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The t h e r m a l  r e s i s t a n c e s  in a s t r e a m  a re  analyzed and the val idi ty  l imi t s  of the quas ihomog-  
eaeous  approx imat ion  a re  es tab l i shed ,  on the ba s i s  of informat ion  about the t e m p e r a t u r e  of 
the phase s  during rad ia t ive  heat ing.  

In view of the t rend toward higher  opera t ing  t e m p e r a t u r e s  in many  heat  and m a s s  t r a n s f e r  p r o c e s s e s ,  
with the advantages  of using the radia t ive  m e c h a n i s m  for  heating a gaseous  heat  ca r r i e r~  s tudies  have been 
made  recen t ly  concerning the in te rac t ion  between a h i g h - t e m p e r a t u r e  r ad ia to r  and a gas  s t r e a m  which 
c a r r i e s  f i n e l y - d i s p e r s e d  solid p a r t i c l e s  [1, 2, 3]. The sui tabi l i ty  of such gaseous  suspens ions  de r ives ,  
e s sen t i a l ly ,  f r o m  the fac t  that mos t  mono-  and dia tomic  gases  a r e  d i a the rma l  within the p rac t i ca l ly  i m -  
por tan t  t e m p e r a t u r e  range  up to 5000~ and that, t he re fo re ,  adding a definite amount  of f i ne ly -d i spe r s ed  
solid p a r t i c l e s  of a highly absorp t ive  m a t e r i a l  e n s u r e s  the n e c e s s a r y  absorp t ion  c h a r a c t e r i s t i c s  of the 
s t r e a m .  

We may  also  point out a s i m i l a r  p r o c e s s  occu r r ing  in nature ,  namely  the in te rac t ion  between so la r  
radiant  heat  and the d u s t y a t m o s p h e r e s o f E a r t h ,  Mars ,  e tc .  F o r  calcula t ing the heat  t r a n s f e r  f r o m  the 
r ad i a to r  to the gas  in such s y s t e m s ,  one often u s e s  the model  of a quas ihomogeneous  med ium with effect ive 
t he r mophys i ca l  and optical  p r o p e r t i e s .  This  convenient  and in many  c a s e s  suff icient ly accu ra t e  approach  
has ,  however ,  a l so  the following sho r t comings .  

The complex  p r o c e s s  of heat  t r a n s f e r  is s impl i f ied  he re  by d i s r ega rd ing  the effect  of radia t ion s c a t -  
t e r  at  the p a r t i c l e s ,  and yet  the ampli tude of the r ea l  s c a t t e r  function is s o m e t i m e s  quite l a rge  [3]. It is  
not poss ib le  to account  for  the t rue concentra t ion  f ield of a s t r e a m  and for  the po lyd i spe r s iv i ty  of the d i s -  
pe r s i ng  phase .  Any ef fec t  of the in ter  phase  heat  t r a n s f e r  on the ra te  of change of pa r t i c l e  enthalpy is ig-  
nored  comple te ly ,  along with the r a t e  of net heat  t r a n s f e r  f r o m  the r ad i a to r  to the gas .  The s ignif icance 
of the l a t t e r  f ac to r  will be analyzed in this a r t i c l e .  

Es tab l i sh ing  the validi ty l imi t s  of the quas ihomogeneous  approx imat ion  r equ i r e s  a compara t ive  
ana lys i s  of the p r o c e s s  r a t e s  at  va r ious  s tages  of heat  t r a n s f e r  f r o m  the r ad i a to r  to the gas .  The homog-  
eneous model  is obviously unsui table  for  this purpose ,  in pr inc ip le ,  and it is n e c e s s a r y  to cons ider  the 
actual  s y s t e m  s t ruc tu re  where  solid a e r o s o l  pa r t i c l e s  s e rve  essen t i a l ly  as the in te rmedia te  heat  c a r r i e r .  
In this case  rad ia t ive  heat ing of the gas  is effected in s e v e r a l  s teps:  the t he rma l  radia t ion is abso rbed  by 
p a r t i c l e s  during the f i r s t  s tage,  p a r t  of the heat  then r a i s e s  the i r  enthalpy and p a r t  is  t r ansmi t t ed  to the 
gas  by the in te rphase  heat  t r a n s f e r  m e c h a n i s m .  The f i r s t  s tage will not be cons idered  he re  any fur ther ,  
as  it has  been t rea ted  a l r eady  in many s tudies  dealing with the p rob lem under  subs tant ia l  s impl i f ica t ions  
[4, 5]. Both the second ands.the third s tage have been exp lored  to a much l e s s e r  extent,  and the a p p r o x i m a -  
tion of exis t ing solut ions to the p r o b l e m  is thus compounded [6, 7]. In view of this ,  an approx ima te  theore t i -  
cal  and numer i ca l  ana lys i s  was p e r f o r m e d  in [8] on a m o r e  comple te  ba s i s ,  and the r e su l t s  will be used  
he re .  

This  ana lys i s  is ba sed  on the knowledge of p r o c e s s e s  occur r ing  in a typical  he te rogeneous  cell ,  such 
a cell  model  having been p roposed  e a r l i e r  for  the study of gaseous  d i spe r s ions  flowing through ducts [9]. 
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Under the conditions of our p rob l em,  the cell  boundar ies  a re  adiabat ic  and, under  ce r ta in  st ipulat ions (that 
the pa r t i c l e s  be sufficiently sma l l  to l imi t  the in te rphase  hea t  t r a n s f e r  to conductive heat  t r a n s f e r  only, that 
the pa r t i c l e s  be sphe r i ca l  and equal in s i z e ,  that the p r o p e r t i e s  of both phases  va ry  ve ry  l i t t le  during hea t -  
ing, and that the radia t ion emi t t ed  by p a r t i c l e s  be negligible in compar i son  with the radia t ion absorbed) ,  the 
conduction of heat  is desc r ibed  by the following s y s t e m  of equations:  

OT ( O~T ~ 2 0T ) 
= a  s : . . . . .  , O-:::r.z~r s; O'r Or 2 r Or 

OT ( O~T + 2 0T ) 
= a . . . .  , r s -~ r .~  re; 

O~ Or 2 r Or " 
(1) 

3 - - -  
for "c=0  T = T . ,  r e = r  sV 1-I-[$-1; 

OT [ OT I ~ OT [ OT I~=~s+_[ 1 
Or ,=0 = O; ~ 1 ~ = ~ = :  Or Or /=%= ~"" "4  k]qR " 

This  sys t em,  in the d imens ion less  ve r s ion ,  was solved numer ica l ly  on a model  M-220 compute r .  As a 
resu l t ,  we have obtained data on the t rends  of local  and mean  t e m p e r a t u r e s  in both phases ,  on the Nusse l t  
number  as a function of the heating t ime ,  on the concent ra t ion  of pa r t i c l e s ,  and on the the rmophys ica l  
p r o p e r t i e s  of both phases .  Assuming  a z e r o - g r a d i e n t  t e m p e r a t u r e  field inside a pa r t i c l e ,  we have s imp l i -  
fied s y s t e m  (1) substant ia l ly  and have obtained an approx imate  analyt ical  solution by the Goodman in tegra l  
method [8]. When the or iginal  hea t  wave has r eached  the cel l  boundar ies  and a t e m p e r a t u r e  field has  been 
es tab l i shed ,  then the mean  t e m p e r a t u r e s  of both phases  can be desc r ibed  by the following re la t ions :  

l + z  N u ( l + z ) ~  1--exp --~-NuFo*(lq-z)  ; (2) 

~ s - - ~  N u ( l + z )  l - - e x p - - - ~ - N u F o * ( l - l - z )  . (3) 

Here  
�9 ) ~ x  0 4L (T - -  T,,) Fo*::: e ~  ; 

k] qR r s ' rsCs Ps 
(4) ,) 

C s z = .  g; Y u = 2  (rc-~-rs)(r~-]-rc"s-l-r~) = const. 
c r~--0,25r s(r  c [ r s)2 

According  to the n u m e r i c a l  solution, the Nusse l t  number  d e c r e a s e s  rapidly  f rom infinity toward the t h r e s -  
hold level  Nuoo ~ 2 + 3~ 0"28 as  the F o u r i e r  number  i n c r e a s e s ,  which ag ree s  a lso  with Eq. (4), and i t  thus 
exceeds  the usual ly  accep ted  value 2.0 by an amount  which i n c r e a s e s  with the concentra t ion of pa r t i c l e s  in 
the s t r e a m .  The mean  phase  t e m p e r a t u r e  s ca lcula ted  numer i ca l ly  agree  with those ba sed  on fo rmu la s  (2) 
and (3) beginning a l r eady  at  Fo* ~- 10 -2 .  Moreover ,  the initial  p r o c e s s  s tage is c h a r a c t e r i z e d  by an a lmo s t  
constant  gas t e m p e r a t u r e  leading the t e m p e r a t u r e  of heated pa r t i c l e s .  This  informat ion about a t r an -  
s ient  (in t e r m s  of conductive heat  t r ans fe r )  of a cell  al lows us  to evaluate  the s ignif icance of the var ious  
p r o c e s s  s tages  as  well  as the total and the component  t he rma l  r e s i s t a n c e s .  We will apply the conventional 
method of compara t i ve  ana lys i s  to each component  t he rma l  r e s i s t a n c e ,  for  an evaluation of the net heat  
t r a n s f e r  and for  pinpointing that p r o c e s s  which l imi t s  its r a t e .  F r o m  the viewpoint of the homogeneous 
model ,  only rad ia t ive  heat  t r a n s f e r  i m pos es  some  l imi ta t ions  on the heating ra te .  Le t  us cons ider  this 
f r o m  the viewpoint of the he te rogeneous  model .  If Q denotes  the amount  of heat  t r ansmi t t ed  pe r  unit  t ime 
f r o m  the r ad ia to r  to the gas and F* denotes  some  conveniently defined effect ive sur face  a r e a  in the appa -  
ra tus ,  then the ra te  of the resu l t ing  p r o c e s s  can be evaluated in t e r m s  of a quantity whose s ignif icance is 
that of a t r a n s m i s s i o n  coeff icient  k. The the rma l  r e s i s t a n c e  R T will t h e n b e  inve r se ly  propor t iona l  to this 
coeff icient  k: 

Q ; R~-'- 1, T o -  r (5) 
k ~  F* (T o -  T) kF* Q 

This  amount  of heat  Q is t r ansmi t t ed  f r o m  the pa r t i c l e s  to the gas by the m e c h a n i s m  of in te rphase  heat  
t r a n s f e r ,  

Q==F (T~,--T); R - - - : - -  I Ts--T (6) 
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The amount  of hea t  r a d i a t e d  f r o m  the s o u r c e  and a b s o r b e d  by the p a r t i c l e s  is 

1 T o - -  T s Qr=Q+Qs=%F~(To--T~);G~ r & - q~ ( 7 )  

Here Qs is determined from the change of enthalpy of solid particles, in accordance with the heat balance 

5Ts Q r 5Ts kiqn 2 
q s  = z  ; = I  F z  - - -  ( 8 )  
Qr 5T Q 6T 4c~ (T s - -  T) Nu (@s - -  0') 

Le t  us  e x p r e s s  the total  t h e r m a l  r e s i s t a n c e  B T in t e r m s  of its componen t s .  F o r  this p u r p o s e  we wr i t e  (5) 
as  

RT= TO--TQ To--T ( Q r  Qs ) T s - - T  =:  - -  I + - -  ( 9 )  
Q O 

A c c o r d i n g  to the def ini t ion of the componen t  t h e r m a l  r e s i s t a n c e s  (6)-(7), we have 

RT= Rr@ R s -~- R, (10) 

Q = KrZ-' 6T-" (1.1) 

The t e r m  B s accoun t s  for  the d e c r e a s e  in t h e r m a l  flux due to heat  a c c u m u l a t i o n  in the p a r t i c l e s  and it is 
equ iva len t  to the t h e r m a l  r e s i s t a n c e  of the p a r t i c l e s ,  r e f e r r e d  to condi t ions  of sequent ia l  heat  p ropaga t ion .  
Since in the s t e a d y - s t a t e  hea t ing  s tage  (r - -  ~) 6Ts  = ST, hence  

Rs~o= Rrz; RT,~= R r (1 @ z) + R. (12) 

On the o the r  hand, in the ini t ial  s tage  the re  a p p e a r s  an addi t ional  t h e r m a l  r e s i s t a n c e  due to p r i o r  heat  a c -  
cumula t ion  in the p a r t i c l e s  

AR s : :  Rs--Rs. =Rrz(  8Ts6T - - 1 ) .  (13) 

F o r  the individual  componen t s  of the total  t h e r m a l  r e s i s t a n c e ,  r e f e r r e d  to the r e s i s t a n c e  to r ad ia t ive  hea t  
t r a n s f e r ,  we have 

R (z r qR k] __ 2 R s~o 
-- - -  ; . . . .  z .  ( 1 4 )  

Rr cz 4 (T O - -  T s ) cz Nu (80 - -  Os) R r 

From (8) and (13) follows 

Then  

•  _ 2 (1 : z). (15) 
R r Nu (@s - -  0) 

R T _ 2 (  1 i )  . (16) 

R r Nu ~s - -  ~' 0'o - -  ~s 

The q u a s i h o m o g e n e o u s  a p p r o x i m a t i o n  c o r r e s p o n d s  to the e x t r e m e  case  of an infinite r a te  of i n t e r -  
phase  hea t  t r a n s f e r  (Nu - -  ~)  and equal  hea t ing  r a t e s  of both p h a s e s  6Ts  = ST. Then,  a c c o r d i n g  to e x p r e s -  
s ions  (14)- (16), 

R* R~ 'R:y = 1 + z. (17) 
Rt = 0 ;  ..... Rr = z ;  Ra " 

Unlike in a quasicontinuous medium, therefore, in a real gaseous suspension there appear two addi- 
tional resistances to heat transfer from radiator to gas: they are a consequence of the finite rate of ther- 
mal interaction between both phases, namely a resistance R/R r to direct interphase heat transfer and a 
resistance ARs/l~ r due to prior heating of the particles in the initial process stage. 

In order to illustrate the significance of these two additional thermal resistances, we have shown 
some results of calculations in Figs. 1 and 2. The components of the total thermal resistance 1Ri,/IR r are 
shown in Fig. la  for a system of graphite particles suspended in nitrogen (N2-C) under a pressure P = 1 
bar, at a temperature T = 1000~ and with a relative mass flow rate/~ = 1 kg/sec/kg/sec, as a function 
of the Fourier number (dimensionless process time) and determined on the basis of the approximate theo- 
retical solution (top curve) as well as on the basis of numerical calculations on a digital computer (bottom 
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Total thermal resistance as a func- 

curves) .  The trend of the curves  calculated for other con- 
ditions in the N2-C sys tem was s imi lar .  It must  be noted 
that the resul ts  obtained by both methods are  in sa t i s fac-  
tory  agreement ,  confirming the validity of formulas  (2) 
and (3) for Fo* -> 10 - l .  

The dimensionless temperature of the radiator, 
evaluated under various conditions, is ~0 >> I0. The rela- 
tive resistance R/~Rr is here always low and much less 
than unity (curves 1). The relative resistance to radia- 
tive heat transfer is equal to unity, by definition, and in- 
dependent of the Fourier number Fo (curve 2), and is the 
limiting thermal resistance of particles Rs~/R r equal to 
z (curve 3). Moreover, the additional resistance /kRs/~ r 
is quite appreciable in the low range of the Fourier hum- 

be r  (ARs/R r > 1, curve 4) and vanishes as the heating mode becomes  regular  with t ime. Analogous curves  
plotted for a sys tem of submicron tungsten par t ic les  in hydrogen (P -- 100 ba r s ,  T = 2000~ g = 0.01 kg 
/ s e c / k g / s e c )  a re  shown in Fig. lb.  

In Fig.  2a, b are  shown, respect ively ,  the local values of R r / R  T = k F * / a r F s  and those averaged 
over  the p roce s s  t ime, i . e . ,  of the heat  t r ans fe r  ra te  r e f e r r e d  to the rate of radiative heating c~ r of 
par t i c les .  On the same d iagram is also shown the R r / R  ~ curve based on the quasihomogeneous approxi-  
mation according to formula  (17). 

The relat ive thermal  res i s t ance  was averaged as follows: 
Fo* 

cz r 2Fo* ({)0 -- ~s) -I + ({}s -- ~})-i ----- 1 4- z 3 (I 4- z) '~ Nu -- " 
0 

When F* = Fs, according to the data, then Rr/~T equal to k/~r varies throughout the heating pro- 
cess, until at a certain Fo* = Fo~i m a constant final level is reached which corresponds to a transition to 
regular radiative heating of the gas by the particles. The numerical value of this final resistance ratio, 
always less than unity, depends on the characteristics of the aerosol system (Br/~T) = = (I + z) -I. For 
instance, for hydrogen-tungsten (H2-W) systems it is very close to unity (curves 1 and 2 in Fig. 2a) so 
that z = 10 -4 or 10 -3 (~ = 10 -2 or i0 -I, respectively), while for nitrogen-graphite (N2-C) systems (k/a r )  
= 0.875 or 0.4 when D = 10 -I (curve 3) or 1.0 kg/sec/kg/sec (curve 4), respectively, with z = 0.15. The 
average values of k/(~ r are the same, but after some longer period of time they increase less with in- 
creasing Fo* than the instantaneous values (curves 1' and 4' in Fig. 2b), which corresponds to the usual 
relation between average and instantaneous values. 

A comparison between the dashed and the solid curves indicates that in each case (Fig. 2a, b) the 
quasihomogeneous approximation (dashed lines) yields for the initial process stage (small values of Fo) 
a value for the rate of gas heating which becomes increasingly too high as Fo* drops further below Fo{i m. 
Characteristically, Fo{i m does not depend much on the properties of the dispersion system and changes 
slightly, as has been noted earlier, when a conversion is made from instantaneous to average values. Thus, 
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under  the conditions P = 1 or  100 ba r s ,  T = 2000~ tt = 10 -2 to  10 ,  and ~0 = 10 to  103, one may assume 
that approximately  Fo~i m -~ 1 for  the instantaneous values of ( k / a T ) ~ T / R T )  and Fo{i m - 10 for the average  

values k / a T .  Only at F0* > Fo~i m does the quasihomogeneous approximation become valid, inasmuch as 

now the p roces s  is regula r  and ARs/R r = 0 and the res i s t ance  to intr insical ly  interphase heat t r ans fe r  be-  

comes negligible. 

Thus, when calculating re la t ively  shor t  p r o c e s s e s  of radiat ive heating in a d ispers ion sys tem,  r e -  
placing such a sys tem by a homogeneous medium with effective p roper t i es  can lead to e r r o r s  which be-  
come g rea t e r  at smal le r  values of Fo* below Fo~i m = 1 (for instantaneous values of the relat ive rate of 
heat  t r ans fe r  f rom radia tor  to gas) or  Fo{i m = 10 (for average  values k / a r ) "  In those cases ,  calculat ions 
and analysis  of the heating p roces s  must  take into account the heterogeneous s t ruc ture  of the s t r eam and 
the finite rate of interphase heat t rans fe r .  The quasihomogeneous approximation may be considered valid 

at  Fo* -> Fo~i m. 

These resul ts  a re  based on the ea r l i e r  assumptions  and, as  has been mentioned already,  do not ap-  
ply to the case of radiat ive heat t r ans fe r  f rom par t i c les ;  the purpose of this analysis  was to emphasize 
those stages in the p roce s s  of gas heating by solid par t ic les  which are  usual ly d i s regarded  in conventional 
analysis .  Obviously, an analysis  of heat radiat ion in the heterogeneous approximation presents  a separa te  
and even more  difficult task. 

Another not less  important  problem has not been considered here ,  namely  an analysis  of this p roces s  
with changes in the aggregate  state of solid sols ,  i . e . ,  their  fusion and subsequent evaporation,  also taken 
into account.  It is evident, fu r the rmore ,  that the resul ts  obtained here  are  valid only for sys tems  with the 
Knudsen number  Kn < 10 -2, which is the case under  the p roces s  conditions which have been considered 
here .  

T is the t empera ture ;  
~- is the t ime; 
r s is the par t ic le  radius;  
r c is the cell  radius;  
/~ is the true relat ive volume flow rate ;  

is the true relat ive mass  flow rate ;  
k is the thermal  conductivity; 
a is the thermal  diffusivity; 
Nu is the Nussel t  number;  
Fo is the Fou r i e r  number;  
c is the specific heat; 
(~ is the heat t r ans fe r  coefficient;  
k is the heat t ransmiss ion  coefficient;  
F is the surface  a rea ;  
R is the thermal  res i s tance ;  
Q is the thermal  flux; 
kf is the absorpt ivi ty .  

N O T A T I O N  

S u b s c r i p t s  

s denotes the solid phase; 
T denotes total; 
i denotes initial t empera ture .  
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