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SUMMARY 

A steady s t a t e , one-dimensional model of the f reeboard i s developed. The 
model c o n s i s t s of the connec t ion of many s i m p l i f i e d phenomenological 
d e s c r i p t i o n s and r e s u l t s i n a comprehensive model . 

S t a r t i n g from the f l u i d i z e d bed surface and prov ided w i t h the proper 
boundary c o n d i t i o n s the model i s ab le to p r e d i c t s o l i d s behaviour , m i x i n g , 
chemical r e a c t i o n s and heat t r a n s f e r a long the f reeboard as a f u n c t i o n of 
h e i g h t . 

The s o l i d s behaviour i s based on b a l l i s t i c c o n s i d e r a t i o n s , i . e . i n e r t i a , 
drag and g r a v i t y . The p a r t i c l e t r a j e c t o r y c a l c u l a t i o n s provide fo r mass 
f l u x and holdup of p a r t i c l e s a long the f reeboard which are key parameters 
for the heterogeneous chemical r e a c t i o n s and the heat economy. 

The model of a cascade of p e r f e c t l y s t i r r e d r e a c t o r s i s taken to r ep re ­
sent the gas phase f l o w . In the f reeboard the mix ing of the oxygen - r i ch 
gas from the bubb l ing phase and the C O - r i c h emuls ion phase of the f l u i d i z e d 
bed i s t r e a t e d by a mix ing parameter. The conver s ion r a t e of 02, C02 and 
NOx w i t h char f o l l o w s from the mechanisms of d i f f u s i o n and f i r s t order 
chemical r e a c t i o n . 

The quasi steady s t a t e heat economy comprises the c o n t r i b u t i o n s of the 
chemical heat r e l e a s e , of the enthalpy f low of the gas and the s o l i d s , and 
of the convec t ive and r a d i a t i v e heat t r a n s f e r from both the gas and the 
s o l i d s to the w a l l . The net conduct ive heat t r a n s f e r of a s i n g l e p a r t i c l e 
dur ing i t s f reeboard t r a j e c t o r y i s governed by the e x t e r n a l and i n t e r n a l 
r e s i s t a n c e s to heat-up, the changing temperatures and the res idence t ime . 

The l i t e r a t u r e on f reeboard phenomena i s reviewed i n connec t ion w i t h the 
va r ious assumptions made i n the model . The general s c a r c i t y of experimen­
t a l data does not permit a more complex approach to be t aken . 

One model c a l c u l a t i o n i s t r e a t ed i n d e t a i l . The boundary c o n d i t i o n s are 
based on experiments c a r r i e d out i n an exper imental f l u i d i z e d bed coa l com-
bus to r . A f a i r l y coherent p i c t u r e of the va r ious phenomena i n the f r e e ­
board can be developed i n t h i s way. F u r t h e r , the model r e s u l t s on chemical 
convers ion and heat t r a n s f e r compare qu i t e w e l l w i t h the exper imenta l 
r e s u l t s . 

The f reeboard i s shown to be an i n t e g r a l par t of the f l u i d i z e d bed s y s ­
tem. The processes o c c u r r i n g c o n t r i b u t e e s s e n t i a l l y to the t o t a l combus­
t i o n and NOx r e d u c t i o n . Most of the chemical heat r e l ea se i s found to be 
t r anspor t ed upwind towards the f l u i d i z e d bed by r e c i r c u l a t i n g p a r t i c l e s . 
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1 INTRODUCTION 

1.1 F l u i d i z a t i o n and combustion 

F l u i d i z a t i o n occurs when a gas ( f l u i d ) passes a bed of p a r t i c l e s at such 
a r a t e that the g r a v i t y fo rce a c t i n g on the bed i s i n a dynamic balance 
w i t h the o v e r a l l drag f o r c e . The gas passes the bed v i a vo ids between mov­
i n g agglomerat ions of p a r t i c l e s at a low r e l a t i v e v e l o c i t y and v i a p a r t i c l e 
l ean vo ids at a much h igher v e l o c i t y . The s t a b i l i t y of the l e a n voids and 
the agglomerat ions of p a r t i c l e s depends on the p h y s i c a l p r o p e r t i e s of the 
gas and the s o l i d s but most of a l l on the gas v e l o c i t y and the p a r t i c l e s ' 
s i z e and d i s t r i b u t i o n . When averaged w i t h respec t to t ime and space the 
g r a v i t y has a dominat ing i n f l u e n c e on the behaviour of the moving agglomer­
a t i ons of p a r t i c l e s r e s u l t i n g i n a r e l a t i v e l y dense and un i fo rmly packed 
volume. The r e g i o n here-above i s c a l l e d the ' f r e e board ' or g e n e r a l l y 
' f r e e b o a r d ' . The aerodynamical behaviour of the gas voids i n the bed, 
a s s i s t e d by the decrease of s t a t i c pressure head when r i s i n g , r e s u l t s i n 
m i x i n g of s o l i d s i n the f l u i d i z e d bed and p r o j e c t i n g and/or dragging p a r t i ­
c l e s i n t o the f r eeboa rd . Consequently the f reeboard i s not f r ee of p a r t i ­
c l e s . The f u n c t i o n of the f reeboard i s to p rov ide f o r space fo r the (grav­
i t y ) s e p a r a t i o n of p a r t i c l e s from the gas s t ream. The f i n e p a r t i c l e s may 
be dragged upward overcoming the g r a v i t y f o r c e and u l t i m a t e l y leave the 
f reeboard at the top s i d e . They are e l u t r i a t e d . 

In a f l u i d i z e d bed c o a l combustor the f l u i d i z e d bed i s a r e s e r v o i r of 
chemical a c t i v e s o l i d s : the f u e l to be burned and absorbents fo r m i n i m i z ­
i n g emiss ions of e . g . S02 and NOx. For having adequate chemical and/ or 
p h y s i c a l processes the bed should prov ide f o r : 

* s o l i d - g a s c o n t a c t i n g , 
* gas-phase macro- and m i c r o - m i x i n g , 
* res idence t ime of the p a r t i c l e s and the gas, 
* proper temperature . 

As fa r as known the gas-phase macro-mixing i s l i m i t i n g some of the chemical 
convers ions c o n s i d e r a b l y . Consequently emiss ions of p a r t l y or even t o t a l l y 
unconverted products i n the f reeboard o c c u r . Th i s and the presence of par­
t i c l e s i n the f reeboard may l e a d t o fu r the r convers ions and consequently t o 
chemical heat r e l e a s e . Favourable convers ions i n the gas phase cou ld be 
the o x i d a t i o n of CO, H2, CH4 and other combust ib le products from coa l v o l a -
t i l e s . Favourable convers ions of p a r t i c l e s i n the f reeboard cou ld be: 

* combustion of char , 
* r e d u c t i o n of NOx by char , 
* abso rp t ion of S02 by c a l c i n e d l imes tone or do lomi t e . 

E l u t r i a t i o n of s o l i d s from the f reeboard has a c r i t i c a l impact on f l u i d ­
i z e d bed e f f i c i e n c y , because: 

* e l u t r i a t i o n of coa l from the f reeboard represen ts the main source of 
l o s s i n combustion e f f i c i e n c y , 

* e l u t r i a t i o n a f f e c t s the u t i l i z a t i o n of the l imes tone or do lomi t e . 
Severa l measures have been or are be ing i n v e s t i g a t e d to counteract these 
e f f e c t s . The e a r l i e r developed c a r b o n - b u r n - u p - c e l l i s found l e s s and l e s s . 
The r e c y c l i n g of the e l u t r i a t e d f i n e s i n t o the f l u i d i z e d bed by a u x i l i a r i e s 
i s p r e s e n t l y accep ted . 

1.2 Background and o b j e c t i v e 

The o b j e c t i v e i s to c o n t r i b u t e to the unders tanding of the phenomena 
o c c u r i n g i n the f reeboard of a p r e s s u r i z e d f l u i d i z e d bed coa l combustor. 

The s tudy r e q u i r e s the h y p o t h e t i c a l s e p a r a t i o n of the f reeboard from the 
f l u i d i z e d bed w i t h respec t to the f l u i d and s o l i d f l o w , the chemical con­
ve r s ions and the heat economy. Consequently the boundary c o n d i t i o n s at the 
f l u i d i z e d bed sur face have to be known. For proper and comprehensive f r e e ­
board a n a l y s i s a complete se t of data has to be a v a i l a b l e . Unfo r tuna t e ly 



the l i t e r a t u r e scop ing the regime of f l u i d i z a t i o n to be i n v e s t i g a t e d i s 
scarce and i f a v a i l a b l e i t turns out to be f a r from complete . Exper imenta l 
i n v e s t i g a t i o n becomes necessary . 

A coa l f i r e d p r e s s u r i z e d s e m i - p i l o t p lan t was programmed by the 
u n i v e r s i t y and some i n d u s t r i e s , be ing sponsored by the M i n i s t r y of Economic 
A f f a i r s . The des ign succeeded the eng inee rs ' t a b l e o n l y . Changing p r i o r i ­
t i e s and fu ther budget r e s t r i c t i o n s l e d to c a n c e l i n g of the p l a n . 

Ins tead , the u n i v e r s i t y succeeded to r e a l i z e the exper imenta l 'pressui— 
i z e d ' f l u i d i z e d bed coa l combustor 'MAGMA' to be operated at atmospheric 
p ressu re . A main d i f f e r e n c e of t h i s ' p r e s s u r i z e d ' u n i t compared to an 
atmospheric one i s found i n the f i n a l combustor f reeboard temperature. The 
h igh temperature i n a ' p r e s s u r i z e d ' u n i t f o l l o w s from gas t u rb ine r e q u i r e ­
ments. The temperature f o r the atmospheric u n i t i s low to reduce heat 
l o s s e s by s tack gases . The combustor 'MAGMA' and the experiments executed 
were r epo r t ed i n d e t a i l by Martens (1984). For i n f o r m a t i o n here the l a y 
out of the t e s t - r i g i s g iven i n f i g u r e s 1-1 and 1-2. The main dimensions 
of the combustor are : inner diameter 0.39 m, expanded bed he ight 0.6 m and 
f reeboard height 2.75 m. The combustor should provide f o r the d e t a i l e d 
i n f o r m a t i o n at the boundaries ( i . e . at the f l u i d i z e d bed sur face) to be 
input data fo r a comprehensive f reeboard model . 

I t i s the o b j e c t i v e of t h i s t h e s i s to desc r ibe the t h e o r e t i c a l b a s i s of 
t h i s model . The program d e s c r i p t i o n , the users hand guide and the e v a l u a ­
t i o n of the numer ica l e r ro r a n a l y s i s can be found i n Op den Brouw (1984). 
The model i s c a l l e d 'FAME' de r ived from 'F reeboard A n a l y s i n g Model and 
E v a l u a t i o n ' . 

The performance of the model 'FAME' and of the experiment i n the 'MAGMA' 
should be compared and eva lua t ed . 

I t was not yet the o b j e c t i v e to provide fo r s c a l i n g - u p and/or engineer ­
i n g r u l e s i n order t o b u i l d and operate p r e s s u r i z e d f l u i d i z e d beds w i t h 
op t imal f reeboard performance i n f u t u r e . 

Such a s tudy should f o l l o w t h i s p r imary , a l though d e t a i l e d i n v e s t i g a t i o n . 

1.3 References 
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D e l f t U n i v e r s i t y of Technology, D e l f t , The Nether lands (1984). 

Op den Brouw, H. 
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Figure 1-1 . 
Lay out of t e s t r i g w i t h the exper imenta l f l u i d i z e d bed combustor 'MAGMA' 
(from Martens (1984)) . 
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GAS SAMPLING PROBE CHROMEL-ALUMEL 
THERMOCOUPLE 

to gos 

a n a l y s e r s 

Figure 1-2. 
Scheme of the 'MAGMA'; some measuring and sampl ing p r o v i s i o n s (from Martens 
(1984)) . 
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2 BEHAVIOUR OF SOLID PARTICLES IN THE FREEBOARD 

2.1 I n t r o d u c t i o n 

In the f reeboard , the r e g i o n above the f l u i d i z e d bed, p a r t i c l e s are 
always p resen t . The o r i g i n of these p a r t i c l e s i s the f l u i d i z e d bed where 
the bubb l ing or t u rbu len t a c t i o n of the gas g ives i n i t i a l upward v e l o c i t y 
to the p a r t i c l e s . The f l u x of ascending p a r t i c l e s at the f l u i d i z e d bed 
sur face i s here denominated as the i n i t i a l ent ra inment . The c l a s s i c a l 
f u n c t i o n of the f reeboard i s to disengage the s o l i d s from the f l u i d i z i n g 
medium. In s imple terms i t can be s t a t e d that i n a f l u i d i z e d bed system 
where the f ree f a l l v e l o c i t y of the bulk of the p a r t i c l e s i s w e l l above the 
s u p e r f i c i a l gas v e l o c i t y and where the f reeboard i s h igh enough most of the 
p a r t i c l e s f i n a l l y w i l l descend and r e t u r n to the f l u i d i z e d bed. However, 
p a r t i c l e s w i t h a f ree f a l l v e l o c i t y lower than the s u p e r f i c i a l gas v e l o c i t y 
most ly are c a r r i e d away by the gas, i . e . they are e l u t r i a t e d . 

2.2 P r i o r s t u d i e s of entrainment phenomena 

2.2.1 Models 

M e c h a n i s t i c s o l i d s t r anspor t models fo r c a l c u l a t i n g ent ra inment , p a r t i ­
c l e s c o n c e n t r a t i o n and p a r t i c l e res idence t ime have been developed by Zenz 
and W e i l (1958), Do et a l . (1972), George and Grace (1978), W e l l s and a l . 
(1981), Chaung (1982), Martens (1982), Martens et a l . (1983) and Van R h i j n 
(1983). A l l models are of a b a l l i s t i c nature and cons ider the motion of 
p a r t i c l e s under the i n f l uence of i n e r t i a f o r c e , drag fo rce and g r a v i t y 
f o r c e . Zenz and W e i l (1958) adopted a mod i f i ed S tokes- law express ion f o r 
the drag c o e f f i c i e n t p e r m i t t i n g an a n a l y t i c a l s o l u t i o n fo r the p a r t i c l e 
t r a j e c t o r y . Do, Grace and C l i f t (1972) used a s tandard-drag-curve r e l a t i o n ­
sh ip and concluded that the d i s c r e p a n c i e s from the Zenz and W e i l p r e d i c t i o n 
can be s e r i o u s ; for example fo r r e l a t i v e l y l a r g e p a r t i c l e s . 

The g rea tes t u n c e r t a i n t i e s fo r model ing the f reeboard l i e w i t h the pred­
i c t i o n of the p a r t i c l e - p a r t i c l e and p a r t i c l e - w a l l i n t e r a c t i o n s and the 
boundary c o n d i t i o n s at or near the f l u i d i z e d bed s u r f a c e . Important 
aspects i n t h i s connec t ion are : 

* The mass f l u x e s of s o l i d s . 
* The s o l i d s s i z e and dens i t y d i s t r i b u t i o n . 
* The i n i t i a l p a r t i c l e v e l o c i t i e s and the get-away a n g l e . 
* The p a r t i c l e coherence (aggregates or i n d i v i d u a l p a r t i c l e s ) . 
* The i n i t i a l gas v e l o c i t y ( j e t t i n g v e l o c i t y ) and the gas t u rbu l ence . 

These aspects w i l l be d i scussed below. 

2 .2 .2 G a s - s o l i d f low regimes 

F l u i d i z e d beds under combustion c o n d i t i o n s operate w i t h p a r t i c l e s i z e s 
i n the order of 1.E-3 m and w i t h s u p e r f i c i a l gas v e l o c i t i e s around or above 
5 times the minimum to f l u i d i z a t i o n . The regime of ope ra t i on i s then "slow 
bubble" or " t u r b u l e n t " . "slow bubble" meaning: slow r e l a t i v e t o the 
i n t e r s t i t i a l gas v e l o c i t y . In the t u rbu l en t regime there are no w e l l 
def ined bubbles but unsteady aggregates of p a r t i c l e s (Van Deemter (1983))-
Since the nature of the p a r t i c l e movement w i l l be d i f f e r e n t fo r f l u i d i z e d 
beds ope ra t ing i n the f a s t bubble regime, slow bubble regime and tu rbu len t 
regime u n c e r t a i n t y e x i s t s as to the o r i g i n of the en t r a ined p a r t i c l e s under 
d i f f e r e n t regimes. The bubbl ing regimes are main ly determined by p a r t i c l e 
s i z e and gas v e l o c i t y . 

C h i t e s t e r et a l . (1984) r epor t that the tu rbu len t f low regime i s reached 
at lower gas v e l o c i t i e s as the pressure i s i n c r e a s e d . The tu rbulence f i r s t 
reduces the s t a b i l i t y of the c l e a r gas -vo ids and then the s t a b i l i t y of the 
agglomerat ion of s o l i d s . At h igh pressure the bed appears to be homogene­
ous w i t h the vo ids of s o l i d phase and the emuls ion phase becoming p r a c t i -



c a l l y i n d i s t i n g u i s h a b l e . 
The reader w i l l f i n d that there i s on ly l i m i t e d exper imenta l data a v a i ­

l a b l e fo r the f l u i d i z e d bed combustion reg ime. E x t r a p o l a t i o n t o other 
f l u i d i z a t i o n regimes has to be c a r r i e d out w i t h ca re . 

2 .2 .3 O r i g i n of the e n t r a i n e d p a r t i c l e s 

Do et a l . (1972) showed w i t h a photographic technique i n a two-dimen­
s i o n a l bed that p a r t i c l e s o r i g i n a t e from the nose of the bubble when reach­
i n g the f l u i d i z e d bed sur face and tha t the v e l o c i t i e s of i n j e c t i o n are 
somewhat higher than the r i s e v e l o c i t y of the cor responding bubble . When 
bubbles coalesce r i g h t at the bed sur face e j e c t i o n v e l o c i t i e s are much 
h i g h e r . F u r t h e r , e j ec t ed p a r t i c l e s move q u i t e i n d i v i d u a l l y and not as 
aggregates . These experiments were executed i n a f l u i d i z e d bed (bed height 
2.44 m, bed wid th 0.01 m) at ambient temperature w i t h r e l a t i v e l y sma l l par­
t i c l e s (< 250.E-6 m), v m f = 0.036 m/s , and w i t h low gas v e l o c i t i e s : 1.5 
v mf < v s < 3.0 v m f . Saxena and Mathur (1983) gave a d d i t i o n a l d i r e c t exper­
imenta l evidence of t h i s mechanism of s o l i d s p r o j e c t i o n fo r t h e i r t w o - d i ­
mensional bed of m i l l e d seeds (dp=2.064E-3 m, v m f not r e p o r t e d ) , v s =0.96 
m/s) and of green peas (d p =4.578E-3 m, v m f not r epo r t ed , v s = 1 . 8 3 m / s ) . 

E x t r a p o l a t i o n of the two-dimensional r e s u l t s to three dimensional f l u i d ­
i z e d beds i s doubtful because i n the two-dimensional bed the p a r t i c l e 
motion i n the wake of a bubble i s h indered by the presence of the w a l l , 
whereas i n a three dimensional bed the wake p a r t i c l e s can move f r e e l y and 
exchange momentum w i t h dense phase p a r t i c l e s (Chaung (1982)) . 

From experiments executed i n a th ree -d imens iona l bed under " f a s t bub­
b l i n g " c o n d i t i o n s , w i t h sma l l coke and sand p a r t i c l e s (< 500.E-6 m) at 
ambient temperature and low gas v e l o c i t y (v s =1.05 v m f ) George and Grace 
(1978) concluded that a s u b s t a n t i a l f r a c t i o n of the e j ec ted p a r t i c l e s comes 
from below the bed s u r f a c e , presumably the bubble wake. Peters et a l . 
(1983) s t u d i e d s i n g l e bubble e j e c t i o n s from the cent re of a f l u i d i z e d bed 
c o n s i s t i n g of g la s s b a l l o t i n e s w i t h an image c a r r y i n g probe. The i r c o n d i ­
t i o n s were: D b e d = 0.152 m, d p = 0 . 5 E - 3 - O . 6 E - 3 m ( v m f about 0.24 m / s ) , 
v s j u s t above v m f , a i r at ambient temperature. They observed from a 
sequence of bubble e rup t ions (no coa le scence ) : 

* a growth of the bubble dome (nose) 
* drainage of s o l i d s along the dome 
* l a t e r a l movement of s o l i d s a long the sur face of the dome 
* an inc rease i n voidage of the dome u n t i l bubble e r u p t i o n or break-up 

occurs 
* s o l i d s are be ing e jec ted r a d i a l l y i n a l l d i r e c t i o n s w i t h respec t to the 

cent re of the bubble . 
Based on the above observa t ions they concluded that because of the net 
l a t e r a l movement of s o l i d s away from the e r u p t i o n s i t e towards the w a l l of 
the v e s s e l , e j ec t ed p a r t i c l e s from the e r u p t i o n of a t r a i l i n g bubble must 
come, fo r the most p a r t , from beneath the o r i g i n a l s u r f a c e . Thus the f r e e ­
board r e g i o n represents an i n t e g r a l par t of the gross c i r c u l a t i o n i n the 
bed. Levy et a l . (1983) performed: c o n t r o l l e d bubble i n j e c t i o n experiments 
w i t h s u p e r f i c i a l gas v e l o c i t i e s up to 1.08 t imes the minimum to f l u i d i z a ­
t i o n , and f r e e - b u b b l i n g experiments w i t h s u p e r f i c i a l gas v e l o c i t i e s up t o 
3 . 4 4 t imes the minimum to f l u i d i z a t i o n . The cross s e c t i o n a l dimensions of 
the bed were 0.144 * 0.610 m. They de f ined the f o l l o w i n g mechanisms: 

* The bulge b u r s t i n g mechanism: P a r t i c l e s are thrown up by the bubble 
bulge and f a l l back to the bed sur face a f t e r r each ing a maximum height 
of approximate ly the bubble d iameter . The bubble wake remains i n t a c t . 

* The mid layer bu r s t : When a p a i r of bubbles coa lesce j u s t below the bed 
sur face bulge m a t e r i a l of the l e a d i n g bubble i s thrown above the bed 
(bulge b u r s t i n g mechanism). The l a y e r s of s o l i d s between the bubbles 
combine w i t h the l e a d i n g bulge l a y e r . The r e s u l t i n g p a r t i c l e c loud 
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expands upward and outward and f a l l s back to the bed (mid l a y e r b u r s t ) . 
* The wake s p i k e : The wake of the t r a i l i n g bubble forms a s p i k e which i s 

p ro j ec t ed above the bed sur face r each ing a height i n excess of the 
height reached by the bulge and mid l a y e r s . 

* The j e t spray : T h i s occurs when two or more bubbles c o a l e s c e . In t h i s 
case a f low passage develops between the bubbles , a l l o w i n g a j e t of gas 
to form, which e n t r a i n s p a r t i c l e s and c a r r i e s them to r e l a t i v e l y l a r g e 
d i s tances above the bed s u r f a c e . 

They fu r the r n o t i c e d fo r f l u i d i z a t i o n v e l o c i t i e s above 3.44 the minimum to 
f l u i d i z a t i o n , that the diameter of the e r u p t i n g bubbles became l a r g e enough 
to set up waves at the bed s u r f a c e . These waves r e f l e c t e d at the w a l l s and 
i n t e r f e r e d w i t h the e r u p t i o n p roces s . 

Our cur rent i n t e r e s t i s focussed on c o n d i t i o n s f a r above the f l u i d i z a ­
t i o n regime d i scussed here . E x t r a p o l a t i o n of r e s u l t s at l e a s t i nc reases the 
u n c e r t a i n t y due to p o s s i b l e changes i n the bubb l ing or e j e c t i o n mechanism. 
Although no s p e c i f i c exper imenta l data e x i s t f o r the f low regimes where the 
s u p e r f i c i a l gas v e l o c i t y exceeds 5 t imes the minimum to f l u i d i z a t i o n one 
s t i l l might expect that the bubb l ing or t u rbu l en t a c t i o n of the gas i n the 
bed i s r e s p o n s i b l e fo r the m a j o r i t y of the s o l i d entrainment at the bed 
s u r f a c e , and fu r t he r that the p a r t i c l e s e j ec ted from th ree -d imens ion less 
beds represent an i n t e g r a l par t of the p a r t i c l e s c i r c u l a t i n g i n the f l u i d -
i z e d bed. 

2 .2 .4 Entrainment and i n i t i a l p a r t i c l e v e l o c i t y at the bed sur face 

The p h y s i c a l p r o p e r t i e s of the gas and the p a r t i c l e s , the f l u i d i z i n g 
v e l o c i t y and the bed height a f f ec t the hydrodynamic behaviour of the bed 
d i r e c t l y . Geometric f a c t o r s such as bed diameter , d i s t r i b u t o r type and 
i n t e r n a l ob jec ts have a sma l l e r e f f ec t on the hydrodynamic behaviour of the 
bed. As the bed hydrodynamics are r e s p o n s i b l e fo r the i n i t i a l f reeboard 
entrainment the value of the l a t t e r w i l l be d i r e c t l y dependent on the oper­
a t i n g c o n d i t i o n s and somewhat l e s s on the type of the i n d i v i d u a l combustor. 

For the i n i t i a l entrainment r a t e (the entrainment r a t e at the f l u i d i z e d 
bed sur face) Wen, Chen, George and Grace have ob ta ined c o r r e l a t i o n s . Pem-
ber ton and Davidson d i s t i n g u i s h e d between the i n i t i a l entrainment from the 
bubble roof and the bubble wake. George and Grace (1978) found: 

F n = 0.5 (1.42 D, - 0.091) (1 - e . ) (v - v _) (2-1) 0 b p mf s mf 

T h i s r e s u l t was obta ined f o r : s i l i c a sand w i t h dp= 350.E-6 m ( v m f about 
0.1 m / s ) , 0.064 m < D b < 0.15 m, D b e d = 0.457 m. More r e c e n t l y Chen 
(1981), Wen (1981), Wen and Chen (1981) and Wen and Chen (1982) proposed: 

D A, , p 3 - 5 g ° - 5 (v - v r ) 2 - 5 

F n = 3.07E-9 b b 6 d S g I (2-2) 
U 2.5 

n 
f o r : 0.051 m < D b e d < 0.61 m, 840 kg/m3 < p p < 2650 kg/m3, 0.12 m/s < v s < 
0.9 m/s , 59 E-6 m.< d p < 450.E-6 m. Both c o r r e l a t i o n s were ob ta ined fo r 
f l u i d i z a t i o n w i t h bubb l ing beds, s m a l l p a r t i c l e s i z e s and low s u p e r f i c i a l 
gas v e l o c i t i e s ( r e l a t i v e to combustion c o n d i t i o n s ) and at ambient tempera­
ture and p ressu re . Pemberton and Davidson (1983) gave the i n i t i a l e n t r a i n ­
ment of a l l p a r t i c l e s from the bubble r o o f , assuming a hemispher i ca l bub­
b le cap as: 

3 D K p (1 - e _) (v - v _) 
F q = _ J H f § E L _ (2-3) 

P 
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and the i n i t i a l entra inment , assuming e j e c t i o n of the bubble wake, as: 

F N = 0.1 p n (1 - e ) (v . - v _) (2-4) 0 p mf s mf 

Note that the r a t i o of the i n i t i a l entrainment from the bubble roof and the 
bubble wake i s 30 D b / d p . Pub l i shed data from Pemberton (1982) show the 
f o l l o w i n g t r ends : 

* at low bubble f lows equat ion (2 -3 ) a p p l i e s fo r F Q < 10 k g / ( s . m 2 ) , 
* equat ion (2-4) i s r e l evan t for F Q > 50 k g / ( s . m 2 ) , 
* for 10 < F Q < 50 kg/(s .m2) a t r a n s i t i o n o c c u r s , sugges t ing a change i n 

the o r i g i n of e jec ted p a r t i c l e s commensurate w i t h an inc rease i n bubble 
coa lescence . 

F igu re 2-1a shows that a p p l y i n g the i n i t i a l entrainment equat ions (2-1) and 
(2-2) to v a l u e s , a l l l y i n g i n the appropr i a t e regimes , r e s u l t i n a d i f f e r ­
ence of more than one order of magnitude f o r the sma l l e r bubble s i z e s . A 
d e v i a t i o n of a f a c t o r of ten i s observed between Wen and Chen (1980) and 
equa t ion (2-2) but probably t h i s i s a t y p i n g e r r o r . For comparison values 
from equat ion (2 -3) and (2-4) are g iven i n f i g u r e 2-1b fo r the same input 
as f i g u r e 2-1 a . The i n i t i a l entrainment ob ta ined from equat ion (2-2) and 
(2-4) i s of the same order of magnitude on ly fo r the l a r g e r bubble s i z e . 

Because of the u n c e r t a i n t i e s ( e x t r a p o l a t i o n to regimes w i t h h igher 
f l u i d i z a t i o n v e l o c i t i e s , de t e rmina t ion of the bubble s i z e , e f f e c t s of bub­
b l e coa lescence , r e f l e c t e d surface waves i n t e r f e r i n g w i t h the e r u p t i n g p ro­
cess) the fo rego ing c o r r e l a t i o n s are not yet s u i t a b l e fo r the modeling of 
the f l u i d i z e d bed coa l combustor. 

Under f l u i d i z e d bed combustion c o n d i t i o n s Martens (1983) and Martens and 
Van Koppen (1983) have ob ta ined exper imenta l data on the descending s o l i d s 
f l u x i n the c e n t r e l i n e of a coa l combustor. The l a t e r a l d i s t r i b u t i o n of 
the descending s o l i d s f l u x was obta ined by Martens (1984). The ope ra t i ng 
c o n d i t i o n s were: T b e d = 1145 K, v s = 1.0 m/s, d p = 750 .E -6 m ( v m f = 0.16 
m/ s ) , D b e d = 0 . 39 m, h b e d = 0 .6 m, P = 1.023E5 Pa. The o v e r a l l i n i t i a l 
ent ra inment , which v i r t u a l l y equals the o v e r a l l descending s o l i d s f l u x , was 
found to be 50 - 70 k g / ( s . m 2 ) . Due to the l i m i t e d number of experiments no 
c o r r e l a t i o n has been o b t a i n e d . Walsh et a l . (1983) analysed Martens ' data 
(obta ined i n the c e n t r e l i n e of the f l u i d i z e d bed combustor, see f i g u r e 2-2) 
and found tha t : 

* e x t r a p o l a t i o n of these data from the r e g i o n 1.4 - 0 . 7 m above the bed to 
the bed sur face y i e l d s an i n i t i a l entrainment of 4 kg/(s .m2) which i s 
c o n s i s t e n t w i t h t h e i r exper imenta l r e s u l t s . 

* i n the r e g i o n c l o s e r t o the bed sur face (0.7 - 0.3 m) Martens ' data 
e x t r a p o l a t e to 500 k g / ( s . m 2 ) , which i s of the same order of magnitude as 
the p r e d i c t i o n s of equat ion 2-2 (assuming bubble diameters s i m i l a r to 
those i n the MIT AFBC) . 

E v i d e n t l y , they concluded , some of the v a r i a t i o n s i n the i n i t i a l f l u x e s by 
d i f f e r e n t i n v e s t i g a t o r s may the re fo re be the r e s u l t of a de te rmina t ion by 
e x t r a p o l a t i o n from d i f f e r e n t he ights above the bed. 

As regards the i n i t i a l v e l o c i t y d i s t r i b u t i o n of p a r t i c l e s at the f l u i d ­
i z e d bed sur face George and Grace (1978) performed experiments i n a s l u g ­
ging bed w i t h s i z e c o n t r o l l e d s i n g l e bubbles i n j e c t e d from the bottom of 
the three dimensional bed. The o p e r a t i n g c o n d i t i o n s were: v s = 1.05 v m f , 
d p= 250.E-6 - 300 . E - 6 m ( v m f = 0.052 m/ s ) , g l a s s b a l l o t i n e s , D b e d = 0.1 
m, ambient temperature. They used a c a t c h i n g device a long the f reeboard 
height and b a c k - c a l c u l a t e d the d i s t r i b u t i o n of the i n i t i a l p a r t i c l e v e l o c ­
i t y by i n t e g r a t i n g the p a r t i c l e momentum equa t ion . The i n i t i a l v e l o c i t y 
d i s t r i b u t i o n found has a geometric mean of 2.1 times the bubble v e l o c i t y . 
The maximum v e l o c i t y found was as h igh as 8 t imes the bubble v e l o c i t y and 
the minimum 1.5 t imes . Martens and Van Koppen (1983) r e c a l c u l a t e d from 
t h e i r experiment (descr ibed above) the a x i a l p a r t i c l e v e l o c i t y d i s t r i b u t i o n 
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at the bed s u r f a c e . From the g rad ien t i n the downward p a r t i c l e f l u x a long 
the f reeboard and a b a l l i s t i c model they conclude tha t a minor f r a c t i o n (< 
25%) of the e j ec t ed p a r t i c l e s have i n i t i a l v e l o c i t i e s below the s u p e r f i c i a l 
gas v e l o c i t y and tha t the major f r a c t i o n of the e j ec ted p a r t i c l e s have i n i ­
t i a l v e l o c i t i e s i n between 1 to 7 t imes the s u p e r f i c i a l gas v e l o c i t y , the 
mean being 2.4 times that v e l o c i t y . See f i g u r e 2 -3 . A p p l y i n g the c o r r e l a ­
t i o n of Mor i and Wen (1975) fo r the bubble diameter and the c o r r e l a t i o n of 
Davidson and H a r r i s o n (1963) fo r the bubble v e l o c i t y at the bed sur face 
leads t o : Dp = 0.1 m and vp = 1.5 m/s . S t a r t i n g from these values the 
exper imenta l r e s u l t s can be expressed as: 0 m/s < < 4 vp m/s , and 
vp,0,50% = 1-53 vp m/s . Peters et a l . (1983) analysed motion p i c t u r e s of 
e r u p t i n g bubbles i n a th ree -d imens iona l bed at minimum f l u i d i z a t i o n (no 
bubble coa l e scence ) . They concluded that the p a r t i c l e e j e c t i o n v e l o c i t i e s 
a long the s p h e r i c a l r ad ius of the bubble are approximate ly equal to the 
r i s e v e l o c i t y at the s u r f a c e . Under the s imple assumption tha t the r a d i a l 
v e l o c i t i e s are i d e n t i c a l to the bubble v e l o c i t y at the sur face of the 
f l u i d i z e d bed, s o l i d s v e l o c i t i e s a long the a x i a l d i r e c t i o n of the bed would 
be d i s t r i b u t e d acco rd ing to the law of c o - s i n e s . They observed a c r i t i c a l 
angle beyond which p a r t i c l e s are not e j e c t e d . 

Accord ing t o Chaung (1982) the exper imenta l r e s u l t s from George and 
Grace (1978) compared q u i t e w e l l w i t h h i s t h e o r e t i c a l a n a l y s i s . H i s ana ly ­
s i s complies w i t h the conse rva t i on of energy, when equat ing the energy 
a s s o c i a t e d w i t h the i n i t i a l bubble at the bed sur face before , and the 
energy of the e j ec t ed p a r t i c l e s and the j e t t e d a i r a f t e r c o l l a p s e . Unfor ­
t u n a t e l y he provides no numerical data for comparison. 

2 .2 .5 Entrainment at higher l e v e l s i n the f reeboard 

The entrainment (ascending s o l i d s f l u x ) i n the f reeboard i s of ten h e l d 
to decay e x p o n e n t i a l l y w i t h respec t to height i n the f r eeboa rd . 

* Andrews (1960) was able to deduce t h i s r e l a t i o n s h i p by assuming that the 
energy d i s t r i b u t i o n of the p a r t i c l e s at the bed sur face f o l l o w s the Max-
we l l -Bo l t zmann d i s t r i b u t i o n l a w . 

* K u n i i and L e v e n s p i e l (1969) e x p l a i n e d the exponen t i a l decay r a t e based 
on the s o l i d s in terchange between three d i s t i n c t phases: 1) upward mov­
i n g d i spe r sed s o l i d s cor responding to a f u l l y developed pneumatic t r a n s ­
port regime and 2) the descending and 3) the ascending p a r t i c l e agglom­
e r a t e s , cor responding to the p a r t i c l e s moving upward and downward above 
the bed. 

* Zenz and Wei l (1958) argued the exponen t i a l decay to r e s u l t from the 
exponen t i a l d i s s i p a t i o n of the t rue gas v e l o c i t y w i t h f reeboard height 
and the v e l o c i t y d i s t r i b u t i o n of the s o l i d p a r t i c l e s being e j ec t ed from 
the bed. 

F o l l o w i n g the approach of o the r s , Wen (1982) de f ined the entrainment r a t e 
of s o l i d s i n the f reeboard by the f o l l o w i n g equa t ion : 

F, = F + (F - F ) exp( -a h . ) (2-5) h » 0 » f 

Fc i s the entrainment r a t e of p a r t i c l e s at the e x i t of a very l o n g f r e e ­
board or the entrainment r a t e a f t e r the t r anspo r t d isengaging he ight (TDH). 
The TDH i s the l e v e l i n the f reeboard at which the r a t e of s o l i d s e n t r a i n ­
ment becomes e s s e n t i a l l y constant (changes maximal ly ]% f . i . ) . 

The exper imenta l data of Martens (1983) and Martens and Van Koppen 
(1983) ob ta ined on the downward s o l i d s f l u x i n the cent re of a f l u i d i z e d 
bed combustor i n d i c a t e t h a t , fo r the pe r t i nen t c o n d i t i o n s (g iven b e f o r e ) , 
there i s not a s imple exponen t i a l decay of the s o l i d s entrainment w i t h 
f reeboard h e i g h t . See f i g u r e 2-2 . 

For the s o l i d s entrainment three d i s t i n c t zones were des ignated as f o l ­
lows : 
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* a s p l a s h zone (freeboard height 0 - 0 .3 m), 
* a dense disengaging zone (freeboard height 0.3 - 0.7 m, 
* a d i l u t e d isengaging zone (freeboard height 0.7 - 1.5 m). 

In the s p l a s h zone the s o l i d s entrainment i s almost constant (the decay-
exponent a=2.0 1/m). Both d isengaging zones show an exponen t ia l decay, but 
w i t h d i f f e r e n t exponents (the decay exponent a=11.8 1/m and 4.3 1/m of the 
dense and d i l u t e d isengaging zone r e s p e c t i v e l y ) . 

The experiments executed by Large et a l . (1978) w i t h a n e a r l y i s o k i n e t i c 
s u c t i o n probe i n the f reeboard of a l a r g e f l u i d i z e d bed (0.6 m I . D . , bed 
height 1.03 tn and s u p e r f i c i a l gas v e l o c i t i e s between 0.2 and 0.3 m/s . ) 
w i t h r a the r s m a l l s i l i c a sand p a r t i c l e s (dp<250.E-6 m, v m f<0.036 m/s) i n d i ­
cate t h a t , r e ga rd ing the s o l i d s mot ion , there are three f reeboard r e g i o n s : 

* A r e g i o n near the bed, where entrainment (upward s o l i d s f l u x ) v a r i e s 
e x p o n e n t i a l l y w i t h height above the bed. 

* A r e g i o n f a r above the bed where entrainment i s constant w i t h h e i g h t . 
* A t r a n s i t i o n r e g i o n between these two. 

The data of Large et a l . were taken at f reeboard l e v e l s above 0.3 m 
( r e f . bed l e v e l ) and those from Martens and Van Koppen at l e v e l s below 1.5 
m. So the p o s s i b l e ex i s t ence of another r e g i o n more c l o s e to the bed c o u l d 
not be observed by Large et a l . and the r e g i o n at h igher f reeboard l e v e l s 
not by Martens and Van Koppen. 

From the experiments one may conclude that the models of Zenz and 
W e i l ( 1 9 5 8 ) , Andrews (1960) and K u n i i and L e v e n s p i e l (1969) are not adequate 
f o r d e t a i l e d f reeboard a n a l y s i s . 

2 .2 .6 P a r t i c l e - p a r t i c l e i n t e r a c t i o n s . 

P a r t i c l e - p a r t i c l e i n t e r a c t i o n s have been l a r g e l y ignored i n f l u i d i z a t i o n 
r e s e a r c h , e s p e c i a l l y fo r s o l i d s w i t h a wide s i z e d i s t r i b u t i o n . Recen t ly 
some exper imenta l data have been ob ta ined by Ge lda r t (1982) and the f i r s t 
s tep to a q u a n t i t a t i v e model has been made by Van R h i j n (1983). 

The one-dimensional v e r t i c a l computations of p a r t i c l e t r a j e c t o r i e s by 
Van R h i j n were based on b a l l i s t i c c o n s i d e r a t i o n s (model ' F A M E ' , d e s c r i b e d 
i n s e c t i o n 2 . 3 ) » on the p a r t i c l e mean f ree path theory and on the momentum 
interchange at p a r t i c l e - p a r t i c l e i n t e r a c t i o n . An i l l u s t r a t i o n of some com­
p u t a t i o n a l r e s u l t s i s g iven i n f i g u r e 2-4. The r e s u l t s concern a o n e - d i ­
mensional g a s - p a r t i c l e f low where a l l the p a r t i c l e s are assumed to be i n a 
dynamic balance s i t u a t i o n w i t h respec t to drag , i n e r t i a , g r a v i t y and c o l l i ­
s i o n f o r c e . The p h y s i c a l p r o p e r t i e s taken f o r the gas are: pg= 0.339 
kg/m3, ng= 4.778E-5 k g / ( m . s ) , and the s u p e r f i c i a l gas v e l o c i t y : v s = 1.0 
m/s . Two groups of s p h e r i c a l mono-size p a r t i c l e s are cons idered w i t h : p p 

= 2600 kg/m3, d p > A = 100.E-6 m, d p > B = 700.E-6 m. The f ree f a l l v e l o c i t i e s 
of the spheres are: vpa]_ ^ = -0 .8 m/s , v b a ^ g = ~9 m/s . The p a r t i c l e f l u x 
of mono-size B i s 25 k g / ( s . m 2 ) , cor responding to the i n i t i a l entrainment of 
Mar tens ' experiments at s i m i l a r c o n d i t i o n s (d i scussed i n 2 . 2 . 5 ) . The i n i ­
t i a l f l u x of p a r t i c l e s A v a r i e s . The c o l l i s i o n e f f i c i e n c y i s taken at 1 and 
the c o e f f i c i e n t of r e s t i t u t i o n at 0 (pe r fec t n o n - e l a s t i c ) , 0.5 and 1 (per ­
f ec t e l a s t i c ) r e s p e c t i v e l y . The average p a r t i c l e v e l o c i t i e s obta ined i n d i ­
cate t h a t : 

a) P a r t i c l e s w i t h a f r ee f a l l v e l o c i t y l e s s than the s u p e r f i c i a l gas v e l ­
o c i t y ( f i n e s ) may be c a r r i e d back i n t o the bed by c o l l i s i o n s w i t h the 
descending coarse p a r t i c l e s (free f a l l v e l o c i t y above the s u p e r f i c i a l 
gas v e l o c i t y ) . In p a r t i c u l a r so i f the f l u x of f i n e p a r t i c l e s i s l o w . 

b) Coarse p a r t i c l e s may be en t r a ined (upward) due to the c o l l i s i o n s w i t h 
the ascending f i n e p a r t i c l e s , i n p a r t i c u l a r i f the f l u x of f i n e p a r t i ­
c l e s i s h i g h . 

As to be expected the e f f e c t of the c o l l i s i o n s i s s t r o n g l y dependent on the 
concen t ra t ions of p a r t i c l e s , i . e . the entrainment: 

* For f l u i d i z e d bed combustor ope ra t i on the i n i t i a l entrainment of the 
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coarse p a r t i c l e s (based on mass) exceeds the i n i t i a l entrainment of f i n e 
p a r t i c l e s by s e v e r a l orders of magnitude. Then phenomenon a) dominates . 
Martens (1984) found tha t the maximal e l u t r i a t i o n of f i n e s i n the 
'MAGMA' i s i n the order of 10 . E - 3 k g / ( s . m 2 ) . Th i s w i l l be t y p i c a l fo r 
f l u i d i z e d bed coa l combustion wi thout f i n e s r e c y c l e . For r e c y c l e of 
f i n e s and the use of n a t u r a l sorbents fo r S02 capture the f l u x of f i n e s 
w i l l i nc rease w i t h a f a c t o r of t e n , r o u g h l y . 

* For f l u i d i z e d beds i n which there i s a l a r g e p roduc t ion or a l a r g e feed 
of f i n e p a r t i c l e s phenomenon b) a f f e c t s the entrainment of coarse p a r t i ­
c l e s . 

Gel dart v e r i f i e d the l a s t mentioned phenomenon e x p e r i m e n t a l l y . The f l u x of 
f i n e s fed to the bed v a r i e d from 1.5 to 7 . 9 k g / ( s . m 2 ) . Ge ldar t even con­
cluded that under the c o n d i t i o n s i n v e s t i g a t e d there i s i n no case any e v i ­
dence to support the i d e a of a TDH, except when the gas v e l o c i t y i s below 
the t e r m i n a l v e l o c i t y of a l l p a r t i c l e s present i n the bed. Consequently the 
TDH on ly w i l l e x i s t when there i s no e l u t r i a t i o n at a l l . Th i s f i n d i n g i s 
i n c o n f l i c t w i t h the i d e a of a s a t u r a t i o n c a r r y i n g c a p a c i t y of the gas 
stream under pneumatic t r anspo r t c o n d i t i o n s . 

2 . 2 . 7 The w a l l l a y e r 

The ex i s t ence of a dense l a y e r of s o l i d p a r t i c l e s descending a long the 
f reeboard w a l l i s supported by Wen (1981), Pemberton and Davidson (1983), 
Morooka et a l . ( 1 9 8 3 ) , Hor io and a l . ( 1982) and ( 1 9 8 3 ) , Van R h i j n (1983) 
and Martens (1984) . 

Pemberton and Davidson, and H o r i o et a l . (1980) p o s t u l a t e d the f reeboard 
gas turbulence (low frequency eddies) to cause sma l l p a r t i c l e s to d i f f u s e 
to the ve s se l w a l l . There p a r t i c l e s descend. The motion of l a r g e p a r t i c l e s 
i s thought to be l a r g e l y unaf fec ted by the gas t u r b u l e n c e . They performed 
hot-wire-anemometer experiments i n the f reeboard at ambient temperature and 
found tha t : 

* the tu rbulence i n t e n s i t y i n the f reeboard i s p r o p o r t i o n a l to the e rup t ­
i n g bubble s i z e , 

* accord ing to H o r i o et a l . the tu rbulence i n t e n s i t y i s i n v e r s e l y propor­
t i o n a l to the d i s t ance above the bed, and acco rd ing to Pemperton and 
Davidson i t decays approximate ly i n an exponen t i a l manner. 

The tu rbu lence i n t e n s i t y of the gas as a f u n c t i o n of f reeboard h e i g h t , 
a cco rd ing to the e m p i r i c a l c o r r e l a t i o n of H o r i o et a l . (1980) reads : 

v u = v n -ÏT- + v ° - 0 1 5 < (D, / h ) < 0.12 (2-6) g ,h g,0 h f g , » b f 

where: 

(2-7) 

S i m i l a r i t y has been found by Havenaar (1982) who performed l a s e r doppler 
anemometer experiments at ambient temperature. Wi th regard to the t u r b u ­
lence i n t e n s i t y H o r i o ' s model p r e d i c t i o n gave too low a v a l u e . Probably 
the bubble diameter taken fo r Havenaars ' c a l c u l a t i o n i s under-es t imated 
(see t a b l e 2 - 1 ) . However under combustion c o n d i t i o n s Havenaar found that 
the tu rbulence i n t e n s i t y can not be f i t t e d to a c o r r e l a t i o n l i k e H o r i o ' s . 
Post combustion i s thought to have an i n f l u e n c e by gene ra t ion of t u rbu ­
l e n c e . Thus more parameters are i n v o l v e d . The v e l o c i t y and turbulence 
i n t e n s i t y p r o f i l e s ( a x i a l gas v e l o c i t y component on ly ) ob ta ined by Havenaar 
are i l l u s t r a t e d i n f i g u r e s 2-5a and b . The decrease of the gas v e l o c i t y 
near the w a l l can c l e a r l y been seen, a l though on ly measurements were p o s s i ­
b l e up to 0.025 m from the w a l l . At ambient temperature a t u rbu l en t f low 
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type deve lops . At combustion c o n d i t i o n s there are s t r u c t u r a l changes. A 
more laminar f low type develops , a l though the tu rbulence i n t e n s i t y remains 
h i g h . At a l l he igh t s i n v e s t i g a t e d the average gas v e l o c i t y i n the v i c i n i t y 
of the w a l l i s much lower compared to tha t i n the cen t r e . As cou ld be 
expected the gas turbulence inc reases near the w a l l . 

Morooka et a l . hypothes ized a s o l i d r e c i r c u l a t i o n f low from accumula t ion 
of s o l i d p a r t i c l e s i n the w a l l l a y e r . There the more densely packed p a r t i ­
c l e s may descend as a consequence of g r a v i t y fo rce , w i t h s t a n d i n g the 
upward movement of the gas at some d i s tance from the w a l l . Hor io et a l . 
(1982) and Morooka and a l . (1983) determined w i t h f i b e r o p t i c s the l a t e r a l 
d i s t r i b u t i o n of the t ime-average ( a x i a l ) p a r t i c l e v e l o c i t y . In the c e n t r a l 
core t h i s v e l o c i t y was p o s i t i v e and r e l a t i v e l y cons tan t . The v e l o c i t i e s 
d e c l i n e d l a t e r a l l y t o become negat ive near the w a l l . 

Accord ing t o Wen (1981), at low gas v e l o c i t y ( p a r t i c l e Reynolds number 
l e s s than a c r i t i c a l Reynolds number), the f r i c t i o n between the p a r t i c l e s 
and the column w a l l i s impor tan t . Thus, a s i g n i f i c a n t w a l l e f f ec t i s 
observed. However, at a h igh gas v e l o c i t y ( p a r t i c l e Reynolds number higher 
than a c r i t i c a l Reynolds number), the f r i c t i o n between the p a r t i c l e s them­
se lves i s more impor tan t , and the w a l l e f f ec t d i m i n i s h e s . Unfo r tuna te ly no 
values of the c r i t i c a l Reynolds number are r e p o r t e d . 

Wi th c r a c k i n g c a t a l y s t Fournol et a l . (1973) performed measurements of 
the l a t e r a l d i s t r i b u t i o n of the entrainment (upward f l u x ) i n the f reeboard 
at two d i f f e r e n t h e i g h t s . The p r o f i l e s were r e l a t i v e l y f l a t . These e x p e r i ­
ments, however, do not exclude the ex i s t ence of a w a l l r e t u r n l a y e r (down­
ward p a r t i c l e f l u x ) because of the i s o k i n e t i c s u c t i o n technique used f o r 
the f low r a t e i n upward d i r e c t i o n . 

P a r t i c l e - w a l l i n t e r a c t i o n s have been t h e o r e t i c a l l y i n v e s t i g a t e d by Van 
R h i j n (1983). The model 'FAME' (desc r ibed i n s e c t i o n 2.3) has been used f o r 
the p a r t i c l e t r a j e c t o r y c a l c u l a t i o n i n v e r t i c a l i . e . a x i a l d i r e c t i o n . The 
p a r t i c l e t r a j e c t o r y i n the l a t e r a l d i r e c t i o n was based on b a l l i s t i c c o n s i d ­
e r a t i o n s independent ly from the a x i a l v e l o c i t y component. The g r a v i t y 
fo rce and any l a t e r a l gas v e l o c i t y component d i d not occur i n the c a l c u l a ­
t i o n of the p a r t i c l e t r a j e c t o r y i n l a t e r a l d i r e c t i o n . The assumptions made 
at the f l u i d i z e d bed l e v e l were: 

* uniform d i s t r i b u t i o n of p a r t i c l e entra inment , 
* a get-away p a r t i c l e v e l o c i t y of 3 t imes the s u p e r f i c i a l gas v e l o c i t y , 
* a d i s t r i b u t i o n of the get-away angle of the p a r t i c l e v e l o c i t y vec to r 

w i t h the a x i s of the combustor a f t e r t a b l e 2-2 . 
A fu r the r assumption was: 

* no p a r t i c l e - p a r t i c l e i n t e r a c t i o n s i n the f reeboard r e g i o n . 
For the f reeboard the f o l l o w i n g geometry was taken: ID of 0.39 m, he ight 
2.75 m. The p h y s i c a l p r o p e r t i e s and s u p e r f i c i a l gas v e l o c i t y were i d e n t i ­
c a l to that of the c a l c u l a t i o n s of t h i s reference mentioned i n s e c t i o n 
2 . 2 . 5 . The two-dimensional p a r t i c l e t r a j e c t o r y was determined u n t i l 1) 
e l u t r i a t i o n or 2) i t s r e t u r n to the bed or 3) c o l l i s i o n w i t h the w a l l . The 
model r e s u l t s are v i s u a l i z e d i n f i g u r e s 2-6a and b fo r coa l p a r t i c l e s 
(p=960 kg/m3) and i n e r t p a r t i c l e s (p=2600 kg/m3) r e s p e c t i v e l y . The f o l l o w ­
i n g c o n c l u s i o n s can be drawn: 

* The f r a c t i o n of p a r t i c l e s that c o l l i d e w i t h the w a l l inc reases f o r 
i n c r e a s i n g p a r t i c l e diameter and d e n s i t y . 

* A s i g n i f i c a n t w a l l e f f ec t has to be expected , e s p e c i a l l y fo r the l a r g e r 
p a r t i c l e s . 

* I f the l a t e r a l v e l o c i t y component governs the p a r t i c l e to w a l l i n t e r a c ­
t i o n then (for equal i n i t i a l p a r t i c l e c o n d i t i o n s ) i n c r e a s i n g the f l u i d ­
i z e d bed cross s e c t i o n area leads to a d i m i n i s h i n g of the w a l l e f f e c t . 

Martens (1984) measured the l a t e r a l d i s t r i b u t i o n of the downward s o l i d s 
f l u x i n the f reeboard at va r ious h e i g h t s . The exper imenta l c o n d i t i o n s were 
c l o s e to those of the t h e o r e t i c a l i n v e s t i g a t i o n s of Van R h i j n (1983). Mar-
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tens found the s o l i d s f l u x to be r e l a t i v e l y constant i n the c e n t r a l r e g i o n 
and to i nc r ea se near the w a l l up to 4 times the f l u x i n the c e n t r e . See 
f i g u r e 2-7 . Fur ther and more d e t a i l e d measurements would be r e q u i r e d , how­
ever , to o b t a i n q u a n t i t a t i v e i n s i g h t i n the phenomena l e a d i n g to w a l l l a y e r 
f o r m a t i o n . 

2 .2 .8 Obstac les i n the f reeboard 

The ex i s t ence of a w a l l l a y e r i s probably r e l a t e d to the e f f ec t of 
obs tac le s i n the f r eeboa rd . Experiments by Pemberton (1982) w i t h and w i t h ­
out v e r t i c a l p l a t e s i n the f reeboard i n d i c a t e tha t the t o t a l e l u t r i a t i o n 
r a t e i s almost unaf fec ted . However one may bene f i t from a r e d u c t i o n i n 
f reeboard height or an i nc r ea se of res idence time and burnout of char par ­
t i c l e s . 

2.3 The one-dimensional p a r t i c l e t r a j e c t o r y model 

This par t of the model 'FAME' has been developed f o r p r e d i c t i o n of the 
o v e r a l l f reeboard s o l i d p a r t i c l e behaviour i n a p r e s s u r i z e d f l u i d i z e d bed 
combustor. 

For reasons of s i m p l i c i t y the model i s kept one-d imens iona l , which 
i m p l i e s that a l l l a t e r a l d i f f e r ences are i g n o r e d , the ( a x i a l ) v e l o c i t i e s 
and the s o l i d s volume f r a c t i o n are uniform over a c r o s s - s e c t i o n , and the 
w a l l - l a y e r not taken i n t o account . 

The boundary c o n d i t i o n s , assumptions and approximat ions of the f reeboard 
model r e l a t e d to p a r t i c l e movement are the f o l l o w i n g : 

* Gas phase 
- The f reeboard i s d i v i d e d i n t o a number of p e r f e c t l y s t i r r e d d i s k - l i k e 

compartments i n s e r i e s . P lug f low i s approximated by forward (upward) 
gas t r ans f e r between compartments. 

- Turbulence and any back-mix ing r e s u l t i n g from i t are ignored because 
of the r e l a t i v e l y low turbulence i n t e n s i t y measured by Havenaar 
(1982) . 

- S ince the f l u i d d e n s i t y i s much l e s s than that of the p a r t i c l e s , added 
mass and h i s t o r y e f f e c t s may be i g n o r e d . 

* S o l i d s 
- The s i z e d i s t r i b u t i o n of the p a r t i c l e s e jec ted from the bed i n t o the 

f reeboard i s assumed to be i d e n t i c a l to the s i z e d i s t r i b u t i o n i n the 
w e l l mixed bed, ob ta ined by i n - b e d - s a m p l i n g , s i e v i n g , and a burn-of f 
technique f o r de te rmina t ion of the carbon con ten t . The sampl ing t e c h ­
nique used (Martens (1984)) may have a preference to the middle and 
l a r g e r c l a s s of p a r t i c l e s . The s i e v i n g technique used i s expected t o 
g ive on ly a rough e s t i m a t i o n on the aerodynamical s i z e d i s t r i b u t i o n of 
the p a r t i c l e s , because of the i n f l u e n c e s of the shape and d e n s i t y . 
Due t o the chemical r e a c t i o n s and the a t t r i t i o n , a wide d i s t r i b u t i o n 
i n p a r t i c l e s shape and d e n s i t y e x i s t s . The sma l l e r the p a r t i c l e s a re , 
the more i n f l u e n c e these phenomena have on e l u t r i a t i o n mode l ing . 

- P a r t i c l e s are e jec ted from the bed sur face w i t h an upward v e l o c i t y 
d i s t r i b u t i o n as de r ived from combining exper imenta l r e s u l t s from a 
p a r t i c l e c a t c h i n g device i n the f reeboard of the 'MAGMA' w i t h a model 
c a l c u l a t i o n under the assumption of n e g l i g i b l e gas j e t t i n g and / or 
p a r t i c l e - p a r t i c l e i n t e r a c t i o n . 

- The t o t a l f l u x of p a r t i c l e s e j ec ted from the bed i s taken from e x p e r i ­
ments w i t h c a t ch ing devices i n the f reeboard of the 'MAGMA'. 

- O p t i o n a l l y the d i s s i p a t i o n of unsteady s t a t e gas j e t s r e s u l t i n g from 
e r u p t i n g bubbles as modi f i ed by Do et a l . (1972) can a l s o be used to 
c a l c u l a t e the t rue gas v e l o c i t y fo r p a r t i c l e s i n upward d i r e c t i o n . 
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Thi s i m p l i e s the f o l l o w i n g r e l a t i o n : 

v . = v w h < 1.7 i (2-8a) j b b 
v . = v + (1.35 - 0.0744 h / d ) (v - v ) j s b b s 

4.7 < h / d < 18.2 (2-8b) b 
v . = v h < 18.2 & (2-8c) J s b 

When p a r t i c l e s r e v e r s e , as a r e s u l t of the g r a v i t y f o r c e overcoming the 
drag f o r c e , they are assumed to emerge from the gas j e t and to encounter 
the s u p e r f i c i a l gas v e l o c i t y . 
P a r t i c l e - p a r t i c l e and p a r t i c l e - w a l l i n t e r a c t i o n s are neg lec ted and i t 
i s assumed that the p a r t i c l e s move q u i t e i n d i v i d u a l l y and not as 
aggregates . 
The i n f l u e n c e of gas turbulence on p a r t i c l e mot ion i s n e g l e c t e d . The 
exper imenta l work of Havenaar (1982) shows that the tu rbulence i n t e n ­
s i t y i s i n the order of 20% of the average gas v e l o c i t y . Ignor ing the 
gas turbulence w i l l most of a l l a f f e c t the d e t a i l s , but much l e s s the 
average of the motion of f i n e p a r t i c l e s . 
S t a r t i n g from these assumptions and approximat ions v e r t i c a l p a r t i c l e 
t r a j e c t o r i e s are ob ta ined by numer ica l s o l u t i o n of the equat ion of 
motion (See Zenz and W e i l (1958) and Do et a l . (1972) ) . 

dv 1/4 C n A p v |v I ( p - p ) g 
p D p g r 1 r 1 F p y g _ 

dt p d p (2-9) 

and: 

v n . J g L (2-10) p dt 
where: 

C n - — 2 1 — (1 .0 • 0.15 R e 0 ' 6 8 7 ) D Re p .ev p .ev 
0 < Re < 1000 (2-11) P .ev 

and: 

v = v - v . (2-12) 
r P J 

p~ v d 

- p . ~ • f : f

 p , e v 

In c a l c u l a t i n g the p a r t i c l e t r a j e c t o r i e s i t i s necessary to take 
i n t o account the l o s s of carbonaceous m a t e r i a l by combust ion. For a 
p r e s s u r i z e d f l u i d i z e d bed combustor t h i s i s p a r t i c u l a r l y important as 
the combustion may proceed at such a r a t e that i n i t i a l l y n o n - e l u t r i a -
b l e p a r t i c l e s become of an e l u t r i a b l e s i z e or even may be consumed 
comple te ly (see Martens (1982)) . For the char combustion a combina­
t i o n of a s h r i n k i n g d e n s i t y and a s h r i n k i n g core model can be used i n 
' F A M E ' . For d e t a i l s see chapter 3-

An a d d i t i o n a l important po in t i s the shape of the p a r t i c l e s . Ana­
l y s i s of coa l and ash p a r t i c l e s taken from the f l u i d i z e d bed and the 
cyc lones l e a d to the c o n c l u s i o n tha t the sma l l e r the p a r t i c l e s the 
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more roughly shaped and f l a t they are (Van R h i j n (1983)) . F o l l o w i n g 
the approach of Van R h i j n (1983) ( that con ta ins an e x t r a p o l a t i o n of 
the t h e o r e t i c a l work of C l i f t et a l . (1978)) t h i s i s taken i n t o 
account by assuming the p a r t i c l e s to be s p h e r o i d a l . The sphe ro id may 
take shapes ranging from s l i g h t l y deformed spheres to d i s k s and nee­
d l e s . The aspect r a t i o Ep of a sphe ro id i s def ined as : 

b 
E = — E - (2-14) 

P a 
P 

where b i s the maximum a x i a l dimension and a i s the maximum dimension nor­
mal to the a x i s of symmetry. The volume-equiva lent sphere diameter i s : 

d = a E 0 ' 3 3 (2-15) 
P P P 

The d r a g - r a t i o based on the sphere w i t h equal volume i s approximated by: 

n » 1 + 0-15 R e 0 ' 6 8 7 

A = 0 .2 (4 + E ) E E i f E -
P P P 1 • 0.15 R e 0 " 6 8 7 

p,ev 

where: 

Re < 10 (2-16) 
P 

Re - f r P ' e p (2-17) Pf \ d -
P.ep TL 

' f 

- Because of the o n e - d i m e n s i o n a l i t y of the model some numer ica l problems 

may occur f o r p a r t i c l e s of near c r i t i c a l s i z e , i . e . w i t h a f ree f a l l 
v e l o c i t y c l o s e to the s u p e r f i c i a l gas v e l o c i t y . I f i n e r t , such a par­
t i c l e may s t a r t ' o s c i l l a t i n g ' between two adjacent compartments d i f ­
f e r i n g s l i g h t l y i n gas v i s c o s i t y , d e n s i t y and or gas v e l o c i t y . Near 
c r i t i c a l char p a r t i c l e s w i l l g r a d u a l l y be consumed and dragged upward 
but may behave s i m i l a r l y i n the b e g i n n i n g . Such ' i n s t a b i l i t i e s ' must 
be avo ided . A s o l u t i o n fo r the academic ques t ion whether the c r i t i c a l 
p a r t i c l e i s e l u t r i a t e d or not i s found i n the hypothes is that such a 
p a r t i c l e g r a d u a l l y w i l l be t r anspo r t ed to the w a l l . There, i n the 
boundary l a y e r , the abso lu te gas v e l o c i t y i s near z e r o . Consequently 
the p a r t i c l e w i l l descend. 

Admi t t ed ly these s i m p l i f i c a t i o n s l i m i t the a p p l i c a b i l i t y of the model 
c o n s i d e r a b l y , but at present the general s c a r c i t y of the data on a . o . two-
dimensional e f f e c t s i n the f reeboard does not permit a more complete 
approach to be t aken . 

In t h i s t h e s i s the model i s predominant ly used f o r a f u r t he r a n a l y s i s of 
the exper imenta l r e s u l t ob ta ined from the 'MAGMA'. Thus some of the l a c k ­
i n g data cou ld be r ep l aced by va lues obta ined from measurements. Th i s 
a p p l i e s to p a r t i c l e movement, as w i l l be d i scussed f i r s t , as w e l l as to 
chemical r e a c t i o n s and heat l o s s e s , to be d i scussed i n chapter 3 and 4 
r e s p e c t i v e l y . As w i l l be shown a f a i r l y coherent p i c t u r e of the va r ious 
phenomena i n the f reeboard can be developed i n t h i s way. Th i s lends c o n f i ­
dence t o the b a s i c r e l i a b i l i t y of the model . 
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2.4 Model p r e d i c t i o n s 

2 .4 .1 Numerical set-up and boundary c o n d i t i o n s 

To i l l u s t r a t e the use of the model and the va r ious e f f ec t s i n f l u e n c i n g 
the p a r t i c l e t r a j e c t o r i e s i n the f reeboard the r e s u l t s of a model t r i a l are 
presented i n t h i s s e c t i o n . 

The model t r i a l comprises d i v i s i o n of the t o t a l f reeboard height i n t o 11 
compartments of 0.25 m each and p a r t i c l e t r a j e c t o r y c a l c u l a t i o n s fo r 9 par ­
t i c l e s i z e s , r ang ing from 26.E-6 m upto 925.E-6 m f o r the i n e r t and 11 par ­
t i c l e s i z e s rang ing from 0.125E-3 m upto 3-2E-3 m f o r the c o a l . To each 
p a r t i c l e s i z e 7 i n i t i a l p a r t i c l e v e l o c i t i e s , r ang ing from 1 m/s to 7 m/s , 
were a s s igned . For convenience the l e v e l of the compartment boundary was 
taken c o i n c i d e n t w i t h the mesh po in t f o r the p a r t i c l e t r a j e c t o r y c a l c u l a ­
t i o n . The f reeboard boundary c o n d i t i o n s are c l o s e l y r e l a t e d to the e x p e r i ­
ments executed i n the 'MAGMA', d e sc r i bed i n Martens and van Koppen (1983) 
and Martens (1984). Values are summarized i n t a b l e 2 -3 . A l l p h y s i c a l 
p r o p e r t i e s not mentioned are c a l c u l a t e d a c c o r d i n g l y appendix 1. 

2 . 4 . 2 P a r t i c l e t r a j e c t o r i e s 

For f l u i d i z e d bed combustion s o l i d s w i t h a wide s i z e d i s t r i b u t i o n are 
common. The b a l l i s t i c fo rces on a p a r t i c l e depend s t r o n g l y on p a r t i c l e 
s i z e . F igures 2-9a through g v i s u a l i z e some i n e r t and coa l p a r t i c l e t r a ­
j e c t o r i e s f o r va r ious i n i t i a l v e l o c i t i e s . The maximum p e n e t r a t i o n he ight 
and the res idence time of p a r t i c l e s i n the f reeboard as a f u n c t i o n of par­
t i c l e s i z e i s shown i n f i g u r e s 2-10a and b and 2-11a and b . For the sma l l 
p a r t i c l e s i z e s the i n i t i a l v e l o c i t y i s immate r i a l w i t h respec t to both the 
maximum height of r i s e and the res idence t i m e . The drag fo rce governs the 
p a r t i c l e t r a j e c t o r y . For the p a r t i c l e of medium and under c r i t i c a l s i z e 
f o r e l u t r i a t i o n the i n f l u e n c e of the i n e r t i a fo rce i n c r e a s e s . Th i s leads 
to some l a g i n t ime f o r the p a r t i c l e having a lower i n i t i a l p a r t i c l e v e l o c ­
i t y . For the medium above c r i t i c a l p a r t i c l e s i z e the (changing) r e l a t i v e 
v e l o c i t y of the gas and the p a r t i c l e i n f l u e n c e s the drag fo rce c o n s i d e r a ­
b l y . R e l a t i v e to the ascending p a r t i c l e , the descending p a r t i c l e w i t h the 
same abso lu te v e l o c i t y n o t i c e s a s t ronger drag f o r c e . The upward gas v e l ­
o c i t y causes the asymmetr ical p a r t i c l e t r a j e c t o r y . The drag and the grav­
i t y fo rce are of the same order of magnitude. Th i s r e s u l t s i n a r e l a t i v e l y 
l ong f reeboard res idence t ime . Both the f reeboard res idence t ime and the 
height of r i s e are s t r o n g l y dependent on i n i t i a l p a r t i c l e v e l o c i t y . For 
coa l p a r t i c l e s the res idence time may be such tha t s u f f i c i e n t combustion 
o c c u r s , l e a d i n g to an e l u t r i a b l e p a r t i c l e . See f i g u r e 2-9e. For the l a r ­
ger p a r t i c l e s the i n e r t i a fo rce and g r a v i t y fo rce dominate and the drag 
fo rce i s of minor impor tance . Coal p a r t i c l e s are more prone t o e l u t r i a t i o n 
( f i n e r c r i t i c a l s i z e ) because of the lower dens i ty and the shape f a c t o r t o 
be l e s s than u n i t y . As cou ld be expected , the c r i t i c a l s i z e fo r e l u t r i a ­
t i o n i s ha rd ly a f f ec t ed by the i n i t i a l p a r t i c l e v e l o c i t y d i s t r i b u t i o n . See 
f i g u r e 2-9e. The c r i t i c a l s i z e fo r the i n e r t p a r t i c l e i s 180.E-3 m and fo r 
the coa l p a r t i c l e 400.E-3 m, r o u g h l y . 

2 .4 .3 Entrainment 

The s p a t i a l l y r e s o l v e d entrainment a long the f reeboard f o r the c o n d i ­
t i o n s cons idered i s shown i n f i g u r e 2-12. The f l u x at the f l u i d i z e d bed 
sur face i s s e v e r a l orders of magnitude l a r g e r than the e l u t r i a t i o n . The 
entrainment decreases only 30% i n the r e g i o n 0 - 0.25 m ( sp l a sh zone) . 
Most p a r t i c l e s disengage i n the r e g i o n 0.25 m - 0.5 m (dense d isengaging 
zone) . Above t h i s r e g i o n minor disengagement takes p lace ( d i l u t e d isengag­
i n g zone) . The entrainment becomes cons tan t , fo r the i n e r t m a t e r i a l 0.03 
kg/(s .m2) at a he ight beyond 1.25 m and fo r the coa l 0.07 kg/(s .m2) beyond 
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0.75 m. Comparison from e l u t r i a t i o n data from the exper imenta l and the 
computat ional r e s u l t (Martens(1984)) shows that the model over -es t imates 
the e l u t r i a t i o n by a f a c t o r of 10 and over -es t ima tes the c r i t i c a l s i z e f o r 
e l u t r i a t i o n of the coa l by a f a c t o r of 0 .25 . These d i f f e r e n c e s may be due 
t o : 

* the bed m a t e r i a l sampling technique used, or any non-homogeneous m i x i n g 
s t a t e of the f l u i d i z e d bed, 

* the p a r t i c l e - p a r t i c l e or p a r t i c l e - w a l l i n t e r a c t i o n , or other two-dimen­
s i o n a l e f f e c t s , 

* the gas t u rbu lence , 
* the vena c o n t r a c t a at the f reeboard o u t l e t , which i s not cons idered i n 

the model . 
Fur ther research on these po in t s i s r e q u i r e d . 
2 .4 .4 P a r t i c l e volume f r a c t i o n 

The p a r t i c l e volume f r a c t i o n i n a compartment of the f reeboard r e s u l t s 
from the volume f low r a t e of the p a r t i c l e s , the p a r t i c l e s ' r es idence t ime 
and the compartment volume. P a r t i c l e s r e v e r t i n g d i r e c t i o n e s p e c i a l l y con­
t r i b u t e to the value of the p a r t i c l e volume f r a c t i o n as t h e i r res idence 
times become r e l a t i v e l y l o n g . The s p a t i a l l y r e s o l v e d p a r t i c l e volume f r a c ­
t i o n i s v i s u a l i z e d i n f i g u r e 2-13. Near the f l u i d i z e d bed sur face the par ­
t i c l e volume f r a c t i o n of the i n e r t and the coa l are about 2% and 0.26% 
r e s p e c t i v e l y , remain ing approximate ly constant i n the s p l a s h zone and 
decreas ing w i t h height s i m i l a r to the entrainment cu rve . 

2.5 Conc lus ions and recommendations 

* Informat ion on bubble e r u p t i o n , i n i t i a l p a r t i c l e v e l o c i t y and i n i t i a l 
entrainment i s becoming a v a i l a b l e at an i n c r e a s i n g r a t e , e s p e c i a l l y f o r 
s i n g l e bubbles and c o a l e s c i n g bubbles at f l u i d i z a t i o n v e l o c i t i e s j u s t 
above v m f up to 3 v m f . Experiments executed i n f l u i d i z e d beds fo r com­
b u s t i o n purposes ( v s > 5 v m f ) remain r a r e however. 

* The f reeboard w a l l l a y e r has been shown to be s i g n i f i c a n t , even f o r an 
I . D . 0.4 m f l u i d i z e d bed. The dense l a y e r of descending coarse p a r t i ­
c l e s near the w a l l r e s u l t s from the l a t e r a l movement of the p a r t i c l e s 
caused by the bubb l ing behaviour of the bed and, p o s s i b l y , the t u rbu ­
lence of the gas f l o w . The magnitude of the l a y e r compared to the ove­
r a l l s o l i d s f l u x decreases when the f reeboard cross s e c t i o n a l area 
i n c r e a s e s . The dense l a y e r of descending p a r t i c l e s helps the g a s - w a l l 
boundary l a y e r t o deve lop . 

* The tu rbulence i n t e n s i t y i s dominated by the bubb l ing phenomena of the 
bed. The i n t e n s i t y decays a long the f r eeboa rd . The tu rbulence probabely 
causes sma l l p a r t i c l e s to c o l l e c t i n the w a l l l a y e r where c o n d i t i o n s are 
more f avourab le fo r descending. 

* P a r t i c l e - p a r t i c l e i n t e r a c t i o n s counteract the i n e r t i a , the s l i p and the 
g r a v i t y fo rce and l e a d to some d i s p e r s i o n of p a r t i c l e s throughout the 
f r eeboa rd . F ine p a r t i c l e s tend to l i f t descending coarse p a r t i c l e s and 
coarse p a r t i c l e s may cause f i n e p a r t i c l e s to move upwind. For f l u i d i z e d 
bed combustion c o n d i t i o n s the l a t t e r e f f ec t may dominate i n the s p l a s h 
zone. 

* Model ing the w a l l l a y e r and p a r t i c l e - p a r t i c l e i n t e r a c t i o n s has s t i l l to 
be based on crude assumptions. F u r t h e r , even when s i m p l i f i e d , i t w i l l 
l e a d to many numerica l c o m p l i c a t i o n s . U n c e r t a i n t i e s i n c a l c u l a t i n g par­
t i c l e motion such as g a s - j e t t i n g , t u rbu l ence , t rue i n i t i a l p a r t i c l e v e l ­
o c i t y , p a r t i c l e - p a r t i c l e c o l l i s i o n and d e v i a t i o n s on drag r e l a t i o n can, 
at p resen t , on ly be ' lumped' i n the model by i n t r o d u c t i o n of an apparent 
i n i t i a l p a r t i c l e v e l o c i t y d i s t r i b u t i o n us ing exper imenta l r e s u l t s . 

* Model ing f i n e p a r t i c l e s i s prone to great u n c e r t a i n t y because of the 
e f f e c t of the w a l l l a y e r , gas t u rbu l ence , and p a r t i c l e - p a r t i c l e i n t e r a c -



t i o n . The model r e s u l t s on e l u t r i a t l o n phenomena are not r e l i a b l e . 
* Fur ther exper imenta l r e s u l t s on p a r t i c l e motion and gas f low w i l l be 

necessary to cover the whole regime of atmospheric and p r e s s u r i z e d 
f l u i d i z e d bed combust ion. U n t i l more exper imental data f o r v e r i f i c a t i o n 
become a v a i l a b l e there i s no urgent need to modify the model presented , 
as the e f f e c t caused by p a r t i c l e behaviour can be es t imated s a t i s f a c t o ­
r i l y v i a i n d i r e c t measurement of chemical r e a c t i o n and heat t r a n s f e r 
(see chapter 3 and 4 ) . 

2 .6 L i s t of symbols 

A surface area m2 
a constant i n the entrainment equat ion 1/m 

maximum dimension sphe ro id normal to the 
a x i s of symmetry m 

b maximum a x i a l dimension sphe ro id m 
C u drag c o e f f i c i e n t 
D diameter m 
d diameter m 
E aspect r a t i o sphe ro id 
F entrainment r a t e k g / ( s . m 2 ) 
g a c c e l e r a t i o n of g r a v i t y m /s2 
h a x i a l d i s tance m 
P pressure Pa 
Re Reynolds number 
T Temperature K 
t time s 
v v e l o c i t y m/s 
v ' turbulence i n t e n s i t y m/s 
TDH t r anspor t d isengaging he ight m 

GREEK SYMBOLS 

A drag r a t i o 
p d e n s i t y kg/m3 
e p o r o s i t y 
n v i s c o s i t y kg / ( s .m) 

SUBSCRIPTS 
b bubble 
ba l ba l anc ing 
bed f l u i d i z e d bed 
ep r e l a t e d to the p ro j ec t ed equ iva len t sphere 
ev r e l a t e d to the volume equ iva len t sphere 
f mean p h y s i c a l p r o p e r t i e s i n gas f i l m 

f reeboard 
g gas 
j gas j e t 
mf minimum f l u i d i z a t i o n 
p p a r t i c l e 
r r e l a t i v e 
s s u p e r f i c i a l 
0 i n i t i a l c o n d i t i o n 
°° i n f i n i t y 

OVERLINES 

* average over the cross s e c t i o n 
time average 
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• B U B B L E D I A M E T E R AT THE BED S U R F A C E <M> 

Figure 2 -1a . 
C a l c u l a t e d entrainment r a t e at the f l u i d l z e d bed sur face as a f u n c t i o n of 
the bubble diameter , u s ing c o r r e l a t i o n s of George and Grace (1978), and Wen 
and Chen (1982) . 

minimum f l u i d i z a t i o n v e l o c i t y 0.093 m/s 
p o r o s i t y at minumum f l u i d i z a t i o n 0.45 -
mean p a r t i c l e diameter 0.35E-3 m 
p a r t i c l e dens i t y 2640 kg/m3 
bed diameter 0.16 m 
d e n s i t y of gas 1 .188 kg/m3 
v i s c o s i t y of gas 1.798E-5 kg / (m.s ) 
a c c e l a r a t i o n from g r a v i t y 9.81 m/s2 
s u p e r f i c i a l gas v e l o c i t i e s 0.4 0.6 0.8 m/s 
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Figure 2-1b. 
C a l c u l a t e d entrainment r a t e at the f l u i d i z e d bed sur face as a f u n c t i o n of 
the bubble diameter , u s ing c o r r e l a t i o n s of Pemberton and Davidson (1983). 

minimum f l u i d i z a t i o n v e l o c i t y 0.093 m/s 
p o r o s i t y at minumum f l u i d i z a t i o n 0.45 -
mean p a r t i c l e diameter 0.35E-3 m 
p a r t i c l e dens i t y 2640 kg/m3 
bed diameter 0.16 m 
d e n s i t y of gas 1 .188 kg/m3 
v i s c o s i t y of gas 1 .798E-5 kg / (m.s ) 
a c c e l a r a t i o n from g r a v i t y 9.81 m/s2 
s u p e r f i c i a l gas v e l o c i t i e s 0.4 0.6 0.8 m/s 



Figure 2 - 2 . 
Downward f l u x of s o l i d s i n the c e n t r e l i n e of the f reeboard (Martens 
( 1 9 8 3 ) ) . 

*• INITIAL PARTICLE VELOCITY <M/S> 

Figure 2 - 3 . 
I n i t i a l p a r t i c l e v e l o c i t y d i s t r i b u t i o n (a f te r Martens and Van Koppen 
( 1 9 8 3 ) ) . 
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Figure 2-4. 
C a l c u l a t e d average b a l a n c i n g p a r t i c l e v e l o c i t i e s r e s u l t i n g from b a l l i s t i c 
cons ide r a t i ons and p a r t i c l e - p a r t i c l e c o l l i s i o n s fo r two mono-size p a r t i c l e 
groups and fo r va r ious mass f l u x e s . 
From Van R h i j n (1983) . 
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Figure 2-5a . 
A x i a l gas v e l o c i t y and tu rbulence i n t e n s i t y i n the f reeboard at va r ious 
l a t e r a l p o s i t i o n s and va r ious h e i g h t s . 
From Havenaar (1981); run at ambient temperature. 
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A x i a l gas v e l o c i t y and turbulence i n t e n s i t y i n the f reeboard at va r ious 
l a t e r a l p o s i t i o n s and va r ious h e i g h t s . 
From Havenaar (1981); run at 1150 K , combustion of a n t h r a c i t e . 
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Figure 2 - 8 . 
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experiment, Martens ( 1 9 8 4 ) ) . 
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F igure 2-9d . 
Some p a r t i c l e t r a j e c t o r i e s fo r va r ious i n i t i a l v e l o c i t i e s , 
ium s i z e coa l p a r t i c l e (337.5E-6 m). 
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Figure 2-9e. 
Some p a r t i c l e t r a j e c t o r i e s f o r va r ious i n i t i a l v e l o c i t i e s . C r i t i c a l s i z e 
coa l p a r t i c l e (400.E-6 m). 
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Figure 2 -9 f . 
Some p a r t i c l e t r a j e c t o r i e s fo r va r ious i n i t i a l v e l o c i t i e s . Medium s i z e 
coa l p a r t i c l e , f i n a l l y descending (426.5E-6 m). 
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Figure 2-9g . 
Some p a r t i c l e t r a j e c t o r i e s f o r va r ious i n i t i a l v e l o c i t i e s . Large s i z e coa l 
p a r t i c l e (3.18E-3 m)• 

A 
H 
V 

in 
CC 

i—• LU 
x: 

x rx 

- 9 

he 
L 7 

- 6 
-5 

t 

- 9 
- 8 
- 7 

- 6 

- 5 

8 9 8 9 
_1 L_ 

10 -1 10 - 3 

-f> PRRTI CLE SIZE <M> 

Figure 2-10a. 
Maximum p a r t i c l e p e n e t r a t i o n height as a f u n c t i o n of i n e r t p a r t i c l e s i z e 
fo r va r ious i n i t i a l v e l o c i t i e s . 

- 33 -



A 

V 

UJ 

to 
1—I 

cc 
u_ 
o 

UJ 

I 

1 -

= 10" 
x 
tr 

9 
-8 
•7 

-6 
-5 

~n 

- 3 

ITJ-CORL. VPIN=1 M/S 

O - C 0 H L . VPIN-2 M/S 

A - C O R L . VPIN-3 M/S 

• »C0f lL. VPIN=U M/S 

• - C 0 R L . VPIN-5 M/S 

X - C O R L , VPIN-S M/S 

X=C0RL. VPIN=7 M/S 

10' 10" 
-*• PARTICLE SIZE <M> 

Figu re 2-1 Ob. 
Maximum p a r t i c l e pene t r a t i on height as a f u n c t i o n of coa l p a r t i c l e s i z e fo r 
va r ious i n i t i a l v e l o c i t i e s . 
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Figure 2-11 a . 
P a r t i c l e r es idence time as a f u n c t i o n of i n e r t p a r t i c l e s i z e fo r va r ious 
i n i t i a l v e l o c i t i e s . 
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••PflRTICLE SIZE <M> 
Figure 2 - 1 1 b . 
P a r t i c l e r es idence time as a f u n c t i o n of coa l p a r t i c l e s i z e f o r va r ious 
i n i t i a l v e l o c i t i e s . 
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S p a t i a l l y r e s o l v e d p a r t i c l e entrainment as a f u n c t i o n of the f reeboard 
h e i g h t . Ine r t and coa l p a r t i c l e s ; model c a l c u l a t i o n . 
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h e i g h t . Ine r t and coa l p a r t i c l e s ; model c a l c u l a t i o n . 
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Table 2-1 . 
Parameters fo r tu rbulence i n t e n s i t y c o r r e l a t i o n and o p e r a t i n g c o n d i t i o n s . 

* t * t 

r e f e r - V V D V d V D 
ence 0 CO b s P mf f 

<m/s> <m/s> <m> <m/s> <m> <m/s> <m> 

H o r i o 0.565 0.01 6 a c c o r d . 0 .3 -0 .6 g la s 0.24 
et a l . Mori a i r at beads 
(1980) and ambi ent 270E-6 

Wen temp. t o 
(1975) 1.1E-3 

Havenaar 0.866 0.036 0.05 0.8 s i l i c a 0.35 0.39 
(1982) exp. bed a i r at sand 

height= ambi ent 750E-6 
0.6 m temp. 

Table 2-2 . 
Get-away angular d i s t r i b u t i o n for i n i t i a l p a r t i c l e entrainment 
(accord ing Van R h i j n (1983)) . 

p a r t i c l e 
get-away angle 

i n degree 
<-> 

mass 
d i s t r i b u t i o n 

1 

mass 
d i s t r i b u t i o n 

2 

mass 
d i s t r i b u t i o n 

3 

0 40 % 30 % 10 % 
10 30 % 30 % 30 % 
20 20 % 20 % 30 % 
30 10 % 10 % 20 % 
40 0 % 10 % 10 % 
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Table 2 -3 . 
Input values fo r the model t r i a l , r e s p e c t i v e l y c a l c u l a t e d p h y s i c a l 
p r o p e r t i e s . 

p ressure 1 .01 3E5 Pa 
f l u i d i z e d bed temperature 1132 K 
s u p e r f i c i a l gas v e l o c i t y (Tbed) 1 m/s 
gas dens i t y (Tbed) 0.34 kg/m3 
gas v i s c o s i t y (Tbed) 4.76E-5 kg / (m.s ) 
d e n s i t y of i n e r t m a t e r i a l 2600 kg/m3 
d e n s i t y of coa l 800 kg/m3 
shape f a c t o r E of i n e r t p a r t i c l e s 1 -

P 
shape f a c t o r E of coa l p a r t i c l e s 0.1518+1507.5 d -

P P 
(see equat ion (2-14)) 2 

837300 d 

cumula t ive p a r t i c l e s i z e d i s t r i b u t i o n P 

i n e r t f i g u r e 2- 3 
( d i s t r i b u t i o n reduced to 9 p a r t , s i z e s ) 

c o a l f i g u r e 2- 3 
( d i s t r i b u t i o n reduced to 11 p a r t , s i z e s ) 
cumula t ive i n i t i a l p a r t i c l e v e l o c i t y 
d i s t r i b u t i o n (reduced to 7 va lues ) f i g u r e 2- 3 
average i n i t i a l entrainment ( i ne r t+coa l ) 60 kg/(s .m2) 
mass f r a c t i o n coa l 0.024 -
f reeboard height 2.75 m 
compartment height 0.25 m 
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3 CHEMICAL REACTIONS AND MASS TRANSFER IN THE FREEBOARD 

Chemical r e a c t i o n s and mass t r a n s f e r i n the f reeboard of a f l u i d i z e d bed 
coa l combustor are s t i l l f a r from unders tood. To a r r i v e at a somewhat be t ­
te r unders tanding experiments on the development of the gas compos i t ion 
were c a r r i e d out i n the 'MAGMA' f reeboard . The r e s u l t s were analysed 
aga ins t the background of a f a i r l y ex t ens ive l i t e r a t u r e r e v i e w . In order 
to br idge the apparent i n c o n s i s t e n c i e s a s imple one-dimensional model was 
cons t ruc t ed , i n c o r p o r a t i n g both homogeneous and heterogeneous chemical 
r e a c t i o n s and p h y s i c a l mix ing of d i f f e r e n t gas streams i n the lower par t of 
the f r eeboard . In t h i s chapter the a v a i l a b l e data and i n s i g h t s r ega rd ing 
gas and s o l i d s mot ion , the p a r t i c l e h i s t o r y and chemical r e a c t i o n s are d i s ­
cussed f i r s t (par 3-1 and 3 -2 ) . Thereaf ter the one-dimensional p h y s i c o -
chemical model i s e l u c i d a t e d (par 3-3) and compared w i t h experiments (par 
3.4) . 

3.1 O v e r a l l gas and s o l i d s motion 

The gas and s o l i d s motion i n the f reeboard r e s u l t s p r i m a r i l y from the 
f l u i d dynamic behaviour of the bed. The bubb l ing or t u rbu l en t behaviour of 
the bed i s g e n e r a l l y h e l d to be s u f f i c i e n t f o r good o v e r a l l i n -bed p a r t i c l e 
m i x i n g . Yet l a t e r a l d i f f e r ences i n s o l i d s c o n d i t i o n s may e x i s t i n the 
f reeboard due t o the e f f e c t s from the w a l l , (as o u t l i n e d i n chapter 2 ) , and 
from any i n t e r n a l s i n bed and or f r eeboa rd . Some of these e f f e c t s w i l l be 
touched upon below. The gas i n the f l u i d i z e d bed i s most ly cons idered t o 
p e r c o l a t e i n t e r m i t t e n t l y w i t h or v i a a p a r t i c l e l e an phase (bubble or gas-
v o i d phase) and, i n p a r a l l e l but more smoothly v i a a p a r t i c l e dense phase 
(emulsion or condensed phase) . Because of these d i f f e r ences i n o r i g i n the 
gas s t a tus at the bed-freeboard i n t e r f a c e can be t y p e f i e d by f l u c t u a t i o n s 
of the gas f low (a sequence of gas e rup t ions ) w i t h d i f f e r e n t v e l o c i t i e s and 
gas spec ies compos i t ions , that a l s o may vary w i t h l a t e r a l d i s t ance and 
t ime . The change of the gas compos i t ion i n both gas phases i n the f l u i d ­
i z e d bed r e s u l t s from: 

* v o l a t i l e e v o l u t i o n (coa l or sorbent c h a r a c t e r i s t i c s , p a r t i c l e s i z e , 
tempera ture) , 

* gas-gas r e a c t i o n s ( in-phase m i x i n g , k i n e t i c s , tempera ture) , 
* g a s - s o l i d r e a c t i o n s ( s o l i d holdup, d i f f u s i o n , k i n e t i c s , tempera ture) , 
* in t e r -phase m i x i n g ( f l u i d dynamics, d i f f u s i o n ) . 

At the bed f reeboard i n t e r f a c e the gas s t a tus can the re fo re be t y p i f i e d by 
f l u c t u a t i o n s of the gas f low (a sequence of gas e rup t ions ) w i t h d i f f e r e n t 
v e l o c i t i e s and gas spec ies compos i t ion that both may vary w i t h l a t e r a l d i s ­
tance and t ime . 

The bubbles or j e t s p ro j ec t p a r t i c l e s i n the f reeboard and cause low 
frequency (gas) edd i e s . Most of the p a r t i c l e s e jec ted r e t u r n t o the f l u i d ­
i z e d bed. The low frequency eddies d i s s i p a t e a long the f reeboard w i t h 
h e i g h t . Both phenomena can be seen as macro-mixing processes , however, 
none w i l l be f u l l y developed. The macro-mixing of the gas leads to the 
recombina t ion of the two d i f f e r e n t gas phases o r i g i n a t i n g from the f l u i d ­
i z e d bed s u r f a c e . The macro-mixing of the p a r t i c l e s i n the f reeboard can 
l e a d to d i s p e r s i o n . Then a g a s - p a r t i c l e c loud r e s u l t s . 

Under s u f f i c i e n t m i c r o - m i x i n g and favourab le k i n e t i c s and temperature 
gas-gas r e a c t i o n s and g a s - p a r t i c l e r e a c t i o n s r e s u l t . The r a t e of the r e a c ­
t i o n s w i l l be a f f ec t ed by s o l i d s hold-up and gas spec ies concen t r a t ions 
that on one p o s i t i o n can vary w i t h t ime , and on average may vary a long the 
l a t e r a l d i s t ance and height (macro-mixing not complete or even segrega­
t i o n ) . 

A p a r t i c l e that i s fed i n t o the f l u i d i z e d bed heats up and t r a v e r s e s 
through the bed and the f reeboard and i s exposed to d e s i n t e g r a t i n g f o r c e s . 
E v e n t u a l l y the s o l i d i s e l u t r i a t e d , taken from the bed ove r f l ow , or con-
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sumed by r e a c t i o n s and transformed i n t o the gas phase. 
The p a r t i c l e t r a j e c t o r i e s and the d i s i n t e g r a t i n g fo rces r e s u l t d i r e c t l y 

from the f l u i d dynamic and thermal behaviour of the bed. The o v e r a l l r eac ­
t i o n r a t e r e s u l t s from the c o n c e n t r a t i o n of s o l i d and gaseous reac tan t s and 
the gasmixing induced by the f l u i d dynamic behaviour of the bed. Smal l 
p a r t i c l e s , hav ing a ba l anc ing v e l o c i t y l e s s than the s u p e r f i c i a l gas v e l o c ­
i t y , have a res idence time i n the system not much longer than the gas r e s i ­
dence t ime , such con t ra ry to the l a r g e r p a r t i c l e s . E x c l u d i n g the s h a l l o w -
and f a s t - f l u i d i z e d - b e d type , the l a r g e r p a r t i c l e s spend more t ime i n the 
bed than i n the f reeboard , whereas f o r s m a l l p a r t i c l e s the r e s idence t imes 
i n the bed and i n the f reeboard are of the same o rde r . The t r a j e c t o r y of a 
s m a l l p a r t i c l e can roughly been seen as a once-through p rocess . The l a r g e r 
p a r t i c l e s most ly t r a v e r s e many times through the bed and the f r eeboa rd . 

When coa l i s fed i n t o the f l u i d i z e d bed a process of heat-up, s w e l l i n g , 
d e v o l a t i l i z a t i o n and p y r o l y s i s can be observed, f o l l o w e d by r e l a t i v e l y slow 
heterogeneous char r e a c t i o n i n the bed and the f r eeboard . As a r e s u l t of 
thermal and t e n s i o n a l s t r e s s , the coa l p a r t i c l e may break up i n t o p i e c e s . 
This process of f ragmenta t ion , tha t i s dependent on the coa l type , has 
almost e x c l u s i v e l y been observed i n the f i e l d of f l u i d i z e d bed combustion 
and r e s u l t s p r i m a r i l y from the l a r g e r r e s i s t a n c e to hea t ing and d e v o l a t i l i ­
z a t i o n of the l a r g e r coa l p a r t i c l e s i z e s . Before d e v o l a t i l i z a t i o n the pore 
s t r u c t u r e undergoes l i t t l e change. When v o l a t i l e s escape p o r o s i t y deve lops . 
The knowledge of the char-pore s t r u c t u r e becomes important when chemical 
k i n e t i c s or both d i f f u s i o n and k i n i t i c s c o n t r o l the o v e r a l l r e a c t i o n r a t e . 
Th i s i s l i k e l y the case f o r the r e a c t i o n s of 02, 002 and NO w i t h char i n a 
f l u i d i z e d bed system, because of the r e l a t i v e l y low temperatures . Then com­
b u s t i o n i n the pores may exceed the combustion at the e x t e r n a l p a r t i c l e 
s u r f a c e . V i a pore enlargement the decomposi t ion of the char leads to forma­
t i o n of numerous needles and f i n a l l y to detachment of f i n e s . Th i s process 
can be enhanced by a t t r i t i o n , where fo rces r e s u l t i n g from the c o n t a c t i n g of 
the coa l w i t h the gas, other p a r t i c l e s or the bed i n t e r n a l s and w a l l s may 
cause c o a l and ash needles to break o f f . Therefore the v i s u a l r e s u l t of 
a t t r i t i o n i s the fo rmat ion of f i n e s and the coun t e r ac t i ng of the i n t e r n a l 
decomposi t ion by smoothening of the coa l p a r t i c l e s u r f a c e s . When there i s 
no pore fo rmat ion a t t r i t i o n i s merely the r e s u l t of a rubbing and imping ing 
p rocess . Because of the much lower p a r t i c l e volume f r a c t i o n i n the f r e e ­
board, compared to the bed, one may expect that a t t r i t i o n i n the f reeboard 
can be n e g l e c t e d . 

Concerning NOx i t i s known that du r ing the r a p i d d e v o l a t i l i z a t i o n sub­
s t a n t i a l amounts of f u e l n i t r o g e n are d r i v e n out from the coa l p a r t i c l e s i n 
the form of ammonia, amines and cyan ides . These n i t r o g e n spec ies are con­
ve r t ed i n t o NOx or N2 depending on the l o c a l a v a i l a b i l i t y of oxygen. I t i s 
t he re fo re p o s s i b l e that the homogeneous r e d u c t i o n of NOx p lays an important 
r o l e i n the bed and i n some cases i n the s p l a s h zone (Chaung (1982)) . 

S u b s t a n t i a l amounts of f u e l s u l f u r products are d r i v e n out from the c o a l 
p a r t i c l e s dur ing the d e v o l a t i l i z a t i o n s t age . When dolomite or l imes tone i s 
fed i n t o the f l u i d i z e d bed the heat-up r e s u l t s i n a c a l c i n a t i o n s tep and 
C02 evades from the p a r t i c l e s . Th i s goes w i t h f ragmenta t ion of s o l i d 
m a t e r i a l and pore f o r m a t i o n . Dur ing the l i f e - t i m e of the s o l i d s u l f a t i o n 
may l e a d to pore b lockage . A t t r i t i o n then w i l l l e a d to renewal of a c t i v e 
p a r t i c l e sur face a r ea . 

From the c o n s i d e r a t i o n s above i t w i l l be c l e a r tha t a steady s t a t e of a 
f l u i d i s e d bed combustor i s r e a l i s e d at a b a l a n c i n g s i t u a t i o n of p a r t i c l e s 
and gas f l o w , each having i t s own s t a tus of development r e s u l t i n g from 
many, more or l e s s s t o c h a s t i c phenomena. Consequently a comprehensive ana­
l y s i s of the gas and the p a r t i c l e s ' course of l i f e i n the r e ac to r i s 
extremely complex and as yet beyond r e a c h . Because of l a c k of i n f o r m a t i o n 
about most important phenomena o c c u r i n g i n the bed and the t r a n s i t i o n 
r e g i o n between the bed and the f reeboard a general and s imple approach of 
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the f reeboard i s proper . 

3.2 P r i o r s t u d i e s and experiments 

In l i t e r a t u r e one can f i n d va r ious models that i n c l u d e the e f f e c t of 
d i f f u s i o n i n pore s t r u c t u r e s and ash l a y e r s and combine the p h y s i c a l t r a n s ­
port r a t e w i t h the r e a c t i o n r a t e (Laurendeau (1978)) . The treatment may 
l e a d to many mathematical c o m p l e x i t i e s . Moreover a p p l i c a t i o n of the models 
r e q u i r e s d e t a i l e d i n f o r m a t i o n from s p e c i a l i s e d and time consuming e x p e r i ­
ments. Concerning the model ing of the f reeboard r e g i o n of a f l u i d i z e d bed 
coa l combustor these techniques are not used y e t . There are a l ready too 
many u n c e r t a i n t i e s to cope w i t h , f . i . r ega rd ing p a r t i c l e c o n c e n t r a t i o n , 
p a r t i c l e s i z e and dens i t y d i s t r i b u t i o n and the gas spec ies c o n c e n t r a t i o n s . 
However l i t e r a t u r e g ives s e v e r a l o v e r a l l - r e a c t i o n s from bench-scale e x p e r i ­
ments i n which f o r a s p e c i f i e d type of m a t e r i a l and s p e c i f i c c o n d i t i o n s the 
p h y s i c a l i n t e r n a l t r anspor t r a t e and the r e a c t i o n r a t e are r e l a t e d to the 
e x t e r n a l or i n t e r n a l p a r t i c l e sur face a rea . To u t i l i z e these data the 
mathematical r e p r e s e n t a t i o n of the f reeboard r e a c t i o n s has to be accomo­
dated t o t h i s s i m p l i f i e d approach. For a be t t e r unders tanding and 
i n t e r p r e t a t i o n of the exper imenta l and model r e s u l t s , at l e a s t q u a l i t a ­
t i v e l y , the f a c t o r s dominating the progress of the r e a c t i o n s are rev iewed . 

3.2.1 Coal combustion and g a s i f i c a t i o n 

When the d i f f u s i o n - and chemical r e a c t i o n - r a t e are of the same order of 
magnitude or when r e a c t i o n i s the r a t e de termining s tep knowledge of the 
t rue i n t r i n s i c r e a c t i v i t y and char pore s t r u c t u r e leads to a be t t e r under­
s t and ing of the combustion p rocess . 

In f l u i d i z e d bed systems the d e v o l a t i l i z a t i o n t ime of a coa l i s found to 
e x h i b i t a power law r e l a t i o n s h i p w i t h i n i t i a l p a r t i c l e s i z e . For va r ious 
types of coa l t h i s r e l a t i o n s h i p has been determined by P i l l a i (1981). The 
d e v o l a t i l i z a t i o n t ime , at T=1150 K , i s between 4 s and 10 s fo r a p a r t i c l e 
s i z e of 0.5E-3 m, the coa l being Niederberg a n t h r a c i t e and bi tuminous Ohio 
coa l r e s p e c t i v e l y . For a p a r t i c l e s i z e of 5 .E-3 m these d e v o l a t i l i z a t i o n 
t imes read 10 s up to 40 s . The d e v o l a t i l i z a t i o n t ime i s found to be a 
f u n c t i o n of the bed temperature . The hea t ing of sma l l p a r t i c l e s i n a 
f l u i d i z e d bed i s cons idered t o be slow compared to f . i . the hea t ing by 
l a s e r , plasma j e t and tube furnace (Thurgood and Smooth (1979)) . For l a r g e 
p a r t i c l e s , due t o the low s o l i d thermal c o n d u c t i v i t y , heat-up takes more 
t ime and a temperature grad ien t deve lops . The temperature g r a d i e n t , the 
s w e l l i n g and the d e v o l a t i l i z a t i o n r e s u l t s i n t e n s i o n a l s t r e s ses and f r a g ­
mentat ion may occu r . By f ragmenta t ion new and more p a r t i c l e e x t e r n a l su r ­
face area i s formed. In general the l a r g e r the p a r t i c l e s i z e , the more 
f ragmenta t ion i s observed (Chirone et a l ' . (1983) ) . Fragmentat ion e x p e r i ­
ments on va r ious coa l s are r epor t ed by Chirone and P a u l i l l o (1981). Dur ing 
d e v o l a t i l i z a t i o n and s w e l l i n g the p o r o s i t y deve lops . The i n t r i n s i c r e a c ­
t i v i t y of a char a f t e r the d e v o l a t i l i z a t i o n s tep i s p r i m a r i l y determined 
by: 

* the c o n c e n t r a t i o n of a c t i v e carbon s i t e s , 
* minera l matter and t r ace elements , 
* oxygen and hydrogen con ten t . 

The hea t ing h i s t o r y and the temperature of the coa l a f f ec t the i n t r i n s i c 
r e a c t i v i t y by: 

* c l u s t e r r e o r g a n i s a t i o n of molecu les , 
* the convers ion of minera l matter i n t o metal oxides that have c a t a l y t i c 

a c t i v i t y , 
* the oxygen and hydrogen c o n c e n t r a t i o n . 

For f u r t he r d e t a i l s on these matters the reader i s r e f e r r e d to the review 
a r t i c l e of Laurendeau (1978). 
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The t ime fo r combustion of a s h r i n k i n g char p a r t i c l e i n a stagnant atmo­
sphere, under d i f f u s i o n a l c o n t r o l ( f a s t r e a c t i o n r a t e and no boundary l a y e r 
combust ion) , can be w r i t t e n as (see f . i . Laurendeau (1978)) : 

P c i 2 

_J? P 
' G P 8 M c % C 02 E 02-N2 

( 3 - D 

f o r the r e a c t i o n : 

$ C + 02 > (2$ -2) CO + (2-$ ) C02 
P P P 

$p i s the s o - c a l l e d mechanism f a c t o r . When, a d d i t i o n a l to d i f f u s i o n , chem­
i c a l k i n e t i c s become c o n t r o l i n g the t ime f o r complete combustion w i l l be 
longer than i n d i c a t e d i n ( 3 _ 1 ) . From t h i s one can show tha t f o r f l u i d i z e d 
bed combustion c o n d i t i o n s the t ime f o r char combustion exceeds the t ime f o r 
d e v o l a t i l i z a t i o n by rough ly one order of magnitude. 

The g l o b a l r e a c t i o n s o c c u r r i n g d u r i n g char g a s i f i c a t i o n and combustion 
are: 

C + C02 > 2 CO (endothermal) 

C + H20 > CO + H2 (endothermal) 

C + 2 H2 > CH4 (exothermal) 

C + 02 > C02 (exothermal) 

For almost a l l a p p l i c a t i o n s the carbon-hydrogen r e a c t i o n i s too slow to be 
of p r a c t i c a l importance, un less under p res su re . For f l u i d i z e d bed combus­
t i o n i n p a r t i c u l a r (at 1150 K) even the C - H20 and C - C02 r e a c t i o n s are 
r e l a t i v e l y s low . The C - 02 r e a c t i o n i s probably the l e a s t understood 
(Laurendeau (1978)) : 
1) The e x o t h e r m i c i t y of the C - 02 r e a c t i o n causes u n c e r t a i n t y i n both 

p a r t i c l e temperature and a c t i v e s i t e c o n c e n t r a t i o n . 
2) The r a p i d r a t e of t h i s r e a c t i o n obscures mechan i s t i c s t u d i e s due t o 

mass t r ans f e r e f f e c t s , pore s t r u c t u r e changes, s w e l l i n g and cenosphere 
fo rma t ion (not important f o r FBC because the temperature i s w e l l below 
the f u s i o n tempera ture) . 

3) As the exper imenta l c o n d i t i o n s (T, P, d) v a r y , the e f f e c t of secondary 
r e a c t i o n s i n the boundary l a y e r sur rounding the p a r t i c l e l a y e r change. 
At the carbon surface both CO and C02 are formed as primary p roduc t s . 
CO i s favoured at the higher temperatures . A p o s s i b l e e x p l a n a t i o n i s 
that CO i s formed at the carbon edges, w h i l e C02 i s formed at i n o r g a n i c 
s i t e s . Lower temperatures favour C02 due to thermodynamic e q u i l i b r i u m 
and c a t a l y t i c a c t i v i t y ; h igher temperatures promote u t i l i z a t i o n of c a r ­
bon edges. In the boundary l a y e r the o v e r a l l r e a c t i o n 

CO + 1/2 02 > C02 

i s p o s s i b l e . The elementary s tep c o n t r o l l i n g t h i s g l o b a l r e a c t i o n i s : 

CO + OH > C02 + H 

The fundamental ques t ion i s the r e l a t i v e l o c a t i o n of the CO conve r s ion 
p roces s . The o v e r a l l s tochiometry and sur face temperature depend on 
whether CO i s converted to C02 at the p a r t i c l e s u r f a c e , w i t h i n the 
boundary l a y e r or ou t s ide the boundary l a y e r . In general the l o c a t i o n 
of the CO o x i d a t i o n f r o n t i s r egu la t ed by the p a r t i c l e s i z e and the 
bulk gas temperature. Large p a r t i c l e s and higher temperatures favour 
conver s ion near the su r f ace ; sma l l e r p a r t i c l e s and lower temperatures 
favour convers ions ou ts ide the boundary l a y e r . The boundary l a y e r phe-
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nomenon i s of ten s i m p l i f i e d by u s i n g e i t h e r a s i n g l e f i l m or a double 
f i l m model . In the s i n g l e f i l m model both CO and C02 are cons idered 
pr imary products and no r e a c t i o n occurs w i t h i n the boundary l a y e r , but 
CO o x i d a t i o n may occur ou t s ide the l a y e r . In the double f i l m model, CO 
o x i d a t i o n consumes a l l incoming oxygen before r each ing the s u r f a c e . The 
r e s u l t i n g C02 d i f f u s e s from the r e a c t i o n f ron t i n two d i r e c t i o n s . At 
h igh temperatures ( that i s probabely not the case fo r f l u i d i z e d bed 
combustion) the r e a c t i o n : 

C + C02 > 2 CO 

i s the on ly heterogeneous s t e p . 
Because of these u n c e r t a i n t i e s and i n s p i t e of s t ud i e s a v a i l a b l e on c o a l 
combustion r a t e s , the unders tanding of 1) r e a c t a n t - c h e m i s o r p t i o n , 2) 
m i g r a t i o n of in te rmedia tes and 3) product de so rp t ion i s poor . However, the 
s i m p l i f i e d models w i t h t h e i r o v e r a l l k i n e t i c r a t e s g ive reasonable r e s u l t s 
f o r the appropr i a t e regimes . E x t r a p o l a t i o n s , fo r i n s t ance to p r e s s u r i s e d 
c o n d i t i o n s , have to be done w i t h c a r e . 

3 .2 .2 NOx r e d u c t i o n w i t h coa l ( abs t r ac t of the l i t e r a t u r e review from 
Chaung (1982)) 

Dur ing the combustion of char p a r t i c l e s (a f te r the d e v o l a t i l i z a t i o n 
stage has been completed) , char bound n i t r o g e n i s converted t o NO by r e a c ­
t i o n w i t h oxygen d i f f u s i n g i n t o the pores of the s o l i d . On the other hand 
NO can be reduced by ammonia, amines, CO, hydrocarbons and char t o become 
molecular n i t r o g e n . 

N i t r i c oxide can be reduced e i t h e r homogeneously or heterogeneous. The 
heterogeneous NO r e d u c t i o n r e a c t i o n may belong to two d i f f e r e n t types : t rue 
c a t a l y t i c or s o l i d - g a s r e a c t i o n s . 

* Homogeneous NO r e d u c t i o n r e a c t i o n s . 
Duxbury and P r a t t (1975) propose the f o l l o w i n g r e d u c t i o n s t ep : 

NO + NH3 > H20 + N2 + 1/2 H2 

and De Soete (1980): 

NH3 + 02 > NO + products 

NH3 + NO > N2 + products 

Yamazaki et a l . (1979), Meyerson (1975) and (not r epor ted by Chaung 
(1982)) Paauw et a l . (1979) f i n d that i n hydrocarbon combustion proceses 
many e f f e c t i v e f ree r a d i c a l s are formed that can reduce NO. 

* Heterogeneous NO r e d u c t i o n r e a c t i o n s . 
De Soete et a l . (1980) conclude t h a t , except i n cases where noble metals 
or t y p i c a l metal oxide c a t a l y s t s are p resen t , d i r e c t t r ans fo rma t ion of 
NOx i n t o molecular n i t r o g e n i n the absence of any r educ ing agent i s a 
r e l a t i v e l y s low p rocess . When <N0> i s l a r g e r than 300 ppm the NO reduc­
t i o n r a t e i s zero order w i t h respec t to <N0>, when <N0> i s l e s s i t 
becomes dependent on <N0>. In the presence of r educ ing agents , such as 
s o l i d bound carbon atoms, CO and hydrogen, the d i r e c t t r ans fo rma t ion of 
n i t r i c oxide i n t o molecular n i t r o g e n i s s i g n i f i c a n t l y enhanced. Increase 
i n r e a c t i o n r a t e of 3 t o 12 times dependent on <C0> or <H2> have been 
determined. In the presence of hydrogen (hydrogen atoms, molecu la r 
hydrogen, hydro-carbons) an i n d i r e c t t r ans fo rma t ion of n i t r i c oxide i n t o 
molecular n i t r o g e n w i t h ammonia as an in t e rmed ia t e i s observed. Edwards 
(1972) showed that f i v e r e a c t i o n s of the form: 

C + a NO > b CO + c C02 + d N2 

are thermodynamical ly f a v o u r a b l e . I t i s found tha t C02 p r e v a i l s at low 
temperatures (1100 K ) . The f i r s t s tep i n NO carbon r e a c t i o n i s the 
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chemisorp t ion of NO on the carbon s u r f a c e , accompanied by the immediate 
r e l e a s e of N2. The deso rp t ion of surface oxide f o l l o w s , r e s u l t i n g i n the 
p roduc t ion of 002 or CO depending on the r e a c t i o n temperature . Another 
mechanism proposed by Beer (1980) i s the adso rp t ion of NO molecules on 
two adjacent a c t i v e s i t e s of the carbon sur face r e s u l t i n g i n a carbon 
complex and a l o o s e l y adsorbed n i t r o g e n atom. Due to the subsequent f a s t 
sur face d i f f u s i o n , the N-atoms recombine i n t o molecular n i t r o g e n . The 
chemisorbed oxygen can e i t h e r desorb t o produce CO or reac t w i t h CO to 
form C02. Th i s mechanism can be used to e x p l a i n the observed inc rease of 
the NO convers ion due to the presence of carbon monoxide. I t i s found 
that the o v e r a l l r e a c t i o n r a t e i s f i r s t order w i t h respec t to the NO 
c o n c e n t r a t i o n . 

3 .2 .3 NOx - char r e a c t i o n s ; i n f l u e n c e of CO and 02 

During the combustion process reduc ing agents (such as CO) are formed as 
pr imary p roduc t s . In 3 . 2 . 2 i s r epor ted that CO i s an important spec ies i n 
the c a t a l y t i c NO r e d u c t i o n r e a c t i o n . The c o n c e n t r a t i o n of CO i s determined 
by the mechanism of the r e a c t i o n s , that i t s e l f i s dependent on the r e a c t i o n 
r a t e s and the d i f f u s i o n a l r a t e s . When fo r combustion the 02-chemisorp t ion 
at the char sur face i s the r a t e de te rmin ing s t e p , changing oxygen concen­
t r a t i o n leads to a d i f f e r e n t r a t e of the NO r e d u c t i o n than f o r the case 
when the d e s o r p t i o n of CO or C02 from the char sur face i s the r a t e de te r ­
mining s t e p . I t i s r epor ted by Chan et a l . ( based on the k i n e t i c s of 
H o r i o et a l . (1977)) tha t the r a t e of 02 - char r e a c t i o n i s approximate ly 
two orders of magnitude l a r g e r than that of the NO - char r e a c t i o n . For 
t h i s reason i n major d i f f u s i o n a l r e s i s t a n c e of oxygen the 02 i s consumed 
c l o s e t o the p a r t i c l e sur face (except fo r the sma l l e r p a r t i c l e s or fo r low 
temperatures) t o produce CO. CO and NO c o - d i f f u s e i n t o the pore s t r u c t u r e 
to a c c e l e r a t e the r a t e of NO r e d u c t i o n . Comparison of the o v e r a l l combus­
t i o n r a t e w i t h the o v e r a l l NO r e d u c t i o n r a t e (both from Hor io et a l . 
(1977)) , at 1100 K , do not l e a d t o t h i s f i n d i n g . (The r a t e of NO r e d u c t i o n 
of H o r i o et a l . (1977) can be found i n t a b l e 3~1• For the combustion r e a c ­
t i o n used by H o r i o et a l . take the F i e l d and a l . (1967) equat ion from t a b l e 
3 - 1 , w i t h $p=2). Then, a l though d i f f u s i o n v i a the p a r t i c l e boundary l a y e r 
i s found to be the c o n t r o l l i n g s tep ( for p a r t i c l e s w i t h dp> 4 . E - 3 m), i t 
both i n f l u e n c e s the 02 and NO d i f f u s i o n e q u a l l y . 

3 .2 .4 NOx r e a c t i o n s w i t h l imes tone and dolomi te 

Reac t ions of NOx w i t h c a l c i n e d l imes tones under f l u i d i z e d bed combustion 
c o n d i t i o n s have not been s t u d i e d thoroughly y e t . Furusawa et a l . (1983) 
performed experiments i n a f i x e d bed (0.02 m I . D . , qua r t z ) r e a c t o r . They 
repor t h igh c a t a l y t i c a c t i v i t y of c a l c i n e d l imes tones f o r NO r e d u c t i o n by 
hydrogen and carbon monoxide: 

c a t a l y s t 
NO + CO > C02 + 1/2 N2 

c a t a l y s t 
NO + H2 > H20 + 1/2 N2 

c a t a l y s t 
NO + 5/2 H2 > NH3 + H20 

In view of t h i s f i n d i n g i t i s i n t e r e s t i n g to note that Martens and Van Kop-
pen (1983) have performed f l u i d i z e d bed experiments i n which a batch of 
f r e s h dolomi te was fed i n t o the bed dur ing cont inuous f eed ing of c o a l 
( a n t h r a c i t e ) . As many o thers Martens found that i n general the <N0x> was 
somewhat reduced at the presence of l imes tone / do lomi te i n the bed. How­
ever , s imultaneous observa t ions of the NOx and S02 concen t r a t i ons at the 
f l u e e x i t made c l e a r that t h i s i s on ly t rue at the presence of S02. For 
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those s i t u a t i o n s where the <S02> i s sma l l (say l e s s than 20 ppm) the NOx 
c o n c e n t r a t i o n at the f l u e e x i t i s approximate ly the maximum that i s theor ­
e t i c a l l y p o s s i b l e on b a s i s of f u e l n i t r o g e n . 

3 .2 .5 C O - o x i d a t i o n i n the gas phase 

Chaung (1982), Martens et a l . (1983) and Martens (1983) and (1984) 
ob ta ined by experiment t ime averaged CO c o n c e n t r a t i o n p r o f i l e s a long the 
f r eeboa rd . The exper imenta l r e s u l t s showed h igh CO concen t ra t ions (up to 
5%) near the f l u i d i z e d bed sur face and i n the s p l a s h zone. Higher up the 
CO c o n c e n t r a t i o n decreased, a l though no complete burn-out was ob ta ined . 
Martens (1984) a l s o found the l a t e r a l d i s t r i b u t i o n of the t ime averaged gas 
spec ies compos i t ion j u s t above the the f l u i d i z e d bed surface t o vary con­
s i d e r a b l y w i t h l a t e r a l d i s t a n c e . See f i g u r e 3~1 f o r a t y p i c a l p l o t . The 
oxygen c o n c e n t r a t i o n i s h ighes t i n the c e n t r a l r e g i o n and the CO-concent ra-
t i o n i s h ighes t near the w a l l . Th i s phenomenon can w e l l be e x p l a i n e d by 
assuming an oxygen - r i ch bubb l ing phase f eed ing the c e n t r a l r e g i o n and a 
C O - r i c h emuls ion phase feed ing the w a l l r e g i o n . Indeed, Hor io et a l . 
(1982) determined the contour l i n e s of the l o c a l average s u p e r f i c i a l bubble 
v e l o c i t y at va r ious bed he igh ts and found the values i n the c e n t r a l r e g i o n 
to be w e l l above those near the w a l l . Fur ther the higher s o l i d s and char 
concen t ra t ions i n the w a l l l a y e r may p lay a r o l e . 

The CO conver s ion i n the gas phase dependends on: 
* The macro-mixing of the gas (the o v e r a l l mix ing p r o c e s s ) . 
* The m i c r o - m i x i n g of the gas (mixing i n the molecular s c a l e ) . 
* The k i n e t i c s , the gas spec ies concen t ra t ions and the temperature. 

F u r t h e r , CO p roduc t ion from g a s - p a r t i c l e r e a c t i o n s o c c u r s . 
The f reeboard C O - o x i d a t i o n s t u d i e s can be d i v i d e d i n t o the f o l l o w i n g 

c a t e g o r i e s : 
* S tud ies r ega rd ing the o v e r a l l m i c r o - and macro-mix ing , 
* S tud ies r ega rd ing the k i n e t i c s fo r uniform gas compos i t ion , 
* S tud ies assuming p l u g - f l o w . 

1) S tud ies r ega rd ing the o v e r a l l m i c r o - and macro -mix ing . 
Raj an and Wen (1980) d i v i d e d the f reeboard i n t o a number of p e r f e c t l y 
mixed compartments of equal s i z e . The compartment s i z e was based on the 
P e c l e t number obta ined from the c o r r e l a t i o n of Wen and Fan (1975): 

Pe 
D 

+ g Re„ < 2000 (3-2a) 
g 

3.E7 + 1 .35 Re„ > 2000 (3-2b) 
Pe 

D 

The d imensionless numbers are def ined as : 

Pe 
D 

(3-3) 

(3-4) 
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Sc = — 5 ( 3 - 5 ) 
P S B 02-N2 

The average compartment s i z e i s c a l c u l a t e d from: 

2 D 
h f = — r - 2 - (3-6) v 

g 

Eh i s the a x i a l d i s p e r s i o n c o e f f i c i e n t . 
Ho t -wi re measurements of Hor io et a l . (1980) and Pemberton and Davidson 

(1983) i n the f reeboard at ambient temperature showed that ( s e c t i o n 2 .2 .7) 
* The t u r b u l e n t i n t e n s i t y i n the f reeboard i s p r o p o r t i o n a l to the 

e r u p t i n g bubble s i z e . 
* The tu rbulence decays a long the f reeboard w i t h h e i g h t . 

The l a t t e r has a l s o been confirmed by Havenaar (1982) w i t h l a s e r - d o p -
p l e r v e l o c i t y measurements at ambient temperature and under combustion 
c o n d i t i o n s . Assuming tha t the d i s s i p a t i o n of the bubble induced t u r b u ­
l e n c e , the low frequency edd ie s , can be r e l a t e d to the s t a t e of macro-
mix ing and assuming that the subsequent m i c r o - m i x i n g i s r e l a t i v e l y 
f a s t , then the o v e r a l l mix ing i s p r i m a r i l y dependent on bubble s i z e and 
f reeboard h e i g h t . These parameters, however, cannot be found i n equa­
t i o n (3-2) . 

2) S tud ies r ega rd ing the k i n e t i c s f o r uniform gas compos i t ion , 
a) G l o b a l k i n e t i c s : 

G loba l k i n e t i c s are w ide ly used i n combustion eng inee r ing i n order 
to overcome the l a c k i n knowledge of the t rue chemical mechanisms 
and/or to s i m p l i f y compl ica ted and d e t a i l e d k i n e t i c s . The g l o b a l C0-
o x i d a t i o n r a t e i s commonly expressed as : 

r C 0 " A C C0 C H20 C 02 6 X 0 ( ~ r T T " ) ( 3 " 7 ) 

Table 3 - 2 summarizes the parameters of i n t e r e s t from va r ious au thors . 
Chaung (1982) demonstrated that the r e a c t i o n orders used i n most g l o b a l 
express ions depend on the i n v e s t i g a t o r s ' choise of r e a c t i o n se t s fo r par­
t i a l e q u i l i b r i u m of the OH gas s p e c i e s . P a r t i a l e q u i l i b r i u m i n a r e a c t i n g 
system i s s a i d to e x i s t when c e r t a i n f a s t r e a c t i o n s are dynamica l ly 
balanced even though the system as a whole i s not i n thermodynamic e q u i l i ­
br ium. An overview of g l o b a l k i n e t i c s fo r f reeboard modeling used by v a r i ­
ous authors i s g iven i n t a b l e 3 - 3 . The C O - o x i d a t i o n model ing r e s u l t of 
W e l l s et a l . (1981) and Martens et a l . (1983) showed r a p i d CO consumption. 
Rajan and Wen (1980) d i d not r epor t C O - o x i d a t i o n r e s u l t s . The main s h o r t ­
comings of g l o b a l k i n e t i c s are : 

* The assumption of complete combustion and no reverse r e a c t i o n s . Th i s 
r e s u l t s i n an o v e r - e s t i m a t i o n of the t o t a l heat produced, because 
a c t u a l l y the f u e l gas spec ies reaches e q u i l i b r i u m w i t h the ox idant 
and i s not f u l l y consumed. 

* Globa l r e a c t i o n mechanisms assume the energy to become a v a i l a b l e 
i n s t a n t l y . The f i r s t r e a c t i o n s teps of the a c t u a l combustion 
mechanism, however, are endothermic, r e s u l t i n g i n a delay i n f u e l 
consumption and heat r e l e a s e . On the con t ra ry g l o b a l r e a c t i o n 
mechanisms show ( i n an a d i a b a t i c system) at the i n i t i a l pe r iod a 
temperature inc rease that promotes fu r the r r e a c t i o n . 
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b) D e t a i l e d k i n e t i c s : 
Martens (1981) performed model c a l c u l a t i o n s w i t h a set of 80 r e v e r ­

s i b l e r e a c t i o n s i n v o l v i n g 28 gas s p e c i e s . The mechanism of the r e a c ­
t i o n s was taken from the work of Paauw et a l . (1979) (see t a b l e 2-4) 
and the computer program used ( 'CEC 8 0 ' ) was a m o d i f i c a t i o n of P r a t t ' s 
(1974) ' P S R ' . Martens i n i t i a l l y showed tha t a wet gas mix ture c o n t a i n ­
i n g CO at 1.E5 Pa and 1073 K i n an a d i a b a t i c system w i l l develop s t a ­
b l e i g n i t i o n and combust ion. An example from h i s r e s u l t s i s v i s u a l i z e d 
i n f i g u r e 3-2. I n i t i a l molar gas f r a c t i o n s were: 0.025 CO, 0.027 02, 
0.039 H20, 0.115 C02, 300 ppm NO, the remaining being N2. The heat 
c a p a c i t y of the gas was 1260 J / ( k g . K ) . The C O - o x i d a t i o n i n the w e l l -
mixed gas phase proceeds r a p i d l y (say w i t h i n 0.1 s) r e s u l t i n g i n a 
temperature i nc r ea se of 195 K . S i g n i f i c a n t CO convers ion occurs a f t e r 
the fo rma t ion of h igh OH and H c o n c e n t r a t i o n s . 

Chaung (1982) r epor t ed tha t the C O - o x i d a t i o n i s quenched at or below 
950 K as was demonstrated by Hardy and Lyon (1980), and tha t the con­
v e r s i o n i s dependent on the i n i t i a l CO c o n c e n t r a t i o n . In t h i s view i t 
i s i n t e r e s t i n g to note that Martens us ing h i s model d i t not f i n d s t a b l e 
i g n i t i o n of CO below 975 K . The exper imenta l work of Gibbs et a l . 
(1975) on f l u i d i z e d bed coa l combustion leads to the same f i n d i n g s . 

Chaung performed c a l c u l a t i o n s on C O - o x i d a t i o n us ing a se t of 22 
r e v e r s i b l e r e a c t i o n s i n v o l v i n g 10 r eac tan t s (see t a b l e 3 _ 6) which i s a 
s i m p l i f i c a t i o n of Westbrook 's (1977) set i n v o l v i n g 28 r e v e r s i b l e r e a c ­
t i o n s . He showed that the e m p i r i c a l g l o b a l r a t e equat ion of Dryer and 
Glassman (1974) o v e r p r e d i c t s CO burnout w h i l e the assumption of par ­
t i a l l y e q u i l i b r a t e d OH leads to f a r too low o x i d a t i o n r a t e s . Chaung 
fu r the r argued that the h igh s o l i d s c o n c e n t r a t i o n a f f e c t s the CO-ox ida ­
t i o n by p r o v i d i n g a l a r g e sur face area f o r heterogeneous r a d i c a l recom­
b i n a t i o n . At 1100 K and f o r the p a r t i c l e s s i z e s of i n t e r e s t d i f f u s i o n 
of the OH r a d i c a l to the p a r t i c l e surface was shown to be the l i m i t i n g 
s t e p . For a s i n g l e p a r t i c l e the t o t a l OH consumption r a t e thus can be 
s i m p l i f i e d t o : 

r < Sh B_„ IT d C n u (3-8) 0H,p - p OH-gas p 0H,°° 

Model c a l c u l a t i o n s i n the temperature range 975 K to 1100 K , i so the rma l 
c o n d i t i o n s , u s i n g mono-size p a r t i c l e s of 0.3E-3 m and 1.E-3 m, showed that 
the heterogeneous r a d i c a l recombina t ion r e a c t i o n on C O - o x i d a t i o n becomes 
n o t i c a b l e fo r values A/V of 0.1 1/m and 1.0 1/m , the l a t t e r f o r the coar ­
ser p a r t i c l e s . The A/V was def ined as: 

p _ t o t a l e x t e r n a l p a r t i c l e sur face (3-9) 
Vj, ~ r eac to r volume 

Heterogeneous r a d i c a l recombina t ion r e a c t i o n s were shown to govern the CO-
o x i d a t i o n r e a c t i o n at an A/V r a t i o beyond 1000 1/m fo r the lower tempera­
tures and a p a r t i c l e s i z e of 1.E-3 m. The CO-oxida t ion- tempera ture r e l a ­
t i o n e labora ted from the work of Chaung i s presented i n f i g u r e 3~3- The 
A/V i s 100 1/m and 1000 1 /m r e s p e c t i v e l y and the gas res idence t ime 3.6 s . 
I t can be seen that there i s no s i g n i f i c a n t conver s ion at temperatures 
around 900 K . Above 1100 K the C O - o x i d a t i o n i s completed, and the gas spe­
c i e s can be thought to have reached an e q u i l i b r i u m w i t h some CO uncon­
v e r t e d . Unconverted CO increases w i t h i n c r e a s i n g A/V and decreas ing temp­
e r a t u r e s . In the r e g i o n 900 - 1100 K the temperature and p a r t i c l e sur face 
area dependency of C O - o x i d a t i o n i s h i g h . In s e c t i o n 2.4 the f reeboard par­
t i c l e volume f r a c t i o n i s demonstrated to be i n the order of 2 . E - 2 . The 
p a r t i c l e volume f r a c t i o n near the w a l l w i l l be somewhat h i g h e r , because of 
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the dense l a y e r of descending p a r t i c l e s . For comparison: for d ia l ings ' 
model r e s u l t on 1.E—3 m p a r t i c l e s an A /V of 100 1/m correspond w i t h a par­
t i c l e volume f r a c t i o n of 1.7E-2. From these c o n s i d e r a t i o n s one may con­
clude that the heterogeneous r a d i c a l recombina t ion i n the f reeboard has no 
keen e f f ec t on C O - o x i d a t i o n f o r temperatures above 1000 K . In the f l u i d -
i z e d bed the A /V r a t i o s are much h igher than i n the f r eeboa rd . There one 
may expect tha t t h i s phenomenon hampers the C O - o x i d a t i o n process c o n s i d e r a ­
b l y , which may e x p l a i n the l a r g e concen t ra t ions of CO i n the bed. 

3) S tud ies assuming p l u g - f l o w . 
These s t u d i e s assume per fec t m i c r o - and macro-mixing i n a t h i n h o r i ­

z o n t a l s l i c e moving upward w i t h the average v e l o c i t y of the gas . 
Wi th t h e i r g l o b a l r e a c t i o n mechanism and p lug f low reac to r model 

Martens et a l . (1983) and W e l l s et a l . (1981) found a sharp r e d u c t i o n 
i n the CO c o n c e n t r a t i o n j u s t o f f the sur face of the f l u i d i z e d bed. 
These authors de r ived a d i f f e r e n t i a l energy balance a long the f reeboard 
based on: 

* Heat genera t ion r e s u l t i n g from g a s - s o l i d and gas-gas r e a c t i o n s . 
* R a d i a t i o n of p a r t i c l e s to the w a l l . 
* Convect ion and r a d i a t i o n from the gas to the w a l l . 
* Convect ive heat t r anspor t w i t h the gas . 
* Martens a l s o i n c l u d e d convec t ive heat t r anspor t by the b a l l i s t i c a l l y 

moving p a r t i c l e s i n h i s model , and heat t r a n s f e r from the p a r t i c l e s . 
Due t o the r a p i d CO combustion W e l l s et a l . found a s tep i n the f r e e ­
board temperature of 20 K fo r an i n i t i a l molar gas f r a c t i o n s of about 
0.0015 (which i s r a the r too l o w ) . Martens et a l . found a s tep i n the 
f reeboard temperature of 8 K w i t h i n i t i a l l y 0.025 CO. They f u r t h e r 
found the e x p e r i m e n t a l l y determined C O - o x i d a t i o n t o be much slower than 
the p r e d i c t e d one, and the l a r g e s o l i d s f l u x e s i n the f r eeboard , w i t h 
t h e i r l a r g e heat c a p a c i t i e s , to counterac t any temperature change (see 
s e c t i o n 3 .3 .2) . 

Freeboard model ing r e s u l t s were ob ta ined by Martens (1981) and 
Chaung (1982) u s i n g a d e t a i l e d set of r e a c t i o n mechanisms i n conjunc­
t i o n w i t h p l u g - f l o w . See t a b l e and 3 _ 5 . Mar tens ' energy balance 
i n c l u d e d : 

* Heat genera t ion r e s u l t i n g from r e a c t i o n s . 
* Convect ive heat t r anspo r t by the gas . 
* Heat t r a n s f e r to f l u x e s of p a r t i c l e s w i t h the f o l l o w i n g approxima­

t i v e assumptions: 
Exponen t i a l decay of p a r t i c l e entrainment as a f u n c t i o n of f reeboard 
height (see equa t ion 2-5) where F Q = 3-3 k g / ( s . m 2 ) , F„ =4.0E-4 
kg/(s .m2) and a = 4.7 (1/rn). 
P a r t i c l e s t r a v e r s i n g a r e a c t o r ( s l i c e ) have a res idence t ime tha t i s 
too shor t f o r cons ide rab l e heat t r a n s f e r (they l eave the r e a c t o r at 
t h e i r o r i g i n a l tempera ture) . 
P a r t i c l e s changing d i r e c t i o n i n a r e a c t o r ( s l i c e ) have a r e s idence 
t ime l o n g enough f o r comple t ion of the heat exchange w i t h the gas 
(they l eave the r eac to r at a temperature equal to that of the g a s ) . 

The gas and the i n i t i a l p a r t i c l e temperatures were 1073 K , p a r t i c l e 
dens i t y 2600 kg/m3, p a r t i c l e heat c a p a c i t y 800 J / ( k g . K ) , heat c a p a c i t y 
of the gas 1260 J V ( k g . K ) , f l u i d i z a t i o n v e l o c i t y 1 m/s , p ressure 1.01E5 
Pa . The molar gas f r a c t i o n s at the f l u i d i z e d bed sur face were: 
C0=0.025, 02=0.027, H20=0.039, C02=0.115, N0=300ppm and the remain ing 
N2. The model r e s u l t i s v i s u a l i s e d i n f i g u r e s 3 _ 4a and b . The c o n c l u ­
s ions were: The CO reac t s f a s t and the h igh p a r t i c l e mass f l u x e s t r a n s ­
port the l a r g e r p o r t i o n of the heat generated towards the f l u i d i z e d 
bed. Al though the model does not p r e d i c t the slow progress of the CO-
o x i d a t i o n i t does p r e d i c t the t r end of the temperature i nc r ea se (sup-
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p r e s s i o n ) i n the f reeboard s a t i s f a c t o r i l y . Chaung (1982) performed 
model c a l c u l a t i o n s on C O - o x i d a t i o n and s o l i d - g a s r e a c t i o n s ( i n c l u d i n g 
r a d i c a l recombina t ion r e a c t i o n s ) and compared r e s u l t s w i t h measurements 
from the MIT AFBC. The reader i s l e f t i n doubt about f reeboard tempera­
tures (presumably the f reeboard was se t i so the rma l ) and the A/V r a t i o 
or the p a r t i c l e volume f r a c t i o n as a f u n c t i o n of the f reeboard h e i g h t . 
The CO c o n c e n t r a t i o n p r o f i l e of the p r e d i c t i o n s and the experiments 
were i n rough agreement. S i g n i f i c a n t hydrocarbon spec ies were found 
immediately above the f l u i d i z e d bed s u r f a c e . React ions between these 
hydrocarbons and r a d i c a l spec ies were conjec tured t o fu r t he r deple te 
the r a d i c a l pool and hence reduce the i n i t i a l C O - o x i d a t i o n r a t e i n the 
f r eeboa rd . 

3.3 The one-dimensional f reeboard model 

3 . 3 - 1 Model ing g a s - p a r t i c l e r e a c t i o n s 

In general the o v e r a l l r a t e equa t ion f o r a r e a c t i o n accounts fo r both 
p h y s i c a l t r anspor t s teps and r e a c t i o n s t eps : 

* D i f f u s i o n of the gaseous reac tan t to the sur face of the p a r t i c l e through 
the g a s f i l m sur rounding the p a r t i c l e . 

* D i f f u s i o n of the gaseous reac tan t through the pores or b lanke ts of 
ashes. 

* Reac t ion of the gaseous reac tan t w i t h the s o l i d . 
* D i f f u s i o n of the gaseous product through the b lanket of ashes to the 

e x t e r i o r sur face of the s o l i d . 
* D i f f u s i o n of the gaseous product through the g a s f i l m sur rounding the 

p a r t i c l e i n t o the bulk of the gas . 
* React ions of the gaseous product w i t h gaseous r eac tan t s du r ing the d i f ­

f u s i o n s t e p s . 
Consider the f o l l o w i n g o v e r a l l r e a c t i o n : 

A(gas) + B(gas) + C ( s o l i d ) > G(gas) + E(gas) + F ( s o l i d ) 

* The r e s i s t a n c e s to r e a c t i o n can be cons idered to occur i n s e r i e s . 
* Any d i f f u s i o n a l r e s i s t a n c e i n the boundary l a y e r of the p a r t i c l e i s l i m ­

i t e d t o the gaseous spec ies A, d i f f u s i n g towards the p a r t i c l e . 
* Gas-gas r e a c t i o n s o c c u r i n g i n the boundary l a y e r of the p a r t i c l e are 

lumped to the p a r t i c l e sur face area by means of an e f f e c t i v e n e s s f a c t o r 
v 

* The r e a c t i o n i s f i r s t order w i t h respec t to A and i s i r r e v e r s i b l e . 
* The r e a c t i o n i s based on u n i t i n t e r n a l or e x t e r n a l p a r t i c l e sur face 

a rea . 
* The t rue r e a c t i o n r a t e and the i n t e r n a l d i f f u s i o n r a t e i s "lumped" to 

the c h a r a c t e r i s t i c sur face area that has a uniform c o n c e n t r a t i o n of A . 
I f r e q u i r e d an e f f e c t i v e n e s s f a c t o r i s d e f i n e d . 

* The p a r t i c l e s are s p h e r i c a l . 
* Steady s t a t e . 

By d i f f u s i o n the f l u x of i to the surface i s g iven by: 

r . . = k . . A ( C . ( » ) - C . ( d )) ( 3 - 1 0 ) d , i , p d , i , p p i 1 p 

where the mass t r ans f e r c o e f f i c i e n t of A reads: 

Sh ID. 
P 1- N2 

" d , i ,p ( 3 - 1 1 ) 
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and the p a r t i c l e sur face a rea : 

A p = * d p C 3 - 1 2 ) 

For a s i n g l e sphere i n an ex tens ive f l o w i n g f l u i d Rowe and a l . (1965) f i n d : 

1 = 2 + 0.69 R e 0 , 5 S c ° ' 
P P f 

where: 

Sh = 2 + 0.69 R e 0 , 5 S c ° " 3 3 ( 3 - 1 3 ) 

p f v d 
Re = — — 2 - 0 < Re < 2000 (3-1*0 

P n f P 

and: 

n f 
Sc = (3-15) 

f P f D i - N 2 
Th i s r e l a t i o n can be used as a f i r s t approximat ion of the t rue s i t u a t i o n : a 
c loud or an aggregate of p a r t i c l e s . The r e a c t i o n r a t e of spec ies i by 
r e a c t i o n j at the e f f e c t i v e p a r t i c l e sur face area i s g iven by: 

r . . = k, . A C. (d ) (3-16) 
i . J . P i . J . P P.e i p 

where the r e a c t i o n r a t e i s expressed by A r r h e n i u s ' law: 

" i . J . p - V i . J . P ^ ^ ' - R T f - ' < 3 - 1 7 ) 

For the case of s p h e r o i d a l p a r t i c l e s and sur face r e a c t i o n the p a r t i c l e s ' 
surface area i s de r ived from the mass-equiva lent s p h e r i c a l p a r t i c l e . For 
the processes i n s e r i e s , at steady s t a t e , the f low r a t e to the sur face i s 
equal to the r e a c t i o n r a t e at the su r f ace : 

r . . - r . . = r . . (3-18) i . J d , i , p i , J , p 

From equations (3 -10) , (3-16) and (3-18) f o l l o w s : 

r 1 ( j > p - ] 1 C l ( . ) (3-19) 

k A k A d , i ,p p i , j ,p p ,e 

The g l o b a l chemical r e a c t i o n s to be cons idered i n the f reeboard a re : 

• C + 0 2 > (2$ -2) CO + (2-$ ) C02 (j=1 ) 
P P P 

2 C + 02 > 2 CO (j=6) 

C + C02 > 2 CO (j=2) 

1/2 C + NO > 1/2 C02 + 1/2 N2 (j=3) 

C + NO > CO + 1/2 N2 (j=7) 

CaO + S02 + 1/2 02 > CaSOM (j=4) 
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For r e a c t i o n s 1,3,6 and 7 t a b l e 3-1 summarises the c o r r e l a t i o n s and r e a c ­
t i o n mechanisms used or found by va r ious au thors , and those used i n t h i s 
work f o r the f reeboard model . The S02 r e a c t i o n mechanism (j=4) was modeled 
a f t e r Rajan (1978) but no reasonable f reeboard model r e s u l t s cou ld be 
ob ta ined as no boundary c o n d i t i o n s at the bed-freeboard i n t e r f a c e on S02 
and l imes tone conver s ion were a v a i l a b l e . Therefore no fu r t he r emphasis 
w i l l be l a i d on t h i s subjec t here . 

I t has been po in ted out i n s e c t i o n 3-2 .1 tha t at the carbon sur face CO 
and C02 are pr imary p roduc t s , and at l e a s t some combustion occurs i n the 
boundary - l aye r . The primary C0/C02 r a t i o p i s c o r r e l a t e d i n the model by a 
m o d i f i c a t i o n of Ar thur and P h i l l i p s et a l . (see Laurendeau (1978)) . These 
authors w r i t e : 

p = A exp(-B/T ) (3 -20) 
P P 

where at low pressures : A=316 and B=3000 - 4500 K , and at h igh p ressures : 
A=3162 and B=6000 - 9500 K . The constants used by Rajan and Wen (1980), 
Rajan (1981), Chaung (1982), Martens et a l . (1983) and i n t h i s work a re : 
A=2500 and B=6240 K . These values o r i g i n a t e from the exper imenta l work of 
Ar thur (1956), fo r two d i f f e r e n t carbons and f o r temperatures between 730 
and 1170 K . Chaung (1982), s t a r t i n g from the double f i l m theory of Caram 
and Amundson (1977), concludes that A r t h u r ' s c o r r e l a t i o n i s a p p l i c a b l e on ly 
fo r sma l l p a r t i c l e s . Wen and Dut ta (1978) propose a c o r r e l a t i o n t o es t imate 
the mechanism f a c t o r , $p, by a l i n e a r i n t e r p o l a t i o n between s m a l l p a r t i c l e 
s i z e s and l a r g e p a r t i c l e s i z e s : 

2p + 2 
* = ^ — d < 5 0 . E - 6 m (3 -21a) 

P P p

 + 2 p 

2p + 2 p (d - 50 .E-6) 
P P P 

p p + 2 0 .95E -3 (p + 2 ) 
P P 

5 0 . E -6 m < d < 1.E-3 m (3~21b) 

$ = 1 d > 1.E-3 m ( 3 - 2 1 c ) 
P P 

T h i s r e l a t i o n i s used by Rajan and Wen (1980), Rajan (1981), Martens et a l . 
(1983) and i n t h i s work because of s i m p l i c i t y . However, i t shou ld be noted 
that the elementary s tep c o n t r o l l i n g the CO combustion r e a c t i o n ( CO + OH 

> C02 + H ) might be a f f ec t ed by r a d i c a l recombina t ion r e a c t i o n s 
(Chaung ( 1 9 8 2 ) ) or by p re s su re . 

For the char combustion, the p a r t i c l e temperature i s c a l c u l a t e d from the 
thermal e q u i l i b r i u m w i t h the su r round ings . Th i s e q u i l i b r i u m temperature 
f o l l o w s from: 

Q. = Q + Q ( 3 - 2 2 ) l p cpg rps 

Each of the terms i s a f u n c t i o n of the p a r t i c l e temperature . As a f i r s t 
approximat ion we have: 

Q. = r . H° ( 3 - 2 3 ) l p l p I 
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where: 

Q = a IT d 2 (T - T ) (3 -24) 
cpg cpg P P g 

2 4 4 
Q = TT d e a. (T - T ) (3"25) 

rps p p b p s 

Nu x_ 
a = 2 _ _ L _ ( 3 - 2 6 ) 

cpg d p 

and (Rowe et a l . (1965)) : 

Nu = 2 + 0.6 R e 0 - 5 P r ° - 3 3 (3-27) 
P p f 

F u r t h e r : 

p . v d 
Re = ——?—2- ( 3 - 2 8 ) 

P T) 

and: 

n f c P 

P r . = - ^ r — — (3-29) I A f 

In t a b l e 3 _ 6 the cons idered r e a c t i o n mechanisms and convec t ive p r o p e r t i e s 
are g iven as used by va r ious au thors . 
Notes: 

1) The non-steady temperature s t a t e of a burning char p a r t i c l e can be det ­
ermined a f t e r s e c t i o n 4 . 3 . 2 f o r constant p a r t i c l e boundary c o n d i t i o n s . 

2) The e f f e c t i v e temperature of the sur rounding of a p a r t i c l e i s , due to 
the non- i so thermal g a s - p a r t i c l e c loud somewhere in-between the gas, the 
p a r t i c l e s and the w a l l temperature . For a t ransparent gas and low par ­
t i c l e volume f r a c t i o n the w a l l has to be taken fo r the sur rounding 
temperature, whereas fo r h igh p a r t i c l e dens i t y the p a r t i c l e tempera­
t u r e , that fo r most cases i s approximate ly equal to the gas tempera­
t u r e , can be taken as the sur rounding temperature. 

3 .3 .2 Model ing of C O - o x i d a t i o n i n the gas phase 

From the l i t e r a t u r e review of s e c t i o n 3 .2 .5 one can conclude that the 
C O - o x i d a t i o n i n the f reeboard has not been modeled s a t i s f a c t o r i l y . The 
slow progress i n C O - o x i d a t i o n cannot be p r e d i c t e d from the desc r ibed g l o b a l 
r e a c t i o n mechanisms so f a r used, d e t a i l e d r e a c t i o n mechanisms or even 
d e t a i l e d r e a c t i o n mechanisms i n c l u d i n g r a d i c a l recombina t ion r e a c t i o n s 
a lone . The a x i a l d i s p e r s i o n c o e f f i c i e n t i s expected t o g ive poor r e s u l t s , 
as i t does not encompass a l l parameters . 

To br idge these shortcomings we focuss our a t t e n t i o n on the f l u c t u a t i n g 
and l a t e r a l d i s t r i b u t i o n of the gas spec ies concen t ra t ions at the f l u i d i z e d 
bed sur face and the decay of the mix ing i n the f r eeboa rd . These aspects 
have not been taken i n t o account y e t . To do so an approach i s taken i n 
which a l l these e f f ec t s are ' lumped' on a s i n g l e parameter. 

Wi th respec t to the gas the f reeboard i s d i v i d e d i n t o two p a r a l l e l gas 
f l o w s . The nature of the gas f lows i s hypothes ized as f o l l o w s : 
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* A homogeneous C O - r i c h gas phase o r i g i n a t i n g from the p a r t i c l e dense 
phase of the f l u i d i z e d bed. 

* A homogeneous oxygen- r i ch gas phase o r i g i n a t i n g from the p a r t i c l e l e a n 
phase of the f l u i d i z e d bed. 

The gas phases in terchange mat te r . The degree of mix ing of CO i n the oxy­
gen r i c h phase i s desc r ibed by a s imple cumulat ive m i x i n g term: 

- a h 
h , . = A. , v C p n _ (1-e ) (3-30) m i x , h bed s C0,0 

At the f l u i d i z e d bed sur face the gas phases are assumed to be comple te ly 
separa ted . Far above the f l u i d i z e d bed sur face the phases are w e l l mixed. 

n . _ = 0 mix ,0 

m i x , » bed s C0,0 

The t ime averaged t r a n s f e r r a t e of CO to the oxygen r i c h phase i n a s l i c e 
of the f reeboard w i t h upper l i m i t h u and lower l i m i t h]_, i s then def ined 
f o l l o w s : 

- a h - a h 
" • u u = K a

 v c ™ n C e e U ) ( 3 - 3 D m i x , h - h n bed s C0,0 u 1 

The CO-mixing term has to be seen as a model parameter. For ' use i n the 
model, the value of the m i x i n g parameter a i s f i t t e d from ' average ' CO con­
c e n t r a t i o n s a long the f reeboard of the f l u i d i z e d bed combustor 'MAGMA' 
(Martens (1984)) . The f u e l s used f o r the experiments were Niederberg AG 
a n t h r a c i t e ( F . R . G . ) and a S o u t h - A f r i c a n bi tuminous c o a l . The t r end of the 
s p a t i a l l y r e s o l v e d CO c o n c e n t r a t i o n normal ised t o the maximum value at the 
f l u i d i z e d bed sur face i s v i s u a l i z e d i n f i g u r e 3 _ 5 . The normal i sed CO con­
c e n t r a t i o n r e s u l t i n g from values of the m i x i n g parameter a=1 , 1.5 and 2 are 
v i s u a l i z e d i n the same f i g u r e . I f the C O - o x i d a t i o n r a t e were much l a r g e r 
than the mix ing r a t e , then , choos ing a proper value of a should l e a d t o 
s i m i l a r curves fo r both the model and the exper iments . Al though no per fec t 
f i t can be ob ta ined a value of a=1.25 1/m upto 1.75 1/m might be cons idered 
reasonable fo r the present s t a t e of knowledge. Note tha t f o r the b i t u m i ­
nous coa l run cons ide rab l e amounts of CH4 and H2 were present i n the s p l a s h 
zone and f o r the a n t h r a c i t e run c o n s i d e r a b l e amounts of char were e l u t r i ­
a t ed . These c i rcumstances may have a f f ec t ed the CO-combustion mechanism. 
In f u r t h e r r esea rch the m i x i n g term def ined here may be connected to the 
low frequency eddies induced by the bubb l ing or j e t t i n g phenomena at the 
f l u i d i z e d bed s u r f a c e . The t u rbu l en t i n t e n s i t y i s : 

* p r o p o r t i o n a l to the bubble s i z e at the f l u i d i z e d bed sur face (Hor io et 
a l . (1980)) , Pemberton and Davidson (1983)) , 

* i n v e r s e l y p r o p o r t i o n a l to f reeboard height (Hor io et a l . (1980)) , or 
decaying i n an approximate ly exponen t i a l way (Pemberton and Davidson 
(1983)) . 

Therefore the parameter a i s presumably r e l a t e d to the bubble diameter , the 
bubble frequency and the bed d iameter . 

In a s imple model a g l o b a l r e a c t i o n mechanism i s more app rop r i a t e than 
d e t a i l e d r e a c t i o n mechanisms. To p r e d i c t the C O - o x i d a t i o n a f t e r the m i x i n g 
of the two gas phases we f o l l o w H o t t e l (1965): 

CO + 0.5 02 > C02 (j=5) 



where: 

r c h , C 0 = K 9 0 2 E 6 C C0 C H20 C 02 6 X P ( T } ( 3 _ 3 2 ) 

g 
For the c a l c u l a t i o n s the f reeboard i s d i v i d e d i n t o a number of compart­
ments. The r e a c t i o n s are assumed to occur i n the f u l l compartment volume. 
Th i s i s not c o n s i s t e n t w i t h the assumption of the two p a r a l l e l gas f l o w s , 
but can ha rd ly be avoided as d e t a i l e d knowledge about the gas f low i s l a c k ­
i n g . The e f f e c t s of these i n a c c u r a c i e s are i m p l i c i t l y accomodated f o r i n 
the va lue of the e m p i r i c a l mix ing parameter. 

3 .3 .3 The mass balance 

3 .3 .3 .1 I n t r o d u c t i o n 

For a n a l y t i c a l purpose the f reeboard i s d i v i d e d i n t o a number of per­
f e c t l y s t i r r e d r e a c t o r s i n s e r i e s w i t h , i n p r i n c i p l e a r b i t r a r y diameter and 
h e i g h t . The contents i s w e l l s t i r r e d and uniform throughout . The e x i t 
f l u i d stream has the same compos i t ion and temperature as the f l u i d w i t h i n 
the r e a c t o r . The a p p l i c a t i o n covers : 

* the mixed r eac to r (1 constant f low s t i r r e d tank r e a c t o r , CFSTR), 
* the p lug f low reac to r ( i n f i n i t y CFSTR i n s e r i e s ) , 
* the cascade of CFSTR r e a c t o r s . 

The mass and molar f low r a t e of the gas changes i n the r e a c t o r as a conse­
quence of the gas-gas and the g a s - s o l i d r e a c t i o n s : 

* G a s - s o l i d r e a c t i o n s l e a d to mass changes of the gas phase and the s o l i d 
phase i n both d i r e c t i o n s . 

* Conversions l e a d to an i nc r ea se or decrease of the number of molecules 
depending on the s toch iomet ry of the r e a c t i o n s . 

For the gas both e f f e c t s are a n a l y t i c a l l y covered by the molar balance and 
the known s p e c i f i c molar weights of the gas s p e c i e s . For the p a r t i c l e s the 
change i n mass i s the more importent one as the p a r t i c l e motion i s i n f l u ­
enced by the change of drag fo rce to g r a v i t y fo rce r a t e . (See a l s o s e c t i o n 
2 . 3 . ) The f o l l o w i n g combustion mechanisms can be s e l e c t e d i n the model: 

* constant dens i ty and changing s i z e ( s h r i n k i n g p a r t i c l e ) , 
* changing dens i t y and constant s i z e ( s h r i n k i n g d e n s i t y ) , 
* both changing d e n s i t y and s i z e . 

More d e t a i l s are presented i n s e c t i o n 3 . 3 . 3 . 3 . 

3 .3 -3 .2 The molar balance of the gas phase 

3 .3 .3 .2 .1 The general balance of the gas phase 

In t h i s work the f o l l o w i n g gas spec ies ( index i ) are cons idered : 

Ar CO C02 H20 N2 NO 02 S02 
i= 1 2 3 4 5 6 7 8 

The g l o b a l r e a c t i o n s ( index j ) that may occur are (see s e c t i o n 3 - 3 . 1 ) : 

$ C + 02 > (2$ -2) CO + (2-$ ) C02 (1-1) 
P P P 

C + C02 > 2 CO (j=2) 

1/2 C + NO > 1/2 C02 + 1/2 N2 (j=3) 

CaO + S02 + 1/2 02 > CaS04 (j=4) 

CO + 1 /2 02 > C02 (j=5) 

Reac t i on 5 i s a gas-gas r e a c t i o n (see s e c t i o n 3 - 3 . 2 ) , the other ones are 
gas s o l i d r e a c t i o n s . The molar balance of any spec ies i concerns the molar 
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f low r a t e of the gas v i a the r e ac to r boundaries and any conve r s ion j w i t h i n 
the r e ac to r (see f i g u r e 3 ~ 6 ) : 

p=np j=4 t 

n (n-1) + n (n) + > > n (n) - n, (n) (3~33) 
!>g 1 ,3 p = ~\ j=1 1 » S 

3 . 3 . 3 . 2 . 2 Reactor conver s ion r a t e and the s toch iomet ry of the r e a c t i o n 

An a n a l y t i c s o l u t i o n of the molar f low ra tes can e a s i l y and s t r a i g h t f o r ­
ward been found when we a r r i v e at a set of s imultaneous l i n e a r equa t ions . 
Therefore the molar f low ra tes are t ransformed i n t o l i n e a r express ions of 
molar concen t ra t ions and pseudo p r o p o r t i o n a l f a c t o r s . The f a c t o r s them­
se lves are weak func t i ons of the molar c o n c e n t r a t i o n s , the temperatures and 
the p a r t i c l e t r a j e c t o r i e s . The p r o p o r t i o n a l i t y f a c t o r s are based f i r s t on 
p r e v i o u s l y se t c o n d i t i o n s and a l t e r e d subsequent ly w i t h c a l c u l a t i o n r e s u l t s 
u n t i l convergence. 

The s t e a d y - s t a t e molar consumption r a t e of spec ies i by r e a c t i o n j fo r 
each p a r t i c l e tha t t r ave r ses the boundaries of the r e a c t o r n per u n i t of 
time reads : 

n, , _<n) = 1 r (n) t ( n ) (3-34) 
i . J . P i . J P 

where tp i s the res idence t ime of the p a r t i c l e . For a n a l y t i c a l purposes 
(3-34) i s transformed w i t h use of equat ion (3 - 19) i n t o : 

A i , j , p ( n ) = a i , j , p ( n ) C i ( n ) ( 3 " 3 5 ) 

where the p s e u d o - p r o p o r t i o n a l i t y f a c t o r : 

- 1 t (n) 

w n ) - — - , P 1 ( 3 - 3 6 ) 

k , . A k. A 
d . i . p P i . J . P P 

Now each of the g a s - s o l i d r e a c t i o n s j=1 u n t i l 4 i s d i s c u s s e d . The 02 con­
v e r s i o n fo r each char p a r t i c l e t r a v e r s i n g the r eac to r boundary per u n i t of 
time i s expressed by (3 _ 36) where i=02 , j=1 and: 

k d , 0 2 , p ( n ) A p ( n ) - * d p ( n ) S h p ( n ) I D 0 2 - N 2 ( n ) ( 3 ~ 3 7 ) 

k 0 2 , i , P - * d p ( n ) " i r f n T T

P

( n ) e x p ( T T n T ^ ) ( 3 " 3 8 ) 

P P 
The s toch iomet ry of the r e a c t i o n leads to : 

n C 0 , 1 , p ( n ) - - ( 2 V n ) " 2 ) a 0 2 , 1 , p C 0 2 ( n ) ( 3 " 3 9 ) 

and: 

n r n , , An) = - (2 - * (n)) ano C__(n) (3 -40) 002,1 ,p p 02 ,1 ,p 02 

The C02 conve r s ion fo r each char p a r t i c l e t r a v e r s i n g the boundary of reac­
to r n per u n i t of t ime i s expressed by ( 3 _ 3 6 ) where i=C02 , j=2 and: 
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k d , C 0 2 , p ( n ) A p ( n ) = * d p ( n ) S h p ( n ) I D C 0 2 - N 2 ( n ) ( 3 " 1 | 1 ) 

k C 0 2 , 2 , p ( n ) " * d p ( n ) 4 ' 1 E 6 e x P ( - ^ r T n T - ) ( 3 " 4 2 ) 

The s toch iomet ry of the r e a c t i o n l eads to : 

A C 0 , 2 , P

( n ) " " 2 a C 0 2 , 2 > P

( n ) C C 0 2 ( n ) ( 3 " 4 3 ) 

The NO conve r s ion f o r each char p a r t i c l e t r a v e r s i n g the boundary of r eac to r 
n per u n i t of time i s expressed by equation(3~36) where i=NO , j=3 and: 

k d , N 0 , P

( n ) A p U ) - * d

P

( n ) S h p ( n ) \ 0 - N 2 ( n ) ( 3 - 4 4 ) 

k N o , 3 , p ( n ) = 1 1 d p ( n ) K 3 E 5 e x p ( - I y ^ - ) ( 3 " 4 5 ) 

The s toch iomet ry of the r e a c t i o n leads to : 

A C 0 2 , 3 , p ( n ) " " 1 / 2 a N 0 , 3 , P W n ) ( 3 " M 6 ) 

n N 2 , 3 , p ( n ) = " 1 / 2 a N 0 , 3 , P C N 0 ( n ) ( 3 ~ 4 7 ) 

The S02 conve r s ion from each char p a r t i c l e t r a v e r s i n g per u n i t t ime the 
r eac to r boundary i s expressed by equation(3~36) where i=S02 , j=4 and: 

k d ) S 0 2 > P

( n ) A p ( n ) = * d p ( n ) S h p ( n ) ffiS02-N2(n) ( 3 " 4 8 ) 

d 3 ( n ) 4900 exp( _ 8 f 0 l [ ) f ( d (n) . convers ion) S02,4 ,p 6 p v ' T (n) ' v p 

(3-49) 

The s toch iomet ry of the r e a c t i o n leads t o : 

V , 4 , p ( n ) = 1 / 2 a S 0 2 , 4 , p C S 0 2 ( n ) ( 3 " 5 0 ) 

The steady s t a t e molar conver s ion r a t e of gas-gas r e a c t i o n j=5 r e f e r r i n g to 
spec ies i=C0 i s expressed as: 

where: 

and: 

n C 0 , 5 ( n ) = a C 0 , 5 ( n ) C C 0 ( n ) + n C 0 , m i x ( n ) ( 3 " 5 1 ) 

a c o ^ ( n ) = - A f ( n ) ( h f ( n ) - h f ( n - 1 ) ) k C Q 5 ( n ) (3-52) 

k C 0 ) 5 ( n ) = 1.902E6 C ^ n ) ^ ( n ) e x P ( ) ( 3 -53) 
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and: 

- a h (n-1) - a h (n) 
hnn . (n) = A. . v C . _ _ (e - e ) (3-54) CO,mix bed s C0,0 

The s toch iomet ry of the r e a c t i o n l eads to : 

" 0 2 , 5 ( n ) = 1 / 2 a C 0 , 5 C C 0 ( n ) ( 3 " 5 5 ) 

and: 

" C 0 2 , 5 ( n ) = " a C 0 , 5 ( n ) C C 0 ( n ) ( 3 " 5 6 ) 

The molar f low r a t e of each gas spec ies i (i=1 through 8) at the boundary 
of the r e ac to r i s expressed as : 

n. (n-1) = a (n-1) C . (n -1 ) (3-57) 
i ,g g i 

n. (n) = a (n) C . (n ) (3-58) 
i ig g i 

where: 

a (n-1) = A_(n-1) v (n-1) (3-59) g f g 

and: 

a (n) = A_(n) v (n) (3-60) 
g f .g 

3 . 3 . 3 . 2 . 3 The balance i n l i n e a r express ions of the molar concen t ra t ions 

For the p r o p o r t i o n a l i t y f a c t o r s developed i n s e c t i o n 3 . 3 . 3 . 2 . 2 . and molar 
concen t ra t ions equat ion (3~33) the molar balance can be expressed as f o l ­
lows: 

for gas spec ies A r : 

a (n-1) C A r ( n - 1 ) - a g ( n ) C A r ( n ) = 0 (3-61) 

fo r gas spec ies CO: 

a (n-1) C (n-1) + ( a p n (n) - a (n)) C p n ( n ) g CO CO,5 g CO 

p=np 
+ 2 a C 0 2 > 2 > p ( n ) C C Q 2 ( n ) 

p=np 
+ > (2$ (n) - 2) ano . An) C ._(n) = 0 

p — p 02,1 ,p 02 
(3-62) 
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for gas spec ies C02: 

p=np 
a g ( n - 1 ) C C 0 2 ( n - D + ( ^ _ a ^ ^ n ) - a g ( n ) ) C ^ n ) 

p=np 
+

 p ^ 1 / 2 a N 0 , 3 , p ( n ) C N 0 ( n ) 

p=np 
+ > (2 - » p ( n ) ) a 0 2 > 1 ) p ( n ) C 0 2 ( n ) = 0 ( 3 - 6 3 ) 

P ' 
f o r gas spec ies H20: 

a g (n -1 ) C H 2 0 ( n - 1 ) - a g ( n ) C A r (n) = 0 (3-64) 

f o r gas spec ies N2: 

a g (n -1 ) C N 2 ( n - 1 ) - a g ( n ) C N 2 ( n ) 

p=np 
+ 1 / 2 a N o , 3 ) p ( n ) C N 0 ( n ) = ° ( 3 " 6 5 ) 

f o r gas spec ies NO: 

p=np 
a g (n -1 ) C N 0 ( n - 1 ) + ( y_ - a ^ ^ n ) - a g ( n ) ) C N 0 ( n ) = 0 

(3-66) 

f o r 02: 

a g (n -1 ) C 0 2 ( n - 1 ) + 1/2 a ^ ^ n ) C c o ( n ) 

p=np 
+ ( > - a__ (n) - a (n)) C n o ( n ) 

p r f 0 2 . 1 » P g 02 

p=np 
• l_ 1/2 a S 0 2 > 1 | j p ( n ) C S 0 2 ( n ) - 0 ( 3 - 6 7 ) 

fo r gas spec ies S02: 

p=np 
a g ( " - 1 ) C S 0 2 ( n - 1 ) + (

 p ^ a S 0 2 ( 4 , p ( n ) - a g ( n ) ) C S 0 2 ( n ) " ° 

(3-68) 
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The boundary c o n d i t i o n f o r the gas spec ies i e n t e r i n g the f reeboard read : 

a (0) C . (0) = a (bed) C.(bed) (3-69) 
g i g i 

For N r eac to r s i n s e r i e s the i(N+1) molar concen t ra t ions have to be s o l v e d : 

C 1 (0) , C 1 (1) , C 1 (2) , C 1 (N) 

C . ( 0 ) , C . ( 1 ) , C . ( 2 ) , C.(N) 

The number of equat ions i s i (N+1) : 
N ( r e a c t o r s ) f o r each gas spec ies i , 
1 boundary c o n d i t i o n of each gas spec ies i at the bed l e v e l . 

Th i s system of s imultaneous l i n e a r equat ions can be s o l v e d by Gauss e l i m i ­
n a t i o n as the number of unknowns equals the number of independent equa-
t i ons. 

3 . 3 . 3 . 3 The m a t e r i a l balance of the p a r t i c l e s 

Dur ing char combustion carbon burns o f f and the i n e r t m a t e r i a l of the par­
t i c l e (ash) remains . The t o t a l mass of the p a r t i c l e c o n s i s t s of the mass 
of char and ash . For the boundary c o n d i t i o n s of the p a r t i c l e i n r e a c t o r n 
we def ine (see f i g u r e 3 _ 7 ) • 

m (m-1) = m . (m-1) + m . (3-70) p p .char p . a sh 

and: 

m (m) = m . (m) + m , (3-71) p p . cha r p .ash 

The p a r t i c l e s ' mass i s def ined as: 

m u " P V , (3-72) p , a s h p .ash p .ash 

m . (m-1) = p . (m-1) V . (m-1) (3-73) p .char ^p.char p .char 

m p , c h a r ^ m ^ p p , c h a r ^ m ' ) V p , c h a r ' ' m ^ ^ 

The t o t a l volume of the p a r t i c l e i s g iven by: 

V (m-1) = V . (m-1) + V , (3-75) p p .char p .ash 

V (m) = V . (m) + V , (3-76) p p .char p .ash 

The char mass consumption of the p a r t i c l e i n r e a c t o r n reads : 

Am (n) = m (m-1) - m (m) = m ^ (m-1) - m , (m) p p p p .char p .char 
(3-77) 

- 59 -



where: 

Am , (n) = t (n) M (3-78) p ,char c c 

(—r~7^ r n o 1 1-1 (^) + * V n o „ (n) + 1/2 r „ _ _ „ ( n ) ) $ (n) 02 ,1 ,p C02,2 ,p C 0 , 3 , P 

The maximal volume r e d u c t i o n i s obta ined f o r constant char d e n s i t y : 

Am (n) 
AV . (n) = P , C , — r r - (3-79) 

max.p.char P p , o h a r > - D 

A c t u a l l y the combustion of char leads to an unknown combinat ion of dens i t y 
and volume r e d u c t i o n . To meet t h i s u n c e r t a i n t y mathemat ica l ly we def ine 
the s h r i n k i n g f a c t o r $sh> 

AV (n) 
$ s h ( n ) = AV ' (n) ( 3 - 8 0 ) 

p ,max 

The l i m i t s are: 

$ , = 1 > s h r i n k i n g core 
sh 

$ = 0 > s h r i n k i n g d e n s i t y 
S l l 

From equations (3 _ 77) through (3 _ 80) f o l l o w s the char dens i t y of the p a r t i ­
c l e l e a v i n g r eac to r n : 

p , (m-1) m , (m-1) 
( m \ H p , c h a r P .char . R n 

p p ,cha r^ ; - Am (n) $ + m . (m-1) y 5 U 

K p sh p .char 

The mass and d e n s i t y of the l imes tone or dolomite p a r t i c l e s i s assumed to 
be constant throughout the f r eeboa rd . 

3.4 Model p r e d i c t i o n s and v e r i f i c a t i o n 

In t h i s s e c t i o n model p r e d i c t i o n s concerning mass t r ans f e r and chemical 
r e a c t i o n s are compared w i t h the experiment of f i r i n g a n t h r a c i t e i n the 
'MAGMA' (Martens (1984)) . The exper imenta l r e s u l t concern ing the ' average ' 
gas spec ies concen t ra t ions as a f u n c t i o n of f reeboard height i s g iven i n 
f i g u r e 3-8. The model r e s u l t s concern ing the p a r t i c l e behaviour , volume 
f r a c t i o n and entrainment correspond w i t h the r e s u l t s o u t l i n e d l a t e r i n s ec ­
t i o n 2 .4 . The temperature d i s t r i b u t i o n i n the f reeboard ob ta ined from the 
experiment as w e l l as from the model i s d i scussed i n s e c t i o n 4 .4 . In a d d i ­
t i o n t o t a b l e 2-3 fu r t he r f reeboard boundary c o n d i t i o n s are l i s t e d i n t a b l e 
3-7. 

Resu l t s on average CO, 02 and NO concen t ra t ions from both the model c a l ­
c u l a t i o n s and the experiment are v i s u a l i z e d i n f i g u r e s 3 _ 9 a , b and c . In 
the f i g u r e s the markers of the model r e s u l t s are p o s i t i o n e d at the h a l f -
wid th of the s t i r r e d r e a c t o r s i n s e r i e s . The model r e s u l t on CO-concent ra-
t i o n shows CO to be n e g l i g i b l e i n the a c t i v e (mixed) phase and the conf ined 
(un-mixed) phase t o dominate. Th i s i n d i c a t e s the CO o r i g i n a t i n g from the 
conf ined phase and the CO o r i g i n a t i n g from the char r e a c t i o n s to r eac t f a s t 
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w i t h oxygen. The s i m i l a r i t y i n the p r o f i l e s of the model and the e x p e r i ­
ment, as w e l l as the d e v i a t i o n s a long the f reeboard shou ld not be s u r p r i s ­
i n g as the m i x i n g parameter i s merely a f i t t e d model parameter. The q u a l i ­
t a t i v e agreement i n the 02 p r o f i l e s of the model compared to the experiment 
i s s a t i s f a c t o r y , but the abso lu te d i f f e r e n c e between them i s too h i g h . The 
o v e r - e s t i m a t i o n of the C O - o x i d a t i o n i n the model a u t o m a t i c a l l y goes w i t h 
the l a r g e r oxygen consumption. P o s s i b l e causes f o r the d i f f e r ences are: 

1) a lower ' t r u e ' o v e r a l l ( a n t h r a c i t e - ) char r e a c t i v i t y compared to the 
model i n p u t , 

2) a h igher e f f e c t i v e ( a n t h r a c i t e - ) char dens i ty compared to the model 
i n p u t , r e s u l t i n g i n sma l l e r e f f e c t i v e char sur face area ( for constant 
char mass) , 

3) the sma l l e r amount of char p a r t i c l e s e l u t r i a t e d acco rd ing to the exper­
iment , as compared to the model (by a f a c t o r of 10; see s e c t i o n 2 . 4 ) . 

These p o s s i b l e causes i n d i c a t e on which t o p i c s fu r t he r r esea rch i s 
r e q u i r e d . 

The abso lu te NO r e d u c t i o n along the f reeboard i s w e l l p r e d i c t e d a l though 
i n the s p l a s h and the dense d isengaging zone the r e d u c t i o n i s somewhat 
o v e r p r e d i c t e d , and s l i g h t l y underpred ic ted h ighe r -up . 

The cumulat ive oxygen and NO conver s ion as a f u n c t i o n of c h a r - p a r t i c l e 
s i z e i s i l l u s t r a t e d i n f i g u r e 3~10. I t i s found tha t the sma l l e r p a r t i c l e s 
c o n t r i b u t e cons ide r ab ly because of t h e i r l a r g e sur face area per u n i t mass 
and fu r the r because of t h e i r lower r e s i s t a n c e to d i f f u s i o n . The Boudoi r -
r e a c t i o n (C + C02 > 2 CO) i s found to be of no- importance, because of 
the low r e a c t i o n r a t e (too low tempera ture) . For the c o n d i t i o n s i n v e s t i ­
gated g l o b a l l y i t can be s t a t e d tha t the res idence t ime of the s i n g l e char 
p a r t i c l e dur ing i t s t r a j e c t o r y i n the f reeboard i s too shor t t o o b t a i n com­
p l e t e burnout before e l u t r i a t i o n . 

3-5 Conc lus ions and recommendations 

The method of book-keeping the char p a r t i c l e s ' r es idence t ime i n each 
compartment has been combined w i t h heterogeneous r e a c t i o n s : chai—02, 
char-C02 and char-NO and an homogeneous o v e r a l l r e a c t i o n C0-02 . The r e a c ­
t i o n r a t e constants used i n the model were deduced from l i t e r a t u r e . They 
may su f f e r from l a r g e d e v i a t i o n s because of the type of coa l used and the 
r e l a t i v e l y low temperatures f o r which the c o r r e l a t i o n s are employed. 

I t has been demonstrated tha t the O H - r a d i c a l recombina t ion r e a c t i o n , as 
modeled by Chaung (1982), a lone i s not r e s p o n s i b l e f o r the observed slow 
progress i n f reeboard C O - o x i d a t i o n . Therefore i t i s suggested tha t C0-mix-
i n g i s the r a t e de termining s t e p , and as a f i r s t approximat ion has been 
modeled as such . 

In s p i t e of some u n c e r t a i n input values and the u n c e r t a i n t i e s of the 
exper imenta l r e s u l t ( l a t e r a l d i s t r i b u t i o n of p a r t i c l e f l u x e s and gas. spe­
c i e s concen t r a t i ons ) the model has been found to q u a l i t a t i v e l y p r e d i c t the 
chemical phenomena i n the f reeboard s a t i s f a c t o r i l y . To achieve q u a n t i t a ­
t i v e p r e d i c t i o n s fu r t he r r esea rch i s r e q u i r e d amongst others on: 

* d e t a i l s of the gas f low near the bed s u r f a c e , 
* l a t e r a l d i s t r i b u t i o n e f f ec t s of p a r t i c l e s and gas s p e c i e s , and 
* d e t a i l e d chemical r e a c t i o n mechanisms i n the gas phase. 
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3.6 L i s t of symbols 

A constant 
frequency f a c t o r m o l 1 - x . m 3 x - 3 . s

_ 1 . 
sur face area m2 

a m i x i n g parameter 1/m 
c o e f f i c i e n t m3/s 

B constant K 
b constant 
C molar c o n c e n t r a t i o n mol/m3 
Cp s p e c i f i c heat at constant pressure J / ( k g . K ) 
D diameter m 
d diameter m 
E a c t i v a t i o n energy of r e a c t i o n J /mol 
ho heat of r e a c t i o n J /mol 
h he ight m 
k r e a c t i o n r a t e m/s 

r e a c t i o n r a t e 1/s 
kg frequency f a c t o r m / ( s . k n ) 
M molecular weight kg/mol 
m mass kg 

p o s i t i o n of p a r t i c l e at r eac to r boundary 
Nu N u s s e l t number 
n power 

r eac to r number or boundary of r eac to r 

n molar f low r a t e mol / s 
molar f low r a t e m o l / ( s . p a r t i c l e ) 

Pe Peel et number 
Pr P r a n d t l number 
p C0/C02 r a t i o 

Q heat f l u x J / s 
R u n i v e r s a l gas constant J / ( m o l . K ) 
Re Reynolds number 
r r e a c t i o n r a t e m o l / ( s . p a r t i c l e ) 

r e a c t i o n r a t e mol/ (s .m3) 
Sc Schmidt number 
Sh Sherwood number 
T temperature K 
t t ime s 
V volume m3 
v v e l o c i t y m/s 

GREEK SYMBOLS 

E d i f f u s i o n c o e f f i c i e n t m2/s 
d i s p e r s i o n c o e f f i c i e n t m2/s 

e e m i s s i v i t y 
0 mechanism f a c t o r f o r char combustion 

mechanism f a c t o r f o r s h r i n k i n g 
n v i s c o s i t y kg / (m.s ) 
A thermal c o n d u c t i v i t y W/(m.K) 
IT 3-1 415926535 
p d e n s i t y kg/m3 
o Stefan Boltzmann constant W/(m2.K4) 
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SUBSCRIPTS 

bed f l u i d i z e d bed 
c carbon 
cp combustion of p a r t i c l e 
cpg convec t ion from p a r t i c l e to gas 
ch chemical r e a c t i o n 
d d i f f u s i o n 
e e f f e c t i v e 
f mean p h y s i c a l p r o p e r t i e s i n gas f i l m 

f reeboard 
g gas 
h he ight 
i gas spec ies i 

summation index 
j r e a c t i o n j 

summation index 
mix mix ing 
np t o t a l number of p a r t i c l e s i n v o l v e d 
p p a r t i c l e 
rps r a d i a t i o n from p a r t i c l e t o surroundings 
s sur rounding 

s u p e r f i c i a l 
sh s h r i n k i n g 
0 i n i t i a l or re ference 
°° i n f i n i t y 
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Figure 3 - 3 • 
E f f e c t of the presence of s o l i d p a r t i c l e s on C O - o x i d a t i o n (e labora ted from 
Chaung (1982)) . 
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Molar gas f r a c t i o n s at 1.E5 Pa and 1073 K , i n i t i a l l y . 
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Figure 3 - 9 c . 
Comparison of c a l c u l a t e d and exper imenta l NO-concen t ra t ion i n the f reeboard 
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> PARTICLE SIHE <M> 

Figu re 3 _ 1 0 . Cumulat ive 02 and NO convers ion by char i n the f reeboard as a 
f u n c t i o n of p a r t i c l e s i z e ( for r e a c t i o n s see t a b l e 3 - 1 ) . 
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Table 3 _ 1 • O v e r a l l g a s - p a r t i c l e r e a c t i o n s i n the f reeboard a f t e r va r ious 
au thors . 

r e a c ­
t i o n 

no. 
J 

re fe rence f i r s t 
order 
wi t h 

i 

Sh 
P 

k 

0 , i ,J 

m 

< > 
n 

s .K 

E 
i »j 

n s u r f . 
a rea 
i = i n t 
e=ext 

r e f e r ences , 
remarks 

r e a c ­
t i o n 

no. 
J 

re fe rence f i r s t 
order 
wi t h 

i 

Sh 
P 

k 

0 , i ,J 

m 

< > 
n 

s .K 

T 
P 

<K> 

n s u r f . 
a rea 
i = i n t 
e=ext 

r e f e r ences , 
remarks 

1 Rajan and 
Wen (1980) 

02 2 596 17967 1 e k i n . based on 
F i e l d (1967) 

$ eq. (3-21) 

1 Rajan and 
Wen (1980) 

02 2 17967 1 e k i n . based on 
F i e l d (1967) 

$ eq. (3-21) 

1 Martens et 
a l . (1983) 

and 
t h i s work 

02 eq . 
3-

13 

596 18000 1 e based on 
Raj an and 
Wen (1980). 
$ eq. (3-21) 
k i n . based on 
F i e l d (1967) 

1 Martens et 
a l . (1983) 

and 
t h i s work 

02 eq . 
3-

13 

18000 1 e based on 
Raj an and 
Wen (1980). 
$ eq. (3-21) 
k i n . based on 
F i e l d (1967) 

6 W e l l s et 
a l . (1981) 

02 2 0.0228 8052 1 e k i n . based on 
Smith (1971) 

3 Rajan and 
Wen (1980) 
, Raj an 
(1981) 

C02 CO 4.116 29787 0 e k i n . based on 
Caram et a l . 
(1977) 

3 W e l l s et 
a l . (1981) 

C02 2 4.1E8 29794 0 e k i n . based on 
Caram et a l . 
(1977) and 
H o r i o et a l . 
(1977) 

3 t h i s work C02 eq . 
3-

13 

4.1E6 29787 0 e k i n . based on 
Caram et a l . 
(1977) 

To be cont inued on next page. 
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Continued from previous page. 

r e a c ­ re fe rence f i r s t Sh k E n s u r f . remarks 
t i o n order P 0 , i , j i .J area 

no. w i t h i = i n t 
J i T e=ext 

P 
m 

< > <K> 
n 

s .K 

3 Rajan and NO 2 5.24E5 171 17 0 e k i n . based on 
Wen (1980) e r r o r , Oguma et a l . 
, Raj an must be (1971) and 
(1981) 1.3E5 H o r i o et a l . 

(1977) 

3 Martens et NO e q . 1 -3E5 17111 0 e k i n . based on 
a l . (1983) 3- H o r i o et a l . 

and 13 (1977) 
t h i s work 

3 W e l l s et 
a l . (1981) 
chapter 4 NO 2 1-3E5 17111 0 e k i n . based on 

H o r i o et a l . 
(1977) 

chapter 5 NO 2 5.9E-9 981 4 1 e k i n . based on 
e r r o r e r r o r Lou i s and 

must be must Tung (1977), 
5.9E-6 be o r i g i n , from 

i Chan (1977) 

3+7 Chaung NO CO i k i n . based on 
(1982) 5.95E-6 3801 1 Chan (1977) 

type or f o r T<101 6 K 
p r i n t 
e r r o r , 2 
must be m 

9815 
4.10E-3 16454 1 kg Song (1978) 

f o r T>1016 K 
6.0E5 subbituminous 

c o a l 
1 .5E5 b i tuminous 

c o a l 
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Table 3-2. 
Summary of e m p i r i c a l g l o b a l r a t e express ions fo r wet C O - o x i d a t i o n . From 
Chaung (1982) (converted i n t o S . I . u n i t s ) . 
* K o z l o v ' s concen t ra t ions are expressed as mol f r a c t i o n s , and not as 
mol/m3. 

re ference temp. 
range 

p r e s s . A 

x=a+b+c 

1-x 
mol 

E/R a 

CO 

b 

H20 

c 

02 

<K> <Pa> 
3-3x 

m .s 

<K> <-> <-> <-> 

H o t t e l and 
a l . (1965) 

1280 
/ 

1535 

2.5E4 
/ 

1 .0E5 

1.902E6 804.7 1 .0 0.5 0.3 

W i l l i a m s and 
a l . (1969) 

1400 
/ 

1800 

0.3E5 
/ 

1,1 £5 

1 .8E7 12573 1.0 0.5 0.5 

Howard and 
a l . (1974) 

840 
/ 

2360 

1 .0E5 1.3E7 15088 1 .0 0.5 0.5 

Lavrov 
(1968) 

1063 
/ 

1593 

1 .0E5 5.692E7 14233 1 .0 0.5 0.25 

* x=0 

Koz lov 970 1 .0E5 1 .04E1 2 16094 1 .0 0.5 0.25 
(1969) / 

1370 2.5 
T 

Dryer and 
Glassman 
(1974) 

1030 
/ 

1230 

1 .0E5 1.23E10 20117 1 .0 0.5 0.25 
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Table 3 - 3 . 
Summary of g l o b a l r e a c t i o n r a t e express ions used f o r f reeboard model ing by 
v a r i o u s authors (values conver ted i n t o S . I . u n i t s ) . 

f reeboard 
model ing 

C O - o x i d a t i o n 
g l o b a l r e a c t , 
mechanism 

A 

x=a+b+c 

1-x 
mol 

E/R a 

CO 

b 

H20 

c 

02 

reference r e f erence 
3-3x 

m .s 

<K> <-> <-> <-> 

Raj an (1978) 
and 

Raj an and 
Wen (1980) 

H o t t e l and 
a l . (1965) 

1 .9E6 8053 1 0.5 0.3 

Martens and 
a l . (1983) 

H o t t e l and 
a l . (1'965) 

1.902E6 8056 1 0.5 0.3 

W e l l s and 
a l . (1981) 

Howard and 
a l . (1981) 

1 .8E7 15080 1 0.5 0.5 
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Table 3~4. 
Rate constant set fo r computer model ing of hydrocarbon combust ion. From 
Paauw et a l . (1979) (conver ted i n t o S . I . u n i t s ) . 

REACTION MECHANISM RATE CONSTANT SET 

A n _ E 10 
r = 1 0 T exp ( — logA n E/R 

R T 
mol 

< --> <-> <K> 
m3.s 

H + CH4 <--> CH3 + H2 20.10 0.0 5985.91 
H + CH4 <--> CH3 + H2 20.10 0.0 5985.91 
CH4 + M <--> CH3 + H + M 23.30 0.0 44477.56 
0 + CH4 <--> CH3 + OH 19.30 0.0 4642.68 
OH + CH4 <--> CH3 + H20 19.48 0.0 3019.63 
CH3 + 0 <--> CH20 + H 20.41 0.0 1006.54 
CH3 + 02 <--> CH20 + OH 17.95 0.0 5988.92 
CH20 + M <--> CO + H2 + M 22.32 0.0 17604.93 
CH20 + OH <--> HCO + H20 19.36 0.0 503.27 
CH20 + 0 <--> HCO + OH 19.00 0.0 503.27 
HCO + M <--> H + CO + M 18.30 0.50 14392.55 
HCO + 02 < —> CO + H02 19.48 0.0 0.0 
HCO + OH <--> CO + H20 19.00 0.0 0.0 
CO + OH <--> C02 + H 13.18 1.30 -387.52 
CO + 0 + M <—> C02 + M 19.60 0.0 0.0 
CO + 02 <—> CO 2 + 0 19.20 0.0 20623.55 
CO + H02 <--> C02 + OH 19.70 0.0 11575.23 
H02 + OH <--> 02 + H20 19.70 0.0 0.0 
H02 + 0 <--> 02 + OH 19.70 0.0 0.0 
H02 + H <--> 02 + H2 19.44 0.0 352.29 
H02 + H <—> OH + OH 20.44 0.0 956.21 
H + 02 + H2 <--> H02 + H2 21 .70 0.0 -503.27 
H + 02 + M <--> H02 + M 21 .30 0.0 -503.27 
H + 02 + H20<--> H02 + H20 22.50 0.0 -503.27 
OH + OH + M <--> H202 + M 21 .00 0.0 -2566.68 
H + 02 <--> 0 + OH 20.34 0.0 8334.17 
0 + H2 <--> H + OH 16.26 1 .00 4509.31 
0 + H20 <--> OH + OH 19.76 0.0 9063.91 
H + H20 <--> H2 + OH 19.92 0.0 10095.62 
H + OH + M <--> H20 + M 28.30 -2 .00 0.0 
H + H + M <--> H2 + M 24.65 - 1 . 0 0.0 
0 + H + M <--> OH + M 21 .76 0.0 -1399.09 
H2 + 02 <--> OH + OH 19.23 0.0 24217.40 
0 + 0 + M <--> 02 + M 21 .67 -0 .28 0.0 
NO + 0 + M <--> N02 + M 21 .10 0.0 -473.07 
CO + N02 <--> C02 + NO 19.51 0.0 16104.68 
NO + H02 < —> N02 + OH 20 . 60 0 .0 0.0 
0 + N02 <--> NO + 02 19.00 0.0 301.96 
H N02 <--> NO + OH 19.48 0.0 0.0 
NO + M <--> 0 + N + M 26.60 -1 .50 75002.44 

To be cont inued on next page. 
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Continued from previous page. 

REACTION MECHANISM RATE CONSTANT SET 

A n _ E 10 
r = 10 T exp ( — ") logA n E/R 

R T 
mol 

< -> <-> <K> 
m3.s 

0 + N2 <--> N + NO 20.13 0.0 37946.61 
N + 02 <--> 0 + NO 15.81 1 .00 3145.44 
N20 + M <--> N2 + 0 + M 20.70 0.0 29189.72 
N20 + 0 <--> NO + NO 20.00 0.0 14192.24 
OH + N <--> NO + H 19.60 0.0 0.0 
N20 + 0 <--> N2 + 02 20.00 0.0 14192.24 
N20 + H <—> N2 + OH 19.58 0.0 6341.21 
C + 02 <--> CO + 0 19.60 0.0 0.0 
CH + H <—> c + H2 17.95 0.69 805.23 
CH + 02 <--> H CO + 0 18.70 0.0 0.0 
CH + N2 <--> HCN + N 17.90 0.0 5535.98 
CH2 + H <--> CH + H2 19.00 0.0 0.0 
CH2 + OH <—> CH + H20 19.00 0.0 0.0 
CH2 + 02 <—> HCO + OH 18.90 0.0 0.0 
CH3 + OH <--> CH2 + H20 18.60 0.0 0.0 
CH3 + N <--> HCN + H2 16.80 0.50 0.0 
CH3 + NO <--> HCN + H20 17.80 0.0 0.0 
CH + NH3 <--> HCN + H + H2 20.00 0.0 0.0 
HCN + OH <--> CO + NH2 19.20 0.0 9562.15 
CN + H20 <--> HCN + OH 17.50 0.0 0.0 
CN + H2 <--> HCN + H 19.70 0.0 11323-60 
CN + NO <--> CO N2 20.04 0.0 4026.17 
HCN + 0 <--> CNO + H 18.70 0.0 4076.50 
CN + 02 <--> CNO + 0 19.40 0.0 9058.88 
CN + OH <--> CNO + H 20.60 0.0 3522.90 
CN + C02 <—> CNO + CO 18.60 0.0 0.0 
CNO + 0 <—> CO + NO 18.00 0.0 0.0 
CNO + H <--> CO + NH 19.00 0.0 0.0 
NH3 + 0 <--> OH + NH2 18.20 0.0 3019.63 
NH3 + OH <--> H20 + NH2 18.70 0.0 1006.54 
NH3 + H <—> H2 + NH2 18.60 0.0 5032.71 
NH2 + 0 <--> OH + NH 18.20 0.0 3019.63 
NH2 + OH <--> H20 + NH 18.55 0.0 1006.54 
NH2 + H <--> H2 + NH 19.00 0.0 5032.71 
NH + 0 <--> OH + N 19.70 0.0 3019.63 
NH + OH <--> H20 + N 19.20 0.0 1006.54 
NH + H <--> H2 + N 20.20 0.0 5032.71 
NH2 + NH2 <--> NH3 + NH 19.80 0.0 1811.78 
NH + NH <—> H2 + N2 20.00 0.0 0.0 
NH + NO <--> N2 + OH 18.40 0.0 0.0 
NH2 + NO <--> N2 + H20 18.40 0.0 0.0 
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Table 3 - 5 . 
Rate constant set f o r computer model ing of wet CO combustion. From Chaung 
(1982) (conver ted i n t o S . I . u n i t s ) . 

REACTION MECHANISM RATE CONSTANT SET 

A n _ E 10 
r = 10 T exp ( — -) logA n E/R 

R T 
mol 

< -> <-> <K> 
m3.s 

H + 02 <--> OH + 0 20.27 0.0 8454. 
OH + H2 < — > H + H20 19.34 0.0 2589. 
CO + OH <--> C02 + H 13.11 1.30 -385 . 
OH + H202 <--> H20 + H02 19.00 0.0 906. 
0 + H2 <--> H + OH 16.26 1 .0 4478. 
H + H202 <--> H02 + H2 18.23 0.0 1902. 
H02 + CO <—> C02 + OH 20.00 0.0 11573. 
H + H02 <--> OH + OH 20.40 0.0 956. 
H + H02 <--> H2 + 02 19.40 0.0 352. 
0 + H20 <—> OH + OH 19.53 0.0 9239. 
OH + H02 <—> H20 + 02 19.70 0.0 503. 
0 + H02 <--> 02 + OH 19.70 0.0 503. 
H02 + H02 <--> H202 + 02 19.00 0.0 503. 
H2 + 02 <--> OH + OH 20.90 0.0 22493. 
CO + 02 <--> C02 + 0 17.50 0.0 18920. 
0 + 0 + M <--> 02 + M 21 .59 -0 .25 0. 
H2 + M <--> H + H + M 19.79 0.0 48307. 
CO + 0 + M <--> C02 + M 21 .77 0.0 2063-
H20 + M <--> H + OH + M 22.34 0.0 52886. 
H + 02 + M <--> H02 + M 21 .22 0.0 -503 . 
0 + H + M <--> OH + M 21 .90 0.0 0. 
OH + 0 + M <--> H02 + M 23-00 0.0 0. 
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Table 3~6. Reac t ion mechanism and convec t ive p r o p e r t i e s for c a l c u l a t i o n of 
the p a r t i c l e temperature. 

r e a c t i o n 

no. j 

re ference • 

Q 
i p 

<J/s> 

Nu 
P 

<-> 

remarks 

2 W e l l s et 
a l . ( 1 9 8 1 ) 

0 
r H 
c-co c-co 

2 i n r a d i a t i o n term: 
sur rounding temp. = 
gas temperature. 

1 Raj an and 
Wen(1980) 
, Raj an 
(1981 ) 

0 
(20-1) r H 

c-co C-CO 
+ 

0 
(2-2/$) r H 

C-C02 C-C02 

2 i n r a d i a t i o n term: 
sur rounding temp. = 
gas temperature. 

1 t h i s work 
o 

(20-1) r H 

c-co c-co 
+ 

0 
(2-2/0) r H 

C-C02 C-C02 

eq . 
3-27 

i n r a d i a t i o n term: 
sur rounding temp. = 
w a l l temperature . 

Table 3 - 7 . 
Input values for the model (see a l s o t a b l e 2 - 3 ) . 

Volume f r a c t i o n of gas spec ies at the 
f l u i d i z e d bed su r face : 

Ar 0.0000 <-> 
CO 0.0150 <-> 
C02 0.1450 <-> 
H20 0.0150 <-> 
NOx 0.0003 <-> 
02 0.0350 <-> 
S02 0.0000 <-> 

CO-mixing parameter a 1.5 <1/m> 
char burning mechanism o s h r i n k i n g s i z e 
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4 THE HEAT ECONOMY IN THE FREEBOARD 

4.1 I n t r o d u c t i o n 

A proper f reeboard heat economy i s of p a r t i c u l a r i n t e r e s t fo r the f i r i n g 
of h igh v o l a t i l e f u e l and/or for p r e s s u r i z e d combust ion, because of the 
potency of high chemical heat r e l e a s e per u n i t r eac to r volume. The chemi­
c a l heat r e l e a s e , governed by C O - o x i d a t i o n and char combustion, l eads to 
an inc reased temperature, which on i t s tu rn again determines the conver s ion 
r a t e s . As the abso rp t ion of S02 by l imes tone or dolomite i s r e s t r i c t e d to 
a narrow temperature regime, temperature e x c u r s i o n s , e s p e c i a l l y to a much 
higher temperature l e v e l , can not be t o l e r a t e d . Furthermore the f reeboard 
w a l l l i f e t i m e i s a f f ec t ed by the temperature l e v e l , the temperature d i s t r i ­
bu t i on and any temperature e x c u r s i o n s . 

4.2 Experiments 

In chapter 3 (see f i g u r e 3 _ 8) i t was shown that s i g n i f i c a n t combustion 
occurs i n the f reeboard of a f l u i d i z e d bed coa l combustor, e s p e c i a l l y i n 
the lower p a r t , the s o - c a l l e d s p l a s h zone. 

Martens and Van Koppen (1983) and Martens (1984) found the chemical heat 
r e l e a s e i n the f reeboard to be not r e f l e c t e d i n the temperature inc rease of 
the gas and the heat l o s se s v i a the f reeboard w a l l . They demonstrated the 
ex i s t ence of a s t rong upwind heat t r a n s f e r by m a i n t a i n i n g an a i r f l u i d i z e d 
bed at h igh temperature (1070 K) by the burning of n a t u r a l gas i n the f r e e ­
board (maximum temperature 1330 K ) . The i r g l o b a l energy balance i s v i s u a l ­
i zed i n f i g u r e 4 - 1 . I t was found that b a c k - r a d i a t i o n and / or r e c i r c u l a ­
t i o n of heated gas from the f reeboard towards the bed d i d not c o n t r i b u t e 
e s s e n t i a l l y to the upwind heat t r a n s f e r . Some 70% of the combustion heat 
generated i n the f reeboard was c a r r i e d towards the bed by r e c i r c u l a t i n g 
p a r t i c l e s , i n p a r t i c u l a r from the sp l a sh zone (see a l s o f i g u r e s 2-2 and 2-7 
for the f l u x of descending s o l i d s as a f u n c t i o n of f reeboard h e i g h t ) . Con­
sequent ly the temperature inc rease of the gas was suppressed, p a r t i c u l a r l y 
i n the lower f reeboard r e g i o n . Af t e r disengagement of the p a r t i c l e s , how­
ever , any combustion leads to a cons ide rab l e temperature inc rease of the 
gas. From t h e i r gas spec ies c o n c e n t r a t i o n measurements i n the f reeboard , 
when f i r i n g a n t h r a c i t e and bituminous c o a l , they concluded that the t o t a l 
and the d i s t r i b u t i o n of the heat r e l e a s e was dependent on f u e l type and 
excess a i r r a t i o . The heat r e l ea se i n the f reeboard was 10* - 15% of the 
t o t a l i n the combustor. As can be seen i n f i g u r e 4-2 the temperature 
inc rease i n the freeboard i s r e l a t i v e l y s m a l l . To i l l u s t r a t e these r e s u l t s 
one of t h e i r exper iments , f i r i n g a n t h r a c i t e , i s cons idered i n more d e t a i l . 
From the gas spec ies concen t r a t i on ( f i g u r e 3~8) the g l o b a l t rend of the 
chemical heat r e l e a s e was determined a long the freeboard w i t h h e i g h t . See 
f i g u r e 4 -3 . The chemical heat r e l e a s e commensurates w i t h an a d i a b a t i c gas 
temperature inc rease of 230 K . The a c t u a l l y f reeboard gas and w a l l temper­
a tures obta ined are v i s u a l i z e d i n f i g u r e 4-4. The f reeboard gas tempera­
ture inc reases i s up t o 33 K . The l a t e r a l d i s t r i b u t i o n of the f reeboard 
temperatures was shown to be un i form. The contours of the isotherms were 
r e l a t i v e l y f l a t , except very near to the freeboard w a l l . La ter t h i s exper­
iment w i l l serve a fu r the r comparison of the model w i t h the experiment 
( s e c t i o n 4 . 4 ) . 

4.3 The one-dimensional freeboard model 

4.3.1 I n t r o d u c t i o n 

Par ts of ' F A M E ' , the one-dimensional freeboard model that has been 
developed for a p r e s s u r i z e d f l u i d i z e d bed combustor, were d i scussed a l r eady 
i n the two fo rego ing chap te r s . The scope of t h i s s e c t i o n i s to desc r ibe 



the backgrounds of the heat economy as i nco rpo ra t ed i n ' F A M E ' . One of the 
aims i s to perform a t o t a l f reeboard energy balance on the l e v e l of a ' l a ­
bora tory c a l c u l a t i o n ' , w i t h a l l p o s s i b l e but at the same time p r a c t i c a l 
r e f inements . The t o t a l energy balance can be seen as the r e s u l t of the 
in te rconnec ted balances of the i n d i v i d u a l p a r t i c l e s , the gas and the 
f reeboard w a l l . The model of the energy balance adopted for t h i s work i s 
g iven i n f i g u r e 4 -5 . 

As regards the gas the ope ra t i ng c o n d i t i o n s i n the f reeboard of a f l u i d -
i z e d bed combustor can l e a d t o : 

* temperatures of 900 - 1300 K 
* pressures up to 30.E5 Pa 
* concen t ra t ions of C02 from 10 - 20 % 

CO from 0 - 5 % 
H20 from 2 - 10 % 

With respec t to the p a r t i c l e s i t can l e a d t o : 
* 0 - 5 % of p a r t i c l e s i n the gas by volume, 
* w i th a l a r g e v a r i e t y of p a r t i c l e s i z e s , r ang ing from 0 to 10.E-3 m. and 

a v a r i e t y i n shapes, 
* the bulk of the p a r t i c l e s being i n the s i z e range of 0.5E-3 to 5 .E-3 m, 

and 
* the p a r t i c l e c loud being n o n - i s o t h e r m a l . 

The main assumptions for a s tandard volume, i . e . a compartment of the 
f reeboard a re : 

* the gas i s w e l l mixed and i s o t h e r m a l , 
* p a r t i c l e s are un i formly d i s t r i b u t e d , 
* there i s no net c o n t r i b u t i o n of r a d i a t i o n to the heat t r a n s f e r across 

the boundaries of the volume, except fo r the w a l l ( i n other words l o n g i ­
t u d i n a l temperature g rad ien t s are smal l compared to the l a t e r a l ones) , 

* there i s no net r a d i a t i o n from the gas to the p a r t i c l e c l o u d , or from 
i n d i v i d u a l p a r t i c l e s to each o the r , unless v i a the w a l l (quasi i s o t h e r ­
mal ) . 

Th i s l a s t assumption i s v a l i d when the temperature d i f f e r e n c e between gas 
and p a r t i c l e s i s sma l l compared to the temperature d i f f e r e n c e between gas/ 
p a r t i c l e s and w a l l . 

4 .3 .2 R a d i a t i o n of heat 

4 .3 .2 .1 The t o t a l net r a d i a t i o n of a g a s - p a r t i c l e c loud to a w a l l 

The emiss ive and abso rp t ive behaviour of an i so the rmal volume r a d i a t o r 
may be c h a r a c t e r i s e d by r e l a t i n g i t s r a d i a t i o n to a replacement body and 
a s s i g n i n g to each poin t of i t s envelope an e m i s s i v i t y and a b s o r p t i v i t y . 
The t o t a l net r a t e of r a d i a t i o n of heat from a non-grey i so the rmal volume-
emi t t e r to an i so the rmal grey enc losure can, accord ing to Vortmeyer (1977), 
be approximated by: 

w w 
e 0 , T v b v 

r vw 1 - (1-e ) (1-a ) w v 

A e a 0 , T w w v b w 
- n - c w ) d - o v ) 

(4-1) 

4 . 3 . 2 . 2 The t o t a l net r a d i a t i o n of i n d i v i d u a l components to a w a l l 

The t o t a l net energy f l u x from a volume r a d i a t o r (gas suspended w i t h a 
c loud of p a r t i c l e s ) to i t s w a l l i s the summation of the net c o n t r i b u t i o n s 
of the i n d i v i d u a l p a r t i c l e s and of the gas to the w a l l . The net r a te of 
heat t r a n s f e r from the i n d i v i d u a l components to the w a l l can be r e l a t e d to 
v a r i a b l e s such as temperatures, e m i s s i v i t i e s and a b s o r p t i v i t i e s . 

Assume tha t we have a uniform suspension of grey p a r t i c l e s (dust) i n a 
non-grey r a d i a t i n g gas . The o v e r a l l e m i s s i v i t y and the o v e r a l l a b s o r p t i v i t y 
of the i so the rmal c loud of o p t i c a l t h i ckness L v i s def ined as: 
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exp(-k 
a ,g -d L v ) (4-2) 

and: 

1 exp(-k , L ) F e,g+d v g+d 

The o p t i c a l 
which produces 
Values of L v have been determined f o r 
(1967) and Vortmeyer (1977). 
t i o n (Vortmeyer (1977)) : 

(4-3) 

t h i ckness L v i s def ined as the r a d i u s of the hemisphere 
the same f l u x of r a d i a n t heat as the shape i n q u e s t i o n . 

va r ious shapes i n H o t t e l and Sarof im 
For crude c a l c u l a t i o n s one can use the r e l a -

0.9 
4 V 

(4-4) 

For a c i l i n d e r w i t h a r a t i o of he ight to diameter l a r g e r than 0.5 the e r r o r 
due to the approximat ion a f t e r equat ion (4-4) i s l e s s than 5%. 

The o v e r a l l a b s o r p t i o n c o e f f i c i e n t and the o v e r a l l emiss ion c o e f f i c i e n t 
i s the a r i t h m e t i c sum of the c o e f f i c i e n t s of the s i n g l e components. That 
i s : 

where : 

and: 

where: 

k . = k a,g+d a. + k a ,d 

p=np 
k . = > k a ,d p — a,p 

k . = k + k e,g+d e,g e ,d 

(4-5) 

(4-6) 

(4-7) 

e ,d 
p=np 

>_ 
p=1 e,p 

(4-8) 

As the p a r t i c l e s are assumed to be grey r a d i a t o r s one may de f ine for a l l 
p a r t i c l e s : 

k 
e ,p a,p 

= k (4-9) 

When a volume emi t te r i s not i so the rma l i t s temperature f u n c t i o n and i t s 
o p t i c a l t h i ckness are i n t e r l i n k e d i n the r e l a t i o n fo r the r a t e of emiss ion 
by the c l o u d . Thus for the e m i s s i v i t y and temperature of the non- i so thermal 
c loud the o v e r a l l e m i s s i v i t y and temperature have t o be taken of the i s o t h ­
ermal c loud having the same abso rp t ion c o e f f i c i e n t and the same r a t e of 
emiss ion ( F i e l d et a l . (1967). The r a t e of r a d i a n t emiss ion by the volume 
i n which component i has an abso rp t ion c o e f f i c i e n t k and a temperature T 
can be approximated by a s s i g n i n g to the volume an abso rp t ion c o e f f i c i e n t k 
g iven by the sum of abso rp t ion c o e f f i c i e n t of the components and a mean 
temperature T g iven by the r e l a t i o n : 
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4 PfllP 4 
k T + > k T 

u a ,g g — a,p p 
T A = ^ (4-10) 

g+d p=np 
k + > k a ,g p - j - a,p 

The r a t e of abso rp t ion by the c loud can be expressed i n a temperature func­
t i o n and an o p t i c a l t h i c k n e s s : 

H PzHP 4 
k T + > k T 

2 1
 e ' S w

 N 1 T e.P w 

T = E_! (4-11) 
w p=np 

k + > k 
e,g p r r e,p 

The procedure i m p l i e d i n equations (4-10) and (4-11) does not i n f a c t 
desc r ibe the p h y s i c a l p rocesses . However, i t can provide convenient approx­
imat ions to c a l c u l a t e the c o n t r i b u t i o n of each component to the t o t a l net 
r a t e of r a d i a t i o n of heat to the w a l l . Note tha t there i s no net r a d i a t i o n 
of heat from one of the components of the g a s - p a r t i c l e c loud to the other 
unless by r a d i a t i o n v i a the w a l l . S u b s t i t i o n of the equat ions (4-10) and 
(4-11) i n equat ion (4-1) and s u b s t i t u t i n g the s u b s c r i p t v fo r g+d g i v e s : 

4 PzilP 4 
k T + > k T 

A e e , o, a ,g g — a,p p 
Q = w w g+d b EzJ ( 4 - 1 2 ) 

>vw 1 - (1-e ) ( 1 - a p=np ^ 'w g+d' k + > k a , g p—p a,p 

4 Pz£P 4 
k T + > k T 

Aw £w ag+d °b e ,g w p — e,p w 

6 k + > k 
e ,g p r T e,p 

The t o t a l net r a t e of heat t r anspor t (equat ion (4-12)) can be c a l c u l a t e d by 
t a k i n g the a r i t h m e t i c sum of the c o n t r i b u t i o n s of a l l i n d i v i d u a l compo­
nents . Therefore we de f ine : 

p=np 
Q„„„ • + > Q— (4-13) rvw rgw — rpw p=1 

i n which : 

A e e , o, k T 
Q =

 w w g + d b a>P P ( 4 - 1 4 ) 
Wrpw 1 - ( 1 - e ) (1 -a .) k ^ l 4 J 

w g+d a,g+d 

A e a , o, k T w w g+d b e ,p w 
- (1-e ) (1-a J k 

w g+d e,g+d 
and: 

- 88 -



4 
A £ e , a, k T n w w g+d b a ,g g j 

>gw 1 - (1-e ) (1-a A J k . ^ I D ; 

° w g+d a,g+d 

4 
A £ a . a, k T w w g+d b e ,g w 

1 - (1-e ) ( 1 - a „ , H ) k o 

w g+d e,g+d 
The de te rmina t ion of the e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t s of the i n d i v i d u a l 
components i s d i scussed below. 
4 . 3 . 2 . 3 The e m i s s i o n / a b s o r p t i o n of a p a r t i c l e c loud 

4 . 3 . 2 . 3 . 1 R a d i a t i v e t r a n s f e r i n a n o n - s c a t t e r i n g p a r t i c l e c loud 

The r e l a t i o n f o r the e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t of a suspension of 
grey n o n - s c a t t e r i n g p a r t i c l e s i n a n o n - s c a t t e r i n g gas i n terms of the s i z e s 
and c o n c e n t r a t i o n of the p a r t i c l e s i s accord ing to Vortmeyer (1977): 

p=np 
k . = > k (4-16) d,ns . — p,ns 

i = 1 

where : 

k = e A n (4-17) p ,ns p p p ,v 

Next each of the v a r i a b l e s i n equat ion (4-17) i s d i s c u s s e d . 
The e m i s s i v i t y of p a r t i c l e s c o n t a i n i n g oxides i s s t r o n g l y dependent on 

g r a i n s i z e , t r ace a d d i t i v e s and temperature . Most oxides normal ly have 
g ra ins i n the s i z e range where a decrease i n g r a i n s i z e leads to a decrease 
i n e m i s s i v i t y (Ho t t e l and Sarof im (1967)) . Beyond p a r t i c l e diameters of 
6.E-6 m the e m i s s i v i t y inc reases a g a i n . G e n e r a l l y a decrease i n temperature 
r e s u l t s i n an inc rease i n e m i s s i v i t y . For computer c a l c u l a t i o n s one can 
o b t a i n , r o u g h l y , from H o t t e l and Sarof im (1967) f o r s i l i c a sand: 

T 

e p - 1.3 + 0.2 1 ° l o g d p - 0.6 1 ° l o g ( 1 2 g 3 ) (4-18) 

f o r : 

1.E-5 m < d < 1.E-3 m (4-19) 
P 

1000 K < T < 1840 K (4-20) 
P 

0 < e < 1 (4-21) 
P 

Maximum e r ro r i s 30% of the abso lu te v a l u e . 
The p r o j e c t i o n sur face of the p a r t i c l e w i t h diameter dp on a plane i s 

def ined as: 

A

P = -T- d p ( 4 " 2 2 ) 

Consider the case that each second one s p h e r i c a l p a r t i c l e enters a 
volume w i t h cross s e c t i o n area A v and height h v . The p a r t i c l e t r ave r se s the 
volume w i t h a res idence t ime t . The p a r t i c l e number dens i ty of the s i n g l e 
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p a r t i c l e i n the volume 

V = A h (4-23) v v v 

i s : 

1 t 
n = - P (4-24a) 

v 
Equa t ion (4-24a) then i m p l i e s that equat ion (4-14) r e f e r s t o the f l u x of 
heat from a l l p a r t i c l e s to the w a l l per u n i t of time as exper ienced by the 
w a l l . The f l u x of heat as exper ienced by a l l p a r t i c l e s per u n i t of t ime 
given by equat ion (4-14) i s i m p l i e d w i t h : _ ... „ „ „ 

S e c t i o n 4 . 3 . 2 

n - - j - (4-24b) 
v 

4 . 3 . 2 . 3 . 2 R a d i a t i v e t r a n s f e r i n a s c a t t e r i n g p a r t i c l e c loud 

The abso rp t ion equat ion on which the d e r i v a t i o n s i n s e c t i o n 4 . 3 . 2 . 3 . 1 
are based assumes the change of i n t e n s i t y to be g iven by: 

d l = - I k dL (4-25) 

However, p a r t i c l e s s c a t t e r r a d i a t i o n as w e l l as absorb i t . The s c a t t e r i n g 
a b i l i t y of the medium may be c h a r a c t e r i s e d by a s c a t t e r i n g c o e f f i c i e n t s 
and an abso rp t ion (or emiss ion) c o e f f i c i e n t k so t h a t : 

d l = - I (k + s) dL (4-26) 

The treatment of s c a t t e r i n g , i n c l u d i n g the d e t a i l e d angular d i s t r i b u t i o n of 
s c a t t e r e d i n t e n s i t y i s very compl ica ted ( H o t t e l and Sarof im (1967)) and f a r 
t o comprehensive to be i n c l u d e d i n a f i r s t order approximat ive model . To 
get some idea of the magnitude of the e f f e c t s of s c a t t e r i n g we apply some 
crude c a l c u l a t i o n s that are more compat ible w i t h the present s t a t e of know­
ledge on our s u b j e c t . 

A s imple approach s u i t e d to the a n a l y s i s of one d imensional t r an s f e r 
problems has been e labora ted by Biermann and Vortmeyer (1969). They 
desc r ibe the behaviour of a n o n - s c a t t e r i n g uniform p a r t i c l e c loud as : 

e, = 1 - exp(- k . L ) (4-27) d ,ns d ,ns v 

For the s c a t t e r i n g p a r t i c l e c loud e i s reduced and takes the form: 

1 + exp(- k . L V 1 + 2R ) 
- O - 0 ) (4-28) ' d , s c 1 + 0 exp( - k,, L V 1 + 2R ) d ,ns v 

where: 

- 1 + ] / ] + 2R 
0 = • (4-29) 

1 + V 1 + 2R 
R i s the r a t i o of the e f f i c i e n c y f a c t o r fo r s c a t t e r i n g to the e f f i c i e n c y 
f a c t o r fo r a b s o r p t i o n . The s c a t t e r i n g phenomena i s r e l a t e d to the geometry 
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of the p a r t i c l e s and the r a d i a t i o n wave l e n g t h . One can def ine the dimen-
s i o n l e s s number p p : 

Tf d 
p - (4-30) 

r 

Smal l p a r t i c l e s such as soot i n f lames , are sma l l e r than the wave lengths 
important fo r thermal emissions (dp < 0.5E-6 m and X r = 2 .E-6 - 7 .E-6 m) 
tha t pp < 1. For these p a r t i c l e s s c a t t e r i n g i s n e g l i g i b l e . In the r e g i o n 
Pp = 1 the c a l c u l a t i o n s are complex (Van der H u l s t (1957) ) . I t i s w e l l 
e s t a b l i s h e d ( F i e l d and a l . (1967), Biermann and Vortmeyer (1969)) that fo r 
coa l and ash p a r t i c l e s , say w i t h diameters beyond 30.E-6 m, so that pp > 
25, R has a value l e s s than but almost equal to 0 . 2 . Th i s c o n d i t i o n may be 
s a t i s f a c t o r y f o r the f reeboard where the g rea te r par t of the s o l i d s has a 
s i z e above 100.E-6 m. I f equat ion (4-28) i s used fo r c a l c u l a t i n g e, w i t h i n 
the r e g i o n 0 <_ ( k . L ) < 1 and 0 < R < 0 .4 , one n o t i c e s t ha t , compared w i t h 
equat ion (4 -27) , the r e l a t i v e d i f f e r ence i s l e s s than 5%. For p r a c t i c a l 
reasons here a m u l t i p l i c a t i o n f a c t o r fo r s c a t t e r i n g i s in t roduced g i v i n g 
the r a t i o of the e f f e c t i v e o v e r a l l c o e f f i c i e n t of abso rp t ion to the o v e r a l l 
c o e f f i c i e n t of abso rp t ion of the i d e n t i c a l n o n - s c a t t e r i n g c l o u d : 

e i o g ( 1 - e, ) 
f s c = - l T L - ^ ^ ^ 

d ,ns v 

Then we can de f ine : 
k = f k (4-32) p sc p,ns 

fo r use i n equat ion ( 4 - 9 ) . 

4 . 3 . 2 . 4 The e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t of combustion gases 

Carbon monoxide, carbon d i o x i d e and water vapour, the predominant p ro­
ducts of f o s s i l - f u e l combustion, c o n t r i b u t e most to the process of thermal 
r a d i a t i o n of gases (Vortmeyer (1977), H o t t e l and Sarof im (1967), Edwards 
and Ba l ak r i shnan (1973), Hines and Edwards (1968)) . Molecu la r gas r a d i a ­
t i o n p r o p e r t i e s are complex due to the many orders of magnitudes of v a r i a ­
t i o n i n the s p e c t r a l e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t s w i th wavenumber. 
Regions of in tense a b s o r p t i o n , c a l l e d a b s o r p t i o n bands, are due to the 
i n t e r a c t i o n of r a d i a t i o n w i t h the v i b r a t i o n modes of the gas mo lecu le s . The 
t rue gas s p e c t r a l abso rp t ion c o e f f i c i e n t can vary g r e a t l y over a number of 
wavelengths, c a l l e d l i n e s . Each l i n e of each gas i s l o c a t e d at a s p e c i f i c 
wavenumber and consequently the l i n e s of d i f f e r e n t gases form a p a r t i c u l a r 
and complex a r r a y . When the s p e c t r a l bands w i t h i n which the r a d i a n t absorp­
t i o n or emiss ion by r e s p e c t i v e gases ( p a r t l y ) c o i n c i d e , c o r r e c t i o n s have to 
be made. 

F o l l o w i n g the frame-work of Edwards and a l . (1973) , Venema (1981) d e v e l ­
oped the computer program ' G E A C which permits c a l c u l a t i o n of the emi s s ion / 
abso rp t ion c o e f f i c i e n t of a homogeneous gas c o n t a i n i n g carbon monoxide, 
carbon d i o x i d e and water vapour over a l a r g e range of t o t a l and p a r t i a l 
p re s su res . The remain ing gas components such as n i t r o g e n and oxygen are 
h i g h l y d i a t h e r m a l . 

The computer program ' G E A C i s i nco rpo ra t ed i n the f reeboard model 
'FAME' and the u n d e r l y i n g theory i s desc r ibed below. For a mix ture of 
e m i t t i n g / a b s o r b i n g gases w i t h o v e r l a p p i n g bands the e m i s s i o n / a b s o r p t i o n 
c o e f f i c i e n t i s very n e a r l y equal to the sum of the e m i s s i o n / a b s o r p t i o n 
c o e f f i c i e n t s (Edwards and a l . (1973) ) . 

- 91 -



i=ng j=nb 
k . = > > k . . (4-33) g . v . m i x . — — g , v , i , j 

The summation cove r s , i n p r i n c i p l e , a l l abso rp t ion bands j of a l l spec ies 
i . The monochromatic e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t of a homogeneous gas 
fo r the i - t h spec ies and j - t h narrow abso rp t ion band i s g iven by (Edwards 
and a l . (1973)) : 

- ( -§-)• • p. 
K • - = d X ' J 1 pr-g- (4-34) 

(1 +

 d
 1>J 1 v ) 

i , J e , i 

The broadening pressure e f f e c t i v e on the i - t h spec ies i s w r i t t e n as: 

F e > i = ( " f - * ^ ( b i " 1 ) ) n ( 4 " 3 5 ) 

o o 

A wide exponen t i a l band c o r r e l a t i o n i s used to desc r ibe the r e l a t i o n 
between 

( - § - ) and 3. . 
n , i , j J 

as a f u n c t i o n of wavenumber v i n s i d e each band: 

The model i s then a d e s c r i p t i o n of values of : 

a. . , 3 . . and w. . versus temperature. 
i . J i . J i , J 

The parameter a i s the i n t e g r a t e d band i n t e n s i t y , i . e . the i n t e g r a t e d (s /d) 
over a l l v . The band wid th parameter oi i s the wid th of the s p e c t r a l i n t e r ­
v a l i n which ( s /d ) i s l a r g e r than (1/e) t imes i t s maximum v a l u e . The f r a c ­
t i o n of t o t a l power conta ined w i t h i n the s p e c t r a l r e g i o n occupied by the 
j - t h band of spec ies i , between the upper and lower wavenumber v amounts to 
(Czerney and Walther (1961)) : 

f (u ) = - 1 L . / " U u 3 d u (4-37) 
i , j ; 4 u . J exp(u) - 1 [ n 5 I ) 

TT 1 
where: 

h c v. .(T , P . , P , L ) 
U i i " k ' J T 8 1 ( i t " 3 8 ) 

L , J k b s 
T s and Tg are the source ( emi t t e r ) r e s p e c t i v e l y gas temperature. 

From equat ion (4-37) and (4-38) we can def ine the f r a c t i o n a l f u n c t i o n of 
the f i r s t k i n d : 

i=ng j=nb 
f ( - £ - ) - >_ >_ f ( u . .) (4-39) 

s i -1 j = 1 1 , J 
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The s p e c t r a l c a l c u l a t i o n i s subsequent ly c a r r i e d out (us ing equa t ion (4-33) 
to f i n d k) and n u m e r i c a l l y i n t e g r a t e d w i t h respec t to v to f i n d the t o t a l 
e m i s s i v i t y / a b s o r p t i v i t y . Return ing to the r a d i a t i v e heat t r a n s f e r from the 
w a l l to the gas we f i n d : 

T = T (4-40) s w 

so that the a b s o r p t i v i t y reads : 

a . (T ,T , P . , P , L ) = (4-41 ) g .mix w' g ' i=1 ,ng ' v 

, v(T , P . , P , L ) 
n / ' ( 1 - e x p ( k . (T , P . , , P , L ) L )) df( g J ; ' " 8 —) 0 r g . v . m i x g ' i=1,ng v v T w 

For the r a d i a t i v e heat t r a n s f e r from the gas to the w a l l we f i n d : 

T = T (4-42) 
s g 

so that the e m i s s i v i t y reads : 

e . (T , P . , , P , L ) = (4-43) g .mix g ' 1=1,ng' v ' 

v(T , P . , P , L ) 
n / ' ( 1 - e x p ( k . (T , P . , , P , L ) L )) df( S ^ ' n g - —) 
0 F g . v . m i x g ' i=1 ,ng ' V v T 

8 
For the case of a g a s - p a r t i c l e c loud the c o n t r i b u t i o n of the gas to the 
t o t a l e m i s s i o n / a b s o r p t i o n c o e f f i c i e n t , de f ined by equat ions (4-5) and 
( 4 - 7 ) , i s g iven by: 

6 l o g ( 1 - e . ) 
k = = S , m i X (4-44) 

a ,g L y 

and: 

6 l o g ( 1 - a . ) 
k = ; S , m i X (4-45) 

e ,g L y 

4 . 3 . 2 . 5 The e m i s s i v i t y of a s t a i n l e s s s t e e l w a l l 

For an o x i d i z e d s t a i n l e s s s t e e l w a l l the e m i s s i v i t y i s f i t t e d by a 
polynomia l exp res s ion from a g r a p h i c a l p resen ta ion a f t e r Hoogendoorn 
(1979): 

e = 0.8556 - 3-571E-6 T + 3-393E-8 T 2 (4-46) 
W W W 

f o r : 

500 K < T < 1300 K (4-47) w 

The maximal e r ro r i s 4%. 
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M.3-3 Unsteady heat conduct ion i n a sphere 

4 .3 .3 .1 I n t r o d u c t i o n 

For cases such as pneumatic conveying of s o l i d s i n r e a c t o r s the c o n t r i ­
b u t i o n of the s o l i d s on the o v e r a l l heat balance can be enormous. R e l a t i v e 
to the gas the s o l i d s of ten have a h igh mass f l u x at s i m i l a r s p e c i f i c heat 
c a p a c i t y . For the f l u i d i z e d bed coa l combustor of our i n t e r e s t the r a t i o 
of p a r t i c l e mass f l u x and gas mass f l u x at the f l u i d i z e d bed-freeboard 
i n t e r f a c e i s i n the order of 100 and at the f reeboard o u t l e t i n the order 
of 0 . 0 1 . G e n e r a l l y fo r gases the thermal energy t r anspo r t by mix ing i s 
f a s t and surpasses conduc t ion . In s o l i d s thermal energy t r an spo r t takes 
p lace by c o n d u c t i o n . Dependent on geometry, p h y s i c a l p r o p e r t i e s and r e s i ­
dence t ime the exchange of heat can be complete or no t . 

In the f reeboard temperatures change w i t h he igh t and the p a r t i c l e s are 
subjec t to unsteady heat t r a n s f e r . In t h i s s e c t i o n an a n a l y t i c a l expres­
s i o n i s developed to desc r ibe t h i s process fo r a s p h e r i c a l p a r t i c l e , 
s e l e c t e d fo r reasons of s i m p l i c i t y , and s t a r t i n g from the f o l l o w i n g prob­
lem: A homogeneous sphere of s o l i d m a t e r i a l , i n i t i a l l y at a uniform temp­
e r a t u r e , i s suddenly immersed i n a volume of w e l l - s t i r r e d gas of constant 
temperature. The w a l l sur rounding the volume i s at a constant temperature. 
The outer sur face of the s o l i d ac t s as a source of hea t . The non-steady 
s t a t e i n v o l v e s t r ans f e r of heat to the s o l i d m a t e r i a l and sur rounding gas 
and w a l l . Given the p a r t i c l e res idence time i t i s d e s i r e d t o f i n d the heat 
t r a n s m i t t e d : 

* from the p a r t i c l e sur face to the gas by c o n v e c t i o n , 
* from the p a r t i c l e sur face to the w a l l by r a d i a t i o n , 
* from the p a r t i c l e sur face to the i n t e r i o r of the s o l i d by c o n d u c t i o n . 

4 . 3 . 3 . 2 Bas i c equat ions at the p a r t i c l e sur face 

The r a t e of heat f low at the w a l l of the s o l i d can be c a l c u l a t e d from: 

6T ( t ) 
Q ( t ) = - X n A n ( — ) (4-48) CP P P <5r r = R 

P 
Note that Tp( t ) r e f e r s to the surface of the p a r t i c l e . 

Heat can be l i b e r a t e d or absorbed at the s o l i d s u r f a c e . 
Here the general l i n e a r i s e d case i s t r ea t ed i n which : 

Q ( t ) = A (c1 T ( t ) - c2) (4-49) sp p p 

where c1 and c2 are cons t an t s . 
The case may r e f e r to systems i n which at the s o l i d sur face r e a c t i o n , eva­
p o r a t i o n or condensat ion takes p l a c e . However the geometry and the p h y s i c a l 
p r o p e r t i e s of the s o l i d must remain unchanged; at l e a s t the changes must be 
accep tab ly s l o w . 

The heat f low across the s o l i d - g a s i n t e r f a c e by convec t ion i s def ined 
as: 
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Q ( t ) = a A (T ( t ) - T ) (4-50) cpg cpg p p g 

where a C pg i s obta ined w i t h use of equat ions 3~26 upto 29. 
In general the net r a d i a t i o n of heat f low between the p a r t i c l e sur face 

and the w a l l , both at constant temperatures , i s expressed as 

Q = c3 T 4 - c4 T 4 (4-51) rpw p w 

i n which c3 and c4 are cons t an t s . See equat ion (4 -14) . This equa t ion i s 
modi f i ed ( for numerica l convenience) i n t o the product of the c h a r a c t e r i s t i c 
temperature d i f f e r ence and the p r o p o r t i o n a l i t y f a c t o r (pseudo heat t r a n s f e r 
c o e f f i c i e n t ) 

Q ( t ) = a A (T ( t ) - T ) (4-52) rpw rpw p p w 

where 

4 4 
c3 T (0) - c4 T 

a rpw A (T (0) - T ) K H 

p p w 

Note that the p r o p o r t i o n a l i t y f a c t o r s a i n equat ions (4-50) and (4-52) are 
based on the p a r t i c l e c o n d i t i o n s at tp=0. 

4 . 3 . 3 . 3 T o t a l energy balance 

The t o t a l amount of heat t r a n s m i t t e d to the i n t e r i o r of the s o l i d du r ing 
the p a r t i c l e s ' res idence t ime tp 

t 
Q (t ) = ƒ P Q ( t ) dt (4-54) cp p 0 cp 

can be r e l a t e d to the change i n en tha lpy . 
Assume tha t the p h y s i c a l p r o p e r t i e s pp and C p p of the p a r t i c l e are cons­
t an t . Hence we can w r i t e 

Q n n ( t ) - - P„ C P „ v „ Cf„ ( t ) - T (0)) (4-55) cp p K p K p p p p p 

The c a l o r i f i c mean p a r t i c l e temperature reads 

v ; % C p

P V r , V ) d V p 
T ( t ) = —2 j - (4-56) 

P P v / (P Cp ) dV 
P ir ¥ r 

Note that T r ^ r e f e r s to the i n t e r n a l p a r t i c l e temperature. 
The p r i n c i p l e of conse rva t ion of energy enables a r e l a t i o n fo r the non-

steady s t a t e to be ob t a ined . I n t e g r a t i n g equat ions (4 -49) , (4-50) and 
(4-52) over the res idence time and combining the r e s u l t w i t h equat ion 
(4-55) acco rd ing to f i g u r e 4-6 g ive s 

Q (t ) = Q (t ) + Q (t ) + Q (t ) (4-57) cp p sp p cpg p rpw p 

sp p A t ( d 
P P 

o ; p y t > d t 

02) (4-58) 
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ƒ P T ( t ) dt 

W V - ° cpg A p *p < J T V ^ 9 ) 

/ P T p ( t ) dt 

Q (t ) = a A t ( - T ) (4-60) 
rpw p rpw p p t w 

The problem i s thus reduced to that of f i n d i n g the s o l u t i o n fo r 
t 

ƒ p T ( t ) dt 
e i t h e r T ( t ) or 

p p t 
P 

4 . 3 . 3 . 4 The p a r t i c l e temperature 

For the i n t e r i o r of a s o l i d the equat ion of energy, a f t e r i n s e r t i o n of 
F o u r i e r ' s law of heat conduc t ion , becomes 

6T ( r , t ) 

p p

 C p

P —^Tt ( V X

P V r , t ) ) ( 4 _ 6 1 ) 

Assuming the thermal c o n d u c t i v i t y to be constant (4-61) becomes 

6T ( r , t ) 
?— = a^ V \ ( r , t (4-62) 

6t p p 

In t h i s r e l a t i o n the thermal d i f f u s i v i t y of the s o l i d i s def ined as 

X 
(4-63) 

p p Cp 

For the symmetr ical temperature f i e l d of the sphere equat ion (4-15) 
becomes 

ÔT ( r , t ) a^ 6 T ( r , t ) 
P- = — P _ -A— ( r

2 ? ) (4-64) St 2 ôr v ôr ; 1 ' r 

The i n i t i a l c o n d i t i o n i s 

T ( r , 0 ) = T (0) = constant for t < 0 (4-65) 
P P 

The boundary c o n d i t i o n at r=Rp i s determined by 

Ô „ J t ) = Q o n ( t ) + C! ( t ) + Q ^ „ „ ( t ) (4-66) 
cp sp cpg rpw 

S u b s t i t u t i o n of equations (4 -48) , ( 4 -49 ) , (4-50) and (4-52) i n t o (4-66) 
g ives 

X 61 ( t ) 
( 2 —E + T ( t ) ) = T for t > 0 (4-67) o. ôr p r=R °° to t v p 

where the value 

a T + a T + c2 
T = c p g S — — for a , * 0 (4-68) 

a t o t t 0 t 

and 
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a. . = a + a + d (4-69) t o t cpg rpw 

I t i s convenient to in t roduce d imens ionless q u a n t i t i e s . The d imension-
l e s s temperature: 

T ( r , t ) - T 

ye,*) - T ( o ) - T m ( 4 " 7 0 ) 

P oo 
The d imens ionless l e n g t h : 

e - -jj- (14-71> 
p 

The d imens ionless time ( F o u r i e r number): 

a t 
T = P

? (4-72) 
R 

P 

The B i o t number B i g ives the r a t i o between the r e s i s t a n c e aga ins t heat 
t r a n s f e r i n s i d e the s o l i d and ou t s ide of the s o l i d : 

a. . R 
B i = t f P (4-73) 

p X p 

Then the d i f f e r e n t i a l equa t ion (4 -64) , the i n i t i a l and boundary c o n d i t i o n , 
equa t ion (4-65) r e s p e c t i v e l y (4-66) becomes: 

P « - - ( g 2 — _ E ) (4-74) 
&T. ^2 65 s 65 

9 ( 5 , 0 ) =1 f o r i < 0 (4-75) 

, a e ( e . t ) 
( ^ r - - 6 T +

 0 P U ' T ) ) U I = I = 0 F O ^ > ° 

(4-76) 

The c a l o r i f i c mean d imensionless temperature i s def ined as; 

9 ( T ) = 3 Q / 1 0 P ( £ » T ) ^ 65 

(4-77) 

In many unsteady s t a t e heat conduct ion problems the s o l u t i o n i s found i n 
the form of i n f i n i t e s e r i e s . The s e r i e s obta ined f o r t h i s problem are g iven 
by M a r t i n (1984) and are l i s t e d i n appendix 2. The use of the i n f i n i t e 
s e r i e s i s unwieldy fo r p r a c t i c a l c a l c u l a t i o n s . In p r a c t i c e Qp can be 
approximated by (Mar t i n (1984)) : 

G p ( i ) = exp ( ^ " 3 T

 1 ) (4-78) 

B i N U ( T ) 
P 

where: 
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2 2 0.5 
Nu(t) = ( ( - i — ) + (— L —)) (4-79) i it i 

The d i f f e r ence between op c a l c u l a t e d from equat ion (4-78) and the s o l u t i o n 
ob ta ined i n appendix 3 w i t h the use of the f i r s t 40 terms of the i n f i n i t e 
s e r i e s i s always l e s s than 3? . See f i g u r e 4-7. S u b s t i t u t i o n of equat ion 
(4-70) i n t o (4-77) y i e l d s : 

f ( t ) = 0 ( t ) T (0) + (1-0 ( t ) ) T (4-80) 
P P P p CO 

or w i t h (4-68) and (4-69) 

T i t ) = 0 ( t ) T ( 0 ) • ( 1 - i ( t ) ) a ° P g

3

T s + / P W I"* °2 

p p p p a + a + d 
cpg rpw 

(4-81) 
4 . 3 . 3 . 5 The time mean p a r t i c l e surface temperature 

S u b s t i t u t i o n of the value of the mean p a r t i c l e temperature of equat ion 
(4-81) i n t o (4-56) up to (4-60) and r e w r i t i n g i n terms of T p ( 0 ) , T g , T w and 
c2 g i v e s : 

t 
n / P T ( t ) dt p n Cp n v n (1-0 ) 

— P- - P P P P T ( 0 ) (4-82) t a. . A t p p t o t p p 

a - p Cp V (1-0 ) 
cpg , P P P P + 1) x 

a , . a, , A t g t o t to t p p 

a - p Cp V (1-0 ) 
rpw (

 K p F p p p + 1) T 
a, . a. , A t w to t to t p p 

p„ Cp^ V (1-0 ) 
P P P

 + 1) c2 a. a. A t to t t o t p p 

Th i s equat ion permits the c a l c u l a t i o n of the t rue mean p a r t i c l e surface 
temperature over the res idence time of the p a r t i c l e i n the s tandard volume. 

4 .3 -3 .6 The s o l u t i o n of the separate f lows of thermal energy 

The t o t a l amount of heat t r a n s m i t t e d to the s o l i d m a t e r i a l i s g iven by 
equat ions (4-56) and (4-81) : 

Q „ n ( t ) = " p„ C p n (1-0 ) (4-83) cp p r p p p p 
a T + a T + c2 

( C p g « C£w_Jf T (o)) 
a t o t P 
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The heat l i b e r a t e d by the source i s determined by equat ions (4-58) and 
(4-82) : 

Q „ n ( t ) sp p 

d p Cp V 
P P P ( 1 - 0 p ) 

t o t 
T p ( 0 ) (4-84) 

c1 a. 
cpg 

p Cp V (1-0 ) 
P P P P 

t o t t o t 
+ A t ) T 

P P I 

01 a - p Cp V (1-0 ) rpw_ ( ^ p _ p p _ + A 

a t . t p p w 
to t t o t 

- d p Cp V (1-0 ) 
+ 1 (

 H P P P P 
8. . a, , t o t t o t 

- (a + a ) A t ) c2 cpg rpw p p 

For the heat t r a n s m i t t e d from the p a r t i c l e to the gas by c o n v e c t i o n we can 
w r i t e from equations (4-59) and (4 -82) : 

a 
Q (t ) = C p g p Cp V (1-0 ) T (0) (4-85) 

cpg P a t Q t

 Kp F p p p p 

a 2 - p Cp V (1-0 ) a + d 
x cpg , H p *p p p rpw A t ) T 

a , , a , , a P P to t t o t cpg 

a a - p Cp V (1-0 ) 
+ cpg rpw ^ p _ p p_ + A t T 

a t o t a t o t p P w 

a - p Cp V (1-0 ) 
_ c p g _ P P P P P P _ + A t ) c 2 

o, . a, , P P' to t t o t 

Combining equat ions (4-60) and (4-82) g ives an analogous express ion fo r the 
thermal energy t r a n s m i t t e d from the s o l i d to the w a l l by r a d i a t i o n : 

Q ( t ) = + a r p w p Cp V (1 -0 D ) T (0) (4-86) rpw p a t Q t

 Hp F p p P p 

a a - r Cp V (1-0 ) 
+ cpg rpw p_p^ p _ + A t ) T + 

a t o t a t o t P P g 
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t - p Cp V (1-0 ) 
rpw (

 MP P P P 

t o t t o t 

a + d 
cpg 

a 
rpw 

A t ) T p p w 

+ rpw (

 r p ' p p 
a, , t o t 

p Cp V (1-0 ) 
— P - + A t ) c2 

' t o t P P 

For each p a r t i c l e t r a v e r s i n g the f r eeboard , w i t h a r e s idence time c a l c u ­
l a t e d acco rd ing to s e c t i o n 2 . 3 . the l i n e a r r e l a t i o n s i n the temperatures 
can now be w r i t t e n (equations (4-83) up to ( 4 - 8 6 ) ) . These r e l a t i o n s are 
t r e a t e d fu r the r i n s e c t i o n 4 .3 .5 i n order to so lve the t o t a l energy balance 
i n the f r eeboa rd . 

4 .3 .4 Heat t r a n s f e r v i a the f reeboard w a l l 

4 .3 .4 .1 I n t r o d u c t i o n 

A c t u a l a p p l i c a t i o n of the model 'FAME' r e q u i r e s modeling of the f r e e ­
board w a l l as a heat s i n k . For the in tended comparison of the model w i t h 
experiment the heat t r a n s f e r problem concerns the heat l o s s e s v i a the f r e e ­
board w a l l of the 'MAGMA' (see Martens (1984)) . Th i s f reeboard w a l l i s a 
l ong v e r t i c a l c y l i n d e r made up of l a y e r s of va r ious m a t e r i a l s , each w i t h 
i t s own p h y s i c a l p r o p e r t i e s . For a n a l y t i c a l purposes the f reeboard i s sub­
d i v i d e d i n t o a number of r eac to r s i n s e r i e s . At the inner ( r eac to r ) s ide 
of the w a l l the heat t r a n s f e r i s governed by r a d i a t i o n and f o r c e d convec­
t i o n of a gas that con ta ins l a r g e q u a n t i t i e s of s o l i d p a r t i c l e s . At the 
outer s i d e the heat t r an s f e r i s governed by r a d i a t i o n as d i scussed e a r l i e r 
and f ree convec t ion to the surroundings at ambient temperature . 

In t h i s s e c t i o n i t i s shown how the va r ious r e s i s t a n c e s to heat t r a n s f e r 
are combined i n t o a t o t a l r e s i s t a n c e . The p h y s i c a l p r o p e r t i e s of the 
m a t e r i a l s and / or f l u i d s are d i scussed i n appendix 1. The main purpose of 
t h i s s e c t i o n i s to i l l u s t r a t e some p a r t i c u l a r problems that a r i s e i n the 
a p p l i c a t i o n of s tandard heat t r a n s f e r knowledge to a f reeboard and how the 
r e s u l t s l i n k up w i t h the phenomena d i scussed be fore . Reading t h i s s e c t i o n 
and s e c t i o n 4 .3 .5 may be omi t ted i f on ly a general judgement on the v a l i d ­
i t y of the model i s pursued (see s e c t i o n 4 . 4 ) . 

4 . 3 . 4 . 2 B a s i c equat ions 

The assumptions that are made are the f o l l o w i n g : 
* s t a t i o n a r y s t a t e 
* r a d i a l symmetry 
* a x i a l heat f l u x e s i n the composite w a l l s may be neg lec ted 

In f i g u r e 4-8 a composite w a l l i s shown made up of three m a t e r i a l s of 
d i f f e r e n t th icknesses and d i f f e r e n t thermal c o n d u c t i v i t i e s . The composite 
m a t e r i a l s are: 1 s t a i n l e s s s t e e l , 2 ceramic w o o l , 3 r o c k w o o l . Surface 01 i s 
i n convec t ive and conduct ive contact w i t h a f l u i d c o n t a i n i n g gas and p a r t i ­
c l e s and i n r a d i a t i v e contact w i th a volume emi t te r c o n t a i n i n g gas and par­
t i c l e s . Surface 34 i s i n convec t ive and r a d i a t i v e contact w i t h a f l u i d 
r e s p e c t i v e l y a sur face at the ambient temperature. 

Two ques t ions a r i s e fo r the i n v e s t i g a t i o n of the n o n - r a d i a t i v e heat 
t r a n s m i s s i o n between the inner w a l l and the f l o w i n g mix ture of gas and s o l ­
i d s . F i r s t l y : how w i l l the heat t r a n s f e r be d i s t r i b u t e d over the gas and 
s o l i d s , and second ly , how w i l l the s o l i d s i n f l u e n c e the l a t e r a l t r anspor t 
of heat . Stockburger (1966) has s t u d i e d t h i s phenomenon and from h i s work 
some conc lus ions are drawn fo r the present i n v e s t i g a t i o n . The s p e c i f i c 
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heat and the dens i t y of the gas and s o l i d s , the p a r t i c l e volume f r a c t i o n , 
the geometry of the confinement, the gas v e l o c i t y and most of a l l the s u r ­
face mean (Sauter) p a r t i c l e s i z e determine the d i s t r i b u t i o n of heat between 
gas and s o l i d s . The l a r g e r the p a r t i c l e s the lower the heat t r a n s m i t t e d to 
them. Th i s phenomenon i s r e l a t e d to the heat conduct ion of the gas and 
s o l i d s as d i scussed i n the l a s t few s e c t i o n s . I t a l s o appears that above a 
c e r t a i n p a r t i c l e s i z e t h e i r i n f l u e n c e on the l a t e r a l heat t r a n s f e r i s neg­
l i g i b l e . Such e s s e n t i a l l y , because l a r g e p a r t i c l e s do not respond to t u r ­
bulent v e l o c i t y and temperature f l u c t u a t i o n s and can not penetra te i n t o the 
thermal boundary s u b l a y e r . Re turn ing to the f reeboard a n a l y s i s i t can be 
shown tha t fo r the present i n v e s t i g a t i o n the p a r t i c l e s i z e i n the s p l a s h 
and dense d isengaging zone i s such that the e f f e c t of the p a r t i c l e s i s l i m ­
i t e d . Only h igher -up i n the f reeboard there may be a sma l l i nc rease of the 
heat t r a n s f e r . Th i s e f f e c t , however, w i l l be n e g l e c t e d , i . e . i t i s assumed 
that the p a r t i c l e s do not i n f l u e n c e the r a d i a l ( n o n - r a d i a t i v e ) heat t r a n s ­
fe r at the w a l l . 

For the heat t r a n s f e r due t o fo rced convec t ion at the inner w a l l 01 the 
f o l l o w i n g c o r r e l a t i o n s quoted i n B i r d et a l . (1960) i s used i n ' F A M E ' : 

, _ o n 0.14 
Nu . = 0.026 R e " ' ° Pr/55 (-&) 1.E4 < R e n < 1.E5 (4-87) f c D f n D w 

which may be c o r r e c t e d f o r the t r a n s i e n t boundary l a y e r by means of a mul ­
t i p l i c a t i o n f a c t o r : 

D01 ° ' 7 

N u f c = N u f c (1 + (g i i l ) ) (4-88) 

where: 

p f V g °01 
R e = —t—g U l (4-89) 

n f 

and: 

Pr = f 1 (4-90) 

The heat f l u x i s then g iven by: 

Q ft, - a n i A n i (T - T _.) (4-91) cgw,01 cgw,01 w,01 g w,01 

where: 

N u f c A f ct n i = n (4-92) cgw,01 D Q 1 

The i n f l u e n c e of the c o n t a c t i n g of the p a r t i c l e s w i t h the w a l l i s not 
i nco rpo ra t ed i n the model and ne i t he r i s any e f f e c t of the w a l l l a y e r . 

The net r a t e of r a d i a t i o n of heat from a non-grey i so the rma l volume 
emi t te r to an i so the rma l grey w a l l was d i scussed i n s e c t i o n 4 .3 .2 and f o l ­
lows from equat ion ( 4 - 1 ) . 
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4 4 
6 Aw,01 £w,01 °b ( £ v T v - % T w V , , q . , 
Q rvw,01 " 1 - ( 1 - e w > 0 1 ) (1 " a y ) ( ^ 3 ) 

In s e c t i o n 4 .3 .2 the temperature of the volume emi t t e r was expressed i n 
terms of the gas and the i n d i v i d u a l p a r t i c l e temperatures . For c a l c u l a ­
t i o n s i t i s convenient t o modify equat ion (4-93) to the product of charac­
t e r i s t i c temperature d i f f e r ence and the p r o p o r t i o n a l i t y f a c t o r fo r the gas 
as w e l l as fo r the i n d i v i d u a l p a r t i c l e s . See equat ions (4-13) through 
(4 -15) . Th i s y i e l d s : 

p=np 
>_ 

p=1 
Q = Q + > Q (4-94) >pw,01 >gw,01 —r >pw,01 K 3 ; 

where: 

«rgw,01 = % w , 0 1 Aw,01 ( T g " \,Q^ ( 4 " 9 5 ) 

Q rpw,01 " a r p w ) 0 1 Aw,01 ( T p " V o i * ( ^ 9 6 ) 

4 4 e _„ e . a. (k T - k T ) w,01 g+d b a ,g g e,g w , o r r u - c m 
a ^ . o i • d - ( i - e w § 0 1 ) ( i - « g + d ) ) ^ V V 

and 

4 k v 

e £ , j 0". (k T - k T „ . ) 
w,01 g+d b a,p p e,p w,01 ( U _ Q R I 

a ^ W ' 0 1 = ( 1 " ^ ^ f l ^ ' V ' ( T p - T w , 0 1 } 

For l a y e r s w i t h constant thermal c o n d u c t i v i t y the heat f l u x becomes (see 
f . i . B i r d et a l . (1960)) : 

Q . = a . A . . (T . , - T . , ) (4-99) c , j c , j w , i j w , i j w . jk 

where: 

a 
2 X . 

^ (4-100) 
C ' J D. . 6 l o g ( D . , / D . .) 

and where: j = 1 , 2, 3 and i = j - 1 and k = j + 1. As the thermal conduc t i v ­
i t y of the i n s u l a t i o n m a t e r i a l s (ceramic and rockwool) are func t i ons of the 
temperature, de t e rmina t ion of a s o l u t i o n of the heat f l u x becomes t ime-con­
suming. A reasonable accura te d e s c r i p t i o n of the system i s obta ined by 
approximat ing the t rue p h y s i c a l s i t u a t i o n by a s u b d i v i s i o n of the l a y e r s . 
An e f f e c t i v e mean thermal c o n d u c t i v i t y being determined on the bas i s of a 
temperature p r o f i l e i n the m a t e r i a l . 
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The net r a d i a t i o n r a t e from the outer (grey) w a l l to the surroundings 
v i a the t ransparent a i r f o l l o w s from (4-1) and the assumption: 

e = a = 1 (4-101) v v 

r e s u l t i n g i n : 

Q _,. = A _„ e _„ o. ( T 4 . . . - T 4 ) (4-102) rgw,34 w,34 w,34 b w,34 s 

Mod i fy ing t h i s equat ion i n t o the product of the c h a r a c t e r i s t i c temperature 
d i f f e r ence and the p r o p o r t i o n a l i t y f a c t o r y i e l d s : 

Q , „ = a A _>., (T _.„ - T ) (4-103) rgw,34 rgw,34 w,34 w,34 s 

where: 

a . . . - E 3 J | o. (T 2 + T 2 ) (T , + T ) (4-104) rgw,34 w,34 b w,34 s w,34 s 

At the outer f reeboard w a l l the heat i s u s u a l l y t r anspo r t ed upward by 
f ree c o n v e c t i o n . F o l l o w i n g the work of Burner (1977) the d imens ionless 
q u a n t i t i e s fo r the v e r t i c a l c i l i n d e r are w r i t t e n : 

g 4 B s ( T w 34" V 
G r u = i — 5 ^ 5 _ (4-105) 

H n f 

n f c P 

Pr = - ~ (4-106) 
A f 

and the f u n c t i o n a l r e l a t i o n s h i p Nu = Nu(Gr .Pr ) i s represented i n 'FAME' by: 

N u n c H = 0.8 + 0.1 ( G r H P r f ) 0 ' 3 3 + 0 .3 (Gr^ P r f ) 0 ' 2 5 

1.E-4 < ( G r u P r . ) < 1.E12 (4-107) n I 
N u n c , H > t h e Nusse l t number of the c i l i n d e r , yet independent of i t s diame­
t e r , has to be t ransformed i n t o the t rue mean N u s s e l t number N u n c Q . The 
f u n c t i o n a l r e l a t i o n s h i p i s : 

Nu _ = Nu n (Nu „ , H . / D 0 ) 1 ) (4-108) nc,D nc,D n c , H f 34 

and i s presented i n a graph ( Burner (1977)) . For computat ional purposes 
t h i s graph i s represented i n 'FAME' by: 

Nu = 3.0 1 0 ( 0 , 1 a l } (4-109) nc ,D 

where: 

a 2 + (1 1.618 - 0.844 a 2 + 0.0165 a.) (7.43E-4 + 

3.47E-4 a 3 - 5.21E-6 a 2 + 2.68E-8 a 3 ) (4-110) 
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and: 

a 0 = 10 1 ° l o g ( N u „ / 3 . 0 ) (4-111) 2 nc,H 
a 3 = H f / (4-112) 

f o r : 0 < Hf/D34 < 100, and 3 < N u n c > H < 300. The o v e r a l l heat f l u x at the 
outer w a l l by n a t u r a l convec t ion i s then g iven by: 

Q . . . = a o l l A _.. (T _„ - T ) (4-113) cgw,34 cgw,34 w,34 w,34 s 

where: 

a 
Nu A 

H 2 ^ — L _ ( 4 - 1 1 4 ) 
cgw,34 D 3 4 

4 . 3 . 4 . 3 O v e r a l l heat f l u x v i a the w a l l 

Conse rva t ion of energy at the f l u i d - s o l i d or s o l i d - s o l i d i n t e r f a c e s , 
acco rd ing to f i g u r e (4-7) i m p l i e s : 

*w = *o.1 " %,2 - %,3 ' a c g w , 3 4 + * rgw, 3 4 ( ^ 1 1 5 ) 

The t o t a l heat f l u x v i a the w a l l may be found by a d d i t i o n of equat ions 
(4-99) , (4-103) and (4-113) f o r ( T w > 0 1 - T s ) , g iven equat ion (4-115) 
the geomet r ica l r e l a t i o n : 

A . . = IT D. . h (4-116) w . i j i j f 
f o r : j = 1, 2, 3, 4 and i = j - 1. Th i s y i e l d s : 

Q = a A (T - T ) (4-117) w w w,01 w,01 s 

where: 

a w = " ^ i ^01 : ' % i 
D. . a . D o l . (a _,. + a _„) J=1 i j c , j 34 cgw,34 rgw,34 

(4-118) 

and i = j - 1. 
The problem of f i n d i n g the heat f l u x v i a the f reeboard w a l l of each 

r e a c t o r i n s e r i e s i s thus reduced to that of s o l v i n g : 

Q = Q +Q + > Q (4-119) ww wcgw,01 >gw,01 >pw,01 v y ' 

a ccord ing to f i g u r e 4-9 where: 

Q = a A (T - T ) (4-120) w w w,01 w,01 s 
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Q c g w > 0 1 • a cgw,01 Aw,01 ( T g ( 4 H 2 1 ) 

Q rgw,01 = a rgw,01 Aw,01 ( T g " \ , 0 ^ ( 4 " 1 2 2 ) 

V . 0 1 = % w , 0 1 Aw,01 ( T p " W ( 4 " 1 2 3 ) 

The equat ions (4-119) through (4-123)) are s o l v e d i n the context of the 
t o t a l f reeboard energy ba lance . See s e c t i o n 4 . 3 . 5 . A set of o s t e n s i b l y 
l i n e a r func t ions of the temperatures T g , Tp, T s , and T W ) Q1 a r e r e a l i s e d , i n 
which the a l f a ' s are weak func t ions of the temperatures . Therefore the 
c a l c u l a t i o n of the heat f l u x f o l l o w s an i t e r a t i v e procedure u n t i l ( u s u a l l y 
r a p i d ) convergence. 

4 .3 .5 The f reeboard energy balance 

4 .3 .5 .1 I n t r o d u c t i o n 

In the f reeboard the m a t e r i a l balance and the energy balance are t i e d 
up, because heat i s generated by the r e a c t i o n s . 

For a n a l y t i c a l purpose the f reeboard i s d i v i d e d i n t o a number of com­
partments i n s e r i e s . For convenience the same s u b d i v i s i o n of compartments 
i s taken as i n s e c t i o n 3-3-3 fo r the m a t e r i a l ba lance . The p a t t e r n of gas 
f low i n each compartment i s a steady s t a t e w e l l - m i x e d f l o w , the e x i t f l u i d 
stream from t h i s r eac to r having the same temperature as the f l u i d w i t h i n 
the r e a c t o r . In 'FAME' the number of compartments may be s e l e c t e d to y i e l d 
e i the r : 

* the mixed r eac to r (1 constant f low s t i r r e d tank r eac to r CFSTR), 
* the p lug f low reac to r ( i n f i n i t e number of CFSTR i n s e r i e s ) , 
* the cascade of CFSTR r e a c t o r s . 

The p a r t i c l e t r a j e c t o r y computations i n each compartment f o l l o w from b a l ­
l i s t i c c o n s i d e r a t i o n s f o r a p lug f low of gas (see s e c t i o n 2 . 3 ) . 

For r e ac to r n conse rva t i on of energy leads to (see f i g u r e 4-10) : 

Q (n-1) + > Q (m-1) + Q (n) = (4-124) sg sp s 

P Z H P . 
Q (n) + > Q (m) + Q (n) sg p—p sp w 

(m-1) r e f e r s to p a r t i c l e s that enter r e ac to r n , and m r e f e r s to p a r t i c l e s 
that l eave r eac to r n; m covers both types of p a r t i c l e movements: r i s i n g and 
descending. For each p a r t i c l e m can be i n t e r p r e t e d as the cur ren t v a r i a b l e 
tha t i n d i c a t e s the p o s i t i o n of the p a r t i c l e i n the r e a c t o r s , as a f u n c t i o n 
of t ime . 

For each compartment the t o t a l energy balance can be made up from the 
in t e rconnec ted component energy balances o f : 

* the gas, 
* the w a l l , 
* the i n d i v i d u a l p a r t i c l e s . 

4 . 3 . 5 . 2 The energy balances of the gas, the w a l l and the p a r t i c l e s 

Conse rva t ion of energy fo r the gas i n any r eac to r n i m p l i e s , a f t e r f i g ­
ure 4-11 : 
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p=np 
Q (n-1) + > Q (n) + Q (n) = Q (n) + Q (n) + Q (n) sg cpg r sg cgw rgw 

(4-125) 

Conse rva t ion of energy fo r the w a l l of any r eac to r n i m p l i e s , a f t e r f i g u r e 
4-12: 

p=np 
Q (n) + Q (n) + > Q (n) = Q (n) (4-126) cgw rgw p — rpw w 

As mentioned before the l o n g i t u d i n a l r a d i a t i o n of heat i s neg lec ted ; anyhow 
t h i s r a d i a t i o n i s much sma l l e r than the convec t ion te rm. Conse rva t ion of 
energy f o r each p a r t i c l e that t r ave r se s the boundaries of any r e a c t o r n per 
u n i t of time y i e l d s , a f t e r f i g u r e 4-13a through d: 

Q (m-1) = Q (m) + Q (n) + Ô „ ( n ) (4-127) sp sp cpg rpw 

4 . 3 . 5 . 3 The heat f low ra tes i n l i n e a r express ions of the temperatures 

In general the temperature d i f f e r e n c e s i n the f reeboard are sma l l compared 
to the temperature l e v e l . Th i s permits l i n e a r i s a t i o n of the heat t r a n s f e r 
equat ions i n the temperature and subsequent c a l c u l a t i o n of the separate 
heat f lows by s o l v i n g a set of s imultaneous l i n e a r equa t ions . 

The enthalpy f low ratejs w i t h the gas read: 

Q (n-1) = A„(n -1 ) p (n-1) v (n-1) H (n-1) (4-128) 
sg f g g g 

and: 

à (n) = A . ( n ) p (n) v (n) H (n) (4-129) sg f g g g 

The change i n enthalpy f low r a t e w i t h the gas i n any r eac to r i s found by 
s u b s t r a c t i n g equa t ion (4-129) from (4-128) . For numerica l convenience the 
heat c a p a c i t y and the mass f low of the gas are taken constant w i t h i n i n a 
r e a c t o r . Then: 

Q (n-1) - Q (n) = a (n) T (n-1) - a (n) T (n) (4-130) sg sg sg g sg g 

where: 

a (n) = A_(n) p (n) v (n) Cp (n) (4-131 ) 
sg f g g g 

Because of the steady s t a t e assumed the i n e r t s o l i d mass f lows e n t e r i n g and 
l e a v i n g any r eac to r are e q u a l . The a s s o c i a t e d convec t ive enthalpy f lows 
read: 

Q (m-1) = 1 p (m-1) V (m-1) H (m-1) (4-132) sp ^p p p 

and: 

Q (m) = 1 p(m) V (m) H (m) (4-133) sp r p p p 
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The change i n enthalpy f low ra te w i t h the p a r t i c l e s i s found by s u b s t r a c t -
ing (4-133) from (4-132) . For numerica l convenience the change i n enthalpy 
f low r a t e i s approximated i n 'FAME' by: 

where: 

Q (m-1) - Q (m) = a_(n) T (m-1) - a An) T (m) (4-134) sp sp 2 p 2 p 

a o (n) = p (m) V (m) Cp (m) (4-135) sp p *p 

The convec t ive heat t r a n s f e r r a t e from the gas to the w a l l i s expressed as 
(see equat ion (4 -121) ) : 

where: 

Q (n) = a , (n ) T (n) - a_(n) T (n) (4-136) cgw 3 g 3 w 

a (n) = a (n) A (n) (4-137) cgw cgw w 

The net r a d i a t i v e heat f low r a t e from the gas to the w a l l i s g iven by a 
pseudo heat t r a n s f e r c o e f f i c i e n t and a c h a r a c t e r i s t i c temperature d i f f e r ­
ence (see equa t ion (4 -122) ) : 

Q r g w ( n ) = a 4 ( n ) T g ( n ) ' a 4 ( n ) T w ( n ) ( J 4 " 1 3 8 ) 

where: 

a (n) = a (ft) A (n) (4-139) rgw rgw w 

The convec t ive heat t r a n s f e r r a t e from the p a r t i c l e t o the gas fo r each 
p a r t i c l e t r a v e r s i n g the r eac to r boundary per u n i t of t ime (see equat ion 
(4-85)) leads t o : 

Q (n) = a . (n) T (m-1) + a _(n) T (n) + a _(n) T (n) cpg cpgl p cpg2 g cpg3 w 

where: 

(4-140) 

a (m-1) 
, (n ) = -,— - ,—rr - (4-141) cpgl a (m-1) + a (m-1) cpg rpw 

(p (m) Cp (m) V ( m ) (1-0 (n) ) ) 
P P P P 

a 2 (m-1) 
a c P g 2 ( n ) - a ( m - l f + a (m-1) ( 4 " l 4 2 ) 

r o cpg rpw 

p (m) Cp (m) V (m) (1-0 (n)) 
P P P P 

a (m-1) + a (m-1) cpg rpw 
rpw 

(m-1) 

cpg 
(m-1) p p 
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a (ra-1) a (m-1) 
a , ( n ) - ° P g

 n

 r p W , n (4-143) 
c p g 3 % g ( m - 1 ) + % w

( n M ) 

- p (m) C p ( m ) V (m) (1-0 (n)) 
' P P P + A (n) t (n)) a (m-1) + a (m-1) p p cpg rpw 

The pseudo heat t r a n s f e r r e l a t i o n of (4-86) leads to an analogous expres­
s i o n f o r the net r a d i a t i v e heat f low r a t e from the s o l i d s to the w a l l : 

Q (n) = a . T (m-1) + a T (n) + a T (n) (4-144) 
rpw rpwl p rpw2 g rpw3 w 

where: 

a (m-1) 
a An) = r ^ - ^ -,—rr- (4-145) rpwl a (m-1) + a (m-1) cpg rpw 

( p Cm) Cp (m) V (m) (1-5 (n ) ) ) 
P P P P 

a (m-1) a (m-1) 
a , ( n ) • C P g

 n

 r p W , n (4-146) rpw2 a (m-1) + a (m-1) cpg rpw 

p (ra) Cp (m) V (m) (1-0 (n)) 
+ A (n) t (n)) a (m-1) + a (m-1) p p cpg rpw 

a 2 (m-1) 

* cpg rpw 

- p (m) Cp (m) V (m) (1-9 (n)) a (m-1) 
P P p P C P S A (n) t ( n » a (m-1) + a (m-1) a (m-1) p p cpg rpw rpw 

Note tha t the r i g h t hand s ides of equat ions (4-143) and (4-146) are i d e n t i ­
c a l . The source of heat i n the r e a c t o r i s def ined as : 

Q (n) = Q (n) + Q (n) (4-148) s r sp 

where the heat f low r a t e due to r e a c t i o n i s def ined as (see s e c t i o n 3 - 3 . 3 ) : 

p=nc 

V n ) = %,ooin) +

 p ^ 6 r , p ( n ) ( 4 - l 4 9 ) 

and f o r the convec t ive heat f low r a t e w i t h the char p a r t i c l e s : • .. 

p=nc p=nc 
Q (n) = > Q (m-1) - > Q (m) (4-150) Sp —r Sp —7- Sp P = 1 p = 1 

In (4-150) the heat f low ra tes are def ined by (4-135) and the steady s t a t e 
( e q u i l i b r i u m ) temperatures are c a l c u l a t e d acco rd ing to equat ion (3~24). 
The heat f low r a t e at the outer r e ac to r w a l l to the surroundings i s , 
a cco rd ing equa t ion (4-120) , expressed as: 
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where: 

Q (n) = a (n) (T (n) - T (n)) (4-151) w w w s 

a (n) = a (n) A (n) (4-152) 
W W W 

4 . 3 . 5 . 4 Formation of a set of s imultaneous l i n e a r equat ions 

For each r eac to r s u b s t i t u t i n g equat ions (4-130) , (4 -136) , (4-138) and 
(4-140) i n t o (4-125) r e s u l t s i n : 

a (n) T (n-1) 
sg g 

p=np 
+ (- a (n) - a (n) - a (n) + > a „ ( n ) ) T (n) s g ' cgw' rgw' p — c p g 2 ' g ' 

p=np 
+ (a (n) + a (n) + > a An)) T (n) 

cgw rgw p — cpg3 w 

p=np 
+ ( > a „ . ( n ) T (m-1)) = Q (n) (4-153) 

p r r " CPS1 P s 

For each r eac to r s u b s t i t u t i n g equat ions ( 4 - 1 3 6 ) , ( 4 - 1 3 8 ) , (4-144) and 
(4-152) i n t o (4 -126) l eads t o : 

p=np 
(a (n) + a (n) + > a An)) T (n) cgw rgw p — rpw2 g 

p=np 
+ (- a (n) - a (n) + > a _(n) - a (n)) T (n) 

cgw rgw p — rpw3 w w 

p=np 
+ ( > a . (n) T (m-1)) = - a (n) T (n) (4-154) 

— rpwl p w s 
P=1 

The temperature T s i n the r i g h t hand s ide of (4-154) i s a boundary c o n d i ­
t i o n . For each p a r t i c l e t r a v e r s i n g the r eac to r n s u b s t i t u t i o n of equat ions 
(4-134) , (4-140) and (4-144) i n t o (4-127) leads t o : 

(- a r t _(n) - a „ _ ( n ) ) T (n) + (- a„ _(n) - a „ ^ - ( n ) ) T (n) 
cpg2 rpw2 g cpg3 rpw3 w 

p=np 
+ > ( (a (n) - a . (n ) - a . (n ) ) T (m-1)) 

p ^ y sp cpgl rpwl p v 

p=np 
+ > (- a (n) T (n)) = 0 (4-155) 

p=T s p P 

The boundary c o n d i t i o n s of the gas and a l l the p a r t i c l e s e n t e r i n g the f i r s t 
f reeboard r eac to r read : 

T (0) = T. ( 4 -156) g bed 

and: 
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T (0) = T. . (4-157) p bed 

For N r e a c t o r s i n s e r i e s 2N+1 temperatures have to be s o l v e d : 

T ( 0 ) , T ( 1 ) , T g (N) 

T ( 1 ) , T (2) , T (N) 
W W w 

For one p a r t i c l e t r a v e r s i n g M r e a c t o r s , M+1 temperatures have to be s o l v e d : 

T ( 0 ) , T (1) T p (M) 

The number of equat ions i s : 
N for the gas volume 
N for the w a l l 
1 boundary c o n d i t i o n fo r the the gas at the bed sur face 
M for each p a r t i c l e t r a v e r s i n g M reac to r s 
1 fo r each p a r t i c l e at the f l u i d i z e d bed sur face 

I t can be shown tha t for a l l p a r t i c l e and r eac to r numbers the number of 
equat ions and unknowns equa l s . Therefore t h i s system of s imultaneous l i n e a r 
equat ions can be s o l v e d by Gauss e l i m i n a t i o n , as implemented i n ' F A M E ' . 

4.4 Model p r e d i c t i o n s and v e r i f i c a t i o n 

4.4.1 I n t r o d u c t i o n 

In t h i s s e c t i o n model p r e d i c t i o n s and exper imenta l r e s u l t s on f i r i n g 
a n t h r a c i t e i n the 'MAGMA' (Martens (1984)) are compared. A t t e n t i o n 
focusses on the heat economy. The inpu t v a l u e s , r e s p e c t i v e l y r e s u l t s con­
ce rn ing p a r t i c l e t r a j e c t o r i e s can be found i n s e c t i o n 2.4 and r e s u l t s con­
ce rn ing the chemical convers ions i n s e c t i o n 3-4. In a d d i t i o n t o t a b l e 2-3 
and 3-7 fu r the r boundary c o n d i t i o n s and p h y s i c a l p r o p e r t i e s are l i s t e d i n 
t a b l e 4 -1 . A l l p h y s i c a l p r o p e r t i e s not mentioned are c a l c u l a t e d acco rd ing 
to appendix 1. Regarding the heat economy two cases w i l l be t r e a t e d : 

1) The f u l l model t r i a l , i . e . the chemical heat r e l e a s e a long the f r e e ­
board as c a l c u l a t e d acco rd ing to s e c t i o n 3-4 ( r e s u l t i n g i n f i g u r e 
4 -14 ) . 

2) The model t r i a l wi thout chemical heat r e l e a s e but w i t h a source of heat 
a long the f reeboard as determined from the chemical convers ions found 
i n the experiment (see f i g u r e 4-14 or 4 - 2 ) . 

The d i f f e r ences between the two cases main ly r e s u l t from: 
* The o v e r p r e d i c t i o n of the chemical heat r e l e a s e by char combustion i n 

the lower 0.5 m of the f r eeboa rd . 
* The u n d e r p r e d i c t i o n of the chemical heat r e l e a s e , presumably from char 

combust ion, above a he ight of 1 m upto 1.5 m. 
* The o v e r p r e d i c t i o n of the chemical heat r e l e a s e from char combustion and 

C O - o x i d a t i o n above a he ight of 2 m. 
The model r e s u l t of both cases i s on ly s l i g h t l y a f f e c t e d by the inpu t data 
of the chemical heat r e l e a s e . Therefore on ly case 1 i s t r e a t ed i n more 
d e t a i l . For case 2 on ly the o v e r a l l f reeboard energy balance and the temp­
e ra tu re p r o f i l e s of the gas and the w a l l w i l l be presented . 

4 .4 .2 R a d i a t i v e e m i s s i v i t y 

The c a l c u l a t e d r a d i a t i v e e m i s s i v i t y of the g a s - p a r t i c l e c loud i s shown 
i n f i g u r e 4-15. The r a t i o of gas to t o t a l e m i s s i v i t y i s v i s u a l i z e d i n f i g ­
ure 4-16. In the sp lash-zone and the beg inn ing of the dense d isengaging 
zone the t o t a l e m i s s i v i t y i s almost 1 (the maximum t h e o r e t i c a l l y p o s s i b l e ) 
and the c o n t r i b u t i o n of the gas to the t o t a l e m i s s i v i t y i s n e g l i g i b l e . The 
process of p a r t i c l e disengagement (see f i g u r e 2-12) l eads to a decrease of 
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p a r t i c l e volume f r a c t i o n (see f i g u r e 2-13) and hence to a decrease i n par ­
t i c l e c loud e m i s s i v i t y . Therefore the t o t a l e m i s s i v i t y decreases w i t h 
h e i g h t , and the e m i s s i v i t y r a t i o s h i f t s from the regime r u l e d by the p a r t i ­
c l e holdup to the regime r u l e d by the gas spec ies components. At f reeboard 
he ights above 1.25 m the entrainment becomes un i fo rm. The t o t a l e m i s s i v i t y 
a t t a i n s a value of 0.12 and the e m i s s i v i t y i s r u l e d by the gas ( e m i s s i v i t y 
r a t i o 72%). In t h i s connec t ion i t should be noted tha t the model overpred-
i c t s the entrainment; so the gas may even be more dominant than c a l c u l a t e d . 

4 .4 .3 Heat t r a n s f e r v i a the f reeboard w a l l 

Resu l t s on heat t r a n s f e r c o e f f i c i e n t s and c h a r a c t e r i s t i c temperature 
d i f f e r ences are v i s u a l i z e d i n f i g u r e s 4-17 and 4-18. In the s p l a s h and the 
dense d isengaging zone the o v e r a l l r a d i a t i v e p a r t i c l e - w a l l (pseudo) heat 
t r a n s f e r c o e f f i c i e n t i s h ighes t and the c h a r a c t e r i s t i c temperature d i f f e r ­
ence l o w e s t . Along the f reeboard the p a r t i c l e w a l l heat t r a n s f e r c o e f f i ­
c i e n t g r a d u a l l y decreases by somewhat more than one order of magnitude, t o 
become uniform when the entrainment becomes constant as confirmed by the 
e m i s s i v i t y cu rve . The c h a r a c t e r i s t i c temperature d i f f e r e n c e inc reases by 
somewhat l e s s than one order of magnitude. The r a d i a t i v e g a s - w a l l heat 
t r a n s f e r c o e f f i c i e n t i s lowes t i n the s p l a s h zone ( lowest e m i s s i v i t y r a t i o , 
l e s s t r anspa rency) , inc reases i n the d isengaging zones ( i n c r e a s i n g e m i s s i v ­
i t y r a t i o ) , to become constant when the entrainment ( f i g u r e 2-12) becomes 
cons tan t . The c h a r a c t e r i s t i c temperature d i f f e r ence between gas and w a l l 
and p a r t i c l e s and w a l l develop s i m i l a r l y a long the f reeboard w i t h h e i g h t . 
The temperature d i f f e r e n c e between the gas and the p a r t i c l e c loud fo r case 
2 i s not n e g l i g i b l y s m a l l . One of the assumptions of the model concerns 
the quasi i so the rma l gas p a r t i c l e c loud and i m p l i e s a c t u a l l y no p a r t i c l e -
gas or p a r t i c l e - p a r t i c l e net heat f l u x e s . So the f reeboard gas may 
exchange a net r a d i a t i v e f l u x of heat w i t h the p a r t i c l e s . Consequently the 
p a r t i c l e s w i l l experience more heat-up and the gas temperature w i l l be 
lower than c a l c u l a t e d . The heat t r a n s f e r c o e f f i c i e n t f o r fo rced convec t ion 
i s smal l compared to the t o t a l heat t r a n s f e r c o e f f i c i e n t . The heat t r a n s ­
fer c o e f f i c i e n t i n the f i r s t f reeboard r e g i o n i s h ighes t because of the 
t r a n s i e n t thermal boundary l a y e r (equat ion ( 4 - 8 8 ) ) . 

4 .4 .4 P a r t i c l e t r a j e c t o r i e s and heat t r a n s f e r 

From f i g u r e 4-19, showing the h i s t o r y fo r some p a r t i c l e s , i t can be con­
c luded that the convec t ive heat t r a n s f e r i s of o v e r a l l importance and more 
so for the s m a l l e s t p a r t i c l e s than fo r the l a r g e r . Al though s m a l l , the 
r a d i a t i v e heat t r a n s f e r c o e f f i c i e n t inc reases i n the higher f reeboard 
regimes (above 0.5 m) f o r a l l s i z e s , as the p a r t i c l e c loud becomes more 
t ransparen t t he r e . The d imens ionless p a r t i c l e temperature d i f f e r s s t r o n g l y 
for the p a r t i c l e s cons idered ; smal l p a r t i c l e s r a p i d l y a t t a i n gas tempera­
t u r e , w h i l e for the l a r g e r p a r t i c l e s the d imensionless time i s too shor t to 
l e a d to cons ide rab l e temperature i n c r e a s e . See f i g u r e 4-20a and b . A l t ­
hough the temperature inc rease i s not spec t acu l a r the l a r g e p a r t i c l e f l u x e s 
r e s u l t i n l a r g e enthalpy f lows and l a r g e l y suppress any temperature 
inc rease due to chemical r e a c t i o n s . Th i s i s born out by the energy 
ba lance . 
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4 .4 .5 O v e r a l l f reeboard energy balance 

The model c a l c u l a t i o n s l e a d to the f o l l o w i n g o v e r a l l f reeboard energy 
ba lances : 

case 1 case 

net downward enthalpy f low w i t h r i s i n g -
descending p a r t i c l e s : 69 .1% 54.4? 
net enthalpy f low w i t h e l u t r i a t e d p a r t i c l e s : 0 . 9 ? 1.4? 
net enthalpy f low inc rease w i t h the gas: 10.7$ 16.4? 
heat l o s s v i a the f reeboard w a l l : 19.3? 27.8% 

t o t a l chemical heat r e l e a s e i n the f reeboard : 100.? 100.? 
or i n W/m2: 1.67E4 1.10E4 

The a d i a b a t i c gas temperature i n c r e a s e 
wi thout p a r t i c l e s would be: 344 K 245 K 

4 .4 .6 Comparison of temperature p r o f i l e s 

Temperature p r o f i l e s r e s u l t i n g from the experiment and the model c a l c u l a ­
t i o n s , case 1 and 2, are v i s u a l i z e d i n f i g u r e 4-21 . The gas temperature i n 
the f reeboard inc reases f o r the exper imenta l r e s u l t by maximal ly 3 3 K and 
f o r the model r e s u l t , case 1 by 3 6 K , and case 2 by 58 K , r e s p e c t i v e l y . 
The agreement of the va r ious r e s u l t s i s p r o m i s i n g . T h i s i n view of the 
f o l l o w i n g : 

* For case 1 the agreement i s e x c e l l e n t except fo r the o v e r e s t i m a t i o n of 
the gas and w a l l temperatures h igher -up i n the f r eeboa rd . The o v e r - e s t i ­
mation i s due t o the o v e r p r e d i c t i o n of the chemical heat r e l e a s e t h e r e . 

* For case 2 the d i f f e r e n c e between the a c t u a l and numer ica l determined 
gas temperature i s maximal ly 35 K which i s 15? of the maximal tempera­
tu re i nc r ea se of the gas i n an a d i a b a t i c system. The model p o s s i b l y 
underest imates the net enthalpy r e c y c l e r a t e to the bed by 15? of the 
t o t a l heat r e l e a s e d . The gas and w a l l temperature p r o f i l e s of the 
experiment and the model develop s i m i l a r l y w i t h h e i g h t . 

* Many u n c e r t a i n t i e s e x i s t on the t rue value at the boundaries of the s y s ­
tem . 

* The l a t e r a l and t ime dependent e f f e c t s of gas spec ies concen t ra t ions and 
p a r t i c l e f l u x e s are n e g l e c t e d . 

* P a r t i c l e - p a r t i c l e and p a r t i c l e - g a s r a d i a t i o n i s neg l ec t ed . 

4.5 Conc lus ions and recommendations 

1) At l a r g e f reeboard h e i g h t s , above 1.75 m i n the 'MAGMA*, the heat f l u x 
v i a the f reeboard w a l l exceeds the heat generated by chemical r e a c t i o n . 
The c o n t r i b u t i o n to the heat f l u x from the en t r a ined p a r t i c l e s may be 
neg lec ted as the r a t i o of s o l i d s mass f low and gas mass f low i s low (< 
0 . 1 ) . Below t h i s l e v e l the chemical heat r e l e a s e exceeds the heat f low v i a 
the f reeboard w a l l (2.5E3 W / ( m 2 . l a y e r ) ) . The ascending p a r t i c l e f l u x i s 
c o l d ( r e l a t i v e t o the gas) and these p a r t i c l e s heat up. The r e v e r t i n g and 
descending p a r t i c l e s cont inue exchanging heat w i t h the gas. They may 
heat-up or cool-down depending on p a r t i c l e h i s t o r y , s i z e , r e s idence t ime , 
e t c . 

2) The in te rmed ia te r e g i o n , 0.5 - 1.5 m i n the 'MAGMA', i s t y p i f i e d as a 
d i l u t e p a r t i c l e disengagement zone. The s o l i d f l u x e s are not s u f f i c i e n t t o 
prevent the f reeboard gas temperature from r i s i n g c o n s i d e r a b l y . The temp­
e ra tu re i nc r ea se i n t h i s r e g i o n i s s e n s i t i v e t o the chemical heat r e l e a s e , 
to the s o l i d s f l u x e s and thereby s e n s i t i v e to the i n i t i a l p a r t i c l e v e l o c i t y 
d i s t r i b u t i o n . 
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3) At sma l l f reeboard h e i g h t s , 0 - 0.5 m i n the 'MAGMA', the p a r t i c l e mass 
f l u x e s are l a r g e ( sp la sh zone, dense d isengaging zone) . There the chemical 
heat r e l e a s e i s almost comple te ly consumed by p a r t i c l e s f i n a l l y r e t u r n i n g 
to the f l u i d i z e d bed. 

4) In general the heat economy i n the sp lash-zone and the dense disengag­
ing zone i s governed by the s o l i d s . The e f f e c t of any source or s i n k of 
heat w i l l be reduced. Th i s should a l s o apply to the e f f e c t of a heat 
exchanger i n s i d e the f reeboard , un less i t would l i m i t the p a r t i c l e s ' pene­
t r a t i o n . 

5) The conc lus ions j u s t mentioned f o l l o w from experiment and c a l c u l a t i o n s 
f o r j u s t a few cases . The s e m i - q u a n t i t a t i v e agreement between experiments 
and p r e d i c t i o n s j u s t i f y some confidence i n more general v a l i d i t y of ' F A M E ' . 

4.6 L i s t of symbols 

A 
a 
a 1 

a 2 

a 3 
a i 
B i 
b 
Cp 
c 
01 
c2 
c3 
c4 
D 
d 
e 
f 
Gr 
g 
H 

I 
i 
k 
Kb 
L 
M 

m 
N 
Nu 
n 

e , i 
P 
Pr 
P 
Q 

surface area 
thermal d i f f u s i v i t y 
v a r i a b l e def ined i n equat ion (4-110) 
v a r i a b l e def ined i n equat ion (4-111) 
v a r i a b l e def ined i n equat ion (4-112) 
c o e f f i c i e n t 
B i o t number 
se l fb roaden ing c o e f f i c i e n t 
heat c a p a c i t y at constant pressure 
speed of l i g h t 
c o e f f i c i e n t 
c o e f f i c i e n t 
c o e f f i c i e n t 
c o e f f i c i e n t 
diameter 
p a r t i c l e diameter 
2.71828 
m u l t i p l i c a t i o n f a c t o r fo r s c a t t e r i n g 
Grashof number 
g r a v i t a t i o n a l a c c e l e r a t i o n 
enthalpy 
t o t a l c h a r a c t e r i s t i c (freeboard) he ight 
P l a n c k s ' constant 
he ight 
i n t e n s i t y of r a d i a t i o n 
gas component 
c o e f f i c i e n t of abso rp t ion and emiss ion 
Boltzmann constant 
o p t i c a l t h i ckness 
t o t a l number of t r a n s i t i o n s of a p a r t i c l e 
i n the r e a c t o r s 
p o s i t i o n of p a r t i c l e at r eac to r boundary 
t o t a l number of r eac to r s 
Nusse l t number 
r eac to r number or boundary of r eac to r 
p a r t i c l e number dens i t y 
exponent i n (4-35) 
p a r t i a l pressure parameter def . by (4-34) 
abso lu te pressure 
P r a n d t l number 
d imens ionless number def ined by eq . (4-30) 
energy f low 

m2 
m2/s 

W/K 

J / ( k g . K ) 
m/s 
W/(m2.K) 
W/m2 
W/K4 
W/K4 
m 
m 

m/s2 
J / k g 
m 
m.K 
rn 
W/m2 

•1/m 
J / K 
m 

1 /m3 

Pa 
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Q net r a t e of heat t r anspo r t J 
R r a t e of e f f i c i e n c y f a c t o r fo r s c a t t e r i n g to 

e f f i c i e n c y f a c t o r f o r abso rp t ion 
r a d i u s of sphere m 

r r a d i a l d i s t ance i n s p h e r i c a l coard ina tes m 
Re Reynolds number 
s c o e f f i c i e n t of s c a t t e r i n g 
s /d mean l i n e i n t e n s i t y to l i n e spac ing r a t i o m2/kg 
T temperature K 

T c a l o r i f i c mean temperature K 
t t ime s 
u d imens ionless number def ined by eq . (4-37) 
V volume m3 
v v e l o c i t y m/s 

GREEK SYMBOLS 

a a b s o r p t i v i t y 
i n t e g r a t e d band i n t e n s i t y m/kg 
heat t r an s f e r c o e f f i c i e n t W/(m2.K) 

3 l i n e wid th parameter 
3 thermal c o e f f . of vo lume t r i c expansion 1/K 
e e m i s s i v i t y 
n v i s c o s i t y kg / (m.s ) 
Xr wavelength of e lec t romagne t ic r a d i a t i o n m 
\ thermal c o n d u c t i v i t y W/(m.K) 
v wave number 1/m 
TT 3.14159 
p d e n s i t y kg/m3 
op Stefan Boltzmann constant W/(m2.K4) 
o f a c t o r def ined by eq . (4-29) 
V nabla opera tor 
0 d imens ionless temperature 

0 c a l o r i f i c mean d imensionless temperature 
T F o u r i e r number 
w band w i t h parameter 
E, d imens ion less r a d i a l coord ina te 

SUBSCRIPTS 

1 1st term 
2 2nd term 
3 3rd term 
a a b s o r p t i o n 
c conduc t ion 
co CO combustion 
cp conduc t ion i n p a r t i c l e 
cr chemical r e a c t i o n 
cgw convec t ion gas to w a l l 
cpg convec t ion from p a r t i c l e to gas 
D diameter 
d dust 
e emiss ion 
f f reeboard 

mean p h y s i c a l p r o p e r t i e s i n the g a s f i l m 
f c fo rced convec t ion 
g gas 
g+d combined gas and p a r t i c l e s (dust) 
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H t o t a l f reeboard height 
1 genera l summation index 
j general summation index 
k genera l summation index 
1 lower wavenumber 
mix mix ture of gas spec ies 
nb t o t a l number of abso rp t ion bands i n v o l v e d 
nc t o t a l number of char p a r t i c l e s i n v o l v e d 

n a t u r a l c o n v e c t i o n 
ng t o t a l number of gas spec ies i n v o l v e d 
np t o t a l number of p a r t i c l e s i n v o l v e d 
ns n o n - s c a t t e r i n g 
0 re ference 
p p a r t i c l e 
r chemical r e a c t i o n 
rgw r a d i a t i o n gas to w a l l 
rpw r a d i a t i o n p a r t i c l e t o w a l l 
rvw r a d i a t i o n volume to w a l l 
s sur rounding 

source 
sc s c a t t e r i n g 
sg convec t ive heat f low w i t h the gas 
sp convec t ive heat f low w i t h the p a r t i c l e 

source of p a r t i c l e 
t o t t o t a l (see equat ion (5-22)) 
u upper wavenumber 
v volume 

volume emi t t e r 
w w a l l 
v wavenumber 
<» l i m i t at a l o n g time (see equat ion (5-21) 
0,1 q u a n t i t y eva lua ted at s e c t i o n " 0 " , " 1 " , e t c . 
01 q u a n t i t y eva lua ted at the t r a n s i t i o n of s e c t i o n "0" 

to s e c t i o n " 1 " , e t c . 

OVERLINES 

average value 
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Figure 4 - 1 . 
G l o b a l energy balance of the f reeboard ( f u e l : n a t u r a l gas; a f t e r Martens 
and Van Koppen (1983)) . Numbers i n kW. 

120 r 
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• C O N C E N T R A T I O N 02 IN F L U E GAS 7. <-> 

Figure 4 -2 . 
Temperature i nc rease i n the f reeboard as a f u n c t i o n of f l u e gas oxygen con­
c e n t r a t i o n (from Martens (1984)) . 
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Figure 4 -3 . 
Chemical heat r e l e a s e i n the f reeboard as a f u n c t i o n of he ight ( fue l 
a n t h r a c i t e ; a f t e r Martens (1984)) . Depth of each r eac to r l a y e r 0.25 m. 
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Figure 4-4 . 
Gas and w a l l temperatures as a f u n c t i o n of f reeboard height ( f u e l : anthra 
c i t e ; a f t e r Martens and Van Koppen (1983)) . 
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combust ion gas in 

Figure 4 -5 . 
Model of the heat economy i n a f reeboard compartment. 

- natural 
convection 

radiation 

gw = gas to w a l l 

pg = particle to gas 

pw = part icle to w a l l 

r p w 

F igure 4-6 . 
Heat f lows at the surface of a p a r t i c l e . 
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Figure 4-7 . 
The abso lu te d i f f e r e n c e between approximated and t h e o r e t i c a l d imens ionless 
mean p a r t i c l e temperature as a f u n c t i o n of B i o t number and l i m i t e d i -
range. 

Tw.23 Tw.3t T» 

Figure 4-8. 
Heat f l u x v i a the composite f reeboard w a l l 
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Figure 4-9 . 
S i m p l i f i e d r e p r e s e n t a t i o n of the heat f l u x v i a the f reeboard w a l l 

0 s g ( n ) 

I 

Qs(n) 

A 

Q s g ( n - 1 ) 

p=np 

p=1 

* Q w (n ) 

p=np 
£ Q s p ( m - 1 ) 

p=1 

Figure 4-10. 
The o v e r a l l compartment energy ba lance . 
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Figure 4-11 . 
The energy balance of the gasvolume. 
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Figure 4-12. 
The energy balance of the r e ac to r w a l l . 
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a) c o n t i n o u s l y r i s i n g p a r t i c l e b) con t i nuous ly descending p a r t i c l e 

Q s p ( m ) Q s p ( m - 1 ) 

Q s p ( m ) Q s p ( m - 1 ) 

c) i n i t i a l l y r i s i n g and d) i n i t i a l l y descending and 
f i n a l l y descending p a r t i c l e f i n a l l y r i s i n g p a r t i c l e 

" igure 4-13. 
The energy balance of a p a r t i c l e . 
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Figure '4-14. 
Chemical heat r e l e a s e i n the f reeboard as a f u n c t i o n of height (model and 
exper iment ) . Depth of each r e a c t o r l a y e r i s 0.25 m. 
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Figure 4-15. 
R a d i a t i v e e m i s s i v i t y of the ( t o t a l ) g a s - p a r t i c l e c loud as a f u n c t i o n of 
f reeboard h e i g h t . 
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Figure 4-16. 
Ra t io of gas to t o t a l e m i s s i v i t y as a f u n c t i o n of f reeboard h e i g h t . 

F igu re 4-17. 
Convect ive and r a d i a t i v e 'pseudo' heat t r a n s f e r c o e f f i c i e n t s as a f u n c t i o n 
of f reeboard h e i g h t . 
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Figure 4-18. 
C h a r a c t e r i s t i c temperature d i f f e r e n c e s as a f u n c t i o n of f reeboard height 
For d e f i n i t i o n of cases see t e x t , s e c t i o n 4 . 4 . 1 . 
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Figure 4-19. 
Convect ive and r a d i a t i v e heat t r a n s f e r c o e f f i c i e n t s as a f u n c t i o n of f r ee ­
board he ight fo r va r i ous p a r t i c l e t r a j e c t o r i e s . 
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Figure 4-20a. 
Ine r t p a r t i c l e temperature as a f u n c t i o n of f reeboard he igh t ; va r ious pai— 
t i d e s i z e s , i n i t i a l p a r t i c l e v e l o c i t y 7 m/s . 
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1130 1135 1140 1145 1150 1155 1160 

• TEMPERATURE <K> 

Figure 4 - 2 0 b . 
Iner t p a r t i c l e temperature as a f u n c t i o n of f reeboard he igh t ; va r ious i n i ­
t i a l p a r t i c l e v e l o c i t i e s , p a r t i c l e s i z e 0 . 78E - 3 m. 
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3.0 r 

i i i i i i i i i i i 
1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 

• T E M P E R A T U R E <K> 

Figure 4-21 . 
Temperatures of the gas and the w a l l as a f u n c t i o n of f reeboard 
height (exper imenta l data and model r e s u l t ) . 

Table 4 - 1 . 
Input values fo r the model (see a l s o t a b l e 2-3 and 3-7) 

i n t e r n a l f reeboard diameter 0.390 <m> 
w a l l da ta : 
1) s t a i n l e s s s t e e l w a l l 

t h i c k n e s s 0.003 <m> 
d i v i d e d i n t o (model) l a y e r s 1 

2) ceramic wool 
t h i c k n e s s 0.040 <m> 
d i v i d e d i n t o (model) l a y e r s 5 

3) rock-wool 
t h i c k n e s s 0.100 <m> 
d i v i d e d i n t o (model) l a y e r s 5 

temperature of the surroundings 300 <K> 
s p e c i f i c heat of s o l i d at Tbed 1134. <J/ (kg.K)> 
thermal c o n d u c t i v i t y of s o l i d p a r t i c l e s 1.5 <W/(m.K)> 

- 128 -



ACKNOWLEDGEMENTS 

I am g r a t e f u l to a l l who have made my s t ay at the D e l f t U n i v e r s i t y of 
Technology j o y f u l and f r u i t f u l . The exper ience and the enthousiasm of many 
people at the Labora tory fo r Thermal Power E n g i n e e r i n g and the Labora to ry 
of Chemical Technology c o n t r i b u t e d t o t h i s e s s e n t i a l l y . 

I want to thank professor C . van Koppen and D. Boersma fo r t h e i r a d v i c e , 
support and t h e i r conf idence . They gave me the oppor tun i ty of execu t ing 
the p ro jec t on f reeboard phenomena and the a l lowance to v i s i t the va r ious 
conferences and re sea rch i n s t i t u t e s abroad. 

W. Midde lkoop , K . V i s and H . Op den Brouw c o n t r i b u t e d e s s e n t i a l l y t o the 
work r e p o r t e d . I am g r e a t l y indebted to them fo r t h e i r encouragement and 
t h e i r f r i e n d s h i p . 

I want to thank professors C . van Koppen and P. van den B e r g . The i r sug­
ges t ions and c o n s t r u c t i v e c r i t i c i s m helped formula te t h i s t h e s i s . 

Many thanks to my w i f e S a s k i a fo r her encouragement, her pa t ience and 
her concern fo r my w e l l b e i n g . 

Th i s t h e s i s i s supported by the D e l f t U n i v e r s i t y of Technology. 

- 129 -



SAMENVATTING 

VERSCHIJNSELEN IN HET VRIJBOORD BOVEN EEN KOLENGESTOOKT WERVELBED 

Een s t a t i o n a i r , een-dimensionaal model van v e r s c h i j n s e l e n i n het v r i j b o o r d i s 
o n t w i k k e l d , bestaande u i t een combinat ie van vereenvoudigde v o o r s t e l l i n g e n 
van f y s i s c h e en chemische v e r s c h i j n s e l e n . 
Het model i s i n s t a a t , ui tgaande van de omstandigheden aan de oppe rv lak te 
van het wervelbed een v o o r s p e l l i n g te doen omtrent d e e l t j e s t r a n s p o r t , s t o f -
overdracht i n de gasfase , chemische omzett ingen en warmteoverdracht a l s func­
t i e van de hoogte boven het wervelbed. 
Het t r anspor t van d e e l t j e s i s gebaseerd op b a l l i s t i s c h e beschouwingen met i n 
achtname van o . a . de zwaar tekrach t , meesleepkracht en t r a a g h e i d s k r a c h t . 
Daarb i j i s het moge l i jk de massastromen en v e r b l i j f t i j d van de vaste s t o f a l s 
f u n c t i e van de v r i j boordhoogte te bepalen . Op bas i s van deze gegevens worden 
de r e a c t i e s van het gas met de vaste s t o f en het warmtetransport bepaa ld . 
De s t roming van het gas wordt gemodelleerd volgens een s e r i e s c h a k k e l i n g van 
i d e a a l geroerde r e a c t o r e n . Een mengparameter bepaal t de mate van s t o f o v e r -
dracht tussen de z u u r s t o f r i j k e gasstroom u i t de b e l l e n f a s e en de koolmonoxide 
r i j k e gasstroom u i t de emuls iefase van het wervelbed, eventueel gevolgd door 
chemische r e a c t i e s . 
De mate van chemische omzet t ing van z u u r s t o f , k o o l d i o x i d e en s t i k s t o f o x i d e n 
met cokes -dee l t j e s wordt bepaald door de s n e l h e i d waarmee g a s d i f f u s i e door 
de grens laag van het d e e l t j e gevolgd door een eers te orde chemische r e a c t i e 
aan het k o o l s t o f o p p e r v l a k t e p l aa t s v i n d t . 
De q u a s i - s t a t i o n a i r e warmtebalans r e s u l t e e r t u i t de mate van het vr i jkomen 
van de reac t iewarmte , het convec t ieve t r anspo r t van voelbare warmte v i a het 
gas en de d e e l t j e s , de mate van convec t ieve warmteoverdracht van gas naar 
d e e l t j e s en reactorwand, en de s t ra l ingswarmteoverdrach t van gas en d e e l t j e s 
naar de reac torwand. 
T i jdens de baan van een d e e l t j e door het v r i j b o o r d wordt warmte naar dat 
d e e l t j e overgedragen. De hoevee lhe id warmte wordt bepaald door de warmteweer-
stand i n het d e e l t j e , de warmteweerstand i n de grens laag om het d e e l t j e , de 
l o k a l e gas- en reactorwandtemperatuur en voora l de v e r b l i j f t i j d . 
De beschikbare l i t e r a t u u r over v r i j b o o r d v e r s c h i j n s e l e n i s , voor zover n u t t i g , 
h e r z i e n en i n verband gebracht met de ve l e aannamen d i e i n het model gemaakt 
z i j n . Een a lgehe le schaars te aan exper imente le r e s u l t a t e n maakt een meer com­
plexe aanpak van het model nog n i e t z i n v o l . 
Eèn modelberekening i s g e d e t a i l l e e r d beschreven. 
De randvoorwaarden d ie genomen z i j n aan het wervelbedoppervlak z i j n gebaseerd 
op metingen v e r r i c h t aan een exper imenteel wervelbed. 
Een samenhangend beeld van de ve le v e r s c h i j n s e l e n i n het v r i j b o o r d i s on t ­
s t aan . Daarnaast komen de mate van chemische omzet t ing en warmteoverdracht i n 
het model r e d e l i j k met d ie van de exper imente le r e s u l t a t e n overeen. 
Aangetoond i s dat het v r i j b o o r d een i n t e g r a a l deel van het wervelbed systeem 
vormt. De b i jd rage van de verbranding en de NOx-reduct ie i s a a n z i e n l i j k . 
De warmte d ie v r i j komt b i j de chemische omzett ingen wordt voor een b e l a n g r i j k 
deel door r e c i r c u l e r e n d e d e e l t j e s opgenomen en teruggevoerd naar het bed. 
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A P P E N D I X 1 
1 PHYSICAL PROPERTIES 

In t h i s chapter the a n a l y t i c treatment of the p h y s i c a l p r o p e r t i e s of the 
gases and the s o l i d m a t e r i a l s of i n t e r e s t i s worked out i n d e t a i l . 

1.1 P h y s i c a l p r o p e r t i e s of gas 

1.1.1 Thermo-physical p r o p e r t i e s of a m u l t i component gas 

1.1.1.1 I n t r o d u c t i o n 

The present s e c t i o n descr ibes a method f o r c a l c u l a t i n g the f o l l o w i n g 
the rmo-phys ica l p r o p e r t i e s of a multi-component gas at the low d e n s i t y 
l i m i t : 

* dens i t y 
* v i s c o s i t y 
* thermal c o n d u c t i v i t y 
* s p e c i f i c heat 
* enthalpy 
* b i n a r y d i f f u s i v i t y . 

Once computerised the procedure can be a p p l i e d to a wide v a r i e t y of m u l t i -
component gases and fo r a wide temperature and pressure range. Such because 
the e f f e c t of pressure on the v i s c o s i t y , thermal c o n d u c t i v i t y and d i f f u s i v ­
i t y of a mix ture of gases i s not s i g n i f i c a n t i n c e r t a i n r eg ions of pressure 
and temperature . For ins t ance at h igh reduced temperatures (> 1) and low 
reduced pressures (< 0 . 5 ) . The v i s c o s i t y , thermal c o n d u c t i v i t y and d i f f u ­
s i v i t y of a gas then approache a d e f i n i t e l i m i t : the low dens i t y l i m i t . 

The reduced p r o p e r t i e s of a m u l t i component gas are commonly expressed 
as a f r a c t i o n of the c r i t i c a l p r o p e r t i e s acco rd ing t o : 

T ^ (1-1) 
r i=ng 

> x . T 
i=T 1 c > 1 

and: 

P = ( 1 _ 2 ) 
r i=ng 

> x . P . 
i=T 1 c ' 1 

The c r i t i c a l p r o p e r t i e s of the cons idered gas spec ies are l i s t e d i n t a b l e 
1-1. E s t i m a t i o n of the a p p l i c a b i l i t y of the c a l c u l a t i o n s over a pressure 
range f o r the p r e s s u r i z e d f l u i d i z e d bed combustor of our cur ren t i n t e r e s t 
l eads t o : 

1 .E5 Pa < P . < 100.E5 Pa mix 

f o r : 
* T = 11 50 K 

mix 
* s t o c h i o m e t r i c combustion c o n d i t i o n s 
* a pressure e f f ec t on v i s c o s i t y and thermal c o n d u c t i v i t y of maximal 5% of 

the t rue v a l u e . 
The bas i c equat ions fo r the desc r ibed procedure are taken from Re id et a l . 
(1977) and B i r d et a l . (1960) and are g iven below w i t h on ly l i m i t e d com­
ment . 
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1.1 .1 .2 Molecu la r weight 

The molecular weight of a mix ture of gases i s def ined as: 

> x . M. .—r 1 1 
M . = — . (1-3) 

mix i=ng 
> x . 

i= r 1 

The s p e c i f i c molecular weights for the cons idered chemical spec ies are 
g iven i n t a b l e 1-2. 

1 .1 .1 .3 Densi ty 

Assuming a l l gases to be i d e a l and n e g l e c t i n g i n t e r a c t i o n s among the 
phases the equa t ion of s t a t e fo r the mix ture i s : 

P . R T . mix mix 
p . M . r m i x mix 

(1-4) 

and the d e n s i t y : 

(1-5) 
M . P . mix mix 

p m i x " R T . 
mix 

1 .1 .1.4 V i s c o s i t y at the low d e n s i t y l i m i t 

Based on S u t h e r l a n d ' s k i n e t i c theory Wilke approximates the v i s c o s i t y i n 
a s e r i e s expansion: 

i=ng x n . 
n , = ~ — — - (1-6) 
mix j=n 

> x . . 
j=T J XJ 

i n which : 

M -0-5 0.5 w 0.25 2 M. E. M. 
• = — (1 + -ST") (1 + ( — M ( ^ - ) ) 

1 J f T M j e j M i 
(1-7) 

and (a f t e r conve r t i ng i n S . I . u n i t s ) : 

/ M. T . 
n . = 8.4401E-25 V * m X (1-8) i 2 „ o. Q . l v , i 

Neufe ld et a l . propose an e m p i r i c a l equat ion fo r the c o l l i s i o n i n t e g r a l 
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which i s convenient fo r computer a p p l i c a t i o n : 

a . = — s — 5 - + — + — (1-9) 
(T ) exp(D T ) exp(F T ) 

where: 

* k 
T = ( — ) . T . 

e l mix 
(1-10) 

and: 
A = 1.16145 <-> 
B = 0.14874 <-> 
C = 0.52487 <-> 
D = 0.77320 <-> 
E = 2.16178 <-> 
F = 2.43787 <-> 

The remain ing parameters to be ob ta ined are o and (e /k) of the i n d i v i d u a l 
gas s p e c i e s . These parameters are named a f t e r Lennard-Jones . For the con­
s i d e r e d spec ies they are l i s t e d i n t a b l e 1-3. Omi t t i ng e x t r a o r d i n a r y mix­
t u r e s , the comparison of exper imenta l and c a l c u l a t e d values i n d i c a t e s that 
the e r r o r i s u s u a l l y l e s s than 2%. 

1.1 .1 .5 Thermal c o n d u c t i v i t y at the low d e n s i t y l i m i t 

The thermal c o n d u c t i v i t y of a gas mix ture of non p o l a r gases at the low 
dens i t y l i m i t may be es t imated by a method analogous to tha t g iven fo r the 
v i s c o s i t y : 

i=ng x. A. 
a . = - - , L _ l 
mix — j=n 

> x . v. . 
^ J 1 J 

(1-11) 

The c o e f f i c i e n t s y are i d e n t i c a l w i t h those tha t appear i n the v i s c o s i t y 
equat ion ( 1 - 6 ) . The s e m i - e m p i r i c a l method developed by Euken fo r the t h e r ­
mal c o n d u c t i v i t y of a po ly -a tomic gas at low d e n s i t y i s used: 

h - ( c p i + 4 i - ) £ i ( 1 - 1 2 ) 

1 

Thi s equat ion a l s o i n c l u d e s the mono-atomic fo rmu la . Comparison w i t h 
exper imenta l data i n d i c a t e an average d e v i a t i o n of about k% f o r mix tures 
c o n t a i n i n g nonpolar po ly -a tomic gases. 

1 .1 .1 .6 D i f f u s i v i t y fo r b ina ry gas systems at the low dens i ty 
l i m i t . 

The d i f f u s i v i t y or d i f f u s i o n c o e f f i c i e n t f o r a b ina ry gas at the low 
dens i t y l i m i t can be es t imated w i t h confidence from theory . The r e l a t i o n 
used i s de r ived from elementary k i n e t i c t heo ry , but con ta ins important c o r ­
r e c t i n g f a c t o r s (converted i n t o S . I . U n i t s ) : 

T C - -) 
M M 

D AB = 5 - 9 5 3 E - 2 4 - p — (1-13) 
P °AB % 

Analogous to the v i s c o s i t y c a l c u l a t i o n s the r e l a t i o n of Neufe ld et a l . i s 
used: 
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where: 

B D ' * B 
(T r exp(D T ) exp(F T ) exp(H T ) 

(1-14) 

T =(• -) T, 
"AB mix 

and: 
A = 1.06036 <-> 
B = 0.15610 <-> 
C = 0.19300 <-> 
D = 0.47635 <-> 
E = 1.03587 <-> 
F = 1 .52996 <-> 
G = 1.76474 <-> 
H = 3.89411 <-> 

The combinat ion r u l e s fo r the Lennard Jones parameters are: 

0.5 
'AB 

= (-
"B 

0 

(1-15) 

(1-16) 

and: 

'AB 
°A + °B 

(1-17) 

The e r r o r to be expected from t h i s procedure i s g e n e r a l l y l e s s than 10?. 
For a n a l y t i c purposes i t i s u se fu l to s i m p l i f y the procedure . The v a r i a ­

t i o n of the d i f f u s i o n c o e f f i c i e n t w i t h temperature and pressure can be 
represented by ( F i e l d et a l . ( 1967)): 

1 .75 

= D. mix r e f , i j 
i j r e f , i j 

(1-18) 
mix 

The reference temperature and pressure may be chosen a r b i t r a r i l y . I t i s 
recomended however to take the re fe rence c o n d i t i o n s ( c a l c u l a t e d from equa­
t i o n (1-13)) as c l o s e as p o s s i b l e to the regime of a p p l i c a t i o n . Table 1-4 
g ives the reference temperatures and pressures and corresponding b ina ry 
d i f f u s i o n c o e f f i c i e n t s of i n t e r e s t . 

1 .1.1.7 S p e c i f i c heat and enthalpy 

For each gaseous spec ies i n the i d e a l - g a s s t a t e , the thermodynamic func­
t i o n s s p e c i f i c heat and enthalpy as func t ions of the temperature are g iven 
i n the form of l e a s t square c o e f f i c i e n t s as f o l l o w s : 

CP, 
0 R > a . 

, ( j - D (1-19) 

_ j=5 a . . T J . 

1 i ^ T 
(1-20) 
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0 
The re ference temperature f o r H i s 0 K . 

1 
The gas mixture combinat ion r u l e l eads t o : 

^ 0 >_ x . Cp 

C Pmix M ( 1 " 2 1 ) 

mix 

and: 

^ g o >_ x . H 

H mix = i = \ 1 ( 1 ~ 2 2 ) 

mix 

The l e a s t square c o e f f i c i e n t s of the cons idered spec ie s are l i s t e d i n t a b l e 
1-5. 

1.1.2 Thermal c o e f f i c i e n t of vo lume t r i c expansion of a i r 

The thermal c o e f f i c i e n t of v o l u m e t r i c expansion of dry a i r at 1.E5 Pa as 
a f u n c t i o n of temperature i s expressed as: 

i~4 n 

S a i r = >_ b . ( T a . r - 2 7 3 . 1 5 ) U _ 1 j (1-23) 

fo r the temperature range: 

273 K < T . < 1273 K a i r 

where: 
b-i = 3-551382E-3 < 1 / K > 
b 2 =-9.314647E-6 < 1 / K 2 > 

b 3 = 1.236424E-8 <1/K3> 
bn =-5.881 232E-12 < 1 / K I < > 

Values c a l c u l a t e d from the polynomia l express ion dev ia t e l e s s than 5% from 
the exper imenta l data g iven i n Schunck (1977). 

1.2 Thermo-phys ica l p r o p e r t i e s of s o l i d s 

1.2.1 Thermal c o n d u c t i v i t y of s o l i d s 

The e f f e c t i v e thermal c o n d u c t i v i t y of s o l i d s used i n t h i s work i s g iven 
by the f o l l o w i n g po lynomia l exp re s s ion : 

i=n _ . . _ . 
X = > c " (T - 2 7 3 - 1 5 ) U j (1-24) 

S 1=1 1 3 

The c o e f f i c i e n t s and the app rop r i a t e temperature i n t e r v a l s are g iven i n 
t a b l e 1-6. 
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1.2.2 S p e c i f i c heat and enthalpy of s i l i c a 

The s p e c i f i c heat and enthalpy of s i l i c a i s expressed as: 

and: 

1 = 2
 /, ^ 

C P = — d . T ( l _ 1 ) 

3 i=T 1 3 

1=2 d . T 
H = - — 

3 i=T 

(1-25) 

(1-26) 

where: 
d-| = 0.783834E3 J / ( k g . K ) 
d 2 = 0.41278 J / ( k g . K 2 ) 

(from data General E l e c t r i c (1982) f o r g l a s s , s i l i c a ) f o r : 

370 K < T < 1100 K s 

1.2.3 Dens i ty of s o l i d s 

The dens i t y of the s o l i d s of i n t e r e s t i s l i s t e d i n t a b l e 1-7. 

1.3 L i s t o f symbols 

A c o e f f i c i e n t 
a U 
B 

c o e f f i c i e n t 1 / K J ~ 1 . a U 
B c o e f f i c i e n t -
t>i c o e f f i c i e n t 1 / K 1 . 
C c o e f f i c i e n t -
CpO s p e c i f i c heat at constant pressure J V ( m o l . K ) 
Cp s p e c i f i c heat at constant pressure J V ( k g . K ) 
G i c o e f f i c i e n t W/ tm.K 1 ) 
d c o e f f i c i e n t J / t k g . K 1 ) 
E c o e f f i c i e n t -
F c o e f f i c i e n t -
G c o e f f i c i e n t -
HO enthalpy J /mol 
H enthalpy J / k g 

c o e f f i c i e n t -
M molecular weight kg/mol 
P pressure Pa 
R gas constant JV(mol .K) 
T* d imens ionless temperature -
T temperature K 
x mol f r a c t i o n -

GREEK SYMBOLS 

g thermal c o e f f i c i e n t of 
ID d i f f u s i o n c o e f f i c i e n t 

c o e f f i c i e n t 
e c h a r a c t e r i s t i c energy 
n v i s c o s i t y 
X thermal c o n d u c t i v i t y 
p d e n s i t y 
o molecular diameter 

volum. expansion 1/K 
m2/s 

kg / (m.s ) 
W/(m.K) 
kg/m3 
m 
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y i n t e r a c t i o n parameter 
ft c o l l i s i o n i n t e g r a l fo r v i s c o s i t y 

INDICES 

AB spec ies A i n spec ies B 
c c r i t i c a l 
D d i f f u s i o n 
i summation index 

component 
j summation index 

component 
mix mix ture of gas spec ies 
n summation index 
ng t o t a l number of gas spec ies i n v o l v e d 
r reduced 
r e f reference 
s s o l i d 
v v i s c o s i t y 

OVERHEADS 

average 
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Table 1-1. 
C r i t i c a l temperature and pressure of some gases. 
* from Re id and a l (1977), 
other data from B i r d et a l . (1960) . 

gas spec ies 
f o r mul ar 

T 
c 

<K> 

P 
c 

<Pa> 

Ar 151 48.6E5 
CO 133 34.0E5 
C02 304 73-9E5 
H20 647 * 217.6E5 * 
NO 180 64.8E5 
N2 126 33.9E5 
02 154 50.3E5 
S02 430 78.8E5 

Table 1-2. 
Molecu l a r weights of some gas s p e c i e s , 
a f t e r Gorden and McBride (1971). 

gas spec ies formular molecular weight 

<kg/mol> 

Ar 3 9 . 9 4 8 0 0 E - 3 
CO 28.01055E-3 
C02 44.00995E-3 
H20 18.01534E-3 
NO 30.00610E-3 
N2 28.01340E-3 
02 31.99880E-3 
S02 64.06277E-3 



Table 1 - 3 . 
Lennard-Jones p o t e n t i a l s as determined from v i s c o s i t y da t a , 
from Re id et a l . (1977) . 

gas spec ie s formular 0 

<m> 

e/k 

<K> 

Ar 3 .542E-10 9 3 . 3 
CO 3.690E-10 91 .7 
C02 3.9M1E-10 195.2 
H20 2.641E-10 809.1 
NO 3.492E-10 116.7 
N2 3 . 7 9 8 E - 1 0 71 .4 
02 3.467E-10 106.7 
S02 4.112E-10 335.4 

Table 1-4. 
Reference temperature , p ressure and b ina ry d i f f u s i o n c o e f f i c i e n t s . 

b i n a r y gas 
mix ture 

T 
r e f 

<K> 

p 

r e f 

<Pa> 

b i n a r y 
d i f f u s i o n 
c o e f f i c i e n t 

<m2/s> 

re fe rence 

02 - N2 1100 1.01325E5 1.88E-4 

1.86E-4 

F i e l d et a l . 
(1971 ) 

c a l c u l a t e d 

C02 - N2 1100 1.01325E5 1.45E-4 

1.46E-4 

F i e l d et a l . 
(1971 ) 

c a l c u l a t e d 

NO - N2 1100 1 .01325E5 1.86E-4 c a l c u l a t e d 

S02 - N2 1100 1.01325E5 1.25E-4 c a l c u l a t e d 
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Table 1-5. 
Proper ty da ta bank f o r de te rmining s p e c i f i c heat and enthalpy of some gas 
spec ies (data taken from Gorden and McBride (1971) and conver ted i n t o S . I . 
u n i t s ) . 

gas spec ie s 
formular 

( j -1 ) 
c o e f f i c i e n t s a ; j=1 through 5 <1/K > 

i j 

f o r : 

1000 K < T < 5000 K ; 300 K < T < 1000 K 
mix mix 

Ar 2.5000000E+00 
0.0000000E+00 
O.OOOOOOOE+00 
0.0000000E+00 
0.0000000E+00 

2.5000000E+00 
0.0000000E+00 
0.0000000E+00 
0.0000000E+00 
O.OOO0000E+O0 

CO 2.9840698E+00 
1 .4891389E-03 

-5.7899683E-07 
1 .0364577E-10 

-6.9353533E-15 

3.7100925E+00 
-1.6190964E-03 

3.6923593E-06 
-2.0319675E-09 

2.3953344E-13 

C02 4.4608040E+00 
3.0981719E-03 

-1.2392575E-06 
2.2741325E-10 

-1 . 5 5 2 5 9 5 5 E - 1 4 

2.4007797E+00 
8.7350942E-03 

-6.6070879E-06 
2.0021862E-09 
6.3274039E-16 

H20 2.7167633E+00 
2.9451374E-03 

-8.0224374E-07 
1 .0226682E-10 

-U.8472145E-15 

4.0701275E+00 
-1.1084499E-03 

4.1521180E-06 
-2.9637404E-09 

8.0702103E-13 

NO 3.1890001E+00 
1 .3382281E-03 

-5.2899316E-07 
9.5919328E-11 

-6.4847928E-15 

4.0459518E+00 
-3.4181783E-03 

7.9819192E-06 
-6.1139325E-09 

1.5919080E-12 

To be cont inued on next page. 
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Cont inued from previous page. 

gas spec ies 
formular 

c o e f f i c i e n t s a ; j=1 through 5 <1/K > 
i j 

f o r : 

1000 K < T < 5000 K ; 300 K < T < 1000 K 
mix mix 

N2 2.8963194E+00 
1.5154865E-03 

-5.7235275E-07 
9.9807398E-11 

-6.5223570E-15 

3.6748257E+00 
-1.2081501E-03 

2.3240100E-06 
-6.3217565E-10 
-2.2577253E-13 

02 3.6219535E+00 
7.3618264E-0M 

-1 .9652228E-07 
3.6201558E-11 

-2.8945627E-15 

3.6255985E+00 
-1.8782184E-03 

7.0554544E-06 
-6.7635137E-09 

2.1555993E-12 

S02 5.2451363E+00 
1 .9704204E-03 

-8.0375770E-07 
1 . 5 1 4 9 9 6 9 E - 1 0 

-1.0558005E-14 

3.2665339E+00 
5.3237901E-03 
6.8437549E-07 

-5.2810059E-09 
2.5590450E-12 
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Table 1-6. 
Thermal c o n d u c t i v i t y of va r ious s o l i d m a t e r i a l s . 

m a t e r i a l T 
min 

T 
max 

n c u n t i l c 
i n 

max. 
dev. 

re fe rence 

<K> <K> 
i 

<W/(m.K )> % 

Ceramic f i b r e . 
T r i t o n Kaowool 
rho= 128 kg/m3 

550 1250 3 C1=0.020 
c2=1.242E-4 
c3=7.080E-8 

5 s u p p l i e r 

Rockwool 
Lapinus BV 
Roermond. 
Drah tge f l ech t 
mat te . 
rho= 70 kg/m3 

323 723 5 c1=2.999E-2 
c2=2.443E-4 
c 3 —1 .66E-6 
c4=7.539E-9 
c5=-8.00E-12 

5 ForsChungs 
i n s t i t u t 
München 
(1978) 

S t a i n l e s s s t e e l 
304 t y p . v a l u e . 
I r o n 1100 1100 

1 

1 

c1=34 

c1=30 

Weast 
(1974) 
Weast 
(1974) 

Sand 

Sandstone 

1093 

273 
373 
473 

1093 

273 
373 
473 

1 

1 
1 
1 

c 1 = 1 . 5 - 1 . 7 

c1=5.72 
c1=4.46 
c1=3.78 

Marks 
(1959) 
Weast 
(1974) 

Table 1-7. 
Dens i ty of s o l i d m a t e r i a l s . 

m a t e r i a l d e n s i t y 

<kg/m3> 

r e f erence 

S i l i c a sand 2600 T i p t o n (1960) 

A n t h r a c i t e 1400 T i p t o n (1960) 



- A . 1 4 -



A P P E N D I X 2 

2 UNSTEADY STATE HEAT CONDUCTION IN A SPHERE 

2 .1 S o l u t i o n i n an i n f i n i t e s e r i e s expansion 

A homogeneous sphere of s o l i d m a t e r i a l , i n i t i a l l y at a uniform tempera­
t u r e , i s suddenly immersed i n a volume of constant temperature. I t i s 
d e s i r e d to f i n d the s o l i d temperature as a f u n c t i o n of time and p o s i t i o n . 
The d i f f e r e n t i a l equat ion and the i n i t i a l and boundary c o n d i t i o n s i n dimen-
s i o n l e s s q u a n t i t i e s read: 

6 9 1 6 ( C 2 4 ? - ) ( 2 - D St ^2 65 65 

0 ( 5 , 0 ) = 1 ( 2 - 2 ) 

69 + m 1 f o r T - 0 
B i 65 0 f o r t > 0 

The c a l o r i c d imens ion less temperature i s def ined as: 

0 = 3 Q / 1 0 ( 5 ) 5 2 d5 ( 2 _ 4 ) 

The s o l u t i o n of the problem of de te rmin ing 0 ( 5 ) and 0 i s found i n the f o r 
of i n f i n i t e s e r i e s and i s g iven by M a r t i n (1984): 

i=» 
0 = >_ C (m ) f(m 5) exp(-m. T ) ( 2 - 5 ) 

i = 1 

_ i z f ! 2 
0 = >_ C.(m.) D(m. 5) exp(-m t ) ( 2 - 6 ) 

i = 1 1 1 1 1 

where: 

s i n m. 
= ( 1 - B i ) 1 ( 2 - 7 ) 

and: 

cos m. l 

s i n m. -
I 

m. l cos m. 
I 

m. - s i n l m. l cos m. 
I 

s i n m. -
I 

m. l cos m. l 

C . (m.) = 2 ^ „ ( 2 - 8 ) 

D ^ m . ) = 3 i - r — — (2 - 9 ) 
m 

l 

s i n (m. 5) 
f ( m i ^ - ( 2 - 1 0 ) 

1 

The f i r s t four roo t s of are presented i n t a b l e 2-1 
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2 . 2 L i s t of symbols 

B i B i o t number 
C c o e f f i c i e n t 
D c o e f f i c i e n t 
f c o e f f i c i e n t 
m e igen value 

GREEK SYMBOLS 

I d imens ion less r a d i a l coord ina te 
0 d imens ionless s o l i d temperature 

0 c a l o r i c mean d imens ionless s o l i d temp. 
T F o u r i e r number 

SUBSCRIPTS 

1 summation index 

2 . 3 Reference 

M a r t i n , H . 
I n s t a t i o n ä r e Wärme le i t ung i n ruhenden K ö r p e r n . 
VDI-Wärmea t l as , 4. Auf l age , pp. Ec1 /20 . 
V D I - V e r l a g , D ü s s e l d o r f , BRD (1984). 

Table 2-1 
The f i r s t four roo t s of m as a f u n c t i o n of B i (a f te r M a r t i n (1984 

B i m m m m 
1 2 3 4 

<-> <-> <-> <-> <-> 

0.000 0.000 4.493 7.725 10.904 
0.001 0.055 4.494 7.725 10.904 
0.002 0.077 4.494 7.725 10.904 
0.005 0.122 4.495 7.726 10.905 
0.010 0.173 4.496 7.727 10.905 
0.020 0.242 4.498 7.728 10.906 
0.050 0.385 4.504 7.732 10.908 
0.100 0.542 4.516 7.739 10.913 
0.200 0.759 4.538 7.761 10.923 
0.500 1 .166 4.604 7.790 10.950 
1 .000 T T / 2 3 T T / 2 5 T T / 2 7 T T / 2 
2.000 2.030 4.913 7.979 11.085 
5.000 2.569 5.354 8.303 11.335 

10.000 2.836 5.717 8.659 11.658 
20.000 2.986 5.978 8.983 12.003 
50.000 3.079 6.158 9.239 12.320 

00 TT 2 TT 3 TT 4 TT 
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A P P E N D I X 3 

3 UNSTEADY STATE HEAT CONDUCTION IN A SPHERE 

3 . 1 Approximate s o l u t i o n 

A homogeneous sphere of s o l i d m a t e r i a l , i n i t i a l l y at a uniform tempera­
ture i s suddenly immersed i n a volume of constant temperature . I t i s 
d e s i r e d to f i n d an approximat ion of the c a l o r i f i c mean d imens ionless s o l i d 
temperature ( M a r t i n ( 1 9 8 4 ) ) . 

The inner and outer p a r t i c l e heat t r a n s f e r c o e f f i c i e n t s are def ined by: 

Q . ( t ) = cx.(t) A p (T ( t ) - T (R)) ( 3 - D 

V t } = a o A p ( T

P

( R ) " T « } ( 3 " 2 ) 

The p a r t i c l e energy balance y i e l d s : 

Q ( t ) = Q . ( t ) = Q Q ( t ) ( 3 - 3 ) 

so that s u b s t i t u t i o n of T

p ( R ) f r o m equa t ion ( 3 - 2 ) i n t o ( 3 - 1 ) y i e l d s : 

Q p ( t ) = a ( t ) A p ( f ( t ) - T ^ ) ( 3 - 4 ) 

wher e: 

1 1 1 + 
a ( t ) a a . ( t ) o 1 

( 3 - 5 ) 

The p a r t i c l e energy balance r e l a t e d to the p a r t i c l e enthalpy g i v e s : 

d f ( t ) 

S ( t ) -" p p %
 V

P —fe— (3"6) 

From equations ( 3 _ 4 ) and ( 3 _ 6 ) we f i n d : 

f ( t ) d f 
ƒ P P = ( V 7 ) 

T (0) - \S U 
p{U> T ( t ) - T 

P 00 

t A 
P - : - . ? r — * p CP V ( + 7T-T ) ^p K p p a Q a i ( t ) 

Assume that a i ( t ) i s on ly a weak f u n c t i o n of time then i n t e g r a t i o n of 
equat ion ( 3 ~ 7 ) g i v e s , approx imate ly : 
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T (t ) - T - A t 

T

p

( 0

p - T • • - p < H — i — » < 3 - 8 » 
O 1 

a i ( t ) can be approximated f o r a l l t by: 

a . ( t ) = ( a 2 ( o ) + a 2 ( » ) ) ° " 5 (3-9) 

where: 

a . ( o ) = (— ^P—) (3-10) 
1 TT p Cp 

P P 

and: 

2 x 
T _ 

" i v ' 3 R 

Now we def ine 

a (-) = — Ï -P (3-11) 

T ( t ) - T 

°(V = T P ( o ) - T " ( 3 " 1 2 ) 

P oo 

T - — 1- (3-13) 
P p p C p p R 

a R 
B i = (3-14) 

P X P 
Then s u b s t i t u t i n g equat ions (3 _ 9) t o (3-14) i n t o (3~8) g i v e s : 

0 ( t ) = exp (-
A R i 

P P 
p V 1 1 

+ B i 2 2 0.5 

3 TT T P (3-15) 

3.2 L i s t of symbols 

A sur face area m2 
B i B i o t number 
Cp heat c a p a c i t y at constant pressure J / ( k g . K ) 
• 
Q r a t e of energy f low W 
R r ad ius of sphere m 
T Temperature K 
T c a l o r i f i c mean tempearture K 
t t ime s 
V volume m3 
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GREEK SYMBOLS 

a heat t r a n s f e r c o e f f i c i e n t W/(m2.K) 

0 c a l o r i f i c mean d imens ionless temperature 
X thermal c o n d u c t i v i t y W/(m.K) 
IT 3.14159 
p d e n s i t y kg/m3 
T F o u r i e r number 

SUBSCRIPTS 

1 inner 
o outer 
p p a r t i c l e 

3.3 Reference 

M a r t i n , H. 
I n s t a t i o n ä r e Wärme le i t ung i n ruhenden K ö r p e r n . 
VDI-Wärmea t i a s , 4. A u f l a g e , pp. Ec1 /20 . 
V D I - V e r l a g , D ü s s e l d o r f , BRD (1984). 
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S t e l l i n g e n behorende b i j het p r o e f s c h r i f t 
FREEBOARD PHENOMENA IN A FLUIDIZED BED COAL COMBUSTOR 

Het ve rd ien t aanbevel ing de s u b s i d i e s en verordeningen d i e d i f f e r e n t i ë r e n 
naar het i n d i v i d u e l e inkomen te dereguleren en s l e c h t s de l o o n - en inkom­
s t e n b e l a s t i n g af te stemmen op de i n t e g r a l e i n d i v i d u e l e d raagkrach t . 

De i n t r o d u c t i e van vergassingssystemen voor de e n e r g i e v o o r z i e n i n g z a l n i e t 
zozeer door de b r a n d s t o f p r i j z e n worden bepaald a l s wel door de i n v e s t e -
r i n g s - en b e d r i j f s k o s t e n b i j convent ione le energiesystemen d i e z u l l e n 
v o o r t v l o e i e n u i t s t r i n g e n t e emissienormen. 

Men wordt geacht de wet te kennen. 
E c h t e r , de u i t v o e r i n g van de wet zou p r a c t i s c h onmogeli jk z i j n wanneer een 
ieder bekend zou z i j n met de mogeli jkheden d ie de wet b i e d t . 

Computersystemen i n i n s t e l l i n g e n voor wetenschappel i jk onderwi js dienen 
zowel de mogeli jkheden voor t e chn i s ch wetenschappel i jk rekenen a l s u i t g e ­
bre ide t eks tve rwerk ing te bieden 

B i j de i n v o e r i n g van het F r i e s a l s o f f i c i ë l e t a a l maakt men z i c h s c h u l d i g 
aan snobisme. Het r e g i o n a l e t a a l g e b r u i k z a l op w e l w i l l e n d e en in formele 
bas i s beter ged i j en dan door formele dwang. 

Op grond van de Woonruimtebeschikking 1984 kunnen nagenoeg a l l e gemeenten 
b i j het ve r lenen van een woonvergunning aan ingezetenen voorkeurs rech t 
ver lenen en/of aan n i e t - i ngeze t enen a d d i t i o n e l e e i sen s t e l l e n . Door daar­
b i j een koper te v e r p l i c h t e n de woning tegen kooppr i j s aan ingezetenen aan 
te bieden wordt de vrucht van het onderhandelingsproces tussen koper en 
verkoper ontvreemd. 

In het v r i j b o o r d van een wervelbedvuurhaard z i j n s t i j g h o o g t e , v e r b l i j f t i j d 
en thermische r e l a x a t i e t i j d van dee l t j e s van wezen l i j k belang voor het 
opnemen en afvoeren van de b i j chemische omzettingen vrijkomende warmte. 

D i t p r o e f s c h r i f t . 

Behoudens een aan ta l u i t zonder ingen gaan de t echn i sch wetenschappel i jke 
on t w i kke l i ngen op het gebied van de wervelbedverbranding v o o r b i j aan 
m i l i e u - a s p e c t e n . 

Wervelbedverbrandingssystemen z i j n nog n i e t gereed voor c o m m e r c i ë l e 
i n t r o d u c t i e . F l u i d i s e d combustion i s i t a ch iev ing i t s promise? 

3rd I n t e r n a t i o n a l F l u i d i z e d Conference. 
The I n s t i t u t e of Energy, London 1984. 

Volgens Chaung i s de r a d i c a a l - r e c o m b i n a t i e - r e a c t i e aan vaste d e e l t j e s mede 
bepalend voor de CO-verbrandingssne lhe id en de u i t e i n d e l i j k e evenwichts -
s a m e n s t e l l i n g van het gas. 
Z i j n c o n c l u s i e s voor omstandigheden a l s i n het v r i j b o o r d z i j n o n j u i s t door 
het overscha t ten van de d e e l t j e s c o n c e n t r a t i e a l d a a r . 
Op grond van z i j n bevindingen zou evenwel de hoge CO-emissie van het 
wervelbed v e r k l a a r d kunnen worden. 

Chaung, T . Z . " P a r t i e l e entrainment and chemical r e a c t i o n s i n the 
f reeboard of a f l u i d i z e d bed coal combustor". D i s s e r t a t i o n , 
Massachusetts I n s t i t u t e of Technology, Massachuset ts , MA, USA (1982) . 








