive di- 
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