
The change in the or ienta t ion of the evapora t ion  head {horizontal and ver t ica l  posi t ions)  and a lso  the in-  
c r e a s e  in the t e m p e r a t u r e  of the cooling w a t e r  to 60~ had an insignif icant  effect  on the amount  of the r emoved  
power  and the t e m p e r a t u r e  within the hea te r .  

N O T A T I O N  

d, l, d i ame te r  and length of the porous  sample ,  respec t ive ly ;  T1-TI0 , t e m p e r a t u r e s ,  measu red  by the 
the rmocoup les  1-10 (Fig.  1) ;AT =Ts-T3, r a d i a l t e m p e r a t u r e  drop along thewick;  Q, supplied power; Q300o, q300 o, 
~00, supplied power ,  supplied hea t - f lux  dens i ty ,  h e a t - t r a n s f e r  coeff icient  at t h e t e m p e r a t u r e  T8=300~ , re*. 
spee t ive ly .  
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T H R E E - D I M E N S I O N A L  R A D I A T I V E  

P R O B L E M  W I T H  S H A D I N G  

V .  F .  K r a v c h e n k o  a n d  V .  M.  

H E A T - T R A N S F E R  

Y u d i n  UDC 536.3 

The p rob l em  of radia t ive  heat  t r a n s f e r  between diffuse g ray  su r faces  bounding a closed volume 
of a r b i t r a r y  conf igurat ion i s  d i scussed .  

Often in calculat ions of the heating of a i r f r a m e  s t ruc tu r e s  it is n e c e s s a r y  to solve p r o b l e m s  of radia t ive  
heat  t r a n s f e r  between the su r faces  of var ious  s t ruc tu ra l  e lements  forming the in te r io r  compar tmen t s  of an 
a i r c r a f t .  In many  c a s e s  the ent i re  bounding su r face  is nonconvex and has such a complex  configurat ion as to 
p r e s e n t  se r ious  diff icult ies in applying the zonal  method.  

�9 For  si tuat ions in which one of the d imensions  of such a bounded volume is much g r e a t e r  than all  the res t ,  
we have p roposed  [1] a method for  solving the p lana r  radia t ive  h e a t - t r a n s f e r  p rob l em with al lowance for  shading 
and have demons t ra ted  the substant ia l  influence of this f ac to r  on the dis tr ibut ion of qinc ove r  the su r face  of 
c o m p a r t m e n t s  of r ea l  s t r u c t u r e s .  In the p r e s e n t  study we e labora te  the method of analys is  of rad ia t ive  heat 
t r a n s f e r  with al lowance for  shading in the th ree -d imens iona l  case .  

We cons ider  the p rob lem of rad ia t ive  heat t r a n s f e r  between diffuse g ray  su r faces  bounding a closed vol-  
ume  of a r b i t r a r y  configurat ion.  An open volume can  be c losed by the addition of a f ict i t ious su r face  with e = 1 
and T = (qoo/a) 1/4, where  qoo is the diss ipated heat flux f rom the surrounding medium,  

We a s s u m e  that  the bounding sur face  c o m p r i s e s  N plane faces  having the shape of a convex rec tangle .  
These  a r e  actual ly  the kind of su r faces  that occur  in the ma jo r i t y  of rea l  p r o b l e m s ,  and any continuous su r face  
can a lways  be approx imated  with sufficient  a ccu racy  by a s y s t e m  of plane faces .  The t e m p e r a t u r e  and e m i s -  
s ivi ty dis t r ibut ions  ove r  each face a r e  va r iab le .  

The radia t ive  heat  t r a n s f e r  in such a region is descr ibed  by a sy s t em of Fredholm integral  equations of 
the second kind in the incident flux density:  

N 

qinc (p~) = ~ .I {cre (p~.) T r (p~) @ [1 - -  e (pj)] qinc (P~)} K (p~, pj) dFj, (1) 
i=I F i 

i = 1 ,  2 . . . . .  N, 

where  K(Pi, pj) is a function of the angular  coeff ic ients :  
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COS % (p~, Pi) s (P2 (P], Pl) if U=0, 
K (p~, pl) = K (p], Pi) = ~R= (p~, p,) (2) 

0 if U= l, 

~l  and ~o 2 a r e  the angles  between the no rm a l s  to the i - th  and j - th  faces  and the line segment  of length R(Pi, pj) 
joining points  Pi and pj,  and ~ is the vis ibi l i ty  p a r a m e t e r :  The point Pi " s e e s "  the point pj fo r  ~ = 0  and does 
not see  it for  ~t = 1. 

Points Pi and pj a r e  mutual ly  vis ible  if the angles between the no rma l s  to the su r faces  on which thepoin ts  
a r e  s i tuated and the segment  [Pi, Pj] have absolute  values l ess  than ~r/2, i .e. ,  if 

cos % (p~, pi) > 0, cos % (Ps, Pi) > 0 (3) 

and the segment  [Pi' Pj] does  not i n t e r sec t  any faces  of the su r face  o the r  than tt~e i - th  and j - t h  f aces .  The l a t t e r  con-  
ditions holds if e i t h e r  the segment  does not in te r sec t  the planes through these  faces ,  i .e. ,  

1 2 t n - - l l > l ,  k ' = l ,  2 . . . . .  N, k=/=i, ], 
where  

t~ = Ahx~ q- B~yi + Ckzl + Dh , 

A~ (x s -- x~) + B k (yj -- Yi) + Ck (z~ -- zi) 

and Ak, Bk, C k, D k are the coefficients of the equation for the plane passing through the k-th face, which are 
exp re s sed  in t e r m s  of the coordinates  of t h ree  c o r n e r s  of the face:  

l xi,h Yi,h 1 
~ O, 

z I 

Zt,k 

z~,k 1 

z3, h 1 

X2.k Y2.k 

X3.~ Ys.k 

or  the point of in te rsec t ion  Pk does not belong to the k - th  face,  
conditions 

t h , , > l ,  s = l ,  2, 3, 4, 

where  

(4) 

as  is indicated by fa i lure  of at  l e a s t  one of the 

(5) 

(x~ - -  x l ) ( y , ' - - y ,~ ) -  (x i -  x, '+,)(Yi--  Y~+,) 
th,,: ( x ~ _ x ~ ) ( y i _ y ~ + , ) _ ( x ~ _ x ~ + , ) ( y ~ _ y ~ )  , s =  l, 2, 3, 4, 

~;+ ,  = ~;,  y;+ ,  = y; ,  
4 4 

1 

x~, y'= (s =1, 2, 3, 4), x '  k, Y'k a r e  the coordina tes  of the c o r n e r s  of the k - th  face and the point of in te rsec t ion  
in the local coordinate  s y s t e m  0x 'y ' .  

We nowproceed  with the solution of the s y s t e m  of equations (1). On each face we over lay  a va r i ab l e -  
step computing gr id  with boundary points si tuated at  the faces (see Fig. 1). We denote the number  of gr id nodes 
on the j - th  face  by Mj =SR, and the number  of m e s h  cel l  by Lj = (S - 1)(R - 1), where  S and R a re  the numbers  
of nodes in the d i rec t ion  of the axes  0x' and 0y' ,  r e spec t ive ly .  We enumera te  the cel ls  in such a way that 

l = s + ( r - - 1 ) ( S - - 1 ) ,  s = l ,  2 . . . . .  S, r = l ,  2 . . . . .  R, 

and the o r d e r  numbers  of the nodes compr i s ing  the co rne r s  of these  ce l l s  a re ,  r espec t ive ly ,  

rn,.l = s -1- (r - -  1) S, 

m t , 2 = s - q - r S ,  s =  1, 2, . . . .  S,  

m~, 3 = s +  l + r S ,  r =  l, 2 . . . . .  R, 

m~,~ = s + 1 -t- (r - -  1) S. 

F r o m  the s y s t e m  of equations (1) we obtain the following express ion  for  the incident flux density at  the 
nod es:  
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We denote 

N Lj 

qinc~,m = ~ ~ .[ {(~e (pj)T4(pj)@ [1 --e(pi)  ] qinc(PJ)}K(PLm, pj) dFj, 
]=1 l ~ l  F], I 

i = 1 ,  2 . . . . .  N, r e = l ,  2 . . . . .  M~. 

(s) 

[ (p) = ~8 (p) T r (p) @ [1 -- e (p)] qinc(P ) (7) 

and approximate  the function {p) in the l - th  cell  of the j - th  face by the l inear  function 

(D (x', y') = a,,~ + a2,tx' -1-' a3,zY' + a~,lx' y' �9 (8) 

The coefficients  at, l of the approximating function a r e  determined f rom the condition that ~t coincide with 
f(p) at the c o r ne r s  of the cel l :  

�9 . ~4,lXrnl,.J]rnl,.--fJ,ml,~: , a , ,~  + a2,zX,n l �9 + a 3 , z g . ,  t �9 + " " - . ( 9 )  

"~=i ,  2, 3, 4. 

4 
at, l ~ V At '"nl ' z  

Aj ~ f/'mt,~ ' 
"C=I 

Solving (9), we obtain 

(lO) 

where  Aj, l is the determinant  of the sys tem of equations (9) and At ,m/ j .  denotes the corresponding signed 
minors. 

Taking (7), (8), and (10) into account,  we express  the integrals  in (6) in t e rm s  of the values of the func- 
tion f(p) at the nodes: 

4 

I l l  (Pj) K (Pi,m, Pj) dFl = ~ Bi,.~ t ~i,,n t , 
;'~', "r=l " ' 

(11) 

where  

Bl'mt,x= AL l l { A ' ' m t , , S K ( p i  .... Py)dF~+A2,. t•  , 
FI,I 

X S x'K (Pi... Pj) dFj + A~,mt,.S). g'K (pi,m, p.~) dFj -}- 
F],I ",l 

~ A~'mt,~ S x'y'K(Pl,ra, P~)dFi}. (12) 
F],t 

The coefficients Bj,ml r depend only on the form of the surface  and its parti t ioning. The integrals  en te r -  
tng into (12) a re  computed n~merical ly  according to Korobov's  algori thm for. the computation of multiple inte-  
grals  whose integrands do not contain s ingular i t ies  of o rde r  higher then x-1/2y -1/2. Although the integrands 
in (12) have h ighe r -o rde r  s ingulari t ies  in the cel ls  adjacent to points Pi,m situated along the edges and at the 
co rne r s ,  the corresponding integrals  a re  completely determined by finite functions of the points Pi, and as Pi 
tends to Pi,m the value of the integral  tends asymptot ical ly to its v a l u e a t  the point Pi,m- Accordingly,  the 

//~ i 

/ 

J 
Fig. 1. Computing scheme.  
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Fig. 2. E r r o r s  of de te rmina t ion  of qinc, ~ ,  according  to 
a plane computat ional  scheme .  

~l  ~inc ! * 

/ 
Fig. 3. Dis t r ibut ion of incident heat - f lux densi ty  qinc 
(kW/m 2) ove r  lower  face of a cube: 1) with shading; 2) 
without shading. 

computat ion of the in tegral  fo r  the point Pi ,m with a s ingular  integrand is replaced by computat ion of the in te-  
g ra l  for  a point Pi ,m +5 in the neighborhood of Pi ,m such that the iutegrand is bounded a t  that point.  Forpo in t s  
Pi ,m si tuated along an edge, P i ,m +5 is taken on the pe rpend icu la r  to the edge, and for  such points si tuated at 
a c o r n e r  the new point is t aken  on the median.  

Substituting (11) into (6), grouping t e r m s  by nodes, and taking (7) into account,  we obtain a s y s t e m  of 
l inea r  a lgebra ic  equations in the incident heat- f lux densi t ies  at the nodes:  

~nc ,.m ---- ~ ~ {(~ej..V4,. - (1--ej,.)qincJ,,,}tt~.,,,.,,,~, (13) 
i= 1 n~ I 

i =  1, 2 . . . . .  N, m ~  1, 2 . . . . .  M i, 

where  H is the mat r ix ,  analogous to the m a t r i x  of local  angular  coeff icients ,  with e lements  

Hi.m.j.~ = ~ B~,'~t,,~" (14) 
ml,T~n 

As in the ca se  of the m a t r i x  of local  angular  coeff icients ,  this  m a t r i x  sa t i s f i es  the c losu re  conditions 

N Mj 

]=1 n : l  

i = l ,  2 . . . . .  N, r e = l ,  2 . . . . .  Mi. 

Inasmuch as  the sa t i s fac t ion  of conditions (15) is essent ia l  for  convergence  of the i t e ra t ive  solution of 
the s y s t e m  (13) and as  c e r t a i n  violations of those conditions a r e  poss ib le  in compute r  calculat ions as a resu l t  
of computat ional  e r r o r s ,  before  the s y s t em  can be solved the e lements  of the ma t r i x  H mus t  be normal ized:  
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Hi.m,Ln = Di,m "' 

i, ] = 1 ,  2 . . . . .  N, m, n = l ,  2 . . . . .  M~(Mj). 

The sys tem (13) is solved i terat ively in o rder  to include the t empera tu re  dependence of the emissivi ty 
in conductive and radiative hea t - t r ans fe r  p roblems.  To speed up the convergence of the i terative p rocess  we 
invoke the principle  of conservat ion of energy in radiative heat t r ans fe r  within a closed volume: 

e (p) qinc(P) dF = ~ (re (p) T 4 (p) dF. 
F F 

Here we use as the initial data for the k-th iteration, ra ther  than the values of q.(k-l! , the quantities 
t f lC t,m 

_(k--i)  
qinct.m = qinc,:,m ~- 6, 

(16) 

(17) 

where i---- 1, 2 . . . . .  N, m----l, 2 . . . . .  M~, 

N Mj 

O ~ 1=1 n = l  N M] 

"~ ~ Cj nej n , , 

] = 1  n = l  

and Cj, n denotes the coefficients of the representa t ion  of the integrals in (16) in t e rms  of the values of the 
integrand at the nodes when approximated by express ion (8) in the cell .  

We have developed a FORTRAN p r o g r a m  in accordance  with the proposed method. We have used the 
p r o g r a m  to pe r fo rm calculations of the radiat ive heat t r ans fe r  in a rec tangular  parallelepiped with square 
contours of various lengths. The t empera tu re  of the ends and vert ical  faces is assumed to be constant and 
equal to 300~ and the tempera ture  of the horizontal  faces is assumed to be a constant  800~ The emissivi ty 
of all the faces is considered to be identical and equal to 0.5. The calculations a re  ca r r i ed  out according to a 
plane scheme for  the same contour.  Figure 2 gives the corresponding deviations of the values of qinc at the 
center  of the sides of the contour  f rom the values of qinc at the center  of the horizontal and vert ical  faces of 
the paral lelepiped.  It follows f rom the given data that the e r r o r s  of computation of qinc according to theplane 
scheme are  substantial for elongations L2/L i < 3. 

We have ca r r i ed  out a computation with allowance for shading in the case  of a cube with its f i rs t  quar te r  
excised (see Fig. 1). The t empera tu re  of the upper face is assumed to be 8000K, and the tempera ture  of all 
other  faces 300~ All faces have the same emissivi ty,  equal to 0.5. Figure 3 gives the result ing distribution 
of qinc over  the surface of the lower face. Also given in Fig. 3 is the distribution of qinc for  the case  inwhich 
shading is absent,  i.e., for  the whole cube with the same region at a t empera tu re  of 800~ on the upper face as 
when shading is taken into account. 

N O T A T I O N  

x, y,  z, coordinates;  x',  y ' ,  coordinates of local system; T, tempera ture ;  q~,  heat flux f rom surrounding 
medium; qinc '  incident heat flux; a, S te fan-Bol tzmann  constant; e, emissivi ty;  K(pi , pj), function of angular 
coefficients;  ~0, angle; Pi, P-', surface points; N, number  of faces;  Fj, a rea  of j - th face; Mj' L., number of nodes 
and cells  on j- th face; n ,  vt)sibility pa ramete r ;  t k, tk, s, p a r ame te r s .  J 
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