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Introduction

The slurry bubble column reactor has increasing applications in petro-
chemical and coal processing [L'Homme (1979), and Chaudhari and Hamachandran
(1980}]. The use of a slurry bubble column reactor is generally restricted
to particle diameters less than 2.0 x 10-%-z to satisfy the requirement of
complete suspension of solids under nominal coperating conditions. In most
applications, the particle size in a slurry reactor are not uniform but
rather have some form of a distribution. The effect of particle size dJdis-
tribution on the hydrodynamic behavier of Ia slurry bubble column has ceceiv-

ed little attention in the literature [Reilly et al. (1982)].

Partiele behavior in a bubble column reactor is influenced by the slip

'velocity between the svlid phase and liquid phase and by the selids mizing.

Previcus warkers have described the behavior of solids by a one-dimensional
sedimentatien-dispersion model {Cova (1966), and Suganuma and Yamanishi
{1966)]. Several variations of the model have been proposed for steady-
state conditions aod hav;e been summarized by Smith and Ruether (1984). For
monodispersed solids, knowledge of the solids dispersion coefficient, rela-
tive velocities of the three phases: and solids concentration at the top or
bottom af the column i3 required to evaluate the residence time and resi-
dence time distribution of the solids in the reactor [Cova (1966) and
Yamamaka et al. (1970)]. For polydispersed solids, the solids dispersion
coefficient and relative velocity between the solid and liquid phase are

dependent an the distribution of particle size and/or density.



In this communication, new data are presented for polydispersed sclids
in bubble columns with aqueous systems. Alsc presentad in a methed for com-
puting axial distribution of solids having a distribution of particle size.
The purpose ﬁr this work is to extend the data base for dispersed solids in
a bubble column ta include the effect of particle size distributions which
is commonly encountered in slurry bubble column reacters and to provide a
reasonable approach to predict solids concentration distributicns for these

systems.

Lxperimental

A schematie diagram of the slurry bubble c¢olumn apparatus is shown fn..

Figure 1. The bubble column 1s a transparent acrylic cylinder having an
R O A £ N
inside diameter of 0.108-m and length of 1.9%-m. Average bulk fluid temper-
_ C et v s
ature was measured in the center of the ceolumn with =2 0.00'IG-m—diameter___
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type-E thermocouple. Temperature ranged between 296€K and 3009K I‘ér all

experiments. A perforated plate distributer containing 72 holes of 0.001-
pm-diameter was located at the bottom of the column and used to introduce the

Zas and siurry streams.

The liquid and gas phases wWere nitrogen and water, respectively. The
solid phase consisted of binary and ternary mixtures of parrow-sized glass
spheres. The narrow-sized solids fractions were either minus 210 pm plus
177 um, or minus 53 um plus 44 um in diameter. The density of the glass
spheres were either 2420 kg/m3 or 3990 kg/m3. ALl solids used in this study
were specified as greater than 90 percent true spheres, ‘Table. 1 gives the

operating conditions fur this study.



The axial solid concentration distributions were measured at continuous
Eas and slurry flows operated at steady-staie conditions. The gas f{low rate
was webered with a rotometer and the slurry flow rate was measured with a
vencuri meter. The slurry was pressurized with a progressive cavity pump
having a synthetic rubber stator o aveid particle disintegration. Slurry
velocities were maintained abeve the saltation veloelties in The feed line.
A 30-degree tapered cone section just below the distributor was employed to
establish a smooth transiticn from feed lines to the bubble columm. After
steady-state conditicons were established in the column {experimentally
verified as requiring less than cone hour for the entire range of experi-
mental conditions), samples of the slurry were withdrawt through six
sampling ports located at 0.35-m intervals along the column axis beginning
at 0.054-m from the distributer plate. All six samples were obtained simul-
tanesously with elecﬁronically actuated samplé valves conaected in parallel

to a single switch.

The total solids concentration from slurry sampling were obtained from
the measured slurry sample weight, dried salids weight, and liqui.d and solid
densities. In addition to the total solids concentratlion, the solids con-
centration of each narrow-sized fraction was obtained from pulsed sieve
analysis ﬁf the dried solids. Gas holdup was cajeulated from the column
height and the settled slurry level in the columm after sudden interruption
of Flows. The total mass of solids in the bubble column was ecaleulated from
the difference of the known mass of solids initially introduced into the
apparatus and the mass of solids in the reecirculation tank. The mass of
solids I the recirculation tank was measured by s.topping all fFlows and

recovering the retained solids. The average solids econcentration in the



bubble column is then caleculated as the racio of the total mass of solids in
the bubble columm to the volume of che slurry calculated from the slurry

height after abrupt interruption of flows.

.Bnalysis of Solids Distributions

For monodispersed particles, the solids concentratien distribution in a
cocurrent upward flow slurry bubble columm ocperated at steady-state condi-
tions appears to be well described by a one-dimensional sedimentation-
dispersion model. Smith and Ruether (1384) provide the following mass
Yalance of the solids for any axial position in the eolumn which is a result

of solids dispersion, hindered settling and convection ¢f the solids.

*Es dcs [ U

Si
-+
L dx

(1~€g)

31

Equation (1) has been derived with the following assumptions: ({1} gas hold-

up i3 independent of axial pesition, (2) steady-stake flow conditions,
(3) the liquid fraction in the slurry, ¢, does not change with axial posi-
tion, (4) unifermly constant particle size and density. Although the liquid
fraction in the slurry does change Qligh:ly with axial position, the value
of the average liquid fraetion is generally very close to the actual liguid
fraction anywhere in the column for a wide range of operating conditions.
For the present study, the average liquid fraction was always within 7 per-
cent of the actual liquid fraction anywhere in the column for the entire

range of flow conditions.
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For polydispersed particle size, 3 non-uniform size esiablishes =mon-
uniform settling and wixing rates of the solids in the column, The larger
particles tend to settle at a higher rate than the smaller particles and to

preferentially concentrated nesr the bottom of the column. In addition to

. an axial concentratien of solids, an axial distribution of particie size

must be considered. Separating a distribution of particle size into narrou
fractions allows the formulation of a mass balance on ezech individual narrou

fraction of particle size.

[ Usi
{1-6g)

“Bg; d€

L dx

- ”ani] Cei = UsiCsi €2)

Equation (2) represents a mass balance for the ith particle size fraction in
a polydispersed solids system having a solids concentration in the slurry,
Cgi. dependent on the settling and mixing rates of the ith particle char-
acteristics. The hindered settling veloecity relative to the ¢olumn, ﬁLUpi-

takes into account interference of all other particles with the term Py, the
average liquid fraction in the slurry. Integration of Equation {2) yields
an expression in the following form.

-(6905i - UEQ)LK

€,y = cy + C, exp ( E, 1 (3)

Tne constants Cy and Cp can be determined by consideration of the solids
concentration at the hottom or top of the column using Equatiomns (2) and

(3). For Cy,

£ > -
cl = -uchsi 4 {”Lupi nsL) 4

et et e e—



and for Ca in terms of the soiids concentration at the Sottom of the column,

_ o £ -
Co = Cgf ¥ Uy lqy™ 7 (B U, =0 ) (3a)

or far Ca in terms of the selids concentration at the top of the column,

A (v.T_. - 0U_.}L
c., = [c.t+ 51 53 ] exp {__L_ELE_T_Ei__I {5b)

(vLUpi = USLJ s

Combining Equations (8), (5a), and (Sb) with Equation (3) gives the result

of the axial solids concentration distributian for the ith p&rticle fraction

from the sedimentation-disparsion model.

£ —
u_.c_. —(¥, 0, = U__)LX
Ce; = [cs? + [— sL”s1 ] exp { L pi sL ] (6a)
V10 = Tgy) Bai
£
- UstCsi
(T — U p)
v_.c .t (¥, 0_. - O__ )L{x~1)
c = [c 1 £ sL™si 1 L pi sL
si ~ si -~ exp [ E_.
(¥p0p; — Tgy) s1
(6b)
£
- Os1.Cs1
(or0g1 — Ogp)
6
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The total solids concentratien in the siurry at any given axial position is

the sum of all particle fraction concentrations,

n .
.= £ c._. (7)

Where the solid eoncentration for the it0 particle fraction ¢an be expressed

in terms of the sum of ali particle fractions as:

C.: = ¢. C i ) (g8)

Here ¢; is defined as the mass fraction of the ith particle fraction and the

following identities are valid.

n
I 4 =1 {9)
i =1
and
n d¢]._
I == =20 (10}
i=1%K :

Combining Equation (2) with Equations (72, (8), (9), and (10) gives the
expression for total solids concentration for polydispersed solids using the

sedimentation-dispersion model.

-8 .4, d4C
sivi S — = - £
Hrh a O — g 200 6 = o

. (11)
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“he summation terms on the left hand side of Equation {11) are a function of
axial pesition far peclydispersed systems. For solids taving 3 greater den-
sity than liquid, the summation term, ¢iUpi- decreases with increasing axiail
position whereas the summation term, $iEsi, Increases with increasing axial
position. Equation (11) illustrates the nonlinear behavior of solids con-
centration with axial position for polydispersed solids systems in a slurry
bubble column. Equation (62} or (6b) combined wWith Equation (T7) provides a
solution for the axial solids concentration distridution [rom knowledge of
the polydispersed solids size distribution, operating conditions, hindered

settling velocity, and solids dispersion coefficient.

For analysis of the axial solids concentration distribution;
Equation (6a) is used Lo prediet the solids concentration, Cqj(X}, with the
best [it of measured solids concentration being optimized with the para-
meters Unj, E5;, and ng. For each computation, the six measured slurry
concentratians were used and the values of the three parameters were deter-
@ined to minimize the residuzl sum of squares between the cbserved and cal-

culated solids concentration. The objective function employed was

[C.; {calculated} — C

ci (observedn? (12)

Hy
1]
o,
e

A search method described by Ahrendts and Baehp {1981) was used to obtain
the minimum value of F. The value of F was less thap 0.0001 for all experi-
mental conditions. Empirical correlations are then developed for the para-

meters, Upj, Egy, ng, and Cm]_ in verms of the operating variables. “he



[

total solids concentration as a function of axial pesition is then deter-
mined from Equacion (7) and the parameter correlations. Figure 2 shows the

Tethod of analysis for measured axial solids concentration distributions.

Results

In the Eullouing, first; empirical correlations are developed for the
Lransport parameters, €gr Upi+ Eg; and CS? cotained {rom the method describ-
ed in Figure 2. " Next, the effects of several independent variables op the
axial distribution of solids is given and compared with the experimental

data,

Gas Holdup

Average gas holdup obtained Iin a slurry bubble column have been com-
pared with several correlations i{n the literature [Akita and Yoshida {1973},
Hikita et al, (1980), and dughmark (1967]. The best agreement between
aobserved and predicted gas holdup was obtained with the carrelation proposed

by Hughmark (1967}, as given by the following expression,

_ - 1/3.-1
€g = [2 + 10.35/T ) (p o /72)"7 7] {13)

The maximm deviation between observed and predicted gas hdldup was less
than 15 percent with an average deviation of 6.7 percent. The range of gas

heldup and superficial gas velocity was from 0.095 to 0.2BS and 0.031 o
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9.20 m/s, respectively. Liquid surface tension and density remained

2ssentially constant at 0.072 a/m and 1000 kg/m3, respectively.,

Hindered Settling Velocity

The hindered settling velocity, Up, far a slurry bubble column repre—
sents the slip velacity betueen the solid and liquid phases. The hindered
settling velocities obtained in this investigation by the method shown in
Figure 2 are predicted well with the correlations given by Xato et al.
(1972) and Swmith and Ruether (1984). These correlations predict a depend-
ency of the hindered settling velacity on the terminal particle veloeity,
gas velocity, and average liquid holdup in the siurry. Since the average
liquid holdup in the slurry was not varied significantly inm the present
investigation {0.952<01 <0.965), the dependency on hindered settling velocity
on this wvariable is assumed to be the same as given by Smith and Ruether
{(1584). A regression analysis of the hindered settling velocity on operat-

ing variables has given the following equation:

= 0.78
Upi = 1l.44 Uti g L

(14)
The average absolute relative deviation betwaen the observed hindered
settling velocity and that predicted from Equation {14) is 9.6 percent. The
range of terminal particle veloeities is from 0.002 to 0.022 w/s, Figure 3
shows the effect of gas velocity on the hindered settling velocity. Egqua-

tion (14) applies te each narrow-sized fraction of solids in the slurry

10




bubble column having a uhique terminal particle velocity. From this cor-
relatien it js evident that for polydispersed so!lid systems, the hindered
settling velocity is little affected by ﬁarticle—particle nteraction and
that the particles behave as well dispersed solids. A parity plet eof the
observed and predicted hindered settiing velocities from Equation (14} is

given in Figure 4 °

Solids Dispersion Coefficient

Axial solids backmixing or dispersion is characteristic of slurry
Subble columns and may be described in terms of a solids dispersion coeffi-
cient. The dispersion of solids has heen shoun to. be proporticnal to the
~ dispersion of liquid and to approach iiquid dispersion behavior for small
particle Reynolds numbers [Kato et al. (1972)]. Figure 5 shows the ehange
in the solids dispersion coefficient for polydispersed solids with the gas
velocity for several partial Reynolds numbers and illustratas the correla-
tion given by Smith and Ruether (3984) for monodispersed solids. For the
polydispersed solids system, the solids dispersion c¢oefficient is more
strongly influenced by the particle Reynolds number than for menodispersed
sulids. Presently, it is difficult £d interpret this discrepancy between
the polydispersed and monedispersed solids dispersion coeffieient. 1t
should ke noted, however, that the present study has employed a perforated
plate distributor whereas Smith and Ruether (1984) have employed a bubble .

cap distributor.

A dimensionless apalysis of the solids dispersion coefficient in terms

of a sclids Peclet number, similar te the expression given by Smith and

1t
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Ruether (1984), has been used to correlate the dependence of the sclids dis-
persion coefficient on operating variables. 4 regression analysis of the

experimental data yield the Tollowing expression

0,106

6
Pepi 6.7 (Frg /Reg) [l + 0.15 nepi] [15)
where: Pepj = UgD/Egy; 0.25 < Pep; < 1.3
Reg = OgDpp/ur; 3700 < Rep < 1200
Frg = Gg/(gn)1/2; 0.03 < Frg < 0.20
Repi 2 dpinLUtifuLF g.1 < Repi <9

& parity plot of the measured and predicted sclids Peclet number is given in
Figure 6. Greater than 90 percent of the solids Peclet mumbers is predicted

Wwithin + 20 percent of the observed values.

Seolids Concentration at Top and Bottom of Column

The solids concentration at the top of the column is related to the
s50lids concentration at the battom of the column for narcrow-sized particles

by Equatien (6a). -

[¢]
+

L) exp [ —opi” Usi)T

gy ] (18)
(¥ = Ugp) B

si

The solids concentration at the top of the columr have been reported to be
larger than the solids concentration in the effluent {Kato et a1, {19722,and

Smith and Ruether (1984)]. The boundary conditions at the top of the colum

12



are aifficult to describe beeause of the sudden change in gravity that the
particles experience as they leave the column, The solids concentration
above the top of the column is assimed ¢ be uniform and equal to the con-
centration of the effluent. The relationship between the concentration of
solids in the effluent and the concentration of solids at the Lop of the
column may be expressed as:

TN
= L i
= [1 + (Esiﬂ‘) s USL] Csi {(17)

o

Here, the terminal particle veleeity is used to represent the slip velocity
of solids at the top of the colum. The solids dispersien coefficient is
obtained from Equation {15). Figure 7 shows ti;ne experimental valve of Cs}.
eompared to the prediction of CS]]_ from Zquation {17). The average absclute
relative error between observed and predicted solids concentration at the

top of the column is $.2 percent for all experimental conditions.

Effect of Independent Operating Variables

The effect of gas velocity on the. axial solids concentrabion distri-
bution is shown in Figure 8 for a binary particle system. Increasing gas
velocity decreases the variance of the.axial solids concentration distri-
bution especially near the bottom of the c¢olumn. In 2 similar manner,
Figure 9 shows that increasing slurry velocity decreases the variance of the
axial solids concentration distribution especially at the highest slurry
velocity of 0.078 m/s. Figure 10 compares the axial solids concentration

distributior for binary apd ternary particle size mixtures. Here, the axial

13
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solids concentration distribution is remarkably similar to both particle
zixtures., The volumecrrie mean particle diameter af the slurry feed for the
binary and termary mixtures of solids is 55 ym and 65 Hm, respectively. for
the binary mixture of solids, the large partiecle tends to coneentrate in the
slurry bubble column, whereas, for the ternary mixture of solids more af the
larger particles zre in the slurry faed and_the mediuz and small sized par-

Licles are more concentrated in the slurry bubble colwm.

Figure 11 compares the axial solids concentration distribution obtained
in monodispersed and binary solids systems. The monodispersed solids are
2ither U48.5 um diameter particles or 193.5 um diameter particles and the
binary sclids mixture consists of equal weight fractions of 48.5 pmdia-
meter and 193.5 um diameter particles. The axial solids concentration dis-
tributionlfor the binary mixture of solids between the larger monodispersed
particle size concentration distribution and the smaller monodispersed
particle size concentration distribution. Prediction of the axial solids
distribution for the binary mixture can be made by averaging the =um of the
axial solids concentration distribution for the monodispersed particle
Systems as is shown by the dashed line ip Figure 11.' Very good agreement is
obtained between the observed and prediéted axial solids concentration dis-
tribution for the binary particle éize mixture which indicates that Equation

{7) is valid for polydispersed systems,
Discussion

The prediction of the axial solids concentration distribution for poly-

dispersed solids can be made by combining Equations (6a) or {(6b)} with Equa-~

15



tion (7). The parameters Upi+ Egi, CSE are empirically correlated with
Fquations (14), (15) and (17). The gas holdup for a single component liquid
and a perforated piate distributoer may be calculated from Equation (33).
The procedure for calculation of the axial solids concentration distributien
for peolydispersed solids is given in Figure 12, In addition to the above
mentioned parameter estimations, the average solids concentration of the ith
particle size fraction, Cgj, is required to calculate the parameter ¥. Csi

is obtained from integration of Equaticn (6b).

- Y
Cqp = H(Cg; + Y;1/Bs 1lexp (—B;}-1] ~ v {18)

where;

8 = UL U IW/E,;

-
I

£ -
= UgpCsi f(vLupi ~ Ugy?

A comparison of the measured and predicted axial solids concentration
distribution is given in Figure 13. The larger particles are seen to have
the greatest influence on solids concentration near the bottom of the column
whereas the smaller particles constitute a greater f[raction of the solids
near the top of Lthe columm. The toftal axial solids concentration distribu-
tion is reasonably well deseribed by the sedimentation-dispersion model for

polydispersed solids systems.



Conclusions

The sedimentation-dispersion model has been applied to polydisparsed
solids systems in a slurry bubble column and can be used to prediet the
axial solids coneentration distribution as well as the particle size

fraction distribution as a function of axial position.

No effects of particle~particle interacticn from a particle size dis-
tribution was observed on the hindered settling velocity, Upi- or the
selids dispersion eoefficient, Eg;, of the ifR npaprew-sized particle

Iraction.

16



Notaticn

Frg

Pepi
Reg

paramever defined in Equation (18)

total solids concentration as a funetion of axial position,
kg/m3

total solids concentration of slurry feed, kg/om3

solids concentration of iR particle size fraction, wxg/m3
salids concentration of ith partiéle size fraction in slurry
feed, kg/m3

solids'concentraticn at bottom of column for ith particle size
fraction, kg/m3

solids concentration at top of column for ith particle size
fraction, kg/m3

constant defined by Equatiom (&), kg/m3

conztant defined by Equation (5a} or {5b}, kg/m3

column diameter, =

particle size of i'h particle size fraction, m

solids dispersion coefficient for monodispersed solids systenm,
m2/s

solids dispersion coefficient for ith particle size fraction,
m2/s

objective funetion defined by Equation {12)

Froude number of gas phase

length of slurry bubble column, m

solids Peclet number of ith particle size fraction

Reynolds nmumber af gas phase

particle Reynolds number of itP particle size fraetion

17



superficial gas velocity, a/s

hindered settling veloecity for monodispersed salids, no/s
hindered settling velocity for ith particle size fraction, m/s
slurry velocity, m/s

superficial slurry velocity, o/s

terminal settling veloelty of ith particle size fraction, m/s
dimensionless axial position

height from bottom of celumm, @

Greek 3Svmbols

Yi

Ly
oL
oy,
1

parameter defined in Equation (13), kg/m3
gas holdup
liquid velocity, Pa-s

liguid veloeity, kg/m3

'liquid surface tension, N/Y

average fraction of ligquid in slurry

18
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TABLE 1. Experimental Conditions for Present Investigation

Slurry Velocity ' Polvdispersed Solids Systems®
m/s 1 2 3 & 5
0.007% Ay, By, Cy A, & Ba, Cp
0.812 Ay, C9
0.018 Ay, By, &

Symbel: Mean particle size of parrow-sized fraction, um

4.5
96.5
193.5

nDwx

Subscripts: Particle density, kg/m3

1 2420
2 : 3950
*a1l solids systems wWere run at four gas velocities: 0.031-, ©.089-,

0.152-, and Q.200-m/s5, Each solid system contained equal mass fractions of
narrow-sized particles.

21
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Measured Varlables:
Cs100s Cs(X), Uy, £g, Cgif,
csfl Ug, Ll wl_

'

Initiallze Parameters:
I-’pls Egp, Cg©

e}

Compute Cgi(X) From

Equatlon (Ga) Search Paramter
& Routine
Minimize Residual Sum ot No T
Squares Bstween Observed and

Calculated Solids Concentration

l Yes

Output Parameters:
Upis Esis Cs1® Csg)'

Figure 2. Analysis of Measured Axial Solids
Concentration Distributions.
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Figure 3- Effect of gas velocity on hinder -
ed settling velocity.



Upi, predicted
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Figure 4 - Pority plot of observed hindered

settling velocity and hindered
settling velocity predicted from
equation (i4).
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Figure 5 - Effect of gas velocity on solids
dispersion coefficient.
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Pepi, predicted
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0.8
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0.4 o O.l
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Figure 6 - Parity plot of experimental solids Peclet number

and solids Peclet number predicted from Equa-
tion (15).
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Figure 8~ Effect of gas velocity on axial solids

concentration distribution for poly-
dispersed solids system.
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Figure 9~ Effect of slurry velocity on axial

solids concentration distribution
in palydispersed solids system.
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Figure 10~ Comparison of oxial solids concen-
tration distribution for binary and
ternary mixtures of partical size.
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Figure 11- Comparison of axial solids concen-
_ tration distribution for monodis -
persed particies and g binary mix-
ture of particle size.
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Figure 12. Procedure for Calculation of Axlal Solids

Concentration Distribution for Polydispensed
Solids Systems.
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Figure 13- Comparison of gbserved and pre-
dicted cxial solids concentration

distribution for polydispersed solids
system.



