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BACKGROUND AND PROJECT OBJECTIVES

Slurry or bubble-column reactors after two main advantages over fixed
fluidized bed reactors for carrying out Fischer—Tropsch synthesis of hydro-
carbons. First, bubble—column reactors can process a low HZICO ratio
synthesis gas without reactor plugging or catalyst deactivation due to carbon
formation. Second, agitation of the slurry by rising gas bubbles provides
good heat tramsfer to the reactor walls, thereby minimizing tcemperature
gradients and eliminating hot spots which can cause rapid catalyst
deacrivation.

The objectives of rhis projeecr have been twofold: 1) to develop a
theoretical model for designing bubble—column reactors and assessing their
performance and 2) to characterize the performance of a laboratory-scale
bubble—column reactor. The theoretical part of the project has focused the
effects of gas—liquid mass transfer; axial dispersion of gas, liquid, and
catalyst; and the interplay between the kinetics of Fischer—-Tropsch synthesis
and the water—gas—shift reaction. The expesrimental portion of the project
has focused the effects of reaction conditions on product distribution aund,
in particular, the conditions under which gas—liquid mass transfer becozes
important. Any independent set cf experiments was undertaken to investigate
the chenistry of carbonaceous deposits formed duriag Fischer-Tropsch
synthesis.

PROJECT ACCOMPLISHMENTS

Theoretical Studies

& major accomplishment of this project has been the development of
a comprehensive model for describing bubble—column performance. This
model assumes that the reactor is isothermal aand that there are no radial
gradients in the concentrations of reactants or products. Both assumptions
are supportaed. by previous experimental work (1).

The model is written in terms of the following dimensionless variables:
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The dimensionless groups appearing in the mass balanzces are
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Definitions of the variables, coefficients, and dimensionless groups appearing

in eqms. 1 and 2, and in subsequent equatioas, are given in the Notatiomn.

The gas—phase mass balance for comonent i is written:
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To determine ¥, it is necessary to write an overall mass balance. This is
done by summing the. <component balances and noting that the total gas—phase
concentration 1s 1ndepeﬂdent of position in the reactor. Thus,
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The liquid-phase mass balance for each component is given by:
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The axial distribution of catalyst is governed by gravitational settling
and axial dispersion due to agitation of the catalyst slurry by the gas flow.
Assuning that the volume fraction of liquid is esentially constant along the
column length, the mass balance on catalyst can be written:
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The boundary conditions on eq. ll are:
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Hydrocarbons and water are the primary products of the Fischer-Tropsch
syntheslis over iron catalvsts. As a consequence, the overall reaction
stoichiometry can be represented as

1 |veolco + '“nziﬁz * |“ac|°x5y + I"azolazo

The values of Vis X, and y depend on the probability of chain growth,_a, and

the overall fracrion of C; paraffins, Y. Thus,
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A derivation of the expressions for Vis X and y has been presensted by Stern

et al. (2).

i Carbon dioxide is produced by a secondary process: the water—gas-shift
reaction. The stoichiometry of the water-gas—shift reaction is represented by
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For the synthesis reaction, the rare expression suggested by Dry (3) has
been used. Thus,

“’DaLeL,coer.,Hz
P. = - (15)
S Y a0 T Leo
where DaL is defined -
(1-€.) ©
Do = knsU ¢’ UL (169
L %=



This rate expression accouants for the inhibition of the synthesis rate by
water, an effect which may be important at high conversion. Note that the
knowledge of U or of the water—gas-shift reaction kinetics is required to
determine SL,Hzo'

The expression suggested by Moe (4) has been used to determine the rate
of the warer—gas—-shift reaction. Thus,
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The dimensionless rate of production (or consumption) of component i, p.,
is given by the sum of the rares of production (or consumption) of that
comonent via the synthesis and water—gas—shift reactions. Thus,
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Equations 3, 6, and 8 constitute a set of second-order, ordinary
differential equations. These equations, together with the boundary
conditions given by eqms. 4, 5, 7, 9, and 10 were solved by a collocarion over
a finite element using a subroutine known as COLSYS (5). Equation 1l was
solved analvtically to obtaine « as a function Z. Thus,
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The parameters appearing in the model were evaluated using data and
correlations taken from the literature. Specific wvalues of individual
parameters can be found in Refs. (3,6).

The model ooutlined above was solved for a variety of reactor dimensions,
gas flow rates, and catalyst activities to establish the extent to which
transport parameters (k L3> and Dg ) influence the performance of a
bubble column reactor. These cafculatlons together with an analysis of the
mass balance equations for the gas and liquid phases led to the conclusion
that gas— and liquid-phase dispersion can be neglected when
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The condition represented by egn. 21 is fully satisfied for all laboratory and
most pilot-plant scale reactors, but would not be satisfied by reactors used
for FIS on an industrial scale.

Inapectzon of eqn. 20 indicates that w will deviate from unity for

- Feo ¥ 1. ~Consequently, a%ial gradients ate t6 be expected for large catalyst
partlcle diameters and low gas velocities. Where such gradients do occur, it
is found that thelr effects are most severe for values of DaG and Dac greater

than 1.0.

The validity of the proposed model was confirmed by using it to predict
the syngas coaversion (xco+q7) and utilization ratio for several laboratory
and pilot-plant scale reactots. The effects of HZICO feed ratio aund gas
velocity on syngas conversion and consumption ratio .predicted by the model
are in very good agreement with the experimental results reported by Deckwer
et al. (7) and Kuo (8). Our analysis suggests that as a result of higher
catalyst activity the reactor operated by Deckwer et al. (7) was influenced
by gas—liquid mass transfer to a greater extent than that operated by Kuo (8).
it also appears that water—gas—shift eqislibrium was not fully achieved in the
reactor of Deckwer et al. (7} but was in the reactor of Kuo (8). The water—
zas—shift reaction causes an increase in the H2100 ratio near the top of the
reactor. This affect is most pronounced at high syngas conversions in the
presence of a finite resistance to gas—liquid mass transfer. The water—gas—
shift ‘equilibrium acts to decrease the stoichiometric coefficient of the
limiting reactant, with the result that at high conversion, the syngas
conSumption ratio approaches the feed HZICO ratio.

Hav1ng established that the model accurately describes the performance
of small scale reactors, it was used to predict the influence of process and
design variables on the performance of large scale reactors. These calcula-
tions showed that the most efficient use of a given reactor volume is obtalined
with small diameter reactors. TFor a given space time, the conversion goes
through a broad maximum as velocity increases. The optimum velocity depends
on the variation of kra and €. with velocity, as well as on the catalyst
loading and activity. The most effective use of 2 given mass of catalyst
ocecurs when @ is low; however, the highest value of the space-tipe yield
occurs when w is large. Increasing the water—gas—shift activity moves the
HZ/CO utilization ratio closer to the feed H,/CO ratio and increases the
space—time yield by lowering the rate of By consumption relative to the rate
of syngas consumption. Thus, catalysts with high water—gas—shift activity are
best suited to processing CO-rich syngas.




Experimental Studies

The performance of a laboratory—scale bubble~column reactor was investi-
gated using a 5.0X Ru/Al 8 catalyst. The reactor used for these studies had
26

an ID of 1.8 cm and was em high. Molren paraffin wax was used to suspend
the catalyst.

The product product distribution is highly dependent on the partial
pressures of H, and CO, and on the temperature. For temperatures below about
533 X, strong deviations from a Schulz—Flory distribution are observed in the
Cl—C3 range. Methane lies above the Schulz-Flory line extrapolated through C,
products, Cy and C, products lie below the line. The deviation of methane
form the Schulz-Flory line decreases and the deviation for C, and C3's
increases with decreasing HZ/CO ratio of the feed- For tecperatures above
533 K, the product distribution closely approximates a Schulz-Flory distribu—
tion. The value of @ is a strong function of temperature, dacreasing with
increasing temperature, but is only weakly dependent on syngas composirion. :

] The kinetics of formartion of Cl to C, hydrocarbons are-well represeanted
© by power—law rate expressions. The parameter values obtained for synthesis
in the bubble column reactor are in good agreement with earlier studies”

with Ru/Al 203 conducted in fixed-bed reactioms. For Cg and higher products,:

the rate of producz formation can be represented by th="Tate of foruming C,
products times c® Y. =

The operation of a bubble-column reactor under conditions where gas-
liquid mass transfer is significant can be desceribed successfully using a
model recently proposed by Stern et al. (3). The model properly predicts the
dependence of syngas conversion and H,-CO utilization ratio on the feed gas
velocity and composition.

During Fischer-Tropsch synthesis, carbon deposits on the catalyst. A
part of this deposit is the reactive intermediate involved in hydrocarbon
svnthesis, while the rest is more refractory carbon with eventually leads to
catalyst deactivation. The distribution of carbon forms present on a catalyst
can be assessed by isvtopic tracer studies. In the course of the present
project, a novel mathematical technique was developed for the interpretation
of isotopic trazcer experiments. The method predicts the distribution of
carbon types and the spectrum of carbon reactivities.
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NOTATION
Interfacial area per unit volume, em i,
Dimensionless rate parameter appeariog in éqn. 15.
Total gas phase concentrationm, mol/cm3.
Gas-phase concentration of component i, wol/cus.
Inlet gas—phase concentration of cowmpounent i, ‘mol/c'nB
Liquid-phase conceuntration of compoment i, mol/cm3.
Damkohler number based on liquid velocity. Defined in eqns. 16, 18.
Gas-phase dispersion coefficient, cmz-/s-
Diffusivity for component i, ?/s.
Liquid-phase dispersion coefficient, cmzls-
Catalyst dispersion coefficient, cmz/s.
Reactor diameter, cm.
Inlet H,/CO ratio-
Equilibrium coefficient for the water—gas-shift reaction.
Mass transfer coefficient from gas-liquid interface to bulk liquid,
cm/s- -
Rate coefficient for the Fiséier—Tropsch svynthesis, cm3/g S.
Rate coefficient for the water—gas—shift reactionm, (cmG/mol)/g S.
Reactor length, cm.
Solubility coefficient for componeﬁt i, (mol/cm3)L/(m01/cm3)G.
Number of carbon atoms in a product molecule.
Gas—phase Stanton number. Defined in eqn. 2.

Liquid-pkase Stanton number. Defined in eqn. 2.

Gas-phase Peclet number. Defined in equn. 2.

Liquid-phase Peclet number. Defined in equn. 2




Pes

=1

Solids Peclet

reaction, (mol/cm3)/s. : . 2

number. Defined in eqm. 2.

Rate of producticn of component i by the Fischer—Iropsch-synthesis

Rate of conéumption of CO and H; by the Fischer Tropsch synthesis

reaction'(mol/cmB)/s.

Rate of the water—gas—shift reaction, (mol/cm3)/s.

Utilization rario, mol H, consumed/mol CO0 consumed.

Inlet gas superficial velocity, cm/s.

Gas superficial velocity, cm/s.

Liquid superficial velocity, cm/s.

Solids settling velocity, cm/s.

Catalyst comncentration, g/cm? slurry.

Average catalyst concentratiom, g/¢m3 slurry.

Conversion of

compounent i.

Axial position, cm.

Chain growth probability.

Ratio of H20 formation rate to Cbz formation rate.

Dimensionless
Dimensionless
Dimensionless
Dimensionless
Dimensicnleés
-Dimensio;less

Dimeqsionless

‘Fraction-of products that are paraffins.

“Gas contraction factor, (UG(XH2= 1t0) - 82 )/Q)

axial position.
total gas concentratiom.

gas phase concentration of coméonent i.

inlet gas phase concentration of component i.

liquid phase concentration of component i.

inlet 1liquid phase concentration of component i.

rate of production of component i. Defined in equ. 19.

10.




1l.

PFTS Dimensionless rate of consumption of CO and 82 b§ the syunthesis
reaction.

Pucs Dimgnsionless rate of the w#ter-gas-shift reaction.

Vi Stoichiometric coefficient for ;onsumpcion of éomponent 1 by the

Fischer-Tropsch synthesis reaction.

vy Stoichiometric coefficient for consumption of component i bx the
water—gas-shift reaction.

vi . Stoichiometric coefficlent for component i when v; do not depend on
concerntrations of Hz, Cco, COZ’ or HZO‘

v Dimensionless gas velociry.

w . Dimensionless catalyst concentration.
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