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Abstract

Two Computational Fluid Dynamics (CFD) models have been developed for slurry bubble columns. The first model is based on the
kinetic theory of granular flow with a measured restitution coefficient in a slurry bubble column. The model was used to predict Air
Products/DOE La Porte reactor’s slurry height, gas hold-up and the rate of methanol production. It showed an unfavorable high solids
concentration at the bottom of the reactor. The second model with a catalyst viscosity as an input has computed the measured flow patterns
and Reynolds stresses in agreement with measurements in a laboratory slurry bubble column.

Here, we have rearranged the heat exchangers in the La Porte unit and constructed a CFD model for a baffled reactor that has a highel
concentration of the catalyst in the upper portion of the reactor. In this arrangement, the conversion to products is higher than in the La
Porte unit, because there is more catalyst in the region of decreased reactant concentration. The baffled arrangement of the heat exchangel
prevents the mixing of the catalyst from the upper stage, allowing continued operation of the reactor with a high concentration in the upper
stage. Thus, an optimum catalyst concentration is maintained during the course of the production of the liquid fuels.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction input and do not compute flow patterns. The most complete
of these models applied to the F-T conversion of synthesis

Slurry bubble column reactors (SBCRs) have recently gasina SBCR is that of Prakash and Bend@leThey sized
become competitive with traditional tubular fixed-bed reac- commercial SBCR for the US Department of Energy. They
tors for converting syn-gas into liquid fuels due to several gave syn-gas conversion and production as a function of
advantages, including better temperature control and masgemperature, pressure and space velocity. Input parameters
transfer, lower operating and capital costs. The design of with considerable uncertainty that influenced production
these reactors require, among other things, precise knowl-rates were the gas hold-up, the mass transfer coefficient and
edge of the kinetics, hydrodynamics, and heat as well asthe dispersion coefficient. Van der Laan et[&l. extended
mass transfer characteristics. such a model to compute product distribution using a prod-

A decade ago, Stiegel of PET[Q] published a compre-  uct selectivity model. Degaleesan et[8]. measured disper-
hensive review of DOE research in Fischer—Tropsch (F-T) sion coefficients needed as an input into such a model. The
technology. It described the advantages of the slurry-phaseproblem with this approach is that the dispersion coefficients
reactor over the fixed bed reactor, which are excellent heatare not constant. They are a function of the local hydrody-
and mass transfer and the ability to easily replace the catalysthamics. Ten years ago, Tarmy and Coulald§lustated that
due to its fluid-like properties, when properly prepared. Cat- there exists no hydrodynamic models in the open literature.
alysts for Fischer-Tropsch (F-T) processes were reviewed The multiphase CFD approach does not require dispersion
by Srivastava et a[2]. coefficients as an input. Hold-up and flow patterns are com-

Early slurry bubble column reactor (SBCR) models were puted. Pan et a[10] is using the CFD approach to compute
reviewed by Ramachandran and Chaudha}j Deckwer gas—liquid flow using Los Alamos CFDLIB code with a vis-
[4] and by Far{5]. They require hold-up correlations as an cosity as an input and are working on liquid—solid flgt],

but have no models or codes for gas—liquid—solid flow. Luo

* Corresponding author. Tek:1-412-386-6537; faxi+1-412-386-5936. et al.[12] built a unique high-prgssure bubble C0|Um!"| and
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Nomendlature [16] used a kinetic theory model. The catalyst viscosity is
automatically computed. Here, the more advanced model
Cp  drag coefficient of Wu and Gidaspow16] is used to explore novel reactor
i mean diameter of solid particle designs. The major change in the computation involves the
€k restitution coefficient of phase simulation of the whole reactor. To save computation time,
f; fugacity of] Wu and Gidaspow16] simulated half the reactor only, ob-
g gravity acceleration taining complete symmetry. Later research showed that such
do radial distribution function of phase an assumption could sometimes produce inaccurate results.
[1] unit tensor
Keq reaction equilibrium constant )
K, reaction kinetic coefficient 2. Slurry bubble column experiment
M/ molecular weight of _
N total number of species Operatlon of some _slurry bubt_)le_column reactors often
P pressure of phage [17] involves recirculation of the liquid. To study such sys-
ik rate ofith reaction in phask tems., a recFanguIar bed was constructed fr.om transparent
7 universal gas constant acryhg _(PIeX|gIas) sheets atlll[[L8]. Th|§ material was used
Re Reynolds number based dg to facilitate visual observation and yldeo recording of the
T thermal temperature bed p_erformance such as gas bubl_almg and coaIeS(_:ence, and
T, shear stress of phake the mixing and segregatlpn of solids. The bed height was
u x-component of velocity 213.36¢cm and cross-section was4cmx 5.08 cm. A cen-
U superficial velocity trlfu.gal pump was connected.to the botton_1 of the b'eq by a
’ y-component of velocity 1.0in. (2.54cm) d!ameter stainless steel pipe. Gas |njec'§|on
v velocity vector nozzles from an air compressor were connected to the sides
j ) ) of the bed. Liquid was stored in a 55 gal storage tank and
g weight fraction recycled back to the be#fig. lashows a schematic diagram
of the experimental set-up.
S]reek Ieggiihiometric coefficient The liquid and gas 'distributo.rs were located at the bottom
8 frictional coefficient between phasksnd | of th_e bed. The Ilqwd was dlstrlbuteq by two perforated
e volume fraction of phast Plexiglas plates with many 0.28 cm diameter holes. They
y collisional energy dissipation were plgced at35.6 an(_j 50.8 cm above th(_e botto.m Qf the bed,
. conductivity of fluctuating energy respectively; 0.25 cm size glass bead particles distributed the
s viscosity of phasé liquid, as shown irFig. 1a The gas distributor consisted of
gk granular temperature six staggered porous tubes of 15.24 cm length and 0.28 cm
density of phas diameter. The fine pores of the porous tubes had a mean
Pk bulk viscosit diameter of 42um. The porous tubes were placed at the
Sk y bottom of the bed, just below the top perforated plate. Air
Subscripts and water were used as the gas and liquid, respectively in this
9,1, s gas, liquid, solid, respectively experiment. Ballotini (leaded glass beads) with an average
i ith reaction diameter of 0.8 mm and a density of 2.94 gfcwere used
k gas, liquid, solid (g, |, s) as the solidsFig. 1bshows a picture of the experiment for
Ug = 3.36 andU| = 2.24cm/s. Two distinct bubbles are
Superscript seen in the middle of the bed, as two bright regions.
j species The two-fluid model with solids viscosity as an input was
used by Matonis et a[15] to simulate this systenkig. 2

shows a comparison of two- and three-dimensional simula-
tions to the experiment. The peaks in velocities correspond

measurements. Mitra-Majumdar et §3] and Bohn[14]

are using thek-epsilon turbulence model in their CFD
approach. This model has too many unknown parameters
when applied to multiphase flow. The kind of model used by
Pan et al[10] computed the Reynolds stresses in agreement
with measurements done in Fan’s laboratory. In Matonis
et al. [15], we show our capability to compute turbulence
in a slurry bubble column in the churn-turbulent regime 3. Hydrodynamic model

in agreement with our measurements. In Matonis et al.

[15], turbulence and hydrodynamics are computed with the A transient, reactive, two-dimensional model for multi-
measured particle viscosity as an input. Wu and Gidaspow phase flow was developdd6]. The hydrodynamic model

to motion of the two bubbles shown Fig. 1b The com-
puted turbulent particle kinetic energy (3/2 granular temper-
ature) is shown irFig. 3. The computed turbulent kinetic
energy is nearly constant due to the fact that the particle
concentration is nearly uniform in this system.
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Fig. 2. A comparison of two- and three-dimensional particle velocities to
PIV measurementgL5].

appearance of the volume fraction of phakédenoted by

ex. The fluid pressureR, is in the gas (continuous) phase.
For gas—solid fluidized beds, Bouillard and Gidasdag]

have shown that this set of equations produces essentially
the same numerical answers for fluidization as did the ear-
lier conditionally stable model, which has the fluid pressure
in both the gas and the solids phases, and is referred to as
model B[23]. In this model, the drag and the stress rela-
tions were altered to satisfy Archimedes’ buoyancy princi-
ple and Darcy’s law, as illustrated by Jayasyel]. Note in

the continuous phase momentum equation, no volume frac-
tion is put into the gravity term, while the dispersed phases
momentum balances contain the buoyancy term.

This is a generalization of model B for gas—solid systems
as discussed by Gidaspd®b] in Section 2.4. For the solid
phaseP;, consists of the static normal stress and dynamic
stress, called the solids pressure, which arises due to the
collision of the particles, as explained by Gamwo ef26].

This model is unconditionally well-posed, i.e. the charac-
teristics are real and distinct for one-dimensional transient
flow. It does not require the presence of solids pressure for
stability and well-posedness. The numerical method is an
extension of Harlow and Amsden87] method, which was
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Fig. 1. (@) Schematic diagram of IIT slurry bubble column. (b) IIT slurry 8 200 . ¢, " . ", .
bubble column with liquid recirculation. -
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ance for each phase.

The modeling approach is similar to that of SH®]
for multiphase flow and of Jacksd0] for fluidization.
The equations are similar to Bowerjl] balance laws for

Horizontal Distance From Left Wall, cm

Fig. 3. Comparison of experimental granular temperatures at different bed
heights and granular temperature like average normal Reynolds stresses
(note: splashing on left walkig. 1k possibly leading to higher granular

multi-component mixtures. The principal difference is the temperatures near the left wall).
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subsequently used in the K-FIX progrg@8]. The present
program was developed from Jayaswal’s two-dimensional
MICE program[24]; which originated from the K-FIX pro-
gram. To obtain the numerical solution, the non-uniform
computational mesh is used in finite-differencing the equa-
tions based on the ICE, implicit Eulerian methfi#1,28]
with appropriate initial and boundary conditions. Stewart
and Wendroff[29] have critically reviewed the ICE algo-

rithm and related staggered mesh conservative schemes. =
The scalar variables are located at the cell center and the

vector variables at the cell boundaries. The momentum

equation is solved using a staggered mesh, while the con-

tinuity equation is solved using a donor cell method. For
a highly non-linear non-isothermal reactive flow it may be
necessary to use a different numerical apprd@ch

The partial differential equations used to describe the re-

active three-phase flow are the continuity for each phase, the

separate phase momentum equations, the fluctuating energ
equation for particles and finally the species balances for
the gas phase. The variables to be computed are the volum
fractions,sq, €|, &5, the gas phase pressuPg and species
concentrations, and the three phases horizoxddirection,

and verticaly-direction velocity, componentsg, U, us and

vg, v|, vs. Due to uncertainties of mass transfer coefficients,
mass transfer in the liquid phase was not included. The gra-

dient of pressure is in the continuous phase only. This leads

to an unconditionally well-posed problem, as discussed in
detail by Gidaspow25] and Lyczkowski et al[31]. This
hydrodynamic model is based on the kinetic theory and is
shown in the following paragraphs.

Continuity equations for gas, liquid and solids € g,
l, s):

9

57 EP0) + V- (ekpicvi) = 0 1)
Conservation of phase-volume fraction:

egt+e+es=1 (2)

The standard multiphase momentum balancé is @, |,
s):

V - (erprvivi)

0
—(erpokvr) +
ot Net rate of momentum outflow

Accumulation

= &oFr + Z Bkm(vm — vi) + VT

External forces Stresses

3)

m=g,l,s
Drag

where Bkm = Bk are the drag coefficients between the
phases and’; are the stress tensors.

The fluctuating energy (granular temperature) of the solids
phase as derived in Gidaspow’s bd@b] is:

3

— V. 0
2 (espsvsh)

Net outflow of granular temperature

9
— 0
Py espst) +

Accumulation

=TS:Vvs+V'st9_
Production Diffusion

Vs (4)

Dissipation
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whereks is the dense-phase granular conductivity for gran-
ular temperature angds is the dissipation due to collision.

The gas phase energy balance as derived in Gidaspow’s
book[25] for model B is:

at

Accumulation

9 4 pyy
— . v
9t ¢ g
Work due to gas pressure
+ an Ang
i
Heat generation due to reaction

+ 3 {hom(Tw — Tg) + Bgn (vm — vg)?}

m=l,s

(egpgHg) + V - (6gpgHgvg)

Net outflow

+ V- (kgVTy)

Conduction

(5)
Phase change effects

)Liquid and solids phase energy balandes<l, s) are similar
to the gas phase equation, except for the absence of the small
ressures due to collisions:

d
E(EkPka) + V- (ekpx Hivg)

=h(Tg—=T)+ Y Ban(m —v0)* + V- (ki VTi)

m=g,l,s

(6)

Gas phase species balance with the assumption of negligible
diffusion in the gas phase:

9 .
J

— (&

9 ( ngYg)

Accumulation

Net rate of outflow assuming each species moves with the gas phase velocity

(7)

alespsM7 1
Production due reaction

Constitutive equations are needed to close the above dif-
ferential equation set. The most important contribution of
the kinetic theory to the hydrodynamic model is the compu-
tation of the particulate viscosity. For the particulate phase,
we use the granular flow theory invented by Savage and
coworkers[32]. The viscosity is that found in the classi-
cal text, Chapman and Cowling, when one sets the ratio of
Boltzmann constant to particle mass to unity and assumes a
value of one for the restitution coefficief5]. The restitu-
tion coefficient for the Air Products methanol catalyst was
measured33] to be close to 1. The expression we use for
the viscosity was verified to give the viscosity measured by
classical methods for gas—solig4,35]and for liquid—solid
[36] fluidization. The constitutive equations are as shown
here.

Gas phase stress tensor—we use the Newtonian form
without any artificial turbulence:

Tq = —Pgl + 2equg{3[Vvg+ (Vo) 1-3(V - vg)I} (8)
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Liquid and solids phases stress tensor:

Ti=(—Pc+&V - -v)l
+ 2w 3[Vor + (Vo) ] = 3(V - v I} 9)

Drag coefficient for gas and dispersed phases §or
0.8)—for dilute flow, modified Stokes’ law is used:

3 . pgcklvg — vkl _
Pok = Prg = 4 Co = — di £g 2% (10)
24
Cqg= —(1+0.15ReX%8") Re < 1000
Rex (11)
Cq = 0.44, Re, > 100Q
Re — Sgpgds“)g — g (12)

Mg

Drag coefficient for gas and dispersed phases ok

0.8)—for the dense-phase, the Ergun equation is used:

1 )&k g Pgéklvg — Vil

Bak = Prg = 50# +1.75” o (13)
Drag coefficient for dispersed phases:

ﬂb=ﬂ§=gﬂ+fﬁ%gg%%i§k%+ﬁy (14)
External forces acting on each phase:

Fg= f—g (15)

(1_ — Z 8m,0m) (16)

m a.l,s

Gas phase equation of state:

Enthalpy:
Hi = Co(Tk — TY) (19)

Constitutive equations for the solids phase—equation of

state for particles:

Ps = gspsf[1 + 2(1 + e) goes] (20)
Bulk viscosity:

£ = 2e2nteL+ 0, - (21)
Solids viscosity:

2(s dil
(1+e)go

4 e
+ gsgpsds(l + 3)80\/; (22)

s =

4 2
|:1 + g(l + €)g08s}

where
57
Us,dil = Q—{Psds\/g (23)

Radial distribution function for the solids phase:

1371
o[- ()" 2

Particles fluctuating energy conductivity:

2Ty St o]
Ks=—— = e
s 1+ 0)g0 5 80€s
0
+ 263 psds(1+ e)go\/; (25)
where
757
i 2
Ksdil = 384 Psds\/_ (26)
Dissipation of the particles fluctuating energy:
4 /6
y = 3(1 — e?)e2psgot [d—\/i —v. vs:| (27)
sV T

wheree = 0.99999[33].

Gas—solid heat transfer: most correlations for solid-fluid
heat transfer coefficients are of a power form of the Reynolds
number. When used in computer codes there is a serious
problem. When the Reynolds number goes to zero, there
is no cooling. This gives absurd results. Hence, one adds
a “2” to take care of the conduction effect. Gunij37]
correlation does not have this defect. Hence, it is used in the
code:

Nug = {(2 + 5¢) (1+ 0.7Re)2Prl/3)

2
+ (15 +1. 2sk) Re2-7Pr1/3} S (28)
Ny = okl pr=Srkte gy 8 (o)
TR K T

Gas phase heat transfer:

T 1.786
=8.65x 10° (1400) (30)

kgz(l—,/l—eg)kg (31)

Particulate phase heat transfer. we use an empirical equa-
tion employed by Syamlal and Gidaspd®8]. An alter-
nate approach is to use an expression based on the kinetic

theory:
ki N ki k9
P (1_89){ o +d- )ko} (32)
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@ 2 {Bk{k}f/kg -1 n (ki/ké])) 4. LaPorte pilot plant simulation

K A | AZk/kQ) By
The heat exchangers in the Air Products/DOE La Porte
_Bi—-1 B+ 1} (33) slurry bubble column reactor were rearranged as shown in

Ak 2 Fig. 4. The CFD code developed by Wu and Gidaspbé]
was used to simulate the methanol production in a similar

where but not identical manner as in Wu and Gidasf@é]. Fig. 5
By shows the simulation details and the initial conditi¢83].
Ar=1- (k*/ko) (34) At start up, the solids concentration at the bottom of the
k7™ reactor was assumed to be high, close to the minimum flu-
10/9 idization concentration. When the gas flow was turned on
By = 1_25<8_’<> (1+3y) (35) the initially high solids concentration flowed into the upper
&g portion of the reactor. The continued flow of the reactant gas

prevented the return of the catalyst into the lower stage. A

| Ceror) (X expor/dP) L oiels @) CD video of the simulation shows this phenomena. Unlike
2 o - in the paper by Wu and Gidasp , the whole column
X= (X eepr/d) h by Wu and Gidaspdds], the whole col
was simulated.

k; =0.3289 ¢ =726x10"° (37)

The only reaction considered in the simulation is the re- Methanol Quilet
action between carbon monoxide and hydrogen to produce
methanol:
CO+ 2H, = CH30OH (38)

Several researchers had investigated the kinetic rate for
methanol synthesis. There are two kinds of models, a
power law rate expression modg9] and a mechanistic
model[40]. A power law rate expression, discussed in Air
Products’ reporf41] is used here. The model was based on
the rate expression for methanol synthd4):

13 273 SMEOH
r = espsKr foh fH; (1 B KequfZ> >
Ha

Model parameters were determined from experimental re-
search:

Internal Heat
Exchanger Setup

6.249
P2

To solve the set of transient partial differential equations
earlier, we need appropriate initial and boundary conditions
for the velocities of the three phases, the gas pressure,
granular temperature and inlet and initial conditions for the
chemical species. The operating conditions are the same as
those of La Porte’'s RUN E-8.[41], where the slurry is not
recirculated.

The gas volume fraction is set to one where particle-free
gas enters the system. At the solid wall, the gas phase veloc-
ities in the two directions are generally set to zero. Since the
particle diameter (5.m) is smaller than the length scale of
surface roughness of the rigid wall, a no slip boundary con- ‘ ﬁ‘

Kr=893x10° and Keq=

(40)

Jet Distributor

dition was assumed. For the granular temperature boundary
conditions, we assume the energy flux at the wall to be zero.
At the outlet, the pressure is the reactor pressure and the

mass fluxis a_s_sumed to_be continuos. Mog&#i gives the Fig. 4. Preferred heat exchanger arrangement in methanol slurry bubble
detailed conditions (se€ig. 5). column reactor.

Syn-Gas Feed



Inlet Conditions and System Properties

Diameter of the reactor 61 cm
Height of the reactor 853 cm
Superficial gas velocity 15.24 cm/s
Temperature 2503 °C
Pressure 753.2 psig
Catalyst diameter 50 um
. Restitution coefficient 0.99999
V,=0.24 cm/s
£,=0.05 Liquid wax
£=0.95 : oy 3
Density of liquid 0.70025 g/cm
Liquid Droplet Size 0.1 cm
I G EEESESEE; i
EESEEEEEES EHEESSEEEE EEEESE Grid size (dx x dy) 1.79 x 20.3 ¢cm
T e e T
Number of cells in the grid 36 x 44
Time interval 107 sec
Initial Slurry Height 183 cm
Initial Liquid Height 427 cm
Initial Species Concentrations
cO H2 N2 CH30H
% mol 51 35 1 0
y;‘ 68.07 27.26 3.34 1.33 0

Fig. 5. Slurry bubble column reactor simulation details and initial conditions.

Catalyst Volume Fraction

Methanol Mole Fraction

Time =70 sec

0.1
10.03

0.08
0.06 0.02
0.04

0.01
0.02

0

Fig. 6. Preferred reactor operation with high catalyst concentration in upper portion.
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Catalyst Volume Fraction Methanol Mole Fraction
PTG
ifinnal
Lt i
i Titer )
Tt
i g 10° 0.03
d
r ‘Iri' |
Ak
Ml fo.14
1444108 0.025
bl
T‘,.’: H0.13
g
imi 0.02
0.12
0.015
0.11
0.1 0.01
Time
70 sec
e 0.12 0.04
14433101
S o
L o 0.1
H0.03
H0.08
110.06 0.02
0.04
0.01
0.02
0 0

Fig. 7. A comparison of La Porte SBCR to an alternative staged reactor.
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Fig. 8. A comparison of computed outlet methanol production of the La Porte reactor to the preferred configuration.
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