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A fluidized bed for  muffle heating i nc rea se s  oven throughput and muffle serv ice  life [1, 2] ;  the ac -  
ce le ra ted  heating means that the oven length can be reduced,  and operat ion can be mechanized without the 
need t o m o u n t  components of finite length such as tubes and rods  [1, 2]. Some grades  of chromium and 
o ther  s teels  oxidize rapidly [3] (the surface darkens),  so the muffle may  be supplied with a pro tec t ive  gas 
[1, 2]. Also, a muffle is  heated by such a bed much more  evenly than by e l ec t r i ca l  hea ters  or  by fuel 
burners .  

This gives in te res t  to calculation of the basic p a r a m e t e r s  of such a sys tem [2] and compar ison with 
ones a l ready  in exis tence,  such a s  e l ec t r i ca l  muffles.  

In pa r t  of length dx, a muffle r ece ives  the following heat flux f rom the coarse  bed: 

dq = aeb(Teb - -  Tin) PmdX. 

The following is  the resul tant  flux f rom  muff le-component  exchange: 

heat: 

(1) 

dq - ~m~Co. 10-" (T 4 -  T') PmdX. (2) 

A component passing through section dx is heated by dT in ~ and rece ives  the following amount of 

dq = cgudT. (3) 

The degree  of blackness of the muff le-component  sys tem is calculated in the usual way [4]. The sub- 
sequent calculat ions involve the following assumptions:  the muffle and components a re  c i r cu la r  thermal ly  
thin cyl inders ,  whose values for  ]3i do not exceed 0.25; the outside and inside d iamete rs  of the muffle a re  
the same,  F m / F  2 = din/d2; the muffle is f i l led with a pro tec t ive  gas, which contains no t r ia tomic  compo-  
nents and is  d ia thermic.  The a i r  surrounding the muffle in the e l ec t r i ca l  furnace is also t ransparen t  to the 
radiation. 

We solve the sys tem of equations der ived f rom (1) and (2) to get 

lOSacb (T~]_Lb lOSc~cb)=o, (4) 

f rom which the muffle t empera tu re  may  be determined;  the only physical ly  significant root  of an equation 
of the type 

z 4 + mz + e = 0 (5) 

z'-'+ I 8yz4_  y = 0 ,  (6) 
2 V Sy / 

coincides [5] with the posit ive root  of 

y = + V a  p" + - - V :  + (7) 

where 
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Fig. 1. Tempera ture  distr ibution along the length x (ram) of the 
muffle containing a set  of tubes. 

Fig. 2. Relation of qm, 2/qt, 2, 5 to dl, 2, and dm for  var ious  de-  
g rees  blackness in the component surface and d l /dm of: 1) 1; 2) 
2; 3) 5; 4) 10. The lower curve for  each d J d m  is for  e 2 = 0.2; 
the middle one is for  e 2 = 0.6; and the upper for  e 2 = 1.0. 

We use (4)-(7)to est imate  the muffle tempera ture  on maximum heat uptake, i . e . ,  when the metal  
enters  the oven, on the assumption that the sur faces  of muffle and component are  absolutely black (e m = 
= em, 2 = 1), while the d iameter  of the components is close to that of the muffle (din - d2; Fm -~ Fn). We 
assume that T' = 300~ and Tcb = 1300~ f rom [6] for a fluidized bed of corundum par t ic les  of size not more  
than 320 pm, which gives O~cb = 1000 W/m  2. deg; under these idealized conditions, Tm = l150~K, i . e . ,  it 
is  150~ below the bed temperature .  

Usual ly one employs a black oxidized muffle with a high em (value 0.95 [7] for a ichrome) and a clean 
surface of the component heated in a nonoxidizing medium, having e 2 - 0.1-0.4 [7]. We calculate the muf-  
fle tempera ture  with T'  = 300~ Tcb = 1300~ 82 = 0.4, ~m = 0.95 and F m -- F 2 to get Tm = 1285~ L e . ,  
only 15~ below the bed tempera ture ,  which is confirmed by exper iment  [2]. The difference between the 
t empera tu res  of the bed and muffle tends rapidly  to zero  as the component tempera ture  inc reases  (Fig. 1). 
The measurements  were made on a working oven at the P e r v o u r a l ' s k  New Tube plant in 1972 (number of 
tubes in the bundle 3, tubes 30 x 1.5 mm, mater ia l  steel 10 tube speed 1 m/min ,  bed tempera ture  950~ 

The heat calculation for  the bed + muffle + component then amounts to calculating the radiat ive heat 
t r ans fe r  for  a sys tem of two bodies only: the muffle with its tempera ture  constant along the length and 
a c r o s s  the c ros s - sec t ion ,  this being equal to the tempera ture  Tcb of the oven medium, and the component 
with the cur ren t  tempera ture  T, the muffle sc reens  the component ve ry  little. 

If the coefficients for  heat t r ans fe r  f r o m  the bed are  small  (large par t ic les) ,  one can use (4)-(7) to 
es t imate  the muffle tempera ture .  

A muffle in an e lec t r ic  furnace differs  f rom this sys tem of heat-exchanges  in bodies in that it is  a 
sc reen  that a t t r ibutes  the heat flux to a considerable extent [4], and that flux through a cyl indrical  screen  
s can be calculated f rom the following formula for  a heater  of tempera ture  T 1 surrounding the sc reen  on all 
side s: 

( ) ] L\ ,uu / - T ~  FI" (8) 

Here 
! 

i / 
e l ' 2 ' s =  1 ~F 1 ' el 'e= 

where F i is  the internal  surface of the continuous heater.  

l 

, 1.1 
(9) 
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1) a five-muffle fluidized-bed oven; 2) 
an open- f l ame  f ive-muff le  oven; r in see.  

Fig. 4. T e m p e r a t u r e  dis tr ibut ion in a tube bundle in a muffle 
furnace with a f h i d i z e d  bed: 1-3) points  of thermocouple  a t t ach -  
meat .  t i n  sec. 

As F i / F c  = di /dc ,  we c a n  com pare  the f luxes rece ived  by the component  in a f lu id ized-bed s y s t e m  
and an e l ec t r i c a l  one with iden t ica l  t e m p e r a t u r e s  fo r  the bed and hea te r  (Tcb = 2"1); in the case  of the bed, 

[ (  Tcb ] '  T '4 

Then 
qm2 em2 dm.  (11) 

ql,~,s 81,~, s dl 
Figure  2 shows r e s u l t s  f r o m  (11) on the a s sumpt ion  that the hea t e r  sur face  and both su r f aces  of the 

muffle a re  absolu te ly  black (e 1 = e m = 1); i t  is  c l ea r  that qm, 2/ql, 2, s i s  a lways  g r e a t e r  than 1. The ad-  
vantages  of  a f luidized bed a re  g r e a t e s t  when one makes  the bes t  use of the working volume in the muffle 
(when d m / d  z - "  1) and heat ing components  for  which e 2 iS high. 

The heat  flux through the muffle in an e l ec t r i c  oven is  much reduced [4] ff the muffle s c r een  has  low 
b lackness ;  the muffle in a f lame oven a lso  ac t s  as  a s c reen  and r educes  the resu l t an t  flux, although to a 
s m a l l e r  extent  than that  f r o m  a solid hea ter .  

The cu rves  of Figure  2 were  obtained fo r  ideal ized heating of muff les  by ex te rna l  radiat ion;  in fact ,  
the e l ec t r i c  hea t e r s  take up only a v e r y  sma l l  a r e a  of the surrounding cyl indr ica l  su r face ,  while a muffle 
is  heated only f r o m  one side in a f l ame  oven. This  a l l  adds to the advantage f r o m  using a f luidized bed, 
and the actual  f ac to r  is  subs tant ia l ly  l a r g e r  than that indicated by Fig. 2. 

F igure  3 shows cu rves  for  tube heating in muffle fu rnaces ;  in each  case  the t e m p e r a t u r e  in the work -  
ing space was 920~ with 6 tubes in a muffle,  with tubes of s tee l  10, each  10 • 1 m m ,  the tube speed being 
0.6 m/min .  The muffle d imens ions  were  as  follows: in the f lu id ized-bed case  tubular  114 • 10 mm;  in the 
f lame oven oval  60 x 130 m m  with a wall  th ickness  of 6 ram. Figure  3 shows that  the f lu id ized-bed furnace 
with 320 # m  corundum heats  the tube ove r  twice as  rap id ly  as  the f lame oven. 

The muffle has  a l m o s t  exac t ly  the bed t e m p e r a t u r e  when heating the component,  so one can calculate 
the t e m p e r a t u r e  of a thin component  moving along the oven s imply  by cons ider ing  (2) and (3) together ,  where 

Tcb = Tin: 

em ~C o. 10 -s (T4cb ~ T a) PmdX -- C pgudT (12) 

An equation of the type of (12) has  been solved [8] to de te rmine  the meta l  heating t ime r (here x = ur) 
and has been widely used in calculat ions;  we use this solution to put 

T T'  
I - -  l - -  

x . . . .  gUpm em2Co 10sop ~100' {( TmT -~mm) ' TroT, TT----~m)} In A- 2arctg [In + 2 arctg . (13) 
1 I -  

T m Tm , 
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Here T '  is a t e m p e r a t u r e  of the metal at  e n t r y  to the muffle.  In calculat ing T = f(x) fo r  T = fff)  one m u s t  
r e m e m b e r  that the combinat ions  enclosed  in p a r e n t h e s e s  have been p re sen ted  as  g raphs  and tables  [9-11]. 

Formula  (13) enables  one to calcula te  the muffle o r  oven length in designing an oven to a given heating 
t e m p e r a t u r e  T for  the metal .  

If  a bundle of components  is  being heated,  for  instance a bundle of tubes,  one needs  to know the e f fec -  
tive t h e r m a l c o n d u c t i v i t y o f  the bundle, which can be calcula ted as in [10]. Calculation of X s as  in [10] for  
a bundle of tubes in a muffle oven [1, 2] enables  one to e s t ima te  Bi, which does not exceed  0.5; i t  is  found 
[9] that one can a s s u m e  for  p r a c t i c a l  p u r p o s e s  that  the heating of such a body is  uni form ove r  the c r o s s -  
sect ion.  Expe r imen t s  in fact  r evea led  a ce r t a in  t e m p e r a t u r e  difference ove r  the c r o s s - s e c t i o n  of the bundle 
(Fig. 4), but the t e m p e r a t u r e s  of  al l  tubes in the bundle had become v i r tua l ly  equal at  the end of the muffle.  
The speed was 0.8 m / m i n ,  the bed t e m p e r a t u r e  960~ the muffle (Kh23N18 steel)  was 114 x 10 m m ,  there  
were  21 tubes in a bundle, made of s tee l  10, the tubes were  8 • 1.5 ram. 

W'hen tubes of s tee l  10 or  20 a r e  heated,  the su r f ace s  r ema in  comple te ly  f ree  f r o m  scale  (pale) [1, 2], 
but the t he rma l  decomposi t ion  of the lubr icant  makes  them ma t  and sl ightly rough; this subs tant ia l ly  in -  
c r e a s e s  the sur face  b lackness  [12], which in turn i m p r o v e s  the p e r f o r m a n c e  of the f luidized bed (Fig. 2). 

a c b  
T 

~ m ,  ~1, ~2 

dm, dl, d2, Fm,  F1, F 2 

Pm 
e 

g 
U 

Tsb,  T m, T 
tsb, t m, t 
T '  
X 

q 
Bi 

a = - m 2 / 1 6 ;  

p = - U 3 .  

N O T A T I O N  

is  the heat  t r a n s f e r  coeff icient  f r o m  bed to muffle,  W/m2-deg;  
is  the c u r r e n t  t ime,  sec;  
a r e  the e m i s s i v i t y  of su r faces  of muff le ,  e l ec t r i c  hea te r ,  and component;  
a re  the d i a m e t e r s  (m) and sur face  a r e a s  (m2); 
is  the p e r i m e t e r  of c r o s s - s e c t i o n  of muffle,  m; 
is  the specif ic  heat  of meta l ,  J / k g - d e g ;  
is the m a s s  of 1 m e t e r  of meta l ,  k g / m ;  
is  the velocity,  m / s e c ;  
a re  the t e m p e r a t u r e s  off lu idized bed, muffle,  and me ta l  in ~ 
a re  the same ,  ~ 
is the t e m p e r a t u r e  of component  at  en t rance ,  ~ 
is  the c u r r e n t  longitudinal dimension of furnace ,  m;  
is  the heat  flax, W; 
is  the Blot  num ber  fo r  component;  
is  the min imum heat  of combustion,  J /Nm3;  
is  the b lack-body  radia t ion coefficient ,  W/m2-deg4; 
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