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Abstract-In a downer reactor (0.1 m-1.kB.5 m-high), the effects of gas velocity (1.6-4.5 m/s), solids circula-
tion rate (0-40 kg/Bs) and particle size (84, 1§4n) on the gas mixing coefficient have been determined. The
radial dispersion coefficient (Ddecreases and the radial Peclet numbe) {Rereases as gas velocity increases.

At lower gas velocities, Din the bed of particles is lower than that of gas flow only, but the reverse trend is
observed at higher gas velocities. Gas mixing in the reactor of smaller particle size varies significantly with gas
velocity, whereas gas mixing varies smoothly in the reactor of larger particle size. At lower gas velgcities, D
increases with increasing solids circulation ratg), (Bowever, D decreases with increasing & higher gas ve-
locities. Based on the obtaineq lues, the downer reactor is found to be a good gas-solids contacting reactor
having good radial gas mixing.
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INTRODUCTION Experiments were carried out in a downer (0.1 nxB&m m
high) and a riser (0.078 m 1.8¥.5 m high) as shown schemat-

It has been known that circulating fluidized bed (riser) reac-ically in Fig. 1. It consists of a riser, two cyclones, fluidized
tors offer significant advantages over conventional bubblingbed feeder, downer, gas-solid separator and loop-seal. The bed
fluidized bed reactors [Cho et al., 1996; Han et al., 1985]. How-materials used were silica sand with a particle density of 3,120
ever, the riser has non-uniform flow structure such as the corekg/m® and mean diameter of 84, ligdh. The gas velocity and
annulus flow structure, and less product selectivity [Wang etthe solids circulation rate were varied in the range of 1.6-4.5 m/
al., 1992; Zhu et al., 1995]. These disadvantages of the rise
reactor may be caused by flow of gas and solids against grav -.__}f_.-l_ e gas outlet
ty. Therefore, a down-flow circulating fluidized bed reactor (sim-
ply downer reactor) has been devised recently. In a downer re
actor, the axial solids dispersion and non-uniformity of radial
gas and solids flow can be significantly reduced by the sam -
directions of gas and solid flow for gravity [Bai et al., 1992;

Wei et al., 1995]. Although a comprehensive understanding o

the gas mixing characteristics in a downer reactor is very im-

portant for design purposes, not enough studies of gas mixin

in downer reactors have been done compared with those i

riser reactors [Wei et al., 1995]. Moreover, the obtained gas mix P
ing data in the riser reactors in the literature vary greatly due tc
the difference in particle properties, reactor geometry, and op
erating variables [Amos et al., 1993]. One study on the gas mix
ing characteristics in a downer reactor (0.14 m-1.D.) is reportec
by Wei et al. [1995]. Certainly, further studies are needed or
the gas mixing characteristics in downer reactors to provide basi
design data for downer reactors. Therefore, the objective of thi: P
study is to determine the effects of gas velocityF{L6-4.5 m/

s), solids circulation rate (&-40 kg/nis) and particle size fd -
84, 164um) on the gas mixing coefficient in a downer reactor P

Fluidizing gas inlet
f— Downer gas inlet

Downer gas outlet

Aeration gas

which was determined by using a dispersion model. Riser gas Talet
Fig. 1. Schematic flow diagram of the experimental appar:
EXPERIMENTAL tus.
1. Upflow riser 5. Downer
2. Cyclone 6. Separator and solid hoppe
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s and 0-40 kg/fis, respectively. Pressure taps were mounteddial distance from the centerline of the downer is given by r
flush with the wall of the column and connected to pressure transand C is the tracer gas concentration. Assuming that the axial
ducers. The resulting pressure drop signals were stored in dispersion can be neglected without gas backmixing in the
computer through a data acquisition system. downer [Wei et al., 1995], Eq. (1) becomes

In the constant velocity section defined by Wang et al. [1992],
AP,=0 so that the particle suspension density in this study was U
determined from the time averaged pressure drop gradient in
the constant velocity section. The axial profiles of pressure andvith the following boundary conditions:
pressure gradient indicate that length of constant velocity sec- x=—w0. C 0
tion is 15 to 20 times the bed diameter from the entrance of the . 3)

oC_H100aCh
“ax 2t orll or I @)

. . . . r=R, dC/0r=0
downer. Solids circulation rate was measured by using a meas-

uring tank. Since solid holdup) does not vary appreciably in  Then, Eg. (1) has a solution of the form [Klinkenberg et al.,
the constant velocity section, the location of tracer gas (He}l953]

g]rjectlon was selected at 2.0 m from the entrance of the down- c - ® Jogarxzexp% 2dx[] @
; C. ~ 5 J¥(a) Pe U

The detailed scheme of the gas mixing experiment is shown
in Fig. 2. Tracer gas was injected at steady state through a dowithere PeUD/D;, r=r/R, X=x/R, J(a)=0, J is the Bessel
facing injection tube (0.95 mm-1.D) at the center of the downerfunction of first kind of i-th order, and; is the positive roots
with the injection velocity as of the superficial gas velocity in in ascending order of Bessel functign J
the downer. Tracer gas in the downer was sampled at 0.15 m The average concentratiop i@ this study is calculated from
below the tracer gas injection point. The sampling probe (6 1
mm-1.D.) was covered with a mesh screen to prevent the en- Co=§2‘|’:2andr ®)
trance of solid particles from the bed. As solids fall in the down-

er, the sampling probe was faced downward to avoid imentt Peclet number (Pein Eq. (4) can be determined by the op-
solids on the probe. timization technique with the measured values of,@tC and

X'. From the obtained values ©f/C, vs. r are well fitted to Eq.
THEORY (4) from which D value was derived.

In general, the gas mixing coefficient was determined by using RESULTS AND DISCUSSION
the dispersion model [Yang et al., 1984; Bader et al., 1988; Lee
and Kim, 1989; Zheng et al., 1992; Namkung and Kim, 1998]. A To prevent stagnation of solids on the sampling probe in the
mass balance on a differential volume elemenid(@x) of the ~ downer, a down-facing sampling probe should be employed.

downer under the conditions of steady state leads to Eq. (1). ~ However, we have tested the tracer gas concentration profiles
2,
Uga—C=Daa—C2+ rl'g 6_CE 1) 6
0x X rorllor @ up-facing probe (Pe=104.98, D=23.17)

@ down-facing probe (Pe =99.15, D =24.53)

where x is the distance between the injection and sampling
planes, which is positive in the downward direction. The ra-

\%

C/C, [

5 0 ' ‘
-1.0 -0.5 0.0 0.5 1.0
\ /R[]
Fig. 2. Injection and sampling systems for the gas mixing ex-  Fig. 3. Comparison of the measured concentration profile b
periment. tween the up- and down-facing probe in the down
1. Injection probe 4. Gas sampling column of gas alone ({2.43 m/s).
2. Sampling probe 5. Pump [Symbol : experimental data; Line: calculated values k
3. Flask Eq. (4)]
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between the down- and up-facing sampling probes as shown i
Fig. 3. As can be seen, the difference in tracer gas concentr:
tion profiles is found to be small so that a down-facing sam-
pling probe was used in this study. An analytical solution of
Klinkenberg [1953] seems to fit well with the measured tracer
gas concentration profiles. Therefore, the radial Peclet numbe
(Pe) can be determined by using the solution of Klinkenberg
[Eq. (4)].

The effect of gas velocity (Won D and Pein the downer
of gas flow alone is shown in Fig. 4. As can be seennD
creases linearly, and, Dalue is higher than that of the Fickian
gas diffusion coefficient (R.,=0.71 cni/s) [Hirshfelder et al.,
1974] due to the enhancement of turbulent intensity with gas
flow. Pe is nearly constant in the range of 98-116 with increas-
ing gas velocity as reported previously [Sherwood et al., 1975
Werther et al., 1992]. The resulting mean value ¢fis?&07,
which is somewhat lower than the expected one since the mea
ured gas velocity profiles by an air-velocity-meter are flatter than
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Fig. 4. Effect of gas velocity on Pand Pe in the downer of
gas flow alone.
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Fig. 6. Effect of gas velocity on P

the turbulent velocity profile as shown in Fig. 5 [Amos et al.,
1993].

The effect of Jon D in the presence of solid particles in the
downer reactor is shown in Fig. 6 wheredecreases with in-
creasing | At lower U,, D, in the presence of solid particles is
higher than that of gas flow alone but a reverse trend was
found at higher |J These gas mixing characteristics can be
explained by cluster formation in the downer at lowgrAii-
bert et al. [1994] reported that particle terminal velocity in-
creases with the formation of clusters at lowgirla downer
that may have higher positive slip velocitieg, €U,-U,) than
terminal velocities because clusters behave like larger particles.
In this study, we have observed higher slip velocities than ter-
minal velocities at lower [Jas shown in Fig. 7. Since gas dis-
persion is a function of turbulent intensity [Adams, 1988; Nam-
kung and Kim, 1998], the larger particles (0.5, 1 and 3 mm) pro-
duce more turbulence than the smaller ones (200 mm) as re-
ported by Tsuiji et al. [1984]. At lower LD, is higher than that
of gas flow alone since clusters behave like larger particles in
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Fig. 5. Measured gas velocity profile in the downer of gas

flow alone (U=2.43 m/s).
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Fig. 7. Effect of gas velocity on slip velocity with the varii
tion of particle size.
(Gs=30 kg/nts)
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the bed [Aubert et al., 1994]. Also, variation of \mith dif-
ferent particle size can be seen in Fig. 6 whereabes signi-
ficantly with small particles but it varies marginally with larg-
er particles with increasing,U

The effect of solid circulation rate {®n D is shown in Fig.

8. At lower gas velocities (3.0 m/s), D increases, whereas

it decreases with increasing & higher gas velocities (&B.0
m/s) since clusters behave like larger particles at lovydnad
provide higher turbulent intensity in the downer [Tsuiji et al.,
1984]. The influence of suspension dengity)(on D is shown

in Fig. 9. As can be seen, the influence of suspension densit
on D is very similar to that of Gon D.

To compare Dvalues in the downer and the riser reactors,
the obtained Pvalues and details of the experimental and op-
erating conditions of the present and previous studies are sun
marized in Table 1. On the downer is higher than that in the
riser at similar operating conditions. Therefore, it can be claim-
ed that gas mixing in the downer is superior to that in the riser.

Recently, Wei et al. [1995] proposed a correlation of the ra-
dial gas mixing in the downer as:

Pe=3.14x 10°Re™ % ™* 6)
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Fig. 8. Effect of solids circulation rate on D (d,=84 um).
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As can be seen in Fig. 10, the agreement betweeallkes
of the present study and from Eq. (6) is found to be very poor.
In this studythe radial gas mixing characteristics have been
studied at lower range of gas velocit@snpared to the study
of Wei et al. [1995]The radial gas mixing coefficients in terms
of Pe of the present and previous study [Wei et al., 1995] of
downer reactors have been correlated as a function of physical
properties of gas and solid,(p,, d,) phases, reactor diameter
(Do) and operating variables {U5) as:

0.294

Gs 0.167 167 0.103 —
URGE ReEE PR 0
This correlation covers the ranges of variables 3@&g{p,
U,)<19.166, 22857Re<72240, 3.85¥107<d,/D<16.4x10* and
128%(p—p,)/p,<2869 with a correlationoefficient of 0.960. The
goodness of fit between experimental and calculated vafues
the radial Peclet number is shown in Fig. 11.

Pg=1.513 1

CONCLUSIONS

The radial gas dispersion coefficients in a downer reactor
have been determined by using the dispersion model. The ra-

Table 1. Details of the experimental and operating conditions of the present and previous studies

: . Particle sizejjm] U, [m/s] D,
Authors Column size Particles Density [kg/m] Tracer gas G, [gkg ris] [crils]
Yang et al. [1984] 0.115 m-ID, 8 m high Silica-gel 220/730 He 2855 22-76
32-160

Zheng et al. [1992] 0.102 m-ID, 5.25 m high Resins 701/1392 , CO 06.2 5.8-18.3
0-30

Namkung et al. [1998] 0.10 m-ID, 5.3 m high Silica sand 125/3055 , CO 2545 7.0-17.2
0-53

Wei et al. [1995] 0.14 m-ID, 7.6 m high FCC particles AD, 54, 1398 H, 2.0-9.0 14.8-31.2

(5.8m) 54,1710 0-70

This study 0.10 m-ID, 3.6 m high Silica sand 84, 104, 164/3120 He 1.9-45 17.3-53.0
0-40

" downer
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NOMENCLATURE

: concentration of tracer gas [mofjm
: concentration of tracer gas at injection level, mean mixed

vol%, tracer gas volumetric flow rate/Uhultiplied by
the bed area [mol/h

: particle diameter [m]

: radial gas dispersion coefficientJis]

: diameter of column [m]

: solids circulation rate [kg/fs]

: Bessel function of first kind of i-th order
: Peclet number, |D,/D, []

: riser radius [m]

: Reynolds numbep,U,D,/u [-]

: radial position [m]

: dimensionless radial distance, r/R [-]

: superficial gas velocity [m/s]

: particle velocity [m/s]

: slip velocity €U,~U,) [m/s]

- local gas velocity [m/s]

: vertical distance from tracer gas injection level [m]
: dimensionless axial distance, X/R [-]
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: pressure drop due to acceleration [pa]
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