IX. Recommendation for Future Studies

Based on studies carried out in this and our last

Contract, areas of major :importance have beern identiiied. Many
of those areas are recommended for futur studies to improve the
process economics, the product flexibilit , and the scaleup of
the slurry F-T reactor. For convenience, these areas of interest

are summarized below into four groups.

Slurry F-T Operation

Developwent of reaction mechanism, kinetics, catalyst

preparation, caralyst activation, and catalyst aging.

Catalyst settling mechanism and means to improve
catalyst suspension.

Scaleup factors of slurry F-T reactor, including type,
maximum size, internals, and hydrodynamics (Axial
Jdispersion and gas-liquid interphase mass- transfer
resistance) .

Steam co-feeding to siurry F--T reactor to allow use of a
syn*hesis gas of Ho/CO ratio lower ¢han the usage ratio.

Effect of varying catalyst loading in slurry reactor on
the reactor performance.

Improved devires for catalyst/reactor-wax separation.

F-T Product Upgrading

Process development of upgrading technologies, including
LFHC, FCC and MOGD.

Process Optimization

Carbon dioxide removal schemes and their utility
integration with other part of the plant.

Schemes for further conversion of unconverted H2+C0.
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e Schemes for recycle of Cy+Cy hydrocarbons to the slurry
F-T reactor via a steam reformer or a partial oxidation
unit.

e Schemes for sfurth.or conversion of unconverted light
olefins.

e Examining benefits or penalties of lower single pass

Ho+C0D conversion with recycle to the slurry F-T reactor
or with the use of multi-staged F-T reactors.

Process Economics

® Detniled economic comparison of this techneclogy against
the best alternative.

Further discussions of some of these areas are given below.

['evelopment of F-T reaction mechaniwm, kinetics,
catalyst preparation, catalyst activation, and catalyst aging are
essential for the improvement. of this technology. These
developnents would ultizacely help vs to understand the optimal
combination of catalyst and operating conditions. They would
also affect the scaleup strategy of the slurry F-T re--‘or. For
instance, if the reaction mechanism and kinetics of rtalyst
are well-understood, then the effect of the gas-'iq:. nterphase
mass-transfer resistance in a large scale reactor can be easily
determined. At present, the significance of this interphase
resistance in any large scale reactor cannot be asaessed.

The phenomenon of F-T catalyst settling observed in
Runs CT-256-~-9, -11, -12 and -13 imposes significant procesc
yrestrictions. Evidence shows that this phenomenon most probably
rasulted from catalyst agglomeration. Unfortunately, the
mechanism of this catalyst agglomeration is unknown. During this
contract, we were able to increase the usage of the F-T catalyst
to 350 gHC/gFe (before the settling occurred) by lowering the
catalyst loading and imposing a small slurry upflow (0.05 m/g)
over the whole bubble-column. Further increase in the catalyst
usag= may be pcssible by increasing the slurry velocily.
Furthermore, use of stirred-tank reactors should be evaluated
from the point of view of improved catalyst suspension.

Another area of major importance is the commercial
scaleup of the slurry F-T reactor. The factors that need to be
evaluated include the type and size of the reactor, its iunternals
(paffles and/or heat transfer tubes), feed-gas distributor, gas
holdup, the liquid- and gas-phase back-mixing, and the gas-liquid
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interphase mass-transfer resistance. Among thesc factors, the
gas-liquid interphase mass-transfer rsistance is the most
important one. The extent of the effect of this resistance oan
the performance of commercial-scale reactors is a prolonged issue
among tl.c F-T experts. If one can successfully quantify this
effect in large-scale reactors, then the reactor performance can
be confidentl: predicted once the intrinsic kinetic of the
catalyst is known.

Various process optimization schemes need to be
examined. In any coal-to-hydrocarbon plant, the amount of carbon
dioxide to be remcvead is directly proportional to the
inefficiency of the plant. The amount of carbon dioxide to be
removed in the two-stage slurry F-T/ZSM-5 plant is expected to be
relatively small because of its high thermal efficiency.

However, the investment associated with the carbon dioxide
removal is still guite substaautial. Examination of other removal
schemes and their utility in‘egration with other parts of the
plant is warranted. Other jpossible optimization schemes are
further conversion of unconverted Hp+CO and light olefins, and
the recycle of methane + e<hane to “he slurry F-T reactor via a
steam reformer or a partial oxidation unit. All these schemes
will contribute to higher liquid hydrocarbon yield.

In order to determine the priority on the development
of various routes of coal-to-liquid fuel projects, a detailed
econuvmic comparison of this technology against the best alternate
route of making similar products should be conducted.
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X.

Nomenclature

Orifice free area, (cm?)
Firs -order aging kinetic constant, (1/day)

Gas bubble interfacial area, Geg/dB, (cm? gas-liquid
3
area/cm” expanded slurry)

Empirical Constant

Concentration, (mol/cm® liquid or gas)
Catalyst concentration, (g/cmd)

Iron loading, (gFe/cm3 liquid)

Cg/Cgl1d

CLK/Cgli

Orifice dischange coefficient
Empirical constant, (cm/s)

Bubble diameter, (cm)

Average bubble diameter, (cm)

Catalyst particle diameter, (micron)
Orifice dismeter; critical orifice diameter, (mm)
Reactor diameter, (cm)

Axial dispersion coefficient, (cmZ/s)
Molar Ho/CD ratio av reactor inlet
Fraction of bubbles of size dp
Gravitational constant = 981, (cm/sz)

Empirical constant



kO

ky, ko

kl’;kln

Solubility coefficient Cg'/CL“, (cm3 1iquid/cm3 gas)
First-order kinetic rate constant, (1/s)

Intrinsic kinetic rate constants for F-T and water-gas
shift reactions, respectively, (cm3 liqu.d/s-gFe)

Constants used in the rate expressions (VII-27) and
(V11-28)

Intrinsic kinetic rate constant for water-gas shift
reaction used in Equation (VII-28), (mol/s-gFe)

Constant used in the rate expressions (IV-1) and (IV-2)
Water-gas shift equilibrium constant

kaKz/Kq

k4K1K3/K2Kq

Liquid side mass -transfer coefficient, (cm3
liquid/s- (cm gas-liquid area))

Reactor or expanded slurry height, (cm)
Slurry return location, (cm)

Static slurry height, (cm)

Average H/C atomic ratio of F-T products
Number of CSTR’s in series

Number of orifices or nozzles

Pressure, (Pa)

Gas volumetric flow rate, (cm3/s)

Q/Q3

Trarsport resistance from gas-ligquid interface to bulk
liquid phase, K/kpLag, (s-cm3 expanded slu:ry/cmd gas)

Kinetic resistance, Kl/k Cra(l- eg;(l ve)Ce (3=1,72)
(s-cm3 expanded llurry/cm gas)

Pressure ratio, downstream/upstream



r

Kinetic rate of F-T reaction, given as Equations

(Iv-1), (V1I-186)

, and (VII-27),

(mol /s-gFe)

Kinetic rate of water-gas shift reaction, given as
, (VII-18), and (VII-28), (mol/s-gFe)

Equations (IV-2)

CL1CL2/ (CrLe + k3CLa)

Ky (CL2CL4-CL10L3/k4) (CLo + kalLa)

Elements of stoichiometric matrix i =

1,2

Temperature, (°C)

Synthesis gas-catalyst contact time,

Time, (s)

1,...,4; =and j

(s)

Time for the large bubbles to disengage, (s)

Catal: =t age, (day)

Superficial velocity,

Bubble-rise velocity,

{(cm/s)
{cm/s)

Average bubble-rise velocity, (cm/s)

Gas orifice or nozzle velocity, (cm/s)

Catalyst settling velocity, (cm/s)

Slurry circulation velccity, (cm/s)

Expanded slurry volume in each reactor, (cm3 slurry and

gas)

Volumetric fraction of catalysts in slurry, pLwe./(Ps

+we (PL-Ps)), (cm3

Weight flow rate

catalyst/cm3 slurry)

, (8§/8)

Weight fraction of

.talyst ir slurry,

Moclar Ho+CD conversion

Axial distance,

Expansion factor

(em)

(gCat/g slurry)



Ps
pu

Frgo
Pep,
Stq
Sty

We,

Greek Letters

Contraction factor, mclar contraction per mol of
Ho+CD convert.ed

Ratio of orifice to reactor diameter

Ratio of specific heats

Gas holdup, (cz3d ges/cod expanded slurry)

Gas holdup at t~, (cm3 gas/cm3 expanded slurry)
Liquid viscosity, (g/cm-s)

Density, (g/cm3)

Catalyst solid density, (gCa*/cm3 catalyst snlid)
Upstream density, (g/cm3)

Surface tension, (dyne/cm)

Kinematic viscosity, u/p, (cm</s)

Dimensionless Numbers

Froude number (orifice), uo/(gdg)©0:5

Axial Peclet number (liquid), ugiL/Ep(l-€g) (1-v.)
Stanton number (diffusion resistance), V/NQ‘Rq
Stanton number (kinetic resistance), V/NGiRy

Weber number (orifice or nozzle), uozdopg/d



Acronyms

ASME American Society of Mechanical Engineers
BC Bubble-Column

BFW Boiler Feed-Water

BGC British Gas Corporac.ion

BSU Bench-Scale Urn.it

CSTR Continuous Stirred-Tank Reactor

CW Ccoling Water

D Distillate

DOE Department Of Energy

DGs Days On Stream

DP Differential Pressure

ERDA Energy Research And Development Admi.istation
ERT Equivalent Residence Time, (s)

FCC Fluid Catalytic Cracking

FIMS Field-Ionization Mass Spectrometry

F-T Fischer-Tropsch

G Gasoline

GC Gas Chromatography

GHSV Gas Hourly Space Velocity, (NL per hr/L-Cat.)
GPC Gel Permeation Chromatography

HC Hydro-Carbons

HF Hydro-Fluoric Acid

HOS Hours On Strean

ID Inside Diameter

LC Liquid Chromatography



LPHC
MOGD
MRDC
MTG
MW
NDIR
SASOL
SFT
SMP
Sy
TBP

Low Pressure Hydrocracking

Mobil Olefin to Gasoline and Distillate Process
Mobil Research And Development Corporation
Methanol-To-Gasoline process

Molecular Weight, (g/mol)

Non-Dispersed Infra-Red

Sourh African Coal, 0il and Gas Corporation, Ltd.
Slurry Fischer-Troosch

Sintered-Metal-Plate

Space Velocity, (NL/gFe-hr)

True Boiling Point



ta

Superscripts

At reactor inlet
At reactor exit

At gas-l:quid interface

Subscripts
Catalyst

Gas

Components, i = 1,2,3,4 for Hp, CO, COg,
Ho0, respectively

Liquid
Large bubble
Cmall bubble
At t=0
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