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The  mean  radia t ion losses  in a diverging axia l ly  s y m m e t r i c  s t r e a m  of spher ica l  pa r t i c l e s  
a r e  de te rmined  on the bas i s  of a probabi l i s t ic  e s t ima te .  

The study of h igh - t empera tu re  heat t r a n s f e r  involving par t i c les  or drople ts  is  of grea t  in teres t  in 
many  a r e a s  of science and engineering.  This  p rob l em is espec ia l ly  important  in p r o c e s s e s  such as the 
cast ing of me ta l s  and the combust ion of powder fuel.  

In p rac t i ca l  calculat ions of rad ia t ive  heat t r a n s f e r  in d i spe r sed  media  bulk p a r a m e t e r s  of radia t ion 
a r e  used: the d i spe r s iv i ty  and the d i spers ion  indicatr ix .  Such calculat ions appl icable to va r ious  hea t -  
engineering devices  have been p e r f o r m e d  in [1]. For  severa l  d i spers ion  sys t ems ,  however,  s imple  e s t i -  
ma te s  of radia t ion lo s ses  can be made on the bas i s  of probabi l i s t ic  concepts  a s soc ia t ed  with the shielding 
of pa r t i c l e s  during the heat t r a n s f e r .  

For  our ana lys i s  we choose the most  important  p rac t i ca l  case,  that of a s teady axial ly  s y m m e t r i c  
diverging s t r e a m  of f r ee ly  falling spher ica l  pa r t i c l e s  or drople t s .  It will be a s sumed  that all  pa r t i c l e s  or  
drople ts  a r e  of the same size and that heat l o s s e s  can be incur red  only by radia t ion into the unshielded 
surrounding space .  For s implici ty ,  we will hencefor th  r e f e r  to pa r t i c l e s  only. 

We define a r andom p a r a m e t e r  of this d i spers ion  sys t em.  For this purpose  we single out a cy l in-  
dr ica l  l ayer  of height 2r 0 within the s t r e a m  of pa r t i c l e s  and t rack  i ts  downward motion during an a r b i t r a r y  
in terval  of t ime .  The heat loss  f rom this layer  is made up of the heat l o s se s  f r o m  i ts  component p a r t i c l e s .  
The contr ibut ions of different pa r t i c l e s  will not be the same,  however .  Thus,  an a r b i t r a r y  pa r t i c l e  l o -  
cated at the p e r i p h e r y  of the s t r e a m  will contr ibute  most  to the heat l o s ses  f r o m  the l ayer  while a pa r t i c le  
at the center  of the s t r e a m  will contribute leas t .  This  p ic ture  is explained by the shielding of the radia t ing 
sur face  of pa r t i c l e s  by neighboring pa r t i c l e s  and it de te rmines  the exis tence  of a d i sc re te ly  d is t r ibuted 
random p a r a m e t e r  in the fo rm of a re la t ive  shielded sur face  a r ea  of a pa r t i c l e .  

Using the axial s y m m e t r y  of the sys tem,  we will divide all pa r t i c l e s  within the se lec ted  s t r e a m  layer  
into groups  on the bas i s  of this p a r a m e t e r ,  combining pa r t i c l e s  with equal shielded sur face  a r ea s ,  and we 
will r e f e r  all  p r o p e r t i e s  of a pa r t i c l e  which depend on i ts  posi t ion in the s t r e a m  to the coordinate  of i ts  cen-  
t e r  of g rav i ty .  

Let rj be the c e n t e r - o f - g r a v i t y  coordinate  and Pj ( r j ,  R) be the shielding probabi l i ty  of pa r t i c l e s  in 
the j - th  group.  The function Pj(r j ,  R) will be defined as the probabi l i ty  that a pa r t i c l e  with i ts  center  of 
g rav i ty  at point r j  within the se lec ted  s t r e a m  layer  of radius  R has a shielded surface  4~r~Pi(r j, R). Given 
the number  of pa r t i c l e s  nj in e v e r y  group, we can find the mean  probabi l i ty  of sur face  shielding for a p a r -  
t ic le  in any a r b i t r a r y  s t r e a m  l aye r  and, a f te r  averaging  the resu l t  over  all  s t r e a m  laye r s ,  we can d e t e r -  
mine the mean probabi l i ty  of sur face  shielding for a pa r t i c le  during i ts  flow t ime: 

njPj (r~, R) 
Psh~--- ( x )  _ ( i ) ,  ] =  1, 2 . . . . .  l=-R--9--~ (1) 

4~r0 ~ ]~  nj ro 
i 
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[ 
Fig. I. Distribution of peri- 
pheral particles in a group 
in a stream layer. 

The  flow t ime  is f ixed by the  finite r ad iu s  R(t) of the d ive rg ing  s t r e a m  of p a r t i c l e s .  In o rde r  to e s -  
t ab l i sh  the funct ion P j ( r j ,  R), we use a g e o m e t r i c a l  mode l  of the packing  of sphe r i ca l  p a r t i c l e s  in an e l e -  
m e n t a r y  cy l i nd r i c a l  tube of height equal to the p a r t i c l e  d i a m e t e r .  We now in t roduce  the m e a n  packing  den-  
s i ty  of p a r t i c l e s  in the f o r m  of the r a r e f a c t i o n  p a r a m e t e r  of a l a y e r  R / R  0 = fl, which is  defined cont inuous ly  
within the r e g i o n  1 -< fl < oo Let us examine  a l a y e r  with a dense  packing  of pa r t i c l e s ,  whe re  R = R 0. In 
this  c a s e  the funct ion Pj ( r j ,  R) is e v e r y w h e r e  equal to  unity, except  at the p e r i p h e r a l  p a r t i c l e s .  Let  us 
find the bounda ry  value  P/ ( r l ,  R 0) on the bas i s  of the g e o m e t r i c a l  model  shown in Fig.  1: 

2arccos r~ 
P~ (rl, Ro) =- Po = Ro - -  ro 

2z~ 

This means that Pj(rj, R 0) is a step function defined in a discrete parameter space and assuming its char- 
a c t e r i s t i c  value  at the l a y e r  bounda ry  (rj = r l  = R 0 -  r0): 

Pj %, Ro) = 

1, j=#= R-~~ - -  1, 
r o 

1 r o Ro - -  a r c c o s - - ,  ] = - - -  1. 
RO - -  ro Yo 

(2) 

We next conver t  to d i m e n s i o n l e s s  quant i t ies :  

Rn 
Yj VO = _ _  

E o' ,o 
and d e t e r m i n e  the f o r m  of funct ion Pj(fij, fl0 = 1). It fol lows f r o m  condi t ion (2) fo r  j ~ v 0 -  1 that 

0pj (~j, 60) = o, 
ogj 

1 - pj  (~j, ~o) = 0. 

Combining  these  two r e l a t i o n s  th rough  i n d e t e r m i n a t e  coef f ic ien ts  ~, y, and then in t eg ra t ing  the r e su l t an t  
equation,  we have 

Pj ([3j, ~o) = 1 - -  C exp - -  7 (13j + ~). (3) 

To  th is  solut ion we add the boundary  condi t ion 

Pl (~o - -  Vo', ~o) = Po 

and obtain 

Furthermore, 

With the aid of e x p r e s s i o n s  (3), 

F o r  all  s t a t e s  of the s t r e a m  l aye r ,  with fl > fl0, 
out by 

(4) 
Po = 1 - -  C, 60 - -  %-' + '1 = 0. 

s i nceP j ( f l j ,  fl0) = l f ~  c v  0 - 1 ( f l 0  >-flj +p~l) ,  h e n c e y ( f l 0 - f l j - v ~  1) = o O a n d  

1 
7 = - -  (5) 

~ 0 - -  I 

(4), and (5), we can transform condition (2) to 

6o - -  ~ j  - -  Vo~ 
Pj (~j, ~o) = 1 - -  (1 - -  Po) exp - -  ~o - -  1 

the ,step funct ion Pj(fij, B0) is  c h a r a c t e r i s t i e a l l y  smoo thed  
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Pj (~i, ~) = 1 - -  (1 - -  Po) exp ~ - -  1 

Assuming  that  the p a r t i c l e s  a r e  smal l  (v o >> 1), we d e t e r m i n e  the mean  probab i l i ty  Pj(flj, fib 

P~h(~) ~- < P~ (g j, ~) > = I -- (I --  P0) E (~), 

where 

we have 

(6) 

(7) 

E(~)--(exp--[~--~J--v~ ( ~ - - I )  { l - v ~  g--v~ 
[~--1 > = 2  ~ [~--1 + e x p  [~--1 " (8) 

Since the r a r e f a c t i o n  p a r a m e t e r  for  a s t r e a m  l a y e r  is  def ined cont inuously  within the r eg ion  1 -< fl < 0% 
the p robab i l i ty  Psh(fl) m a y  be a v e r a g e d  over  the in t e rva l  1 - fif. Namely,  

Psh-- < Psti(~)> = 1- - (1- -Po)S(~sh) ,  (9) 

where  

f 1 ~f 
S(gf)-  <E(l~) > = 2~ In 

t gf--  1 I --v~ -i 

~f 
1--Vo'  1 ! ( ~ ) ~ e X ,  ( 

-- ' ]~f--V~ "l -~ '~-~1 \p--VO / \ 

~ - -  VO 1 

The integral in (i0) can be easily expressed in terms of an integral exponential function: 

1 ~f{ f~--I ~ ' f J - - v o l l d ~ =  [ 3 f + l - - 2 v ~  l e x p ( [ ~ f - - v ~ - ' )  

1 

~f - - I  ~-~--i 7 " + e(13f-- 1) ~ f - -  1 " 
(11) 

Inserting (10) and (11) into (9) yields 

_P0)21 I--~o' In ~--v~-' l--v~-' P6h= 1--(1  
L 13f-- 1 1 - -  u ~ f - -  VO 1 

~f - -v~  l ~Sf--1 ~ f - - 1  l~f - - I  + e(13f - 1 )  , 
,12, 

~ f - ,  �9 

Accord ing  to this  express ion ,  the mean  p robab i l i t y  of a p a r t i c l e  su r f ace  being shie lded dur ing  i ts  flow t ime  
Psh  is  d e t e r m i n e d  by the r e l a t i ve  p a r t i c l e  d imens ion  v~ t and the final  va lue  of the r a r e f a c t i o n  p a r a m e t e r  
fif for  a s t r e a m  l a y e r .  Equation (12) is  r e p r e s e n t e d  g raph ica l ly  in Fig.  2. Using the ini t ial  e x p r e s s i o n  (1), 
we now find the mean  value of the su r f ace  shielding of a pa r t i c l e :  

( x > =: 4~r~Psh �9 (13) 

A particle having such a shielded surface area will be called a characteristic particle; its specific heat 
losses correspond to the specific heat losses of the entire stream. 

Let us then determine the losses from an unshielded particle, using the solution given in [2] to the 
problem of heat conduction in a sphere with uniform Stefan-Boltzmann boundary conditions and considering 
that  T (r, t - 7) >> Ta, 

! 
r 2Bi {~ + (Bi - -  I)2} -V r 0 sin ~ . - -  

T(r, t - -  x) ~ 1)n+ a r~ exp (--  [~ F ). -- _ _  2 o (14) 
"F (~) (--  ~ (~2 + BP - -  Bi) r 

.=1  

Averag ing  the t e m p e r a t u r e  ove r  the volume and taking into account  that  Bi << 1, we find 

T (t -- x) ) = T (x) exp (-- 3 Si Fo). (15) 

The Bi number in this expression does not remain constant during the flow time of particle, because the 
temperature of its radiating surface changes. Therefore, Bi may be replaced by its average value (Bi) 
over the time interval T -- ~, and this value is found by solving (14) for r = r 0 and Bi << 1: 

! 

Bi ] V - ~  Bi > 3 < gi > Fo " 
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Fig. 2. Probability Psh as a 
function of the rarefaction 
parameter  fif for a corn- 
minuted melt jet.  

According to [3], the initial value of the Bi number is 

(T(~)  ~ s r  o 
B i = c o ~ \  I00 / )~ �9 (17) 

In t e r m s  of (15), consequen t ly ,  the  spec i f i c  heat  l o s s e s  f r o m  an  unsh ie lded  p a r t i c l e  a r e  

Q = cT (~) { 1 - -  exp ( - -  3 < Bi > Fo)}. (18) 

F u r t h e r m o r e ,  (Bi> = {a> r0/~. with <a> = c0r 3. In the e a s e  of a sh ie lded  p a r t i c l e  the  concept  of 
the equ iva len t  Bi n u m b e r  m a y  be i n t roduced :  

< Bi > sh~ < r >shro , 

w h e r e  <a}s h=(l-psh)(oz>, i . e . ,  

< Bi >sh ~- (1 --Psh ) < Bi >. (19) 

In th i s  way,  wi th  the  a id  of (18) and (19), the  heat  l o s s e s  f r o m  a sh ie lded  p a r t i c l e  can  be  e x p r e s s e d  a s  

Qsh= cT (~) { I - -  exp [ - -  3 (I --Psh)< Bi > Fo]}. (20) 

Fo r  a h i g h - t e m p e r a t u r e  s y s t e m  of d r o p l e t s  w h e r e  the l a t t e r  m a y  be  coo led  be low the i r  f r e e z i n g  point ,  it 
b e c o m e s  n e c e s s a r y ,  in v iew of the s t ipu la t ions  on the solut ion  of (14), to i m p o s e  on (20) the  r e s t r i c t i o n  
that  the  s t a t e  of the  m e d i u m  cannot  change .  T h i s  r e q u i r e s  that  

< Bi > > < BiL>, (21) 

where the value of the limiting number <Bi> L is determined from the expression 

, s inV3  < Bi >L Ts 

( ( B i > L ~ -  = ] / 3  < Bi > L -- ~(~)- 
] (si.V3<Bi>L 

\ Bi In \, 3<Bi>L �9 

(22) 

which can easily be derived by averaging solution (14) for r = r 0 and Bi << 1. 

As an example, let us determine the heat losses from a jet of eomminuted molten stainless steel 
with the following values for the parameters  needed in the calculation: R 0 = 15 �9 10 -3 m; v 0 = 10, T(~r) 
= 2073~[; /3f = 1.1; height of the comminuted melt jet 0.3 m. 

According to [4], the thermophysical character is t ics  of interest  here are: ~ = 29.1 W/m �9 deg; c 
= 0.84 KJ/kg .deg C; a = 0.54.10 -5 m2/sec; T s = 1743~ CoG = 2.60 W/m 2 .deg r 

At a pouring rate  of 1 m/sec  for metals, the flow time of a character is t ic  droplet is  0.3 sec, i . e . ,  
Fo = 1.62. With the aid of (14) and (17), we find Psh = 0.95 and Bi = 3.22 - 10 -2. A graphical solution of 
Eq. (16) yields <Bi> = 2.61 �9 10 -2. According to Eq. (22), the < Bi>L number is equal to 2.49 �9 10 -2 and, con- 
sequently, requirement (21) is  satisfied. Equation (20) yields the heat losses from a comminuted melt 
jet: Qsh = 9.3 KJ/kg 

If one assumes fif= 2 here, with all other conditions as before, then, Psh = 0.775 and Qsh = 42.3 
KJ/kg. 

r j  
nj 

N O T A T I O N  

is the coordinate of the center of gravity of a part icle in the stream layer; 
is  the number of par t ic les  in the group with coordinate rj; 
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n ,s the 
Pj(flj, fi) i s  the 
Psh(fi) i s  the 
P0 is  the 
R 0 is  the 
R ,s  the 
t f -  T IS the 
r 0 is  the 
T(r ,  t -  ~') is  the 
T(r,  t -  ~ = T (r, 

t - ~') - 273'K 
T a is  the 
( W ( t -  ~)) is the 
T(T) is the 
T s is  the 
c Ls the 
P ~s the 
a ~s the 
c o . s  the 

is  the 
k is  the 
Qsh Is  the 
Fo is  the 
Bi ~s the 
Q ,s  the 
(x) Is  the 
<Bi) e ~s the 
(Bi) L ~s the 
Psh  Is  the 

total  number  of pa r t i c l e s  in the s t r e a m  layer ;  
probabi l i ty  of sur face  shielding for  an a r b i t r a r y  par t ic le ;  
mean shielding probabi l i ty  for a pa r t i c l e  in the s t ream;  
shielding probabi l i ty  for a pa r t i c l e  at the s t r e a m  boundary; 
radius  of the s t r e a m  layer  at the initial moment;  
radius  of the s t r e a m  layer  at any instant of t ime  t; 
flow t ime  of a par t ic le ;  
rad ius  of a par t ic le ;  
instantaneous t e m p e r a t u r e  at an a r b i t r a r y  point of the par t ic le ;  

ambient  t empera tu re ;  
ave r age  t e m p e r a t u r e  of a par t ic le ;  
initial  t e m p e r a t u r e  of pa r t i c l e s  in the s t r e a m  layer ;  
t e m p e r a t u r e  of solidification; 
specif ic  heat; 
density; 
t he rm a l  diffusivity; 
radia t ion constant; 
emiss iv i ty ;  
t he rm a l  conductivity; 
specif ic  heat loss  f r o m  a shielded par t ic le ;  
Four i e r  number;  
Biot number;  
specif ic  heat loss  f r o m  an unshielded par t ic le ;  
mean  shielded sur face  a r e a  of a par t ic le ;  
equivalent Biot number;  
l imit ing Blot number;  
mean  probabi l i ty  of sur face  shielding for a cha rac t e r i s t i c  pa r t i c l e .  
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