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The radiative component can be measured with the aid of two radiom- 
eter probes. Experimental data for bed temperatures up t o  1 7 0 0  ~ I< 
are presented as functions of the principal hydrodynamic and thermal 
parameters. 

The effect  of the rad ia t ive  component on heat t r a n s -  
fer  in a f luidized bed has been much d i scussed  [1-8],  
but, as far  as is known, none of the theor ies  has been 
ver i f ied  exper imenta l ly .  

This paper desc r ibes  a method of de te rmin ing  ex-  
pe r imen ta l ly  the rad ia t ive  component using two r ad i -  
omete r  probes .  The technique is s i m i l a r  to that era-  
ployed to inves t igate  f l ames .  

Inthe case  of f lames  the re  a re  s e v e r a l  expe r imen ta l  
methods of separa t ing  the rad ia t ive  and convect ive  heat  

t r a n s f e r  components [10]. Two of these  a r e  applicable 
to a f luidized bed: the method employing two r a d i o m e -  
t e r s  with di f ferent  de t ec t i ng - su r f ace  absorp t iv i t i e s  and 
the method based on two r a d i o m e t e r s ,  one of which 
r e g i s t e r s  the total heat  flux and the other  the radiant  
flux [11]. The f i r s t  method r e q u i r e s  that the abso rp t iv -  
i t ies  di f fer  by s e v e r a l  t imes  and r e m a i n  constant 
during the exper iment .  This can be achieved with two 
metaI  su r f aces ,  one of which is pol ished and the other  
blackened.  However ,  because  of the ab ra s ive  act ion of 
the f luidized bed pa r t i c l e s  the absorp t iv i t ies  rapidly  
approach each other.  

Accordingly ,  we s e l ec t ed  the second method,  which 
does not suffer  f rom the disadvantages  of the f i r s t .  

In our exper iments  the radiant  heat flux was r e g i s -  
t e red  by a na r row-ang le  to t a l - r ad ia t ion  r a d i o m e t e r  
probe designed at the Gas Insti tute AS Ukrainian SSR 
(the use  of a na r row-ang le  r a the r  than a hemisphe r i ca l  

radiometer in a fluidized bed is legitimate since for 
such systems Lambert's law is fully observed). The 
probe (Fig. I) consists of a plane thermoelectric de- 
tector 1 [12] mounted on a copper plug 2. The plug 
and detector are secured to the bottom of a hollow 
thick-walled copper cylinder 3, which is placed in a 
water-cooled jacket 4. The probe is designed to be 
highly stable, and the accuracy of the measurements 
is independent of the ambient temperature. 

To prevent particles from entering the instrument 
cavity,  the la t te r  is separa ted  f rom the ambient  m e -  
dium by a thin disk of quartz  optical  glass  5. The spee -  
t ra l  t r ansmi t t ance  of the quar tz  is quite high over  a 
broad range of wavelengths .  The glass is held t ightly 
against  the ins t rument  housing by a threaded upper 
r ing  6, and thanks to the l a rge  a rea  of contact  with the 
wa te r - coo led  sur face  its t e m p e r a t u r e  does not exceed 
100-200 ~ C. This keeps the optical  p rope r t i e s  con- 
stant  and prevents  c rys ta l l i za t ion  of the quartz ,  which 
could o therwise  occur  at high t e m p e r a t u r e s  [13]. 

The probe was ca l ib ra ted  agains t  a s imula ted  ideal 
b lackbody tn the  t e m p e r a t u r e  range  f rom 500 to 1300 ~ C. 
After  this the graph (Fig.  1) 

ly 4 
Erad = ~ ( q 0 ) = [ ( T b b ) .  (1) 

was const ructed .  

The ca l ibra t ion  was f i r s t  c a r r i e d  out without the 
quartz  glass (a) and then with opt ical ly t r ansparen t  
quartz (b) with a polished su r face .  In beth cases  a 
l inear  E = f(q0) re la t ion  was obtained.  In the bed, owing 
to the intense f r ic t ion  of the pa r t i c l e s  agains t  the glass 
its su r f ace  was dulled. Accordingly ,  af ter  the expe r t -  
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Fig. i. Diagram of the radiometer probe and calibration 

curves (for notation see text). 
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Fig. 2. Diagram of the total heat flux probe and calibra- 
tion curve (for notation see text). 

ment was over we carried out a second calibration of The probe was similarly calibrated before and after 
the probe for three glasses: 1) with a polished surface the experiments on a black body with respect to radiant 
(b), 2) lightly scratched after 12 hours operation in a heat flux. The heat transfer from the air to the detec- 
bed of 1-1.5-ram MgO and SiO z particles (o), and 3) tor due to natural convection was neglected. A disad- 
deeply scratched after 12 hours operation in a bed of vantage of this type of probe is the effect of the tem- 
1.5-2-mm corundum particles (d). Within the limits perature of the cooling water on the accuracy of the 
of experimental error the points lay on the same measurements [12]. Accordingly, the jacket 3 was 
straight line, which indicates constancy of the trans- insulated as thoroughly as possible and, moreover, a 
mittance. This is attributable obviously to the fact that correction coefficient 6K t was determined as a function 
the surface of the glass, originally flat and uniform, of the temperature of the cooling water. The results of 
was replaced by a system of small surfaces randomly the calibration are presented in Fig. 2. The radiant 
distributed but without effect on the transmission prop- heat flux was calculated from the graph or from the 

erties, so that for diffuse radiation the over-all sur- formula 

face produces the same effect, qrad : Krad Erad" (2) 
As the rad iomete r  for r eg i s t e r i ng  the total heat flux 

we used an end-face  probe designed at the Al l -Union  Similar ly ,  the total heat  flux 
Scientific Resea rch  Insti tute for Metal lurgical  Thermal  
Engineer ing [12] (Fig. 2). The total heat flux is r eg -  qtotal = ](total 5 I(tEtotal" (3) 
i s t e red  by the detect ing sur face  1, one side of which 
is turned toward the measured  medium,  while the other Since the total heat flux probe was cal ibra ted with 
is water-cooled.  In this case the heat flux is p ropor-  respec t  to the r a d i a n t  flux, while the total heat flux 
tional to the difference between the t empera tu re s  of the also includes a conductive component,  at a detector ab-  
outer and inner  sur faces  of the detector ,  measu red  sorpt ivi ty  am < I the m e a s u r e d  conductive component 
by a different ial  thermocouple  2. The hea t -absorb ing  will be too high. Blackening the sur face  proved impos-  
surface of the detector  was made rough, so that there  s ible  owing to the in tense  abras ion .  Accordingly,  in the 
was no chan~e in sur face  m i c r o s t r u e t u r e  before and calculat ions for the convect ive-conduct ive  component 
after the exper iments ,  we int roduced a co r r ec t ion  for the detector  absorpt ivi ty .  

Table 1 

Characteristics of the Fine-Grained Materials Used in the 
Experiments 

Material 

Parameter fused 
river sand chamotte magnesite corundum z i r c o n i u m d i o x i d e  

Fraction, m m  

Equivalent 
diameter 

Particle shape 

I--1.5 

l 

rounded 

I--1.5 

1.15 

sharp-angled 

1 1.5 

1,07 

sharp-angled 
lamellar 

1.5--2 

1.75 

spherical 

0 . 2 0 -  1.0 

0,57 

sharp-angled 
lamellar 
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( ] t o t a l -  qec , 4 - q r a d '  (4) 
a m 

F r o m  Eqs. (3) and (4) 

qoc = am(Ktot~16 Kt Etota 1 -  q,~,O' (5) 

The value of am,  which was de te rmined  e x p e r i -  
mental ly ,  is constant  for r ad ia to r  t e m p e r a t u r e s  of 
900-1300 ~ C and equal to 0.832. In the exper iments  the 
t e m p e r a t u r e  of the outer  su r f ace  of the de tec tor  r e -  
mained within the limits 60-120 ~ C. 

The experiments were conducted on the apparatus 

described in [14]. The probes were introduced into the 

heating chamber through lateral openings 120 mm from 
the distributor and projected 50 mm inside. The tem- 

perature of the bed was measured with a platinum ther- 

mocouple in the same plane as the probes. As the gas 
distributor we used a high-alumina porous plate which 
made it possible to ignite natural gas both in the bed 

and beneath the distributor. Bed temperatures above 
1300 ~ K were obtained by igniting the gas in the bed. 

In all cases the thickness of the dense bed was equal 

to the diameter of the heating chamber (220 ram). The 
results of the measurements were calculated from 

Eqs. (2) and (5). 

The characteristics of the particles used in the ex- 

periments are presented in Table i. The equivalent 

diameter of the particles was determined from Leva's 

formula  [6]. 
The dependence of the total heat  flux on bed t e m -  

pe ra tu re  (Fig.  3a) is l inear  for all  the par t i c le  s izes  
invest igated.  Only for  corundum is a deviat ion f rom 
l inea r i ty  observed ,  s ta r t ing  f rom 1500 ~ K. 

In the exper iments  with r i v e r  sand the data lay on 
the s a m e  s t ra igh t  l ine as the expe r imen ta l  points for 
sha rp -ang led  chamot te  pa r t i c l e s  of the same s ize .  
This was also observed  in invest igat ing the heat  t r a n s -  
fe r  to individual tubes for th ree  m a t e r i a l s  of the same  
fract ion:  fused magnes i te ,  chamotte ,  and sand. The 
the rmophys ica l  c h a r a c t e r i s t i c s  of r i v e r  sand and 
chamotte  differ  only s l ight ly.  

This indicates  that at high t e m p e r a t u r e s  the pa r t i c l e  
shape does not play such a dec i s ive  ro le  as in con- 
duct ive heat  t r ans fe r .  The re  a r e  data [9, 14] showing 
that the heat  t r a n s f e r  coeff ic ients  a r e  d i f ferent  for 
pa r t i c les  of the same  f rac t ion  but d i f ferent  shape. The 
reason  for  this must  evidently be sought not in the 
shape of the par t i c les  t hemse lves  but p r i m a r i l y  in the 
di f ferent  pe rcen tage  composi t ion with r e s p e c t  to p a r -  
t i c le  s ize  within the f ract ion.  This is e spec ia l ly  [m- 

portant  for  fine f rac t ions  (<0.8 mm),  where  the effect  
of pa r t i c l e  s ize  on heat t r a n s f e r  ra te  is s t ronger .  
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Fig.  3. Tota l  (a) and rad ian t  (b) heat f luxes 
q (W/m 2) as a funct ion of tempera ture  T-(~ 
for various bed materials: i) corundum, 2) zir- 

conium dioxide, 3) river sand, 4) chamotte, 

5) fused magnesite. 

In our experiments the flow velocity was not ob- 
served to affect either the total or the radiant heat 
flux. Table 2 presents the results obtained for parti- 

cles of z i rcon ium dioxide at a bed t e m p e r a t u r e  of 
1223 ~ K. Within the l imi t s  of expe r imen ta l  e r r o r  the 
heat  flux r emains  constant for all  the flow ve loc i t i e s  
invest igated.  

The effect  of bed t e m p e r a t u r e  on the incident radiant  
flux measured by the radiometer 1 is presented in 

Fig. 3b. The solid curve represents the limiting value 
of the radiant flux calculated for an ideal black body. 
All the experimental points lie beneath the curve. 

Moreover, as the temperature rises, the extent to 
which the actual flux lags behind the calculated flux 

increases for all the materials without exception. For 

example, whereas the measured flux for ZrO 2 at 

903 ~ K is 80% of the calculated value, at 1308~ it is 

only 59%. However, the lag is different for different 
materials. The experimental points for sand and 

chamotte particles are close to the calculated curve 

up to a temperature of i000 ~ K and for fused magnesite 
particles up to 1400 ~ K. 

We conducted experiments to determine the degree 

of cooling of the particles on individual water-cooled 
tubes 30 and i0 mm in diameter. The outer surface 

of the tube was kept at a temperature of 330-340 ~ K. 

The temperature gradient between the bed and the sur- 

Table 2 

Effect  of Flow Veloci ty  of Flu id iz ing Agent on the Heat Flux in a 
F lu id ized  Bed of Z i rcon ium Dioxide P a r t i c l e s  

Heat flux 
W/m 2 0.48 0.633 0.71 0.99 1.045 1.26 

qrad 

qtotal 

83800 

400000 

88100 

414000 

76000 

408000 

Flow velocity, m/see 

0,701 0.78 

80600 78500 

404000 401000 

78000 

397000 

Remark~ Velocity at onset of fluidization of zirconium dioxide particles 0.38 m/sec. 

78900 80000 

404000 400000 
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face of the tube was measu red  with a ch romel -a lume l  
thermocouple  with thermoelec t rodes  0.1 m m  in d iam-  
eter .  To avoid disrupt ing the hydrodynamics  of the 
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Fig.  4. Tempera tu re  gradient  between fluidized 
bed and 30-ram water -cooled  tube for var ious 
ma te r i a l s  and fract ions:  l) d is tance from tube 
surface,  mm;  T) t empera tu re ,  ~ 1) sand, 
1-1 .5  ram; 2) sand, 0 .25-0 .5  ram; 3) ehamotte,  
0 .2-2  ram; 4) chamotte, 1-1 .5  ram; 5)chamotte,  

2 -5  ram; 6) t empera tu re  of bed core.  

par t ic le  flow and of the influx of heat to the the rmo-  
couple button (junction d iamete r  0.2 mm) over the 
thermal  e lec t rodes ,  the thermocouple  was mounted 
between the b u r n e r s .  The dis tance  between the ther -  
mocouple button and the surface  of the tube was m e a -  
sured  with a m i c r o m e t e r  screw.  The resu l t s  of the 
measu remen t s  are  presented  in Fig.  4, f rom which it 
is c lear  that for all the par t ic les  investigated the 
thermocouple began to r eg i s t e r  the t empera tu re  of the 
main  body of the bed at a dis tance of not more  than one 
pa r t i c l ed i ame te r ,  for example,  for chamotte par t ic les  
of the f rac t ion 2 -5  m m  at a distance of 5 ram. In the 
ini t ial  posit ion the thermoeouple  was placed close 
up against  the tube. In spite of being in contact with 
the cold surface,  it r eg i s t e red  a t empera tu re  great ly  
exceeding t t~etemperature  of the tube. As the the r -  
mocouple moved 0.1 mm away f rom the surface ,  it 
was possible  to observe  a t empera tu re  jump, which 
was the sha rpe r ,  the f iner  the par t ic le .  Obviously, 
only the f i r s t  row is cooled and that only slightly,  but 
enough to affect the radiant  heat flux. The t em-  
pera ture  gradient  at a tube 10 m m  in d iameter  is 
s imi la r  in form. Thus, the deviat ion of the actual 
r ad ian t  flux f rom the calculated value may be a t -  
t r ibutable  to two s imul taneous ly  acting fac tors :  cool-  
ing of the par t i c les  at the heated surface and the fact 
that the emiss iv i ty  of the bed is different  f rom 1 [15]. 
The re la t ive  influence of these factors  r ema ins  to be 
determined.  

NO TA TION 

Era  d and Etota 1 a re  the emf ' s  obtained respec t ive ly  
from m e a s u r e m e n t s  made with the rad ian t  and total 
heat flux probes,  mV; a is the blackbody t empera tu re  
in ca l ib ra t ing  the probes,  ~ q0 is the blackbody r a d i -  
ation factor ,  W / m  2 " deg4; Tbb is the blackbody heatflux,  
W/m2; a m is the absorpt iv i ty  of metal  detector  surface 
(dimensionless) ;  qrad, qtotal, and qcc are  the measured  
specific heat fluxes: radiant ,  total,  and convec t ive-con-  
ductive, respec t ive ly ,  W/m2; Ktota 1 and Kra d a re  the 
ca l ib ra t ion  coefficients  of total  and rad ian t  heat flux 
probes ,  respec t ive ly ,  W / m  2 �9 V; 5K t is the cor rec t ion  
for cooling water  t empera tu re .  
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