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Abstract-The effects of  the 11 PA/[PA+SA] ratio, u)tal v)Iid invenmr'y' and fluidizing vetocky of  toopseal on the 
axial solid holdup and the ~lid circulation rate have been determincd with different particle sizes t 174, I9% 281,377 
gin) mad particle Upes (silica staid: narrow PSD, coal ~sh: wide PSD~ in a CFB reactor with 3-k)ops. A simple model 
tbr solid hold-up based on the previous works was in agreement with the experimental data. With increasing t J,,, G., 
increased exponentially, and in the center-loop, G, was 1.5 times Iarger than that li)und in the other side-loops, As the 
PA/[PA+SA] ratio increased, and as SA iniection tx~rt was placed at a lower part in the riser, the axial solid holdup 
and (;, increased. With increasing fluidizing velocity, of loopseal u) a~mut 1.5u,,~,, G, ~)mewhat increased, but above 
the gas x, elocity of 1,5a,~,. the loopseal lost the ability of the control of  G.  The folk)wing correlation tbr the solid cir- 
ctflation rate in the CFB was developed with good accuracy; G., qJ,,.,[PA/TA]e'~[H,/H~]"~[Ar] -~ ~[Fr]>'"'[KU,,/U,] -~ 4,. 
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INTRODUCTION 

The chvuiating fluidized bed (CFB) has been successfully used 
in the tx4roleum refining industry for the catalytic cracking of  crude 
oil since the early 40"s. Its industrial use for noncatalytic reactions 
started with the Lurgi CFB calciner around 1970, and during the 
[980"s CFB's found wide application for combustion [Grace et at., 
[996]. CFB combustion technology is now economically so im- 
portant that about 240 CFB combustion units (>50 MWth) with a 
total power of  36~000 MWth are in operation. One of  these CFB 
units is the Tonghae CFB power plant with a total power for 400 
MWe (200 MWe:,.2 unit) in Korea. It has been under commercial 
operation since 1998, where Korean anthracite is used as fuel [Lee 
and Kim, 19991. The Tonghae CFB boiler consists of  a rectangular 
furnace, three cyclones, loopseals and fluidized bed heat exchang- 
ers (FBttEs) and a fluidized bed ash cooler (FBAC). Unlike the ex- 
isting CFB units, the furnace of  which aspect ratio is more than 2 : 1 
has three loops for circulation of  solid particles. In the furnace, coal 
ash is only used as bed material due to much ash in coal fed. There- 
fore, file characteristics o f  the gas and solid flow are expected to be 
somewhat different, 

On the other hand, knowledge of  the flow pattern of  gas and par- 
ticles in the CFB is important for a description of  heat transfer and 
temperature profile and for mapping of  the distribution of  unburned 
fuel particles in the bed [Choi et aL, 1995]. Additionally, the solid 
circulation rate is an important parameter to affect the flow pattern 
of gas and particles and to design the cyclone, downcomer and non- 
mechanical valve, Detailed studies oftbe flow pattern in CFBs have 
been extensively investigated during recent years, floweret, most 
works were carried out in rather small-scale CFBs and some indus- 
trial studies were tedious and costly. Pressure drop measurements, 
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on the other hand. are a ~lativeiy simple way to determine the over- 
J1 vertical profile of  the crass-sectional average solids concentra- 

t0Alm 

~.6_~m ~ 
3.' 

0.62 m 0.25m 

BAG FILTER 

m 

-@ 

-@ 
) 

tLS ';R 
-@ 

;amplir,  g I.OOPS 
Pllrt 

S e c o n d a r y  kU ~ 
Air 

@ 

)NE 

@ 

J ~ -@ , - -  Fluid izin~ 
Air 

Primar? Air 

Fig. 1. Schematic diagram of the CFB reactor. 
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tion [Choiet al.. I~90: Kim e~ al., lqq9l. 
-ltq~.~ftme, the aim of the l',re~"nt work is 1o stu@ the overall flow 

paltt311 and 1o p~xtict the solid circulatkm rate lw.- means oflhr p ~ -  
sure drop measum, mm~ts with wtriou_s operation conditions in a cold 
CFB reacl(w thai was similarly ck:si ,gn~xt to the ]mghae CFB reac- 
tor. Of special inlerest is the character of  the wansport ame tffthe 
CFB in which inFormathm of the particle size distribution and the 
solid circulation rate emerges. 

EXPERIMENT 

ExN'rimr were carded otlt ill a cold CFB mac'mr having 3- 
c,v.clones tts shmvn in Fig. 1. I{ consists of  a main CFB reac ' tor ,  a 
system orair supplier and controller, devices o f  pressure measure- 
ment, and a bagfikcr system ftw collecting fine r~rtides. The main 
CFB reader is c(rmpm,.,d of  a pcc~gular riser [0.25 m (L}-0.62 m 
(W) ll).(I m frill. 3-cycttrnes [(t.365 m I t.DII, 1.46 in ( HI] and kx)r~ 
seals [0. | m (1.D,)] and a VBHE [0.3 m ( i t  0.3 m I W ~ 0,5 m (H ~]. 
,,'~h~.~' the system geome~, was designed like the "Rvn~ae CFB 
|miler. "File ~ n d a  D, air was inmnfuced through 4 nozzk~s of~x~ch 
sidewall at inIerval oI'0.5 m "a.Nwe the primary air distributor. Air 
fi~r fluidizing rrarfickrs o f  lt~pseals was intrcduced througah a but-,- 
hk cap distributor and through the a~vatitm noz-zlc~ mmnted with 
the dipleg of the k~+pseal. "tl~e presstir~ ;','ts'e r~%istelvxl i n  33 pr~- 
sure laps mount~.xt with the surface of  one oF the sidewalls at dif- 
fe~_'nt height.a. N)lid drculalion rates ~L're calcutat~.xt by wright men> 
uremm~t tgparticles bypassing fr~'n downcome~s m saanpling ~rt.s 
for conslam time. 

T~ ,e  silica sands wilh averse  par6cle dJamcKvs or 199, 288 
and 377 bun. and a c(~l ash with average par{icte diamclcr or 174 
~rn were used ~ks bed materials. The coal ash has wider size dis- 
tribution than that of  silica sands, as sN~wn in Fig. 2. 'll~e pmpee 
lics oflhe particles are summarized in Table I. 

"Itae ga~ vekx=ily in the ris~:r was &vrmlned o be 1.4-4A m/s. 
which givm a simika' tlow regime of  the 'tonghae CFB furnace [Le~ 

"T" 

"7- 
c-g 

aS 
2"' 
;.r  

. 4  

~ [ 1  I "1 : I 

@ 

@ 

%. 
. g  ' 

~ ' ~ 7 ~ .  . . . . . . . . . . . .  ~ , ;  _: ,7,'..' '.:. . . . . .  ~ , 

. '~rt;clt. %',~- i ~. m l  

FiB. 2i Pafficle size distribution ofsitica ~n(I and coal ash. 

"thble I. Properties of the solid particles used as bed material 

Coal 
Silica sand 

ash 

d~ ,o, (pini 177 109 281 377 
p,(kg,'m:'~ 2300 2800 2800 2800 
t_',,,,, [Wen and Yu. 1966]lm..'sf 0.023 fl.f)36 0.071 0.125 
t_',, [KaRii and Le~,enspieL 1~91] lm..'s) 1.O04 1.621 2.303 3.177 

el al., 2000]. The axial solid holdup in the risLT was obtained by 
measurement of pressure differences between the pressure taps. 

RESULT AND D I ~ U S S I O N  

Fig. 3 shows the ~x ia l  ~lid holdup in the ri.~r tbr the 377btm 
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Fig, 3. Axial solid hold up with riser velocity, ~.T OI 

a t inventory- 100 kg, 4 b t inventory'- 150 kg, (c} inventory-200 kg 
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silica sand with U.. (2.3~1.5 m."s) and mild inventt~, ( lOO~2ff0 kgk 
The axial solid holdup was calculated flx~m p~'ssure drop by using 
the following equation. 

AP 
= ( l - e g l p , - p ~  ~1t 57_ 

Jhree z~mes could be i&~tified in the axial ~lid hold up in all 
ca.,'s in ~pite of  the differenl solid circulation tale and 1_1,,, and es- 
~'cialiy. U,. nol exeeMing the terminal velocity: a dense region with 
a c~msmnt axial solid holdup eio~ m the gas distributor, a splash 
regkm wN.me the gwadient changc~ considerably and a translx~n re- 
gion from aN_~ul 1.5 meters height all the w~'  up to the riser exil 
with a low change of axial solid holdup. The mlid holdup in the 
dense regkm was about (I.341.35. which was simiktr to that of a bub- 
bling bed. and did not change appreciably with t because U, was 
relatively lower and jtN kept the flow n.Nime to be lt,rbtllent or in 
initial stale o f  fast fluidimli~m. The dense ht~ heigt~t dec .,m~cd with 
U., and incrm~ved with ~lid inv~.~tt�9 In the sp 'lash rcNion, lhe axial 
~lid holdup d~ang~xt consi&..~rably to inc-reaae and ils sk~pe increa.~M, 
as U,, increased. In the translxm region the ~xial solid holdup ,~as 
~r~%' lOW f lW--IO--':} and its slope also increased with U... Similar 
resutts were oNaincd when w~'ing the particle size o f  silica sand 
and the pantie b, pe to coal a',;h. It is possible lo describe the axial 
solids holdup ba~'d oa empirical dala and knowledge of  the local 
flow pattern. Johnsstm and Locker [1995] proposed simple m{Ktel 
equatk~ns Nixed on the previous studies [BoRon and Davidmn. 1988: 
Kunii and LevenspM, 1990: Zhang and Jchnsson. 1991: Hmris ~.~ 
at, 1993: Zhang etal., 19~t31. The model equations are expressed 
as fol lows, 

a'.-a',.e l;ar h~-l I ~ { 2 t 

8 . : {  ~ . ,~  g,'r, 1 r162 ~-:e, ~,~ C~ '~ "'~-":' fbr l |.~< h---[ I .... {3 t 

~; here. ~.,.r =~. ,,.c '''''-'~''-'' ~' {4) 

Decay constant a and K R~r the silica sand particles could be oh- 
rained from the ~tope of the axial solid holdup in gi~ 3. where the 
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Fig. 5. Decay constant K v.~ IJ,A ~, for silica ~ n d  a n d  c o a l  a s h  par* 
t i e les .  

slope in the splash region and in the transDm re ,on  repre_~ng.xt 
decay c~mstant~ a and K, ~'specfively. "the ~ y  constarrts a and 
K were plotled vs. gas vr reined to lerminal velocity in Fig. 4 
and Fig. 5, respectively. Fig. 4 showed that the equation o f  at_!, = 
constant pr~o~sc.'d by Kunii and Lev~,lspid [1990]. where the con- 
stant changes with different particle size. could be r~,a.Titten as aU," 
U/=constant. Fig. 5 shows thai the equafian of K(U,,-U,)=constant 
proptrsed ~- Johnsstm and keckner [t~)5]. where the equation can- 
not be u~'d if I l., is less than U,. could be also rewdtlen as K! [,7 
U,-conslant. This means that solid particles can be entrained even 
if" U., is k'ss t l ~  U. when the average particle size and ils terminal 
vek~ily, are adtpled to analyze the ove]ull flow pattern of the fur- 
nace. This al~ shows that the n~t mild Wins for axle ffidvmt 1r whk'h is 
derived fix,rn the cqtlalJtgl of K=4K,,'[D (t.:,,-t.;)] prolx~sed by-Zhang 
and Jdmsmn [I991] in the transpor~ region, cannot be independent 
e f  U., though Jt~.nssoll and Leckner pmpt~d that KI U.-U,) was 
constanl and K was independent oft.r,,. 

The decay constanb a and K of  silica sand and a~al ash pani- 
cles could be expressed as follows. 

For silica sand. 

aI J .,! J.= 3.6 q 5 t 

KIt ..q. L=0.37 ~61 

For coal ash. 

aI J .,1 :,-6.30 ( 7 t 

KU ...'I !. = 0.58 Eft 

The cons 'ranis a and K fi)r the c~Yal ash particles are lager  than 
tho~e of  silica sand partkles. This may result from ~z~egation o f  
particles in the lransport region due to wide size distributkm. 

The solid cireuktfion ra~e. G with particle size and U,. related I_[~ 
for silica ~ was pica'ted k~garithmicatly in Fig. 6, G, increa.~d 
tinear[y with U, A J. and may- Ix: indepenclent of  particle size. Solid 
circulatkm Pate in the center loop was 1.5 limes larger than that o f  
the other side loops and could be writte~ as 

N o v e m b e r ,  2 0 0 t  
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(i. -1.5 G. ,.~. {9} 

The solid circulatitm rate for real ash showed a similar result, but 
was much low~a' them that tbr silica sand due ~o w i ~  size dismbu- 
tim of  coal ash. 

The axial solid holdup and its slope in the sp 'lash r~.~ion and w,m> 
Ix}rl region incaxtsed with incavasing the ratio of primaD.' to u~al 
air llmv race from 0.66 to ].0. With incre~tsing mlid inventoD' from 
100 kg lo 200 kg. the solid holdup inr but its slope did not 
change appreciably in these regi~ms. 't-he solid circulation rate aim 
increased linearly with inc~-asing the air ratio and .valid in,ecnu~-. 
whereas it incr~.-a.~,d r with in{.~",~sing the riser veloc- 
iD,, ;ks shown in Fig. 71a) and (bt~ On the o|her "hand, the axial solid 
holdup and the .~lid c[reulatk~n rote ~re~ R~und lo be incm~,,>.a~ a,s 
the secondary air was inln~uced it* Mwer in iccti0n ix)n. f'rom the~ 
results, it was Found that the solid holdup and circulatkm rate in- 
creased lineark' with inc~vtsing the contact fn-'quenw betm.vn Nr- 
tick~ and gas. 

W~th inc'reasil g ltuidizing velt~cit3., of the kx~pseal to aNmt 1.5[ l,. 
solid circulafion ~Ne. G, somewha inc~ .'~sed. but :dxwe the gas ve- 
h~city of  1.5U,,,.., O. did m}t clmnge appreciabl> As {luidizing ve[oc- 
i D in the k~@seal increast.xf. G was likely to decrease N.'cau.~ the 
tluidizing air of k~psca[ interfered with the downflow of the solid 
Nrtides in the downcomer [Kim et at.. 1099]. This is why the solid 
irlventorv in the riser chang~ in coqiuncti~m with the solid inven- 
tt~'  in the loop~l  though the u~tal solid invent(~, in the CFB is 
conslanl. "ll~e ~4id invent~ry in the l~x~pseal d~anges due to non- 
unifom~ tlt,idi~atkm and no~,unifimn tk~ing of  the solid partich.-s 
to th~ riser, and ~ams*,.Nuently t ha t  causes a change in tim ~lid in- 
vento D, of the riser wN,m the fluidizing velocity in the h}{g}seal ia 
re 'lative b' kBv. lh~.m:fore, the c~mtact chance ['etween solid pant- 
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Fig. 7. Effects of{a) B~PA+SA] ratio aml (b} ~lkl invento D" on 
the so l id  c i r c u l a t i o n  rate .  

r and fluidizing gas in the ri~'r may be r~x.tm,'d ~d  G dcvrea:-~'s- 
when the fluidizing gas in the kx~p.~a[ is not sutlkbnt, Similar re- 
melts were oblain~xt when the aeration air (grca,~ air) at the dipkg 
was in.iccted to the loopseal. 

To prwtbt the solid circu]atkm rate with operation variables in 
this CFB reactor, the fullowing con~elatkm was devdoped: 

(~.-::e,,. II~.%"|AI:"I) 1il ), I"'lAr I-' "I{:r i: "lKt !, :I :,1-' ' (m) 

('f)ITekltioI1 coefJh:icTW:O.9~, illtd regression coellicienl 
-D.93. q)...- 2.O 

In this correlaion, the character of  the solid holdup in the transpt~ 
mrs inm~dueed as the term of  [KU./U,} that could repr~senl the i1> 
fbrmation of the particle size distributi~m. This correlatkm Nlsed ~m 
the oWradng parameters and pres.sure drop m e a s u ~ e n t s  is rela- 
tively simple m predict the ,~}{id circulation tale. "lqae cakuNted result 
from the corre'lati~m far the different Varticles investigaled and the 
previous work is shown in Fig. 8 with experimen'tal ~uil.s. The 
{x~rrelatkm tbr the solid circulation rate is in agreement with the ex- 
perimental dala with g(u~d accuracy. 
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C O N C L U S I O N  

Hydi,ody-namic characteristics in a odd  CFB with 3<vckmes. 
which was desigaid by. the analoD., with file F~mghav CFB, has lx,~:n 
deten'nil~d with ~g*.rating Irarameters such as l.j,,. PA,'IPA-SA] ratio. 
tce, al sdid inventory and fluidizing vebcib  ~ of  l~vopseal for the dif- 
ferent parlicle sizes and b, pes. Axial s~lid holdup dis~ibutbn could 
be explaind ~- using decay c~msrants a and K which were obtained 
from splash and dilute pha.ves, i~eoxtively ,. The c~mstants oDaint.-d 
frt~'n the equations ofat_l,..."i~), 'and KU.....'t.r. tbr the wide size distribu- 
tion of  the axll ash were h i~e r  than those of  silica .sand_ whereas 
the solid holdup and Ne solid ciIvulabn rate were lower. With iri- 
~,~osil N U., the .~lid circulation rate increased expt~nenlially and 
in the c~nater-la~p it wan 1.5 t im~ h i~e r  value than Nat bund in 
the odaer side-l~x)ps. The simple a)t~lalion fDr the sdid drculatbn 
rate with operation vafiabk~ in the CFB xras devdoped and ~ , e m d  
to be wllh gtxld axcuracy. 

N O M E N C L A T U R E  

a , K  
At. Fr 

(i 

: de'ray constant [m -t] 
: Ar~hime&,s number and Ffoude number, respect[wly 

[-1 
: solid circulation rate [k~"m-' s] 

11, H,, H ....... H.  H, : height, for bom,m bed. exit. fixed bed, total 
bed, respcacIively [m] 

k : net solids transfer eoefficierit [m/s] 
PA. TA : primary air flow talc and k,aal air flow rate. lw_~,aively 

[kg,"s] 
t J... U,,..,. t.r< : superficial gas velocity; minimum fhidizing velocity. 

and temfinal velocity [m/s} 
g,. g.:. g..,, : mlid hold up, for den.~ region, exit. respee'tively [-] 
g),. : s.vstcm constant tha~ varim a~cording Io system [-] 
p ,  p~., : densib' o f sd id  and density' ofgas. Ix.N',ectively [kg"m ~] 
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