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Abslract-The shg characteristics (frequency, rising velocity and length) have been detem~ined by analyzing pressure 
fluctuations m a fluldized bed (0.38 m-I.D x 4.4 nl-higti) of Iinem--low-de~lsity-polyet21ylene (LLDPE) and polypro- 
pylene (PP) particles. The slug chm-acteristics of LLDPE and PP particles have been deternmled as a fmlction of gas 
velocity (0.6-1.2 m/s) and the axial hei~lt (0.65-1.15 m) from the distributor. The rising velocity and vertical length 
of slug increase with increasing superficial gas velocity and the axial height of the bed. The slug shape of LLDPE par- 
ticles is fomld to be the squm-e-nose whereas that of PP particles is the rouad-nose. The slug frequency and its len~h 
hmre been con-elated in temls of the excess flnidi~lg velocity, colmr~l dimneter and bed height based oi1 the data fi-om 
the present and previous studies. 
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INTRODUCTION 

Fluidized beds have been using widely in industrial processes 
such as Colnbustol; gasifielz, fluid catalytic cracking (FCC) regen- 
erator, name but a few. Fluidized bed reactor can be ~alized for the 
gas-phase polymerization of orcgmary polymer 1-es~s such as im- 
emJow-demity polyethylene (LLDPE) and polypropylene (PP) since 
no separation is needed between the products and the catalysts that 
used as seed particles. In the fluidized bed of polymer powde~, l:~- 
ticle agglomeration occurs due to static electcicity that comes fi-om 
fi-ictions of particles to particles and particles to the column wall, 
hence sintemg and softeling of particles occur [Bolald and Gel- 
dart, 1971]. Therefore, fluidizing behavior is shifted to channeling 
from bubbling and increases pressure &op in the beds [Davidson 
and Hm:-iso:l, 1977; Oeldart, 1986]. Moreovel; uniformity of fluid- 
ization may affect particle mLxing and distribution of bubble or slug 
in the beds. This non-utifonnity may cause dead zone and hotspots 
and consequent unstable operation of the polymerization process. 

In the polymer Ix-oduction in a fluidized bed reactor, bubble size 
increases rapidly to form slugs with incaeasing gas velocity. There- 
fore, it is very important to determine the slugging characteristics 
in a fluidized led of polymer particles. Many studies have been pub- 
Iished on the slug dlalactelistics in fluidized beds by lneasua-ing pres- 
sure fluctuations ['Baeyens and G-eldart, 1974; Broadhwst and Becker, 
1975; Cho et al., 2001; Lee and Khn, 1988; Ncordelgraaf et al., 
1 987; Satija and Fan, 1 985] and movie photographic technique [De 
Luca et al., 1992]. They proposed con-elation to predict slug fie- 
quency of different particles such as FCC catalyst, glass beads and 
iron particIes (Table 1 ). 

In the present study, the slug charactelistics of polymer particles 
in a comparatively lmge thiee-dknelxsional bed have been deter- 
mined as a fi.kqction of the gas velocity along the bed height. The 
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Table 1. Summa D, of slug frequency and slug length in the liter- 
ature 

Authors Correla~on equation 

Baeyens and Geldart [1974] 

Nakm-nm-a and Capes [1977] 

Shichml et ai. [1985] 

Noodelgraafet al. [1987] 

De Luca et al. [1992] 

fL 035g1~ 9.38 
= ~ for kL - 

kLD, D~ 2~7 

Ls=2.6(Ug-W,of)~ 48H 022 ( H ~  1.2 111) 

L,=O.47(Ug-U,,I)OTaH TM (H>I. 2 m) 
f=0.533(Ug-U,g) -~ 

1 31 -0 16 L,=2.17Ug (Ug- U,,i) 
f=0.32U~~ lSHo -1~ 

O- 2,'3 
fH, :0.17F .] +0.1 

U~ -U. e L(U~ -U.,~)'d 

L~ = 2 . 0 9 ~ - 0 . 3 7  
dgD, 

slug frequency and its length obtained in the present and previous 
studies have been COlTelated in telms of the excess fluidizing veloc- 
ity, column diameter and bed height. 

E X P E R I M E N T A L  

Experiments were carried out in a fluidized bed (0.38 m-I.D.x 
4.3 in-high) and the details can be found elsewhere [Lee et al., 2001 ]. 

Table 2. Physical properties of particles 

Experimental particles L-LDPE PP 

Mean diameter, [gm] 1,230 600 
Density, [kg/m 3] 919 900 

Minimum fluidizafion velocity, [m/s] 0.30 0.13 
Minimum slugging velocity, [m/s]* 0.42 0.27 

*Calculated by the method of Km~ii and LevenspieI [1991]. 
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Fig. 1. Typical response signals of presmwe f luemmions.  
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Fig. 2. The average ~ l g  frequency as a h m d i o n  of the expmlded 
bed height. 

RESULTS AND DISCUSSION 

The p~licles studied were 1.23 nun LLDPE (919 kg/in 3) and 0.6 
mm PP (900 kg/m 3) particles. The di~ibutor used in the present 
study was a 5 ram-perforated plate to provide unifoml ~" distribu- 
tion in the bed [Lee et al., 2001]. The physical properties of solids 
pmtMes are listed in Table 2. Pressure taps were mounted flush with 
the wall of the column at 0.1m height hteivals fix~m 0.55 m above 
the di~'ibutor The taps were conneaed to the differential pressure 
transducers. Pressure fluctuation signals fi~ml the tran~:lucer were 
monitored by a persanal carnputer at a fi-equency of 100 Hz for 60s. 

Typical pressm'e fluctuation signals are "shown in Fig, 1 in u&ich 
the signals can be divided into emulsion and slug phases by a re- 
ference value [Lee et al., 2001]. The slug characteiisfics (slug fie- 
quency, slug rising velocity and slug length) are calculated by the 
pressure fluctuations as [Lee et al., 2001] 

Individual slug rising velocity (l_l,,) is 

U+, = distance between two taps (1) 
T 2 

where T, is time for individual slug. 
The average slug rising velocity (U+) is 

~ : - E ~ ,  (2) 
l'k, = 1 

The slug fiequency (f) is calculated by 

f= n(numbcr of slugs) 
T(total sampling time) (3) 

The individual slug length (I_+) and the average slug length (L,) are 
calculated by 

L,=U~,• (4) 

L, = ~__~L, (5) 

Vmiations of the average slug frequency in the bed of LLDPE 
particles along the bed height t~io (It/D,) are shovm in Fig. 2. As 
can be seen, slug fiequency decreases with increasing the bed height. 
It has been reported that slug fi~equency decreases with increasing 
static bed height because a single slug must pass fla'ough an increased 
volume ofp~aticles [Dhnattia and Amyotte, 1997; Nomdergmafet 
al., 1987; Satija and Fan, 1985; Vedoop and Heertjes, 1973]. How- 
ever, slug ~equmcy does not change in the shallow and small col- 
unto dianeter beds [Baeyms and Geldart, 1974]. In afluidized bed, 
bubbles grow in size to become slugs along the bed height due to 

:1 H 

.: j  

,i, 

$ 
-1[ 

.'17 

.'l.q 

A 

_ - - -  
_ . ' . ' I  

A 

�9 ........ i f ; : : :  

-" . .- 

�9 ..-': 
. . : J "  

L L L W k  p~" l , : e -_ .  

�9 'D 3 . .~'-t  

�9 -, ; , , .m, 

,Ik ..c...t f 

I'~ U. ," . : l .y U._  u 1 FI 1 

Fig. 3. The average slug rising ve lodty  as a function of the ex- 
panded bed  height. 
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bubble coalescence and slug size also increase with the bed height. 
Therefore, slug fi'equency cotlscquenfly decreases with its size along 
file bed height. 

The slug rising velocity in file bed of  LLDPE particles alotig the 
bed height is sho~xal in Fig, 3. As can be expected, slug rising veloc- 
ity increases ~vJth increasing the bed height due to bubble or slug 
coalescence that produce larger slugs having faster lJsing velocity. 
Dry et al. [1984] reported that slug rising velocity is affected by gas 
velocity and column diameter but file effect of bed height on slug 
rising velocity is found to be negligible. Whereas, NBkanaura and 
Capes [1977] repotted that slug rising velocity is affected by the 
bed height due to file increase of slug size. A~ough slug rising re- 
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Fig. 4. The av~age  sluglcngth -as a function of the expanded bed 
height. 

locity i,meases with the bed height, file inereasi,lg rate of slug rising 
velocity decreases with increasing gas velocity due to the wall effect. 

The effect of the bed height on file average slug length is shown 
in Fig. 4. As can be seen, slug length increases w~h increasing the 
bed height due to bubble or slug coalescence. Since file breakage 
of slug ofLLDPE p~ticles less occurs then that of bubbles in flu- 
idized beds, and slug length hence increase up to file bed surface. 
Nakamura and Capes [1977] reported that slug length and its ve- 
locity ~e influenced by file bed height based on the bubble coales- 
cence theory. It has been also reported that slug length is influ- 
enced by bed diameter and the minimum fluidization bed height 
[De Luca et al., 1992]. 

The effect of gas velocity (TAg) on slug fi'equency in the bed of 
different particles is shown in Fig. 5. Slug ]i'equency in the bed of 
PP pmticles decreases linearly ~vith increasing U~ as found previ- 
ously [Lee et al., 2001; Satija and Fan, 1985; Shichun et at, 1985]. 
Noordetgraafet al [1987] reported that the obtained slug fiequen- 
cies a~e much higher in the bed of glass beads than that of sand par- 
ticles having square-nose slugging. Accot'ding to Baeyens and Gd- 
d~t [1974], slug fiequency is not affected by the particle property. 
Ho~vever, Sat~ja and Fan [1985] clainled that slug fiequency ofcomse 
particles is lower then that of free particles in file same cohann di- 
anleter. 

The effect of gas velocity (U~) on slug rising velocity of dizit~'- 
ent particles is shown in Fig. 6. Noodetgrmf et al [1987] reported 
two types of slug, namely round-nose and square-nose and the ma- 
jot'ity of publications on slug properties deal with the t~ound-nose 
slug that is the characteristics offluidized beds of  small particles. 
In case of square-nose slug, slug rising velocity is lower than file 
superficial gas velocity and p~'ticles cor~inuoasly rain flwough slug 
in file bed. Shnila'ly to LLDPE particles, slug rising velocity of PP 
p~ticle increases linearly with increasing U~ As can be seen, file 
slopes of slug rising velocities of PP particles, FCC and i~n metal 
powders me higher than that of superficial gas velocities in file bed. 
However, the slope of slug rising velocities ofLLDPE p~ticles we 
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Fig. 5. Effect of  gas velocity on the average slug frequency. 
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Fig. 7. Effect of gas vdocity (UJU,~) onthe average shag length. 

lower than that of the superficial gas velocities according to the slug 
types [Lee et al., 2001]. As obsereed visually, the slug shapes of 
PP and L-LDPE p~licles are reqoectively round-nose and square- 
nose slugs due to the particle properties. 

The effect of gas velocity (U/U,,f) on the average slug length is 
shown in Fig. 7 where slug length ina~eases with increasing gas ve- 
locity. Slug length ofLLDPE pmticles is longer than that ofPP pm'- 
ticles due to the different slug ~hapes. Slug rising velocity increases 
with its size and increasing gas velocity as found previously [Naka- 
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m u m m d  Capes, 1977; Shichan et al., 1985]. Matsen et al. [1969] 
and Satija and Fan [1985] reported that slug fi~equency and slug 
length increases with increasing gas velocity md conso:luent increase 
in expanded bed height. 

The relatic~lships among the average vertical slug length, the area'- 
age slug :~equency, and the average slug rising velocity are shown 
in Fig, 8. As can be seen, the average slug fi'equency decreases with 
increasing slug length. However, the avea-age slug rising velocity 
incre&ses ~ h  incre&sing slug length. As the superficial gas veloc- 
ity is increased mid consequent increase in expanded bed height, 
bubble or slug coalescence occurs fi~quently [Lee et al., 2001; Naka, 
mum mid Capes, 1977; Noodetgraaf et al., 1987]. Thus, the slug 
rising velocity increases with the vertical slug length ['Nak~num 
and Capes, 1977]. The slug fi~equency decreases with gas velocity 
and the expanded bed height (Figs. 2 mid 5). 

To predict the slug length md fi~equency, sevet~ correlations have 
been proposed by previous investig~rs [Baeyens and Geld~t, 1974; 
Broc~im~t a al., 1983; Matsen et aL, 1970; Nakmnum and Capes, 
1977; S~ija and Fan, 1985; Shichun et al., 1985]. Holdover, the re- 
ported correlations could not fit the present experimental data due 
to the difference of powder properties employed such as the Gel- 
dait A and B pmiicles [Baeyens and Gelduri, 1974; Bmdhur~ et 
al., 1983; Mase~ et al., 1970; Nakan~m'a and Capes, 1977; Shi- 
chun et al., 1985]. Slug length and slug fi~equency are known as a 
function of Us, column diameter and the bed height. Therefore, slug 
length and slug fi~quency have been correlated in terms of the ex- 
cess fluidizing velocity, column dian~etcr and bed height fix>m the 
experhnental data of present and pre~ious ~udies [Satija and Fan, 
1985; Noodergmafet at, 1987; Lucaet ~ ,  1992; Lee et al., 2031] as: 
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with the colrelation coefficients of 0.93 and 0.94, respectively. Eqs. 
(6) and (7) cover the expeiimental ranges of 0.1_<D~<0.38 m, 0.2_< 
t-I,~< 1.00 m and 0.6_<Ug_<3.6 m/s. 

As can be seen in Figs. 9 and 10, file predicted values of slug fi~e- 
quency and slug length from Eqs. (6) and (7) ~e well accord to file 
experinlental data of the presetlt and previous studies [Lee et al., 
2001; Luca et al., 1992; Noodergraafet al., 1987; Satija and F~al, 
1985]. 

CONCLUSION 

The slug rising velocity and slug length increase, but slug fi'e- 
quency decreases with increasing gas velocity and expanded bed 
height due to the slug or bubble coalescence. The slug shape of  
LLDPE particles is found to be the squere-nose while that of PP 
particles is file tarred-nose in file bec[ The slug frequency decreases 
with slug letlgth and its rising velocity and slug rising velocity in- 
creases with slug length. The obtained and reported slug frequency 
and slug length have been correlated in terms of  the excess fluidiz- 
ing velocity, colmnn di~neter and bed height. 

NOMENCLATURE 

D, : colunm dianleter [In] 
f : slug fi'equency [s -1] 
fz : slug linfiting frequency [s -t] 
g :gravitational accelei~ion [m/s 2] 
H : bed height [In] 
H,:  : bedheight atminimum fluidization [in] 
L, : slug length [m] 

L :individual slug length Ira] 
n :number of slug [-] 
S, :duration ofith slug [s] 
T : sampling time [s] 
U~ : superficial gas velocity [m/s] 
U,r :mininnml fluidization velocity [m/s] 
U~ : average slug rising velocity [m/s] 
U,, : individual slug rising velocity [m/s] 
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