DE91005752

Information is our business.

SLURRY REACTOR DESIGN STUDIES. SLURRY VS.
FIXED-BED REACTORS FOR FISCHER-TROPSCH AND
METHANOL: FINAL REPORT

BECHTEL GROUP, INC.
SAN FRANCISCO, CA

JUN 1990

U.S. DEPARTMENT OF COMMERCE
National Technical Information Service




DES1.005752

Il AREAIER

SLURRY REACTOR DESIGN STUDIES: SLURRY VS. FIXED-BED REACTORS
FOR FISCHER-TROPSCH AND METHANOL

Fina! Report

June 1990

Work Pertormed Under Contract No. AC22-89PC83867

For -
U.S. Department of Energy
Pitisburgh Energy Technology Center
PRttsburgh, Pennsyivania
By

" Bechtel Group, Inc.
San Francisco, Caittornia

REPRODUCED BY

U.S. DEPARTMENT OF COMMERCE
NATIONAL TECHNICAL
INFORMATION SERVICE
SPRINGFIELD, VA 22181



DISCLAIMER

Ths report was prepared ss an sccount of work sponsored by an agency of the United States
Governmen: Newher the United Suates Government nor any agency thereof. nor any of their
employees. Makes any warranty . express or implied. or assumes any Jegal habiiny or responsidiliny
for the sccurscy. completeness, or usefulness of any mformation. apparatus. product, or Process
gsciosed. Or represents that s use would not infrnge privately owned nghus. Reference herein 1o
any specific commeraial product, process. o service by trade name. trademark. manufacturer. or
mherwse docs nOt necessanhy constitute or mmphy 1S endorsement, recommendanor . or favonng
b the Lnited Swates Government or any agencs thereo! The views and opimwons 0! authors e
pressed herein d0 not necessanly sate of refiect those of the Lnied States Government or any
agency thereof

This repor has been reproduced directly from the best available copy.

Available 10 DOE and DOE contractors from the Office of Scientific and
Technical Information, P.O. Box 62, Oak Ridge, TN 37831; prices available
from 1615)576-8401, FTS 626-8401. .

Available to the public from the Natonal Technical Information Service, U. S.
Deparunent of Commerce, 5285 Port Royal Rd., Springfieid, VA 22161.

Prmed n B Ureec States of Arrence mumnrmm.o‘m,rm

8%



DOE/PC/89867--T2
DES1 005752

 FINAL REPORT
SLURRY REACTOR DESIGN STUDIES

DOE Project No. DE-AC22-89PC89867
| Bechtel Job No. 20586

SLURRY VS. FIXED-BED REACTORS
FOR FISCHER-TROPSCH AND METHANOL

J. M. FOX, STUDY MANAGER
B. D. DEGEN, LEAD PROCESS ENGINEER'
GROVER CADY MECHANICAL SPECIALIST
F. D. DESLATE, COST ENGINEER
R. L. SUMMERS, COST ENGINEER

CON SULTANTS

PROF. AYDIN AKGERMAN, TEXAS A&M
PROF. J. M. SMITH, U.C. DAVIS

BECHTEL GROUP, INC.
JUNE 1990

o




EXECUTIVE SUMMARY
Background

The objective of this study was to set the groundwork for further development of indirect
coal liquefaction technology via Fischer-Tropsch (F-T) or methanol synthesis. In
parucular, it was desired to know exacdy how the slurry reactor concept could be used to
best advantage. In the slurry reactor, developed in Germany in the 1950's, powdered
cawlyst is suspended in a heavy oil - the heavy end of Fischer-Tropsch product, for
example - and the synthesis gas is bubbled through the mixture at reaction temperature and
pressure. The reactants dissolve in the oil and react over the caulyst. Agitation from the gas
flowing through the column - as in a bubble column reactor - provides. for good mass
transfer and heat transfer characteristics. The heat of reacton can be removed by cooling
tubes inserted into the liquid.

The slurry reactor has been proposed for Fischer-Tropsch operations in the wax producing
mode, which is preferred from a selectivity standpoint. Production of light ends is
minimized and the heavy wax portion of the product can readily be upgraded to useful
products. Fluidized-bed reactors cannot operate in this mode. Tubular-fixed-bed reactors
have been in operation at Sasol for many years for wax production and will be used by
Shell in their Middie Distillate Process being installed in Malaysia. A key question,
therefore, is how does the shury reactor stack up against the rbular-fixed-bed reactor?

This study indicates that a key advantage for the slurry F-T reactor is its ability to convert
the low Hy/CO ratio synthesis gas (0.7 ratio or less) produced by coal gasifiers without
ratio adjustnent. An iron based Fischer-Tropsch cataltyst can accept such a gas, converting
it 1o liquid hydrocarbons with CO2 as the primary b uct The tubular-fixed-bed
reactors cited above have been operated on 2.0 Hy/CO ratio gas and produce water as the
byproduct. They would not be expected to be able (o use a low ratio gas because of carbon
formation. The main product from this study, therefore, is a cost comparison of slurry F-T
reactors operating on low ratio gas versus fixed-bed F-T reactors operating on high rato
gas after composition adjustment. Designs have been prepared for those sections of a coal-
based Fischer-Tropsch plant affected by reactor selecnon, equipment sized and costed with
particular antention to the reactors themselves, and operating costs examined.

The slurry reactor has also been proposed for the synthesis of methanol and mixed
alcohols. Chem Systems developed the original concept and Air Products has been piloting
the so-called liquid phase methanol (LPMeOH™) process a: LaPorte, TX, and now is
designing a demonstration unit for Great Plains as part of Clean Coal 3. A specific niche
has been identified for the shury reactor in the coproduction of methanol and electric power
in a combined cycle operation. A low conversion, once-through operation is used with low
ratiogasaspmducedinthegasiﬁa.Unconvcmdgasisdirecwdtogasnn'bincsforpowcr
generation. Methanol can be stored and used for supplemental firing of the gas wrbines or
sold.

Sinccdaecoproducﬁontypeofopemionhasbemwellstudiedandsinccizwaspotwtain
how to design a tubular-fixed-bed reactor for such an operation, anention was directed 0
ascertaining how well the slurry reactor would compete costwise with the fixed-bed reactor
in a conventional, high yield methanol plant design with recycle. It was recognized that this
would probably not be the optirum application for a slurry reactor, with its superficial
velocity limitarion, but it was felt that something could be leamed about its preferred range
of applicability. A brief look was also taken at mixed alcohols operation, using Lurgi's

Octamix™ process 2s 2 model.



Reacwor Design Criteria

Before antempting to perform an economic comparison, it was necessary to develop a "
ranonal basis for reactor comparison. Reaction kinetics, mass transfer, heat traasfer and
hydrodynamics were examined and effects of operating variables such as superficial
velocity, slurry concentration, temperature and pressure were determined. It is necessary to
allow for the effect of slurry concentration on mass wansfer, for example, and this reporn
provides a basis for doing so. A consistent process design basis was also developed based
on the use of the Shell gasifier. This effort is the subject of Sections 2 through $ of the
lt;caspaelliLn This material s:]ould be ?id v:a.luc‘::;)j t}.lle I?STETin setung the basis for the proposed
€ economic evaluation of advan ischer-Tropsch technology (RFP No. DE-
RP22-90PC90027). P &

Scale-up of the slurry F-T reactor has been the subject of numerous technical articles. A
high conversion per pass is preferred since recycle of unconverted syngas reduces the
production from a slurry reactor, which has a superficial velocity limizartion. Conversions
of 90% or more have been demonstrated in high L/D pilot plant equipment but backmixing
in a commercial reactor will iimit the conversion which can be achieved. This study has
taken a conservative approach by assuming that complete backmixing will occur and limits
conversion per pass to 80%. ,

On the other hand, it has been assumed that superficial velocity and catalyst slurry
concentraton can be taken well beyond levels which have been demonstrated in F-T pilot
plant operations to date. There is good reason for this since hydrodynamic studies
sponsored by the DOE (e.g. Contract No. DE-AC22-86PC90012) have demonstrated
reasonable gas holdup and gas dispersion under such conditions. Air Products’

development work with the LPMeOH™ process in the LaPonte pilot plant is also
considered very significant. . '

Conclusions

The primary conclusion from this swudy is that the shury reactor has both advantages and
disadvantages and that proper applications must be sought Coal-based Fischer-Tropsch, as
described above, appears to be such an application. It was found that, in a project
producing 20,000 BPSD of Fischer-Tropsch products from 7500 TPD of moisture free
linois No. 5 coal, plant investment can be reduced by $91 MM if the process scheme
using slurry reactors is employed. This is a savings of about 8.5% on the total plant
investment. The savings are roughly equally divided berween the reactors themselves and
the process simplifications resulting from the use of low H/CO ratio gas.

The fact that the shory reactor can be operated continuously at the end of run temperature

required for the fixed-bed reactor proved a significa:u advantage and permitted operation at

roughly the same space velocity despite the fact that conversion was much higher (80% per :

pass versus 37% per pass). This enabled the use of 6 slurry reactors for the same capacity .
as 8 fixed-bed reactors, despite an intrinsically lower catalyst loading.

In arder to gain these reactor savings it is necessary to design 1o an inlet superficial velocity
of 0.14 10 0.15 oy/s (0.46 w 0.49 fi/s) and a slurry concentration of 35 wt%. Typical piot
plant operations have been at about half these values. If the more conservative approach of . -
using demonstrated pilot plant conditions is taken, the number of reactors increases from 6
1o 11 and the cost of the reactors approaches that of the fixed-bed system. The net savings
in investment reduces t0 $52 MM. There is thus a considerable incentive to demonstrate the

higher levels of velocity and concentration.




There is even the possibility of going stll further. It is understood that Air Products is
designing the Grear Plains demonstraton unit for a superficial velocity of 0.24 m/s (0.8
fi/s). Slurry concentrations higher than 35 w1% zre also possible. Again, the methanol
system has been run up 1o 45 wt% slurry but under these conditions mass transfer
resistance becomes a significant factor. This should not be true in the case of Fischer-
Tropsch reactors which operate at only about one third the space velocity of a methanol
reactor. ‘

Operating cost was found not 1o vary greatly between the two reactors provided the slurry
reactor cawalyst is assurned to have an equivalent 60 day life (contnuous replacement would
be used) and the fixed-bed reactor caialyst, a life of one year. There is very linde basis for
either of these replacement rates and this is an item for further investgadon. It was more
difficult to balance energy requirements in the fixed-bed case leading 10 higher fuel gas
requirement, but this is at least in part due to the use of the Shell gasifier. The Texaco or
Dow type of gasifier would fit better into the fixed-bed processing scheme whereas the
Shell gasifier appears a good choice for the shurry case.. .

For a conventional recycie methanol application the situation is reversed. The slurry
methanol synthesis loop, at 341 MM for 1640 TPD of production, is almost twice as
expensive as a tubular-fixed-bed system. The reasons are apparent when the design
condidons are examined:

¢ In order 1o achieve design production from the shurry reactor, pressure is raised to
100 armospheres. This reduces recycle requirement to 2 minimum and perrnits

" higher mass flows at a given superficial velocity. '

e Using a stoichiometric feed gas it is possible t run the fixed-bed reactor at 55
ampospheres. Pressure drop is a limitation, but Lurgi assures that the design
capaciry can be produced.

o Space velocity is roughly the same for both reactors per unit weight of catalyst
present. Because of the lower catalyst loading per unit of reaction volume, the
slurry reactor is over twice the height of the fixed-bed reactor.

o The entire shell of the shury reactor must be designed for reaction pressure of 100
amnospherss. With the fixed-bed reactor only the heads and tube sheets need be

~ designed for reaction pressure. Thus even if the fixed-bed operating pressure
were 100 amrnospheres, shell weight would be less.

o The combined effect of the above is to negate the lesser tbe weight of the slurry
reactor and produce a more massive and costly vessel.

¢ Finally, feed gas compression is required, whereas the fixed-bed reactor can
operate at the pressure level available from a Texaco gasifier.

No conclusions can be drawn from this study concerning once-through methanol
operations. Without recycle, pressure can be reduced in half, essentially cutting the weight
of the slu~y reactor in half. The comparison would then depend on what design condidons
can be developed for the fixed-bed reactor operation.

Lt was not possible to design a slurry reactor mixed alcohol plant without a better feel for
what limits conversion. Lurgi requires 100 aunospheres for the fixed-bed operation with
qui'e 8 low space velocity. Production is 460 TPD from the same size reactor used for 1640
TPD of methano! production. The high pressure was stated o be essential. This being the

i



case, it does not appear that this is a good application for the slurry reactor in its present
= : _ |

RECOMMENDATIONS

Further development of the slurry reactor for the Fischer-Tropsch application can be
recommended without qualificanon. It appears to have intrinsic cost advantages over the
fixed-bed reactor for this application and 1s more amenable to further improvement. The
Teactor is not casy to scale-up, however, and further experimental pilot plant work is
recommended to demonstrate operation at the design condidons used in this study in a
reactor of sufficient size that axial dispersion effects can be determined. Conversion of the
LaPorte reactor to Fischer-Tropsch synthesis should be possible and is recommended.

A number of design needs are listed in Section 5 of this repart. Foremost among these are
the d.nonstration of backmixing effects, the possibiliry of reducing backmixing by use of
baffles, possible advantages of higher conversion levels than were used in this study and
better experimental definirion of the effects of pressure, superficial velocity and catalyst
concentration.

. Reactor modifications that will limit backmixing and give higher conversion may be worth
pursuing. A beuer feel for the economics could be gained by an analysis of the two extreme
models, plug flow and complete backmixing. This would define the incendve for further
development efforts. It is also noted that, when operating conditions are chosen to
maximize capacity or new more actve catalysts are developed, the number of cooling tubes
increases to the point where alternate reactor designs with external cooling may once again
become svorthy of consideration.

Finally, it is felt that this study represents a good first step towards DOE'’s proposed

baseline study on indirect liquefaction. It is recommended that the design assumptions used
here be carefully reviewed and used for the definition of design conditions for that study.
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