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Abstract

The distribution of axial solid concentration was investigated experimentally and theoretically in tapered and cylindrical slurry bubble
columns using air as the gas phase, tap water as the liquid phase and quartz sands as the solid phase. Based on the sedimentation—dispersi
model commonly used in cylindrical columns, a mathematical model was presented to predict the solid concentration distribution in the
tapered column. Superficial gas velocities up to 0.28 m/s, slurry concentrations up to 159 kg(3¢sid)ty), and static slurry height
from 1.6 to 2.7 m were measured. The axial solid concentration distribution becomes uniform with an increase in superficial gas velocity
or average solid concentration and with a decrease in particle diameter or static slurry height. The experiments were carried out in the
cylindrical column under similar operating conditions to compare differences in the axial solid distribution measured in cylindrical and
tapered columns. The results showed that the tapered column provides a more uniform profile of axial solid concentration than the
cylindrical column. An empirical correlation for Peclet number was developed using dimensional analysis, which can predict the axial
solid concentration distribution in tapered columns. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction volumetric contraction reactions, such as Fischer—Tropsch
synthesis and low-temperature liquid-phase methanol syn-
Because of its good mixing characteristics, high heat and thesis [5]. The majority of research concerning tapered
mass transfer rates, and fast chemical reaction, the slurrycolumns has focused on gas—solid and liquid—solid systems,
bubble column (SBC) has been widely employed in a vari- €.g. [6-8]. The literature in the area of gas-liquid—solid
ety of physical and chemical processes. These include dussystems is mostly about CSBC [1,2]. The solid particles
collection, waste water treatment, and coal liquefaction can be catalyst, reactant or product in a SBC. Quantitative
[1,2]. Recently, the tapered slurry bubble column (TSBC) analysis of the solid concentration profile in CSBC is based
has received much attention in biochemical reaction [3] and on the sedimentation—dispersion model [5,9-18], which is
waste water treatment [4]. One of the important features of characterized by two parameters, i.e. the solid settling ve-
TSBC is that the cross-sectional area is enlarged along thelocity and the axial solid dispersion coefficient. A number
column height from the bottom to the top. At the bottom, the of empirical correlations have been proposed to predict
superficial gas velocity is relatively high to ensure suspen- these two parameters. However, the hydrodynamics in a
sion of large/heavy particles; at the top, it is relatively low to  TSBC has so far received relatively little attention.
prevent entrainment of the small/light particles. Therefore, In this work a one-dimensional sedimentation—dispersion
the tapered column can be operated over a wider range ofmodel describing the axial solid concentration distribution
particle size distribution than the conventional cylindrical in a TSBC is proposed. This model was verified with ex-
column. The gas velocity decreases linearly from the bot- perimental data involving monodispersed and binary mix-
tom to the top in TSBC, so TSBC is more suitable than the ture of solid particles at different operating condition. The
cylindrical slurry bubble column (CSBC) to simulate the gas effect of superficial gas velocity, solid concentration, static
slurry height, and particle diameter was all investigated. The
T — _ o N method of Goossens et al. [19] was adopted to calculate the
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lege London, Torrinston Place London WCIE 7JE, Pembroke Street, Cam- a\{erage diameter of binary mixtures. The SYnChrO_nous sam-
bridge CB2 3RA, UK. Tel.+44-1223-344772; fax44-1223-334796. pling method was used to measure the axial solid concen-
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Nomenclature

a, b, c, d, e parameters in Eq. (12)

Greek letters
liquid viscosity (Pam)
taper angle9)

parameters in Eq. (7)

Archimedes number

solid concentration in the slurry at

x = hg, mass per volume
(kg(solid)/m(slurry))

dimensionless solid concentration in

the slurry

solid concentration in the slurry, mass
per volume (kg(solid)/r(slurry))
dimensionless solid concentration in

the slurry

average solid concentration in the slurry,
mass per volume (kg(solid)Atslurry))
dimension average solid concentration
in the slurry, mass per mass
(kg(solid)/kg(slurry))

particle diameter (m)

average particle diameter of binary
mixture (m)

column diameter at = i (see Fig. 3) (m)
column diameter at the base, i.exat hg
(see Fig. 3) (m)

solid-phase axial dispersion

coefficient (n¥/s)

Froude number

expand slurry height based on the conical
base (see Fig. 3k = H + hg (M)
distance from distributor to the conical
base (m)

static slurry height based on the conical
base (see Fig. 3ko = Ho + hg (M)
expand slurry height based on the
distributor (see Fig. 3) (m)

static slurry height based on the distributg
(see Fig. 3) (m)

weight percent of particle

mass flux of solid in the-direction
(kg/s nt)

mass flux of solid, a vector (kg/s?h
Peclet number

dimensionless area ratio (see Fig. 3)
time (s)

solid settling velocity (m/s)

axial coordinate based on the conical
basex = X + hg (m)

axial coordinate based on the
distributor (m)

dimensionless axial coordinate

=

o1 liquid density (kg/nd)
s solid density (kg/rA)
psi slurry density (kg/r)

Operator
\% divergence

the CSBC in order to understand the difference of axial solid
concentration distribution between the TSBC and CSBC.

2. Experimental

Experimental data were collected in two different
Plexiglas bubble columns, i.e. a tapered column and a cylin-
drical column. A schematic diagram of the experimental
setup used in the present study is shown in Fig. 1. The axial
solid distribution was measured by the synchronous sam-
pling method. The TSBC can be divided into two sections:
conical and cylindrical sections. The conical section was
3.00m in height with an overall taper angle of 1°9Col-
umn size increased from 0.10 m i.d. at the bottom to 0.20m
i.d. at the top. The cylindrical section of 1.20 m height with
diameter of 0.20m was used to prevent slurry from over-
flowing. Eight sampling tubes were placed along the column
at 0.05, 0.40, 0.80, 1.20, 1.60, 2.00, 2.40 and 2.80 m above
the distributor, respectively. These were used to obtain solid
samples. The CSBC was 0.10m in internal diameter and
4.75m in height. Eight sampling tubes were also placed
along the column, but at 0.05, 0.20, 0.40, 0.80, 1.20, 1.60,
2.00 and 2.80 m above the distributor, respectively.

Although the sample withdrawal method has its own
shortcomings [20], it remains a commonly used technique
[5,9-18,21]. The sampling system used is shown in Fig. 2.

Fig. 1. Schematic diagram of the experimental setup: (A) TSBC; (B)
CSBC; (C) sampling system; (D) rotameter; (E) valve.
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Table 2
Experimental conditions
Operating condition Range
Superficial gas velocity (m/s) 0.02-0.28
Vacuum Average slurry concentration 53-159
(kg(solid)/mP(slurry))
Average particle diameter D1, Do, D3, D4, Mix
Static slurry height (m) 1.60-2.40
Distributor
Type Perforated plate
Orifice diameter (m) 8 1074
Open area (%) 0.4
Fig. 2. Schematic diagram of the sampling apparatus: (A) column; (B)
sample port; (C) sample tube; (D) globe valve; (E) handle; (F) tank cover; ] ) ] ) )
(G) sample tank. a binary mixture of particles, the average diameter of binary
mixtures was calculated using the definition of Goossens
et al. [19]:
The Plexiglas sample tank of 80 mm high and 32 mm inter- dp1dp,2

nal diameter was used. The stainless steel sample tube wadpm = )
6 mm in internal diameter with a wall thickness of 1 mm.
Four holes (5mm i.d.) were positioned facing vertically Wheredy is particle diameter anch is the weight percent
downwards in each pipe to allow the sampling of slurry Of the particles. Subscripts 1 and 2 represent different com-
(to be collected into the tank) at different radial locations Positions in the binary system. It should be noted that the
at the desired axial position. It was necessary to withdraw superficial gas velocity in a tapered slurry bubble column is
the samples simultaneously from the various axial ports. based on the bottom cross-sectional area so as to compare
This was achieved by using synchronous ball valves and With the results in the CSBC. The operating conditions are
withdrawing the samples under vacuum, thus allowing the Summarized in Table 2.

slurry sample to enter the sample tank quickly through the  In each experiment, the desired amount of tap water and
tube. To investigate the potential effect of particle inertia, a quartz sand was first fed into the column. The air from the
preliminary experiment was carried out in a mechanically compressor was measured by a rotameter and then intro-
stirred tank to optimize the sampling tube design and to se- duced into the column through gas distributor located at the
lect suitable vacuum condition for the liquid—solid systems bottom of the column. After steady state was established,
used [5]. It was also used to test the reliability of the sam- samples were withdrawn as described below:

ple withdrawal method by comparing the total amount of
solids calculated from the solid concentration profile with 2:
the initial amount added to the column for each run.

All experiments were carried out at atmospheric pres- 3 14 tym off the vacuum when the slurry occupies the 2/3
sure and a room temperature of approximat€ @5The of the sample tank, i.e. the volume of sample was about
three-phase system was composed of air, tap water and 43 ..

quartz sand. The gas flow was continuous whilst the slurry 4
was batchwise. Four types of quartz sands were used as the
monodispersed particles. The physical properties of the lig-
uid and solid are listed in Table 1. For experiments involving

madp,2 + madp1

To turn on the vacuum connecting the sampling system.
To open the ball valves between the column and the sam-
ple tanks at the same time.

To determine the solid concentration of slurry by using
a gravimetrical method, i.e. weighting of slurry, prelimi-
nary separation of solid from water, drying and weighting
of solid. The individual weights of the binary mixtures
can be obtained by using a sieving method. More details
of the experimental setup and procedures can be found

Table 1 .

The physical properties of the liquid and solid in Zhang [5].

Tap water
Siigz'gty(kgjs)) 927 3. Modified sedimentation—disper sion model

QUE;ngnZ?;dl o2 (M) 70.0 (50.0-90.0K 10°6 Quantitative description of the axial sold concentra-
Diameter 2 D) (m) 107.5 (90.0-125.0x 10°6 tion distribution in CSBC has been mainly based on the
Diameter 3 D3) (m) 142.5 (125.0-160.0x 106 so-called sedimentation—dispersion model, originally pro-
Diameter 4 D4) (m) 180.0 (160.0-200.0x 107° posed by Cova [9] and Suganuma and Yamanishi [10]. In
Binary mixture (Mix) D, and D4

this model, the concept of the widely used axial dispersion

Density (kg/nf) 2636 model was applied to the slurry phase, which was treated
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x=ht The solution of Eq. (7) is given as
C U
x=h Cs= B exp (_ _Stx> (8)
x=ho exp((—Ust/ Ez9)hB) Ezs

Substitutingx = X + g in Eg. (8) and simplifying it, we

¥/ x=hg have
U
‘\ ,’ Cs=Cg exp(——StX) (9)
|} ] X EZS
\‘9\,’ There are various correlations in the literature, e.g. [11,12]
v for estimating solid settling velocitylJs;. As shown in

Eq. (9), Usf/Ezs and Cg can be obtained by regression
analysis of solid concentration versus axial position data.
However, if we want to obtain one parameter Wf; and
+Ezs, the other one must be assumed. THug,andE,s are
not separable for Eq. (9).

We define dimensionless variables as follows:

Fig. 3. Schematic diagram of the tapered column.

as a pseudo-homogeneous phase. A solid axial “dispersion
flux and a solid “sedimentation” flux superimposed on the
overage slurry convection flux are considered, and thus it is

termed the “sedimentation—dispersion” model. % - X = GCs - Cg Po— UstH
As shown in Fig. 3, the continuity equation for solid phase ©~ ~— g’ s C_p’ B= C_p’ €= Es
for a differential element is
We can rearrange Eq. (9) to
9Cs -
— +V.ng=0 @) - - _
at Cs = Cg exp(—PeX) (20)

With the assumption there are no radial gradients, Eq. (2)
leads to the following equation:

B0 ®) o o
Axial solid concentration distributions were measured as
The mass fluxps, is represented by a modification of Fick's  described in Section 2. The experiments were conducted
law. The resultant equation is three times under the same operating conditions and the
dCs average value was regarded as the solid concentration. The
ns = CsUst+ Ezs7—= amount of solid, calculated by Eq. (10), was found to be in

4
ax ( ) . - g
The first term on the right-hand side of Eq. (4) represents the good agreement with the initial a_lmount added to the column
for each run. The relative error is less than 5.5%.

net motion of solid particles due to the difference between
sedimentation and convection fluxes, characterized by the ] ]
solid settling velocityls;. The second term on the right-hand 41+ Effect of particle diameter
side of Eq. (4) is the dispersive transport, which is assumed to

4. Results and discussion
ai’ls

obey Fick’s law, and is characterized by the solid dispersion
coefficient,Es.
Substituting Eqg. (4) into Eq. (3), we have

ICs 9Cs 9%Cs
— 4+ Ust— + E 0 5
a[ + st ax + Zs axz ( )
For steady staté)Cs/9t = 0. Thus,
3Cs 3%Cs
Ust— + E 0 6
st ax + Zs 8)62 ( )
The general solution of Eq. (6) can be expressed as
Ust

(7)

——x
Zs

Cs=A+8B exp( )
where constantd andB depend on the boundary conditions
chosen. Two different sets of boundary conditions for the
slurry—batch system are as follows:

atthe bottom of the colurtx = hg),
whenx — oo,

CSZCB
Cs— 0

The experimental solid distributions for different sizes of
quartz sand are presented in Figs. 4-6. For monodispersed
particles, the smaller the particle size, the more uniform the
axial solid concentration distribution is found to be. This
can be explained by a decrease in the solid settling ve-
locity (Usp) with decreasing particle size. Many researchers
[5,9-18] reached the same conclusion in CSBC. For the
binary mixtures results presented in Fig. 6, the concentration
of larger particles are higher than that of smaller particles at
the bottom, while the concentration of smaller particles are
higher than that of larger particles at the top. This is consis-
tent with CSBC results [5,14].

4.2. Effect of superficial gas velocity

Fig. 7 illustrates the effect of superficial gas velocity
on the axial solid concentration. An increase in superficial
gas velocity leads to a more uniform concentration distri-
bution. Turi and Ng [13], Bukur et al. [18] and Zhang [5]
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4.0 4.0
. dpm) Him) Cplgim) Uglmis)
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X(=) T
X(=)
Fig. 4. Effect of particle diameter on axial solid concentration profile at

Uq = 0.073ms. Fig. 6. Comparison of axial solid concentration distribution for monodis-

persed and binary particles.

came to the same conclusion in CSBC. This results from hat axial solid concentration profile becomes uniform with
an increase in the solid dispersion coefficiess| with in- increasing average slurry concentration. The most plausible
creasing superficial gas velocity. Drag coefficient increases explanation is that increasing solid concentration increases
with an increase of superficial gas velocity, which results in e “pseudo-viscosity” of the slurry, which in turn increases
a decrease of solid settling velocityd). Itis clear that not  the drag coefficient and then decreases solid settling velocity
all solid particles are suspended in the slurry when the gas ). This results in a uniform profile of axial solid concen-
velocity is 0.02m/s. tration. This kind of phenomenon also exists in CSBC [5].

4.3. Effect of slurry concentration 4.4. Effect of static slurry height
Figs. 8 and 9 illustrate results from experiments con-  The influence of the dimensionless static slurry height on

ducted Wi(tih slurries contaiging different concentration of axjal solid concentration is too slight to be considered when
180x 10> and 1075 x 10> m sands. These results show its |ength is between 1.5 and 2.5m in CSBC [5]. However,

4.0 5.0
dp(m) Hym) CpQg/m’) Uglmis) d Uetmi
3.5 | A ——mex0” 202 105 0101 a5 | . ----13023:2 %m)q?ﬁmﬁ u.ﬁg(zn 2
e — — —-1425x107 202 105 0.100 A 180x10° 2,02 105 0073
s ----1075x10° 202 105 0.104 4.0 . — — 180x10° 2.02 105 L1
3.0 i A —e=700x10° 202 105 0.102
3.5
~ 25 3.0
g 20 125
&)
1.5 2.0
1.5
1.0
1.0
0.5
0.5
0_0 1 1 1 1 O 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X= X(-)

Fig. 5. Effect of particle diameter on axial solid concentration profile at Fig. 7. Effect of superficial gas velocity on axial solid concentration
Ug=0.10m/s. distribution.
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5.0 6.0
a5 | dp(m) Him) CpQigim’) Uglmis)
A — 180.0<10° 202 54 0.126 5.0 dp(m) Hym) CpQg/m’) Ug(ms)
4.0 | o == == 180.0x10° 2.02 105 0L1x " A — 180x10° 242 105 0.072
\d a —-— 180.0x10° 2.02 158 0.126 e - —-180x10° 2.02 105 0.073
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3.5 4.0 fe '
3.0 ~
~ 0
L 25 o 3.0
]
2.0
1.5 2.0
1.0
1.0
0.5
0.0 0.0
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XO) X)

Fig. 8. Effect of average slurry concentration on axial solid concentration Fig. 10. Effect of static slurry height on axial solid concentration distri-
distribution for 180x 10~ m sand. bution for 180x 10~ m sand.

the gradient of axial solid concentration profile becomes . - i

. s As mentioned above, the superficial gas velocity in a TSBC
steep when static slurry becomes high in TSBC as shown. .
N . is based on the cross-sectional area of the bottom of the col-
in Figs. 10 and 11. The most probable reason is that the

- . umn. ltis clear that a TSBC provides more uniform profile of
superficial gas velocity decreases from the bottom to the top axial solid concentration than a CSBC. Therefore, the actual

In TSBC. axial solid concentration distribution is more uniform than

] ) ) ] the simulated data obtained from the conventional cylindri-
4.5. Comparison of axial solid concentration cal column for the gas volumetric contraction reaction. The
distributions in TSBC and CSBC main features of TSBC are as follows:

Figs. 12-14 compare axial solid concentration distribu- 1. Itis convenient for solids with a wide particle size distri-
tions for 180x 106, 1425x 106 and 1075x 10~ m sands bution, which can ensure the suspension of large/heavy

in a TSBC and CSBC under similar operating conditions.

4.0
35
35 |
3.0 | dp(m) P"‘m) Cpllgim”y Ug(mis)
dp(m) Hygm) Cp(lig,fm"') Ugms) 3.0 & —— 125107 241 106 0125
A —— 1075x10° Lél 55 0074 ' . o - 2500 202 105 0127
25 | e -=-=- 1075x10° Ll 106 0.073 ;
2.5
2.0 2.0
T -
% 1.5 |
% 1.5
~ L&)
1.0 1.0
0.5 | 0.5
0.0 1 L 1 1 0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X(-) X(-)

Fig. 9. Effect of average slurry concentration on axial solid concentration Fig. 11. Effect of static slurry height on axial solid concentration
distribution for 1075 x 10-®m sand. distribution for 1425 x 10-¢m.
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dpm) Hym) Cplegm’) Ugtmis) SBC
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138

0.096 CSBC
010 TSBC

0.5

0.0

0.4 0.6
X=)

0.0 0.2 0.8 1.0

Fig. 12. Comparison of axial solid concentration distribution in TSBC
and CSBC for 180« 10~ m sand.

particles, since gas velocity is relatively high at the bot-
tom, and prevent entrainment of the small/light particles
since gas velocity is relatively low at the top.

. Itis easier to control operating temperature with a TSBC
than a CSBC for strong exothermal reactions, such as
Fischer—Tropsch synthesis and liquid-phase methanol
synthesis.

4.6. Correlation for the Peclet number

A small Peclet number indicates that the particle disper-
sion forces overcome the particle settling forces. This gives

4.0

dpm) Hm) Cpdg/m’) Ugtmis) SBC
A — 1425x10° 202
o ---1825x10° 2.02

3.5

105
105

CSBC
TSBC

0.105
0.100

3.0
2.5
T 2.0
1.5
1.0

0.5

0.0 0.2 0.4

X=

0.6 0.8 1.0

Fig. 13. Comparison of axial solid concentration distribution in TSBC
and CSBC for 145 x 10-®m sand.
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4.0

SBC
CSBC
TSBC

dp(m) Hym) Cpeg/m’y Ugtmis)
& —— 107.5x10° L.&0
e === 107.5x10° 161

3.5

106
106

0.0%
0.073

0.2 0.4

X(=)

0.6 0.8 1.0

Fig. 14. Comparison of axial solid concentration distribution in TSBC
and CSBC for 105 x 10-%m sand.

a small exponential coefficient in Eq. (10) and results in a
homogeneous state of suspension. An inhomogeneous state
of suspension corresponds to high Peclet number, resulting
in a curved axial solid concentration distribution with the
highest concentration at the column base. Some researchers
[11,12] provided empirical correlations for the prediction of
Peclet number. However, all the correlations available in the
literature were correspond to the cylindrical column. Dimen-
sionless analysis is used here to relate the Peclet number
to the relevant physical parameters, including the apparatus
size. Solid concentration profile in a slurry bubble column

is a result of the balance of buoyancy, gravitational and drag
forces. Therefore, Peclet number can be expected to be a
function of the following eight parameters:

Pe: F(Ug, Cp, dp, D’ DBa plv IOSa M’l) (ll)

whereUyg, Cp, dp, p andu are superficial gas velocity based
on the bottom cross-section area, average solid concentra-
tion, particle diameter, column diameter, density and viscos-
ity, respectively.Dg is the column diameter at base abd

is the column diameter at = H. Dimensionless analysis
suggests the Peclet number be a function of the following
dimensionless groups:

Pe=aFr? Ar‘(1 — Cpo)?' St (12)
where the Froude number is defined as
Uy
NG (13)
and the Archimedes number is
d3g(ps —
Ar — p&(Ps — p1)pi (14)

uf
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Fig. 15. Comparison of regressive and calculated Peclet numbers.

The dimensionless average concentratioy, is defined as  velocity decreases with decreasing particle size. Further-

C more, the larger particles concentrate at the bottom, whilst

Cps= =P (15) the smaller particles concentrate at the top for binary mix-

Psl ture. The solid dispersion coefficient increases with increas-

and the ratio of area (see Fig. 8, is ing superficial gas velocity or average slurry concentration,
p2 B2 which leads to a more uniform profile of axial solid concen-
Sob=—=— (16) tration. The effect of static slurry height on the axial solid

Dg  hg concentration profile is attributed to the decrease in super-

where & is the influence of taper angle and static slurry ficial gas velocity from the bottom to the top in a TSBC.
height. Based on the balance of solids suspended in the slurry,
By app|y|ng the |east_squares method to these data, thea dimensionless empil’ica| COI’I’e|ati0n fOf PeClet number

following correlation for Peclet number in TSBC is obtained Was proposed. The calculated Peclet number appears in
as follows: good agreement with the experimental regressive Peclet

number.

C 0.954
Pe = 0.0814r 00526 7(0-509 <1 _ _S> L2568 (17)
Psl
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