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Abstract—The effects of the 1. PA/[PA+8A] ratio. total sofid inventory and fluidizing velocity of loopseal on the
axial solid holdup and the solid circulation rate have been determined with different particle sizes (174, 199, 281, 377
pat) and particle types (sifica sand: narrow PSD. coal ash: wide PSD) in a CTB reactor with 3-loops. A simple model
for solid hold-up based on the previous works was in agreement with the experimental data. With increasing U, G,
increased exponentially, and in the center-loop. G, was 1.5 times farger than that found in the other side-loops. As the
PA/[PA+SA] ratio increased, and as SA injection port was placed at a lower part in the riser. the axial solid holdup
and G, increased. With increasing fluidizing velocity of leopseal to about 1.5u,,. (3, somewhat increased, but above
the gas velocity of 1.5q,,. the loopseal lost the ability of the control of (&, The following correlation for the solid cir-
culation rate in the CFB was developed with good accuracy; G,=@, JPATAY “[H/H, AT P Y IRUALE.
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INTRODUCTION

The circulating fluidized bed (CFB) has been succesfully used
in the petroleum refining industry for the catalvtic cracking of crude
oif since the early 407, Its industrial use for noncatalylic reactions
started with the Lurgi CFB calciner around 1970, and during the
1980°s CFB's found wide application for combustion [Grace et al.,
£996]. CFB combustion technology is now economically so im-
portant that about 240 CFB combustion units (>50 MWith) 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, 1999]. The Tonghae CFB boiler consists of a rectangular
firnace, three cyclones, loopseals and fluidized bed heat exchang-
ers (FBHES) and a fluidized bed ash cooler (FBAC). Unlike the ex-
isting CFB units, the firnace of which aspect ratio is more than 2 ; |
has three loops for circulation of solid particles. In the furnace, coal
ash is only vsed as bed material due to much ash in coal fed. There-
fore, the characteristics of 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 unbumed
fuel particles in the bed [Choi et al., 1995]. Additionally, the solid
circudation 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 of the flow pattern in CFBs have
been extensively investigated during recent years. However, most
works were carried out in rather small-scale CFBs and some indus-
trial studies were fedious and costly. Pressure drop measurements,
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on the other hand. are a relatively simple way to determine the over-
al vertical profile of the cross-sectional average solids concentra-
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Fig. 1. Schematic diagram of the CFB reactor.
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tiont [Choi ctal.. 1990; Kim et al., 1999]

Therefore, the aim of the present work is {o study the overal] flow
pattern and 1o predict the solid circulation rate by means of the pres-
sure drop measurernents with various operation conditions in a cold
CFB reactor thal was sisnilarty desipgned to the Tonghae CFB reac-
tor. OF special interest is the character of the transpont zone of the
CFB in which mformation of the particle size distribution and the
solid circulation rate emerges.

EXPERIMENT

Experiments were carricd out in a cold CFB reactor having 3-
cychones as shown in Fig. 1. i consists of a main CFB reactor. &
system of air supplier and controtler. devices of pressure meastre-
ment, and 2 bagfiler system for cotlecting fine particles. The main
CI'B reaetor is composed of a rectangular ser 025 m (L) - 062 m
(W) 100 m (DL 3-cvaones {1365 m 1D - Ldom (HY and loop-
seals I m(LD)Jand a TBHE [03mdLy 83miW}y 03 m (]
wiere the svstiem geometry was designed fike the Tonghae CFB
botler. The secondary air was introduced through + nozzles of cach
sidewall at interval of 9.5 m above the primary air distributor, Air
for fluidizing particles of loopseals was introduced throsgh a bub-
hle cap distributor and through the acration nozzles mounted with
the dipleg of the loopsead. The pressures were registered i 33 pres-
sure laps mowrded with the surface of one of twe sidowalls at &~
ferert heighis, Solid cireulaiion rates wore caloutated by weight meas-
urement of particles hypassing fom downcomers o sampling ports
for constant time.

Three sifica sands with average particle dismeters of 199, 288
and 377 pm. and a coal ash with average particle diameter of 174
wm were wsed as bed maderials, The coal ash has wider size dis-
tribution than that of silica sands, as shown in Fig. 2. The proper-
tivs of the particles are summarized in Table 1.

The gas volocity i the riser was determined 10 be Fo-dd mds,
which gives a similar flow regime ol the Toaghae CTB furnace [Lee
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Fig. 2. Particle size distribution of silica sand and coal ash.

‘table 1. Properties of the solid particles used as bed material

Coal Silica sand

ash
d, ., (un) 177 199 281 377
p. thgfay) 2300 2800 2800 2800
L, [Wen and Ya. 1966] twsy G023 0036 0.071 0128

U fkpnii and Levenspiel, 1991 omds) 1064 1.621 2393 3177

el al. 20008 The axial solid holdup i tie riser was oblaimed by
nicasurement of pressure differences between the pressure taps.

RESULY AND DISCUSSION

Fig. 3 shows the axial solid holdup in the riser for the 377um
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sifica sund with U (2.3+1.5 mys) and solid inventory (1060200 kgL
The axial solid holdup was calculated Fom pressure drop by using
the following equation.

‘¥=(z—s,np,—p,m ’

iz

i

i

o

Three zones could be identified m the axiad solid hold up in all
cases in spite of the different solid circulstion rate and 1, and es-
pecialiy. U not exceeding the terminal velocity: a dense region with
g constant axigl solid holdup close to the gas distributor. a splash
region whene the gradient changes considerably and a fransport re-
gion from aboul L3 meters height all the way up to the riser exit
with & low change of axial solid holdup. The solid holdup i the
dense region was ghout (3.3-0.35, which was similar to that of 2 bub-
bling bed. and did not chunge appreciably with U, beeause U, was
relatively lower and just kept the flow regime o be turbulent or in
initial stale of fast fuidizotion. The dense bed height decreased with
tJ, and inereased with solid Inventory. In the splash region, the axial
sofad holdup changed considerably o erease and s slope nereased,
as U increased. In the transport region the axial solid holdup was
very fow (107107 and #s slope also mcreased with 1), Similar
results were obtained when varving the particks size of silics sand
and the particle type to coal ash. [Lis possible 1o deseribe the axaal
solids holdup based on empirical Jdata and knowledge of the local
flow pattern. Johnssen and Lecker {1995] proposed simple mode!
equations bused on the previous studies [Bolton and Davidson. 1988;
Kunii and Levenspiel, 1990: Zhang and Johnsson, 1991 Harris et
al, 1993 Zhang ef al., 19931 The model equations are expressed
as follows,

g-e, for b i, £
gole - g o g R for HE b, 3
where, gy e oM e ! 4

Decay constant aand K for the silica sand particles could be ob-
tained from the stope of the axial solid holdup in Fig. 3. where the
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fig. 4. Decay constant a vs. Ui /), Tor silica sand and ceal ash par-
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Fig. 5. Decay canstant k vs. 1} A, for silica sand and coal ash par-
ticles.

slope in the splash region and in the transpost region represented
decay constangs 2 and K, respectively, The decay constants & and
K were plotied vs. gas velocity related W terminal velocity in Fig. 4
and Fig. 5, respectively. Fig. 4 showed that the equation ot atl—
constant proposed by Kunii and Levenspict {19901, where the con-
seant changes with different particle size, could be rewritten as ot/
H=constant. Fig. 5 shows that the equation of K{U — U yconstant
proposed by Johnsson and Leckner [1995], where the equation can-
not be used 717, 15 fess than U, could be also rewritten as KU
L —constant. This means that solid partickes can be entrained even
# L, 35 foss than L) when the average particle size and its terminal
velockty are adopled 10 analyze the overall fow patten of the fur-
nace. This also shows that the net solid traslfer coefficient 1 which iy
derived from the equation of K=k (U —U )] proposed by Zhang
and Johnsson [1991] in the transport region, cannot be independent
of U, though Johnsson and Leckner proposed thiat K(U - 41) was
constard and K was independent of U |

The decay constants a and K of silica sand and coal ash parti-
cles vould be expressed as follows,

For silica sand.

HiIAl-36 {53

K A0=03T7 (6
For coal ash.

all 630 I7}

KIVAL-05E {83

The constants & and K for the coal ash particles are Jurger than
those of silica sand particles. This may resull fom segregation of
particles in the frunsport region due to wide size distribution.

The solid cirealalion rate. G with panticle stze and U, related U,
for silics sand was plotted logarithmically it Fig. 6 G inereased
Hinearly with U /) and may be independont of particke size. Solid

crealation rate i the center loop was 1.5 times Jarger than that of
the other side loops and could be writton as
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€156, £
The solid circulation mte for coal ash showed o simailar reseit, but
was much lower th that for silica sand due to wide size distribu-
tion of coal ash.

The axial solid holdup and its shope i the splash region and vans-
port region ncreased with increasing the matio of primary w0 total
am ow rate from (.66 t0 1.0, With moreasing solid mventory fom
H0U kg o 200 ke, the solid holdup increased bat its slope did not
change appreciably in these negions. The solid circulation rate also
ncreased Tinearly with increasing the air mtio and solid inventory,
whereas it increased exponentially with increasing the riser veloe-
iy, as shown in Fig. 7la)and (b, On the other hand, the axial solid
holdup and the solid cireulation mate were found to be increased as
the secondary air was ntroduced at fower injection port. From these
results, it was found that the solid holdup and circulation rate in-
creased linearhy with inereasing the contact frequency between par-
tickes and gas.

Wih increasing fluidizing velocity of the loopseal to about 1 307,
solid ciroudation ate, (G somewhat moreased. bal above the gas ve
ety of 15U, G did not chunge appreciably. As fluidizing veloe-
ity m the loopseal moreased, O, was Bkely o decrease because the
fuidizing air of boopseal inlerfered with the downflow of the solid
particles m the downcomer [Kim et gl 19991 This 1s why the solid
mventory in the riser changes m comunction with the solid inven-
tory in the loopsead though the total solid nventory in the CTB i
constant. The solid mventory 1 the loopseal changes dee to non-
uniform thaidization and roruniform feeding of the solid particles
tor the riser. and consequently that causes a change m the solid in-
verory of the riser when the fluidizing velocity in the loopseal 1s
relatively low. Fherefore. the contact chance between solid parti-
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Fig, 1. Effects of (a} PA/PA+SA] ratio and {b} solid inventory on
the solid circulation rate.

cles and fuidizing eas in the fisor may be veduced and G decreases
when the Auidizing gus in the boopseal is not suflicient. Similar re-
sults wene obtained when the acration air (grease air) at the dipleg
was injected to the loopseal.

To predict the solid circulation rate with operation variables In
this CFB reactor. the fullowing correlation was developed:

G0, JPATTAF AL A 0rf UG AL {10}

Correlation coetlicient=0.96 and regression coutficient
—093. .~ 20}

In this correfation, the character of the solid holdup in the franspost
was introduced as the term of BCU /U § that could represent the e
forration of the particle size distribution. This cotrelation hased on
the operating parameters and pressure drop mcasurernents s rela-
tively simiple 1o predict the solid cirealation rale. The calculated rosult
from the correlation for the different particles invesligated and the
provious work s shown i Fig 8 with experimental results. The
correlation for the sobid circulation rate Is i agreement with the ex-
pelimental duta with pood aceuracy.
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Fig. 8. Correlation for the solid circulation rate.

CONCLUSION

Hydrodvnamic characteristics i a cold CFB with 3-cvelones,
which wats designed by the analogy with the Tonghee CEB. has been
determined with operating paramieters stch as U, PATPA-SAT matio,
tota] solid inventory and fluidizing velocity of loopseal for the dif-
ferent particke sizes and fypes. Axial solid holdup distribution could
be explaimed by using decay constants a and K which were obfained
from splash and ditute phases. respectively. The constants oblained
from the eguations of ab] A), and KU for the wide size disiriby-
tion of the cosl ash were higher than those of silics sand. whereas
the solid holdup and the solid circulation rate were fowen, With in-
creasing 1), the solid cireulation rate increased exponerntially and
i the center-loop it was 1.3 tines higher value than that found in
the other side-Joops. The simple cotrelation for the solid circulation
vate with operation variebles in the CTB was developed and seemed
to be with good accuracy.

NOMENCLATURE
a K : decay constard [nr']
Ar Fr : Archimedes number and Froude nurnber. respectively
{-]
O s sodd circulation rude [ke/my s}

November, 2001

W oH, H . HLH,  height for bottom bed. exit. fixed bed, totad
bed, respectively fm]

K : net solids transfer coefficion [mys]

PA. TA  : primaary air fow rate and total air fow rate, respectively
fkggis]

UL U superficial gas velocity, miniream Nuidizing velocity

and wrminal velocity fms]

£. 8. €., > solid hold up, for dense region, exit. respectively [-]

O, : systern constant that varies according to system [-]

p.p. - denstty of solid and density of gas. respectively [kl
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