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AGA

Bench Scale Unit

BFW

Bi-Gas Process

BTX
¢Cce
CS/R
DAF

Demonstration Plant

lNense Phase Feeding

DOE
EFRI
ERDA

Evring R. I. Gasifier

FRG
FG~
GPM
GRI
HHY
Nigh BTU Gas

EMF

ABRBREVIATIONS AND TERMS USED

American Gas Association

A small scale labcratory unit for testing process
cancepts and onerating parameters as a first step in
the evaluatien of a procesy.

Boiler feed water
A two—-staged, slapging, entrained flow coal
gasification process being developed by Bituminous

Coal Research, Inc. in a 100 'TPD pilot plant in Homer
Gity, Penn.

Benzene, toluene, xvlene

Catalytic Coal Gasification

. Cities Service/Mockwell

Dry ash-free

A fully integrated process plant containing all units
required to convert coal to SNG in a near commercial
unit sized facility.

Tha transport of pulverized coal hy pressurized pas
vehicle where solids predominate,

Department of Energy

- Electric Power Research Institute

Fnergy BReseavch and Develomment Administration

A single-stage, slamging, entrained flow, 100 1lb/hr
coal rasifier operated by the Evring Research
Institure of Provo, Utah.

Fluid Bed Gasifier

Flue Gas Desulfurization

Gallons per minute

_ Gas Research Instizute’
Higher (or gross) heating value

‘‘Gas with = higher heating value over 900 BtufSCF °

Hiph mass flux
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ARBREVIATIONS AND TERMS USED (Cont.)

RIG

. Integrated Process
Development Unit (IPDU)

Low Btu Gas
LPP

Maceral

MAF

Medium Btu Gas
MF'

M-GCasoline

MHb
MMSCFD
msec

MW

PDY

Pilot Plant

Saarberg/0Otto Process

SCFM

. SNG

SRT

Synthesis Gas (Svnpas)

High Throupghput Gasifier :

Several integrated systems used to study the effects
of process variables on performance, sized between a
bench—-scale unit and a pilot plant.

Gas with a higher heating value less than 350 Rtu/SCF
Large Pilot Plant

A solid, naturally occurring organic material of plant
origin found in coal. .

Moisture, ash~free

Gas with a higher heating value frm 350-900 Btu/SCF

Moisture free

A high octane pgasoline product produced from methanol
by the M~Gasoline process.

Hapnetohydrodynamics
Million standard cubie feet per day
Milliseconds

Megawatt

Process Development Unit; a system used to studv the
effects of nrocess variables on performance, sized
between a bhench-scale unit and a pilot plant.

A process plant containing manvy of the nrocesses of a
commercial unitc but on a smaller scale For the nurvose
of studying the technical and economic Ffeasibilitv of
the process.

A single-stage, slapging, entrained flow coal gasifier
heing developed by Dr. C. Otto and Co. G, m.b.H. in a
264 T?D demonstration plant in West Germany.

Standard cubiec feer per minute

Substitute or synthetit¢ natural gas conform1ng to
pireline gas standards.

Short residence time

A zas mixture consisting mostly: of CO and Hy.



ABBREVIATIONS AND TERMS USED (Cont.)

ST/SD . Standard tons (2000 1bs.) per stream day
T/D (TPD) Tons ver day
Thermal Efficiency FToual to 100% times the HHV of the product SNG divided

by the sum of the equivalent HHV of the feed coal nlus
imported electricity.

TPH Tons per hour
Vitrain - A series of macerals that form the humic fraction of

coal. seams and are produced by the gelification and
gradual metamorphosis of cell wall substances.



ABSTRACT

This report represents a.technical assessment of the following advanced
coal gasification proceases:

2000

. AVCO High Throughput Gasificationr(HTG)‘Process
.Bell Single -. Stage High Mass Flux (HMF) Process

Cities Service/Rockwell (CS/R) Hydrogasification Process
Exxon Catalytic Coal Gaslification (CCG) Process

Each process is evaluated for its potential to produce SNG from a
bituminous coal. 1In addition to identifying the new technology these processes
reprasent, key similarities/differences, strengths/weaknesses, and potential
improvements to each process are identiffed. The AVCO HTG and the Bell HMF
gasifiers share similarities with respect to: short residence time (SRT), high
throughput rate, slagging and syngas as the initial raw product gas. The CS/R
Rydrogasifier is also SRT but is non-slagging and produces a raw gas high in
methane content. The Exxon CCG gasifier is a long residence time, catalytic,
fluidbed reactor producing all of the raw product methane in the gasifier. The
report makes the following assessments:

Y

5]

while each process has‘significant potential as coal
gasifiers, the CS/R and Exxon processes are better sulted for SNG

~ production;

2).

‘the Exxon process is the closest to a commercial level for near—term
SNG production; and

the SRT processes require significant development including scale=-up

and turndown demonstration, char proecessing and/or utilization )
demonstration, and reactor contrel and safety features development.

vii .
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SECTION I
OVERVIEW AND ASSESSMENTS

1.0 INTRODUCTION

1.1 Or‘.[gi.n
This repert was writtenm at the Jet Propulsion Laboratory under an

Interagéncy Agreement with NASA and the Department of Energy. The project had
its origin at DOE Headquarters, Office of Coal Conversion and was transferred to
the Morgantown Energy Technalogy Center for implementation.

1.2 Purpose of Assessment

The production of SHG from coal is an attractive way of utilizing coal in
an environmentally acceptable way to produce a product which 15 totally
interchangeable in today's energy market. However, today there are no large
cozl gasification plants producing SNG in the United States as the relative
abundance and low price of natural gas has made the economic feasibility for SNG
plants unattractive. As the price of natural gas is being deregulated, énd as
our gas reserves become depleted and gas becomes more expensive to recover, the_

production of SNG from coal will become more attractive. Since the coal
gasification technology that is commercially available today has considerable
potential for improvement; research and development of new gasification
processes iz underway to make coal gasification more efficient, more economical,
and more environmentally acceptable'than the uvlder proacesses.

The purpose of this study is to provide a technical assessment of four of
these new gasification processes. As the research and development work on these
processes is proceeding, continual evaluation of these emerging tecl\nologies and
thelr potentlal for commercialization is required. This study should be use-
ful in planning and preparing the development programs in coal gasification.

Two premises inherent in this work are pointed out here to assist in the
proper application of the fintings:

I-1



REPRODUGCED BY: m

U.S. Department of Commeroe -
Natiena! Technical Infarmelion Service
Springfield, Virginia 22161

(a} The assessment of the processes does Dot constitute a cowparison of
the processes

An effort was made to limir comparisons between processes except where
useful toe the overall assessment and where comparisons could easily be made.

Each procrss was asgessed separately and is reportred individually in Sectioms
II, III, IV and V. . Section I, altﬁough containing several comparison tables, is
meant to serve more as a summary or overview of the processes in a grouping

rather than as a comparison between processes.

(b} The assessment is a technical assessment

~ Emphasis was placed on identifying new technology and its inherent
advantages and disadvantages. Alrhough the most comprehensive barometer of a
process's potential is the required product selling price in dollars per MMBtu,

these numbers are not reported here since economics have nor been developed on
equal bases between processes and hence publishing product prices would invite
unfair comparisons (however, economics were used to evaluate potential

improvements to each process on an incremental basis). The assessment should be

viewed as a technical assessment of four different processes at their currevt
stage of development.

1.3 Processes Assessed
Four processes were chosen by DOE for techmical assessment by JPL and a

brief description of these processes is given below:

1.3.1 AVCO HTG (High Throughput Gasifier) Process:

A two-stage entrained flow, short resideuce time, slagging gasifier

employing a rapid pyrolysis stage and a char combustor stage. Coal, oxygen, and
steam are reacted to produce a syngas containing some methane. The process ig
being developed by AVCO Everect Research Laboratories, Inc. of Everett,
Massachussetts.

1.3.2 Bell Single-Stage HMF (High Mass Flux) Process:
A single-stage, entrained flou. short residence time, slagging
‘pasifier. Coal, oxygen, and steam are reacted to produce a syngas with very




little methane. The process is being developed by thg Bell Aerospace_Textion
cbmpany of_Buffalo, New York. :

1.3.3 CS/R (Cities Service/Rockwell) Hydrogasification Process:
" A single-stage, entrained flow, short residence -iime gasifier. Coal

and hydrogen are_reacted to produce a taw product gas high in methame. The
process is being developed presently by the Rockwell Intermational Corporation -

of Canoga Park, Califormia aﬁd Cities Service Corporation.

1.3.4 - Exxon ces (Catalytic Coal Gaslficaﬁion) Process:
A single-stage, fluidized bed, catalytic gasifier. Coal impregnated -

with catalyst and steam in the presence of syngas are reacted to produce methane
and CO,. The process is being developed by the Exxon Corporacion of Baytown,

Texas.

1.3.5 Stage of Development

. An arbitrary classification of three stapes of deveiopment can be

made which eclarifies why the four procésses are termed "advanced" or

'"eherging":

'Stage of : Years to Coal Gasification
Develogﬂent Commercialization ’ Processes
Commercial 0 Lurgi.(dry bed)

- - Koppers~Totzek
Transition Less than 5 Lurgi (slagging)
Shell~Koppers '
Texaco
Advanced or Emerging More than 5 _ AVCD HTG
‘ Ball BMF
CS/R Hydrogasification

Exxon CCG

The ‘term advanced is used to highlight one or more of the potential
advantégeous features of the new technology areas that each process has compared

to the commercial or transition processes as follaws:

I-3



Higher carbon conversion to methane during gasification _ I
Higher overall thermal efficiency . ‘ ‘
Shaorter gasifier. residence time

Negligzible tars or undesirabie liquids produced in gasifier

Improved coal feeding and injection systems ‘

Effective catalytic gasification |

o 0 o 0:0 @ o

'Simpler overall processing scheme ko produce SKG

As the assessment progressed, it became cbvious that each orocess
fulfilled some of the above features but none fulfilled all of them. For
ekample, the AVCO BTG and Bell Single~Stage HMF pracesses produce a syngas with 1
lirtle mathane yet they do give higher overall thermal efficiencies, shorter - .
rgsidénce timéé,.yield negligible tars, and include improved coal feeding.
syécéms. In the case of the Bell Single-Stage HMF process, the methane yield ‘ ‘
from the gasifier and the oﬁerall thermal efficiency compared to the cther ‘ 1

advanced processes are lower. By making such a comparison, the Bell process
could be discounted as a coal gasification process (assuming capital costs for
each are similar). Again, the assessment loses much of its value if comparisons

‘are seen as the main thrust of this study rather than the technical assessment

aspect.: In assessing each individual process, rather than comparing the four

processes, the individual merits of the emerging technology with respect to o : |
commercial or transition coal gasifiers can be highlighted. It was recognized

that the advanced proéessea might have merits that could bhe synergistically '

combined or that could be utilized in the commercial or transition processes as

cost-effective improvements.

1.3.6 B8NG versus Syﬁgas

Although the assessment was initiated by targeting on gasification
processes to produce SNG, it was recognized during the course of the study that ‘

" a distinetion should be made between géod methane producers and good syvopgasz [
producers. However, the further development of good éyngas génerators should ' |
not be ove:lopked since it_is ex#ected that the syngas generators will have a
wider application in coal conversion than the.SNG génera:o:s. In this repard,
the'AVCO BTG and Bell Single-Stage HMF reactors are classified as good syngas

I-4



generators and the CS/R Hydrogasification and Exxon CCG as good methaqé

gEneratutSi'

la4  Economic Incentives .
As mentioned above, this is a technical assessment and economic comparisons

between the four processes are not made. However, it is worthwhile discussing
the incentives for further developing these proéesses. These incentives are
expressed as thermal efficiency and relative capital costs to the Lurgi
{non-slagging) péocess_as given below:

Coal to SNG (1)

2 Thermal Efficiency Relative Capital Cost

Luzgi (dry bed) 55 1.0
AVCO HTC 68 ' 0.75
CS/R Hydrogasification 58 0.89

- (No BTX vield)

Coal tao Med BTIU Gas (2)

X Thermal Efficiency Relative Capital Cost

Lurgi (dey bed) 522 1.0

Bell Single-Stage HMF 76% 0.69

The above numbers were taken from comparisdns made in.the.literature; they
do not rePtesent.a detailed engineering design and should be considered
pfeliminary. They are used here only to show the potentially slgnificant
efficiency.and capital.cost improvements of the Bell, AVCO and CS/R-processeé

over the_LQrgi process (no such comparison for the Exxon CCG,.was available in
the literature).. ‘ '

15



2.0 STATEMENT OF WORK

The objectives of this assessment are to review four advanced coal

gasification processes (AVCU, Bell, Rockwell and Exxon) for the production of
SNG and te:

Characterige and evaluate these new technologiles
Identify key similarities/differences, strengths/ weaknesses, and
potential improvements for each proecess.

¢ Recommend activities for further development.

This assessment is based on the following main elements included in the
original scope of work:

o Identify and characterize new technology items in each gasification
process.

o Evaluate new technoloyies in the framework of s conceptual system block
flow diagram with material and heat balances projected to a commercial
level producing SNG at a rate of 250 billion Btu/day.

¢ Identify areas of potential improvements relative to the gasifier and

the conceptual overall process

o Identify key similarities and differences and essential strengths and
weaknesses of each proceds.

o Recommend activities for centinued deielopment.

Indludéd in this scope were visits, meetings and discussions with each
developer to view facilitles and to determine the current status of
- development. Investigating the status of development resulted in varying

degrees of informa:idn on test results and the data upon which the developers’

overall process concepts were based, 1In some cases a material balance and/or a
complete process conéept was not available. Much of the effort was involved in
establishing these in conjunction with the developers before the analilysis could
proceed.

I-6



3.0 SUMMARY

[y

3.1  General
Four advanced coal gasification processes were reviewed In this assessment.
These included processes based on the AVCO HIG, the Bell Single-Stage HMF -

Gasifier, the CS/R ﬂydrogasification'and the Exxon CCG. The AVCO HTG and the
Bell HMF gasifiers share similarities with respect to: short residence time

(SRT), high throughput rate, slagging, and syngas as the initial raw product . | | e
gas. The CS/R Hydrogasifier is also short regidence time but is non-slagging, | !
and:produces.raw‘gas high in methane content. The Exxon CCG gasifier is a long '

:eaidence time catalytic fluid bed reactor producing all of the final praduct ’ _ \

methane in the gasifier. The Exxon CCG process is the only one of the four
which does not require a separate shifr converter or methanator.

~

While both the CS/R Hydrogasification and the Exxon CCG processes are
considered to be methane producers, they are quite different in gasifier deéign
and subsequent processing steps. The CS/R process employs an SRT gasifier in a
hydrogen-rich envirvorment to produce methane, while the Exxon CCG process
gasifies catalyst-impregnated ccal in a fluld bed reactor with steam in a syngas
environment: to produce methane. Due to these differences in the gasification
mechanism, the CS/R process needs a hydrogen plant and an oxygen plant to '

support the hydrogasification reaction,; while the Exxon CCG process does not. o i
Exxon CCG needs a catalyst recovery plant to enhance the econonics of the

process.

The above features are highlighted in Table I-l and compared to the Lurgi | o
and Texaco gasifiers. The Exxon process utilizes K2C03 catalyst effectively

to give the highest carbon conversion to CH,, an@ subsequently the least

complex gas processing scheme. However, the solids processing is probably the

most complex of all processes, including the Lurgi and Texaco processes, since

catalyat impregnatioc:n ﬁnd recovery are required. The CS/R process has a ' : ‘ !
relatively high carbon conversion to CH,. However, its overall thefmal _

efficiency while higher than the Lurgi process, is perhaps the 1owest of the

advanced gasification processes which is reflected by the high complexity of its

gas/liquids processing scheme. The CS/R also produces BTX l;quids, a clean and
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valuable by-product (if the HHV of BTX is included, the thermal efficiency

" increases to 61X). The AVCO and Bell processes as pointed out above are very _
similar yet the overall thermal efficiency for AVCO is significantly higher than
any of the praceasses.

The AVCO and Bell processes are in an early pilot stage of gasifier
testing, The CS/R proceas is in a pilot and PDU stage and the Exxon is in a PDY

stages The Exxon €CG is the most advanced in development among the four

- Pprocesses.

More summary datall relative to the individual processes can be found in
the Summary Section of the respective process. '

The remainder of this Summary contains the following sub-sections:

0 A general comparison of the four process schemes.
o A listing of key similarities and differences of the four processes.

The next sub-section is titled Assessments. This 1s.comprised'of

recormendations and conclusions reached as a result of this investigation.

3.2 Comparison of Overall Process Schemes
The following briefly describes the process scheme of each of the rollowing
advanced coal gasification processes:

o AVCO High Throughput Gasification (HTG) Process
o  Bell Single-Stage High Mass Flux (HMF) Process
o CS/R (Cities Service/Rockwell) Hydrogasification Process

=]

Exxon Catalytic Coal Gasification (CCG) Process

The above processes are also depicted on Figure I-~1, for comparing the
differences of the four processes with respect to the ma jor componen:s in. each
-process plant. Table I-2 summarizes the majar uits of each process.



3.2.1 AVCOD HTG Process
Feed coal is pulverized to 70X through 200 mesh and dried to about 2" -
wt. ¥ moisture. The coal and ateam are 1hjected into the pyrolyzer which

operates at 550 psig. Hot gases from the combustor entrain the feed coal and
gasify about 48% of its carbom, to produce Hé, o, COZ and CH,. The raw

product gas and the char exit the pyrolyzer inte a cyclone where the char is

separated. The char is then recycled to the upstream combustor where the char
is totally combusted with oxygen. The resultant hot gases then proceed to the

pyrolyzer supplying the required heat for coal pyrolysis. The coal minerals
form a molten slag in the combustor and continuously flow down onto the inner
wall surface as a protective refractory. The excess slag is trapped out at the
bottom of the combustor, water quenched and disposed off-gsite.

The gas from the cyclone downstream of the pyrolyzer is routed to a
heat recovery system where the sensible heat of the gas is recovered to produce

HeP. (1500 psig) steam. Then the gas is watetr scrubbed to remove the remaining
solid fines,

The solid-free gas flows through the CO-shift, the acid gas
removal, and the bulk methanation system. Approximately 8 volume percent of
the created gas is withdrawn downotream of the acid gas removal unit and

consumed as the plant fuel. The remaining gas is routed to the bulk
methanation system for producing pipeline quality SNG.

3.2.2 3Bell Single-Stage HMF Process

Coal, oxygen and steam are fed to the single~-stage slagging
reactor, vperating at 2530°F and 500 psia where 90% of the.coal carbon is
gasified. The reactor effluent is quenched to 1900°F with water. The
shattered slag is then separated from the raw product gas and sent to disposala.
The raw.product gas, containlng unconverted char, proceeds to the heat Tecovery
system which cools the gas stream from 1900°F to 600°F by generating steam.

The gas proceeds to a cyclone for char separation, and then to simultaneous

cooling and water scrubbing for £inal removal of the solid fines. - The scrubbed.
gas stream (saturated with. water) is routed to the shift system at 345°F where
the reaction is controlled to produce an erfluent stream with a. Hz to CO ratio
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of 3, The gas stream then proceeds to a selective acid gas removal unit where
the st r;gh atream is routed to the sulfur recovery unit, and the C02

stream to disposal. The cleaned syngas then proceeds to the bulk methanation
unit for SNG production. The produced SNG 15 then compressed and dehydrated to

pipeline specification for sales.

3,2.3 CS/R Hydrogasification Process

The C3/R hydrogasification process includes a coal hydropasifi-
cation SKI reactor followed by a char oxygasifier reactor to produce Hz. It
uses a hot gas and solids heat recovery step to partially preheat the recycla
Hz. It also can produce BTx by-product along with the raw product gas. Due
to the high carbon conversion to CH, in the hydrogasifier (45% per pass) only
trim methanation is required with no shift conversion in the product pas

stream. An 02 plant is required mainly for the char/coal oxygasifier for B

production but also for preheating of the recycle HZ by partial combustion.

2

No catalyst is employed.

3.2.4 Exxon CCGC Process

The coal 1is crdahed, dried, impregnated with potassium catalyst, dried
again, and then fed to the fluidized bed gasifier. The gasifier alse receives
steam and recycle syngas (H2 and CO) which is preheated to 155G°F. The
gasifier operates at 1275°F and 500 psig. The CCC gasifier involves the
reactions of coal gasification, shift and methanation. The résultant heat of
reaction is essentially thermo-néutral- The net heat requirement for the
gasifier is provided by prehearing the recycle syngas stream. Approximately
31X of the coal carbon is converted to CH, in the gasifier.

The raw product gas from the gasifiler proceeds through cooling (by
generating H.P. steam) from 1257°F teo 540°F, water scrubbing for fine solids
removal from 540°F to 373°F and then low level heat recovery from 373°F to
313°F. The gas is cooled to 120°F prior to entering the selective acid gas

- removal unit where the st rich stream is fed to the sulfur recovery unit, and

the 002 stream is sent to disposal The treated process gas stream is then

routed ta the cryogenic separation unit where methane is separated f£rom. the
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syngas stream (CO and HZ)‘ The latter is recyczled to the gasifier, and the
methane fraction is heat exchanged and compressed to the SNG pipeline pressure
for sales. '

Approximately 90 percent of catalyst is recovered from the char/ash in the
Catalyst Recovery Unit by a Ca(OH)Z digestion process. The recovered
catalyst is recycled and added to catalyst makeup to be reused in

impregnation.

3.3 Comparison of Process Gasifiers

The following are brief descriptions of the advanced coal
ganlifiers:

. (The schematic drawing of each of the gasifiers is depicted on Figure I-2:
which shows the essential elements of the gasifier such that an overall general

comparison can he made. Table I-3 summarizes the comparison of the

gasifiers.)

3,3.1 AVCO HIG Gasifier
The AVCO gasifier consists of £we parts. The Ffirst part is a char

combustor, and the second 2 coal pyrolyzer. The flow directions for the
combustor and the pyrolyzer ar. down and horizontal flows, respectively. Both
reactors are close coupled and operated in an entrained flow regime. The

combustor operates at 605 pgig and 2400 to 2900°F, and the pyroliyzer at 550
psig and 1600°F measured at the exit. The gas residence time in the pyrolyzer
is in a range of 20 to 40 milliseconds.

The raw gases Hz, co, 002 and CHA are produced bj pyrolysis followed
by a steam-volatiles stahilization. The remaining char is separatéd;fran the
raw gas and recycled to the combustor where the char is burned with oxygen.

The resultant hot gas from the combustor supplies the heat requirement for the
downstrear pyrolysis. N

The coal minerals in the form of molten slag‘are trapped out at the bottom
of the combustor by quenching in a water bath attached thereto. . The shattered
slag is then disposed of off-site.

1-11



.

0 3.3.2 Bell Single-Stage HMF Gagifier
Coal 1s fed to the central 1njector nozzle and 1is impinged by a

co—-axial stream of oxygen followed by a steim injection immediately dow-nstream.

The exothermic reaction of coal and oxygen pruducas anough heat to gasiiy the
coal at 2530°F and 500 peia. At these conditions, the coal minerals form a

molten slag.

The product gas consists mostly of €0 and H, (56% and 31%,

'respectivelv) and lesser amounts of Hy0, €0y, HyS, Ny and CH, in that

- order. The overall reaction can be expressed as‘follows.

Coal + Steam + Oxygen ——&= Raw Syngas + Slag_-+ Char

. The effluents are quenched with water to 1900°F. The slag is
solidified, and separated for disposal. The char is separated in a cyclone

following the heat recovery from the raw syngas..

3.3.3 CS/R Hydrogasification Gasifier
_ Recycle plus makeup H, is heated to reaction temperature by
reacting with 0, in a preburner prior to nixing with the feed coal in the
Hydrogasifier which aperates at 1000 psi. The exit gas temperature of the raw
product gas is 1746°F. Before quenching, this stream containing char solids
exchanges heat with the recycle H,; stream. The char is separated after

‘quenching and fed to a char oxygasifier with some” additfonal coal to preduce

ﬁhe required makeup H, for the main hydrogasifier reaction.

The net overall reaction can be expressed by:
Coal + H _*ﬁa_t_..cua + BTX + Char

3.3.4 Exxon CCG Gasifier _ . _
The Exxon Catalytic Coal Gasifier is a fluildized bed reactor,

'integrating gasification, shift reaction and methanation in the single reactor.

The steam gasificatzon reaction is highly endothermic, the steam-gas shift .

nildly exothermic,_and the methanation highly exothermic. The composite of
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these three reactlons is essentially thermo-neutral, and results in a
significant net production of Gﬂa and'coz} The net overall reaction can be
expressed by: ' . ' ‘

_ catalyst
The gaSifier vacelves catalys:—impregnateﬂ feed coal, preheated by
"a slip stream of the reeycle syngas. Catalyst is impregnated on the coal to

:atalyze the heterogeneous steam gasification and gas phase metharatiOn
reaction plus eliminate any agglomeration problems in the gasifier using caking
coals. The coal bed is fluidized hy the syngas—steam mixture, also preheated
ta compensate for the heat losses of the gasifier vessel. The gaa;fier is
operated at 500 psig and 1275°F. ' N

" All gas phase reactioms in the gasifier essentially reach
equilibrium. Once the_recycle syngas stream is established; there is no

" significant net production of CO and HZ' The net earbdn conversion is

approximately 90%, producing CH,, and CO5. The unconverted char and ash
are disposed off-site following recovery of the catalyst.

3.4 Key Similarities and Differences
Table I-4 summarizes the. key similarities and differences of the advanced

: eoal gasification processes, including

AVCD HTG ‘
Bell Single-Stage HMF
CS/R Hydrogasification
Exxon CCG | g

0.0 © ©

The cpmﬁariaons involve the gasifier characteristics as well as the key
process units imcluded in the overall gasification plaats.

3.5 Assessments ' _ ‘
" As a result of this study, considering the characteristics of each
gasification process, the process strengths, weaknesses, advantages and
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disadvantages, potential improvements and development needs, the following nine

assessments are submitted. These include recommendations for further
' develapment.

3.5.1 General Assessments

_ | I. . The four gasification processes in this assessment were
-applied to the production of SNG. The question may be asked whether this is
the best application for each gasifier. The Exxon and Rockwell Gagifiers were
designed to produce a high methane prbduct gas. AVCC and Bell gasifiers ave

better suited to producing a 1oﬁer Btu product g&a or some form of synthésis
gas, for further comversion to other products such as methanol, gas tu:hine
fuel, Flacher-Tropech liquids, hydrogen, ete.

It is recommended that this diatinction be made so that the
most suitable application of these gasifiers to the required end produét be

considered.

2. Considering the stages of development, relative efficiencies
and basic principles (excluding economics), if one 6f these gasifiers had to be
selacted today for the production of SNG it would be Exxou’s. The CS/R
Hydrogasifier showa high potential but is at an earlier stage of devglbpment
and requires selection, demonstration and design‘of several companion processes

.and unit operatiohs for an integrated SNG process. The AVCO and Bell pasifiers

-require much more development and are in a very early stage with respect to an
SNG application. ' ' o

3. The success of the SRT gasifiers will depend greatly upon how
well they can be scaled up and controlled. The compact size of the reactors
may require mﬁltiple units or ﬁadules ro feach the commercial scale. Multiple
units wili require feed splitting and other measurement and cdntrol Jdevices to -
operate with high precision. These devices have yet to be developed or
demonstratede In the case of Rockwell, it is proposed to split the total coal

‘feed £o as many as 36 modules. This must be demonstrated and proven to be
reliable. In the cgse'of AYCO's slagging waill concept, the successful control
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of slag flow, tapping and containment willlbe influenced by scale of opefatinn.
This also must be demonstrated. ' '

The turn down capability of all of the SRT gasifiers will be
strongly influenced by scale. The smaller the individual medule or the greater
the number of modules, the greater the turn down capability of the total

gasificaticon section. The slag layer and its limitations may be critical to.
the turn dovn capability and therefore scale of the gasifier module. In
another vespect, as the C8/R Hydrogasifier is turned down, the residence time

increases and the product composition changes (e.g., reduced benzene yield);

4 In many of the gasifier processes, char is a common ;

»

intermediate product. Due to the emphasis to develop the primary coal
gasificatioﬁ process, there is scant information developed concurrently on tha-
chars. It is recommended that, to the extent feasible, the resulting chars Be
defined and characterized including analyses, chemical and physical properties,
handling characteristics, reactivities and suitability to further processing
and use. This would eliminate a preat deal of ‘doubt and uncertainty 1n closing
material balances in many gasification‘ﬁrocesses. In the case of Rockwell's

process, the char is a major intermediate for the produétion of hydreren and
considerable more data are needed beybnd composition.

5. As the data base increases for each process, the modeling
effort should continue to be updated to fit the data. Accurate kinetic models
- should be developed as they could he utilized as follows: ' '

To optimize the reactor design
To predict yields of untested coals.

To perform trade-off process design studies.
For use in scale-up design studies.

c ¢ 0 O o

For uge as an operaﬁional and control guide in pilot
plants. .

6. It is reeommended that, as part of DOE funded gasification
3 development projects, each developer compile and publish a summarized reference
book which should include.
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" Sources of information, including basic physical and chemical

data.

Extent of testing.

Process. flow diagram of test facilities including equipment
sizes, contrel schemes, etc.

Selected test results including heat and material balances,
conditions, lengths of runs, feed and product analyses and

characterization.

Data correlations.

is suggested that such a reference book be updated and published

at least OHCé per yeAar.

3.5.2 Specific Assessments

7.
a)

b)

AVCO HTG Process
Continue development of pyrolysis data base:

Much of the pyrolysis data has been extracted from small-scale
batch equipment. WVerification of data using larger scale,

continuous flow reactors needs to be done.

Components integration:

The combustor stage has yet to be operated using coal char as a
fuel. The current flow scheme for planned coal pyrolysis
experimentation includes the burning of No. .2 fuel oil to
produce the hot gases for the pyrolysis stage. It is
recommended that the combustor be rum using char. It is also
recommended that the char combustor and p&tolysis stages be run
simultaneously as early as possible. It makes little sense to
continue finme tuning 1/2 of the system for optimum pyrolysis
yields without addressing operability and characteristies of
the other 1/2 of the system. Testing in the near future should
jnclude integration of the combustor and pyrolyzer so that
dévelopment of special control schemes, which dndduﬁtedly wiilﬂ
be necessary, can proceed. Also, any unexpected effecﬁs of
using char for the genefatiun of hot gases versus using No. 2
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c)

8.

oll on pyrolysis yields, fines rémnval, élag layer coating,
handling of hot recycle char, etc., would be detected. o

Combining MHD with coal gasification:

The combination of coal plus char combustor, an MHD channel and : ‘ . !
the rapid-pyrolysis stage could be employed to produce syngés _ !
and power. Further analysis to determine the technical and | 1
economic feasibility of such a system should be carried ocut.

Bell HMF Process

Continue development of data base for single-stage gasifier:

{1) Single—stage carbon comversion: the projected carbom
conversion at the given oxygen to coal ratio for
bituninous coal should be demonstrated;

(2) Recovery of ungasified carbon: the form of the ungasified
carbon should be identified; in addition, recavery of the

carbon as char should be demonstrated; ‘ '

(3) Demongtrate the slag/char separation: the assumption that

the slag captured in the slag pot will be essentially char
free and that little carryover of the slag with the syngas
shpuld be demonstrated;

(4) Char composition: at this time, no data on .the char ‘ ‘ . !
composition is available;

(53) BReactivity of recycle char: once the upgraded (refer to
Section III - Development Status Detaills, Figuvre IIL-8) -
facility is working, char from cyclone separation should . '

be tegsted for its reactivity and carbon conversion in the ) ‘ ‘
gasifier by 1ltself and as a mix with fresh coal; o ‘ ’
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c)

{(6) Char use as a boiler fuel: once the upgraded facility is
working, a program to collect sufficient char for testing
in_a boiler should be developed.

(7) Testing with other chars: it is recommended that chars
produced from other coal conversion plants be tested as a

potential application for syngas generation.

(8) Validation of material balances: at this time, Bell has
been unable to make a complete material balance. Materiazl
balances have been assumed by differences. Procedures

should be developed in order to make an entire material
balance.

Develop secondary injection data base: (Refer fo Séc;ion III -
Potential Improvements) '
Operational problems with secoﬁdary-injection of coal are
ancicipated including agglomeration of coal particles. It is
recammended that amn operational, secondary-injectioh
configuration be developed by Bell regardless of initial
Eallures or difficulties to determine the degree of enhanced

méthane yield possible in & %ic™ temperature, short resideﬁce

time reactor. Also, analysis procedures for detection of trace
quantities of tar and soot formed by sacondary-injection should
be developed and utilized in this testing.

Investigate hydropyrolysis with secondary- injection:

Once the secondary-injection configuration is successfully
tested, a stream of hot:hydrogen should be added to the
secondary-injection section at various rates to determine the
hydroggéifi;atiqn to CH,. This is suggested to determine

" what the methane yield in a hydrogasifier would be at

tempe:attrés‘(‘Z&OO“F) where eqdilibrium suggests negligible

“methane yields. The Bell test facility lends itself to testiag

various gasifler configurations rather eaéily. The-gaéifier is
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d)

e)

a)

b)

made of several removable parts; hence, fabrication and testing

of different configurations can bz done easily and rapidly.

Investigation of molten-slag bath concept:

It is suggested that an investigation of the molten-slag bath
concept as applied to the Bell HMF process be made. The
potential offered by this concept is a higher single pass
carbon conversion which could eliminate-anticipated char

- utilization problems. Also, a concept using the molten-slag

bath with a second-stage pyrolysis section is recommended for
further investigation (see Section III-Potential

Improvements).

Catalyst application testing:

In a high temperakire reactor, catalyst use 1s thought of as
being maxginally beneficial, since the rcaction rates are so
fast anyhow. However, some benefits could be attained:
including operation at lower teﬁperatures for the same
conversion, higher methane yields, reduced slagging
accumulation problems, lower sulfur compounds in the syngas,
and higher carbon converslons. It is recommended that

performance testing be done with promising catalyst materials
{see Section III - Patential Improvements).

CS/R Hydrogasificaticn Process

It is recommended that the H, to coal ratio in the
hydrogasifier be tgduced_to'an optimum minimum. This will
reduce the size of the process units which are gas Ilow
limited downstream of the gasifier and in the H, recycle
loope It may also reduce the Hz production to the extent
that the Hy/coal ratio is reflected in H, losses. It

should alsc[reduée_the overall utility requirements.

Since the productien of the coproduct banzene appears

- to have a beneficial econemic effect, it is recommended that

benzene be increased to an optimum maximum.
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¢) The overall efficiency and feasibility of the CS/R
Hydrogasificaticn process to produce SNG will depend heavily on

the process selected or developed for converting char to
hydrogen. Ihis secondary gasification process is regarded to
be as important as the primary hydrogaeification process and an
asgessment of the hydrogasification alone is incomplete for the
production of SNG. ' '

4.0 FLASH PYROLYSIS - 4 GENERAL COMMENTARY

Flash pyrolysis may be defined as rapid heating of pulverized coal such
that devolatilization occurs in the range of milliseconds tr 2 seconds It 1is
ahoﬂmﬁsMﬂr&ﬁmmtm%orﬂnguHMMMantoﬂ@u@t&e

fact that all of the reuactants experience the gasification conditions from
mllliseconds to several seconds. ‘ '

For the advanced gasificatlon processes assessed, the AVCO HTG, Bell
Single-Stage HMF and the CS/R Hydrogasification are also termed flash yrolysis
reactors with the CS/R process more sccurately termed flash hydropyrolysis. In
addition to the development work being done on these processes, much research -
work is baing done on flash pyrolysis and hydropyrolysis by others in order to
better understand the complex chenistry and kinetics involved (see Sections II
and III for a more detailed discussion of flash pfrolysis hypotheses for the
AVCO and Bell processes). It is sppropriate, also, that the basic research
continue in parallel with the process development of the tﬁree SRT processes S0
that insights gained relative to the kinetics and chemistry can ultimately =
effect a more optimlized process and a speedier development to commercialization.
For example, while a pilot unit is operating to demonstrate long term runs and
stability, basic research could be doing parametric studies to determine optimum
yvield conditions.

These three SRT procasses all have similar aspects which make them
attractive candidates for coal gasification as follows.

1. Small Reactor Size

"The small reactor aize is best typified by comparing calculated
3

throughput in terms of pound per hour of coal per internal ft” reactor volume
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for the SRT gasifiera and other gasifiers as follows:

1b coal/hr/fr3

SRT-AVCO . 14,000
SRT-Bell : : 2,800
SRT-Rackwell _ 50-2,000
2nd Gen. Modern xbppers-Tot;ek (3) 34

2nd Gen Texaco Montebello (3) 300
Lurgt (dry bed) (2) 30

Hence the installed cost of SRT reactors will be significantly cheaper
than more developed gasifiers due to the following:

a) Less metal and refractory required,
b) Swaller reactors can be factory assembled and tested, and

¢) Spare reactors or duplication costs are minimized.

2. Handling of Caking Coals Without Problems

The coal is injected at relatively low tsmperatures and well dispersed
in the reactor before cemﬁeratures are reached which could cause softening and
aggloneration. The coal 1njectors, which are developed from rocket combustor
technology for the CS/R Hydrogasification and Bell HMF Processes, efficiently

-mix the caking coal with reactant gas in such a way to avold agglomeration.

3. Selectivicy of Devolatilization Products

The SRT gasifiers combire high temperature and short residence time

features that can affect selectivity to valuable products, such as BTX.
The high temperatures ensure rapid and almoat instantaneous devolatilization.
Heavy tara and oils, which are undesirable devolatilization by-products, aie
essentially hydronfaeked to extinction very quiékly. By limiting the residence
time, however, the BIX fraction formed from the pyrolysis or hydropyrolysis
‘reaction may be recovered by quenching before it is reacted further to form
other less valuable products.' A calculation of equilibrium compoaition

_'indicates that the BTX fraction, which is a valuable hy-product of the CS/R
: Rnckwell Hydrogasification process, would not exlst. This same feature of
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ﬁon-equilibrium selectivity could zlso be utilized for higher methane ylelds.
‘Methane formed in £lash pyrolysis and hydropyrolysis,: ezpecialy for the Bell
Single~Stage HMF and AVCO HTG processes, would tend to decompose at the hi'gh
temparatures. By optimizing the temperature and residence time combination,
methane decompesition could be minimized.

While the SRT gasifiers offer the above noteworthy features, other
aspects need to be addressed and resolved before the SRT can be commercialized.
For example, where oxygen is used, sophisticated, quick-response control systems
will have to be developed to prevent temperature excursioms, equipment damage,
and potential explosions. Also the scale-up of the SRT gasifier system could
prove more difficult than for larger gasifiers. ¥For example, scale-up of the
Bell and CS/R gasifiers is expected to be done by clustering of many injector
modules into the samne gasifier vessel, This is similar to the clustering of
propellant-oxidant injectors in rocket combustors. While the scale-up of ﬁha

gagifier itself is not expected to be difficult, the feed splitting and flow

- control of coal solids in many different lines, plus the additional gasifier
control problems associated with having a multitude of feed lines, could prove:
to bé significant in delaying the development of the processes.
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SECTION II
ASSESSMENT OF AVCO HIG PROCESS

1.0 SUMMARY

The AVCO HTG process ae presented in this section 18 the result of a
conceptual applicarion of laboratory acale coal pyrolyais data to a commercial
slze piant to produce pipeline SNG. The conceptual process design of the coal
to SNG plant was extracted from a study performed by the R.M. Parsons Co., for
the Gas Research Instituta. Other data on the AVCO HTG process in this section
are the results of meetings and discussions with AVCO and literature surveying.
Details of tha comeeptual reactor deaign and configuration were discussed but
. are nnt reported here since they are conasidered proprietary at this time.

‘The AVCO HIG resctor is a two—atage entrained flow gasifier enploying a
rapid pyrolysis stege and a char combustor stage. Pulverized coal and steam
are fed to the pyrolysis stage, and char, oxygen and steam to the combustor
Btage. .

The HTG reactor should be considered in an early stage of development

especially in regarés to coupling the pyrolysis and combustor stages as this
has never been done.

The AVCO HTG has the following noteworthy features:

ADVANTAGES

o Extremely high pyrolysis-stage throughput rates (14,000 1b/hr of coal
per ft3

o High overall coal to SNG thermal efficiency (68Z)
Protective slagging wall in the combustor stags
Can handle caking coals

reactor)
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DISADVANTAGES

Low coal-to-methane conversion (11Z%)

o High stesm requirement (1.62 lbs steam per lb MAF coal)
Moderately high oxygen requirement (0.64 lbs O, per 1b MAF
coal) '

_ A comparison of the AVCO and the Bi-Gas two-—stage coal gasifiers showed
AVCO to be significantly lower in methane yield while higher in steam and
oxygen consumption. Hence, a potential improvement in the AVCO process is
suggested by adopting higher preséures and slightly longer gas residence times,
approaching that in the Bi-Gas process. These measures should allow the same

degree of conversion at lower oxygen and steam consumption.

2.0 <CURRENT STATUS OF DEVELOPMENT

Work on the AVCO HIG Gasifier began in 1974 for ERDA in the Low Btu Gas
Program. Initial testing for coal pasification was done in an entrained flow
gasifier with coal feed rates of up to 120 1lbs/hr. Pittsburgh Seam Coal was
devolatilized by injecting it inio a hot stream of combustion gases formed from
the burning of No. 2 fuel ofl with oxygen enriched air. Over 30 data points
‘collected indicated thermal deveolatilization in the range of 35 to 68% of the
original DAF cocal carbon into low Btu gas was possible with a typical residence
time of 50 msecs. However, it was recognized that without adequate mixing with
a backgroﬁnd gas (e.g., steanm and‘COZ) during devolatilization, considerable

soot was Formed from the unstable volatiles.

From 1975 thru 1979, AVCO continued investigating devolatilization ylelds
in a Singlé-Pulse Gasifier appzyatus under the sponsorship of AGA and GRI. The
experimental apparatus was used to simulate the HTG conditions by flowing a
pulée of ccal into a preignited stream of Hy aad 0, The important

observations from these experiments are:

1. ' Carbon conversion increases as the temperature of the
: preignited mixrture increases;

11-2
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2. ‘increasing the turbulence dutiug pyrolysis has a dramacic_effect on
the carboen conversion with a8 more pronounced effect at lower

temperatures ;

3. carbon conversion at a giveﬁ temperature seems to be Iindependent of
whether pyrolysis is in the presence of N, or CO,.

In pyrolysls PDU work sponsored by AVCO, a reactor which had been
originally develoﬁed for research in coal combustion for an MRﬁ program, was
used as a horizontal flow, entrained bed HIG. Hot gases are produced by the

- combustion of No. 2 fuel oil with oxygen enriched air; coal is injected into
the hot gases at a rate of 1 TPH. The reactor is operated at 4 atm and has a
run duration limit of about 1 hour. Typical gas residence time is about 2

msecs Early tests results have shown volatile yields.comparabie to that’
obtained with the Single-Pulse Gasifier.

As of yet, the HIG has not operated with the combustion gases being -
supplied by the combustion of char. Hence, actual operation of the AVCO HIG,
which is a two=stage procesg, has not heen demonstrated. However, operation of

the combustor with coal and oxygen has been demonstrated in previous (MHD)
programs. Operation with char and oxygen is assumed to be'very similar;

MHD technology which AVCO has applied to the conceptual design'of the HTG -
includes: :

o slag utilization to form a protective slag layer on the reactor
internal wall from MHD channel slagging work.
o char combustor from previous MH. coal combustor work.
Details of a conceptual design of the two~stage HTG reactor made by AVCO
are not presented in this report as they are considered proprietary at this

tine.

Further details of the development status are at the end of this saction.
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3.0 PROCESS DESCRIPTION :

- The following describes the ovarall conceptual process plant of the AvVCO
High Throughpﬁt'Gasifier Process producing SNG from coal by sections in
accordance with the Process Block Flow Diagram, Fig. II-] and the Material
Balance, Table II-l. This preliminary pfocess design is extracted from am

‘evaluation study performed by the R.M. Parsons Company under GRI Contract No.
5010--322-0048. '

‘3.1 Coal Preparation and Feeding
The coal used for the material balance is a Pittsburgh Seam No. 8 coal
with the following properties:

Proximate Analysis, as-recelved, We. 2
Molsture ' : 6.0
Volatile Matter = 31.9
Fixed Carbon ‘ ‘ 51.5
Ash _10.6

100.0
Ultimate Analysis (dry) We. %

71.50
H 5.02
‘N 1.23
o] © 6453
s 4.42
Ash : 11.30

100.00

Heatring Value of Dry Coal
Btu/1lb (HHV) : 13,190

Heating Value of Coal As-Received
Bru/lb (HHV) . 12,400

II-4



i-19

Raw coal received from stockpile is crushed to 70 percent minus 200 mesh
and dried to 2 weight perceat maisture in the coal preparation section.

The prepared coal is fed to a lockhopper system. A portion of the raw
product gas from the Heat Recovery section is used in the lockhopper recycle
system for pressurizing the lockhoppers and feeding the coal to the pyrolyzer.

3.2 Gasification

3.2.1 Stage I - Char Combustor

The recycled char, oxygen, and steam are injected into the
combustor through nozzles located near the top of the vertical down flow

combustor. The char-oxygen mixture is fed through the center port of the
injector, while the steam passes through the outer annulus.

Oxygen and steam are regulated tv the combustor for total
combustion of the residue carbons The combusfor effluent gas having a
temperature of 2400°F and pressure of 600 psia flows directly into the
pyrolyzer as the only heat source for coal gasification in the pyrolyzer.

The coal minerals form a molten slag on the combustor inner wall
surface which is continuously replenished. The slag coating serves as the
‘protective refractory for the combustor. Excess slag is trapped out at_thé
bottom of the combustor and quenched in a water bath attached at the bottom of
the combustor. The shattered slag separated from the quench water is delivered
to batteryllimits for disposal.

3.2.2 Stage IT - Coal Pyrolyzer .

Pulverized coal and steam are injected radially into the horizontal
flow encrained bed pyrolyzer which contains high temperature gas from the
close-coupled char combustor. -Thermal devolatilization of coal and homogeneous-
gas. phase reaction are accomplished by effective mixing of the feed coal the
“hot gas, and the injected steam. At 550 psia and a reactor outlet temperature‘
of about‘ISODdF, 48 weight percent of the coal carbon is gasified. '
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3.3 Char Separation

4

The pyrolyzer effluent gas is roui:ed to a dry cyclone separation system
where the char together with coal-ash is separated from the gas. The cyclone
off gas is roited to a heat recovery system. The solids, containing chay and

'ash, are recycled to the combuster via a char feeding system.

3.4 Char Feeding
The char feeding system consists of lockhoppers similar to the coal feed
hoppers. The hot char is pressurized to about 650 psia in the hoppers and fed

to the combustor in a dense phase flow condition. The carrier gas is the same
gas used in the coal feed lockhoppers.

3.5 Heat Recowvery

The gas from the cyclone proceeds to a heat vrecovery aystem. The sensible
heat of the gas is recovered in heat exchangers to generate 1500 psig steam and
to preheat boiler feed water. The cooled gas is then scrubbed with the process
condensate from downstream of the shift converter to remove the solid fines

which are not removed by the cyclones. These fines are dried and then recycled
to the char combustor.

3.6 Shifc
The solid free gas 1s delivered to the shifr converter after being

reheated to about 60C°F by back exchanging with the shift converter effluent
gas. '

3.7 Acid Gas Removal .

The shifted gas is cooled to approximately 140°F, condensate separated,
and the gas fed to the Acid Gas Removal section. Sulfur~containing gases and
CO, are selectively removed from the gas in a physical solvent absorption
system sﬁch as the Selexol process. |

Approximately eight percent of the desulfurized ayngaé‘ls t@ken for‘ﬁlaﬁt

‘fuel and for supplementing the fuel reqqired‘fnr superheatinglstéam; The:
balance of the syngas is reheated to 700°F and passed over cobalt moly catalyst
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and zinc oxide to remove the trace. sulfur compounds in the gas. The syngas is
then routed to the catalytic methanation section.

3.8 Methanation _

A high temperature methanation syatem such as the RM Process® {1) is
employed here to recover maxiwum quantity of heat released in the methanation
system for production of 1500 pslg steam. Thirty percent of the gas from the
zinc oxide reactor is fed to the first of the five bulk methanation reactors.
A small quantity of steam is added to moderate the temperature rise across the
catalyst bed in the first reactor. The remsining seventy percent of the fresh
feed is fed to the second methanater. The effluent gas streams from the first
and the second reactors are combined and fed to the remaining three methanators
connected In series. Through this bulk wmethanation system, the process gaé
temperature is progressively lowered by heat recovery in the exchangers placéd
between the reactors. After the final methanation, the gas is cooled to
condense the steam. ‘

3.9 Drying and Compression
The gas stream from the bulk methanation system is then compressed to the
desired product pressure and passed through the trim methanator for production

of specification SNG. The dehydration of the product SNG is effected by a
glycol dehydration unit.

3.10 Sour Water Stripping ‘

The sour condensate collected downstream of the shift comverter is routed
to a sour water stripper. The stripped condensate supplemented with condensate
recovered in the methanation system is routed to the plant water system for
treating and reuse.

3.11 Sulifur Recovery
The sulfur-con:aining gases from the Acid Gas Removal section and from the
Sour Water Stripping aection are delivered to the Sulfur Recovery section. The

latter includes a Claus sulfur plant and a tail gas treating plant for
producing eleman:al sulfur as a by=-product. '
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3.12 Water Treating, Steam Superheating, and Power Generation

This unit consists of water treating for BFW preparation, steam

superheating, and power generation as required for the entire plant.

. 3.13 Oxygen Plant

The oxygen plant consists of commercially available air separation units
dellvefing oxygen at 600 psia to the char combustor.

4.0 STRENGTHS AND WEAKNESSES

4.1 Strengths

0

L LR

Effective utilization of oxygen. An advantage of the AVCD HIG

two-stage concept is that valuable oxygen is used to combust and burn
out the more diffibul: to react char in the STAGE I combustor. The
high temperature combustion 335 is then used to supply the heat
required for the thermal pyrolysis of coal in the STAGE II pyrolyzer.
The steam injected to the STAGE II pyrolyzer 1s used for homogeneous
gas phase stabili!ation reactions; no sfeam-cnnllchar heterogeneocus
reaction is claimed to occur in the pyrolyzer.

High throughput rate; short vesidence time. AVCO estimates that the
pyrolysis reactor can be operated at a coal feed rate of 14,000

lbs/hr per ft3 of reactor volume at the prescribed process
conditions. This corresponds to a residence time of 40
milliseconds.

Slagging wall combustor. Since the temperature in the char combustbf'
can be in excess of 3000°F, the coal ash is converted into molten

slag. A conhinuously replenishable steady state siag coating which

is formed on the wall structure serves as a protective refractory

material.

‘High carbon utilization. The cqupled énmbﬁs:oeryr§lyzer gasifier is
- potentially capable of operating at nearly 100X carbon utilization.
- Coal ash is the. only solid effluent stream produced in the plant.

I1-8
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High thermal efficiency. 68.4% of the thermal energy input in the
coal feed is converted to the SNG product {cold gas efficilency).

Clean process. Ammonia and tav/oil liquid hydrdcarbons may be
produced only In a negliglible quantity. No extensive liquid effluent

treatment is required in the processe.

No utility coal requirement. Sufficient high pressure steam (1500
psig) can be generated with the process heat recovered in the heat
exchangers and by utilization of a high temperature methanatfon unit.

No coal—-fired steam boller is required to supplement the plant steam
requirement.

Self-sufficient plant fuel requirement. A small slip stream of
desulfurized product syngas (prior to methanation) is used to
supply the plant fuel gas requirement. No additional flue gas
desulfurization is required.

Dense phase feeding. Both the process coal and the residual char are
Fed as dry splide in dense phase mode; hence. less volume of carrier
8as and smaller transfer lines are expected.

Flexible application. The gasifier produces Hz, co, 002 and a
lesser quantity of CH,. With selected downstream processing, the
gasifier can be used for generating low Btu gas, medium Btu pas,

synthesis gas, or high Btu gas. Also, caking coals are acceptable
feeds to the HTG. '

Weakunesses

o

Low coal-to-methane coaversion. Experiments indicated a typical

'pyrolyzer effluent gas contains about 6.5 volume percent of methane

on a dry basis, representiwg a carbon convetaion to CH, of ‘only

"ahout 10—15%.‘ In the gonceptual process shown in’ Figure II-1, only

about 30% of :he total SNG is produced in the HTG reactor-
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Weak data base. The conceptual process design 1s based on the
3'informat;oh extracted from laboratory experimental data. Most of the

research work was performed on a batch procésa explosion chamber
reactor. Na data from a continuous steady-state rTun are yet

available at this time. Further development work is mandatory to
gubstantiate the preliminary data veed for the conceptual dasigu.

High material consumption; A comparison ¢n the feeds per MM Btu of
product SNG is tabulated below. The BCR Bi-Gas, process is very .
similar functionally to the AVGO HTG; the major difference {s that
the AVCO HTG has much higher reactor throughput. -

AVCO HTG BCR BI-GAS(2?

Lbs 0, 62.98 43.04
Lbs process steam = 159.18 B2.64
Lbs DAF coal '
Process 98.35 85.88
Utilicy - 13.02
Total 320.51 224.58

{lbs. per MM Btu SNG)

o Critical components need further development: work: The
following areas need significantly more development work:

- hot char reéyle including char recovery, repressurizing,
and dense phase flow to the combustor

- heat recovery from the high temperature syngas and
entrained solids to generate high pressure steam

- control scheme to keep close control on the flow of : two

solids streams, coal and hot char, which if either nere
interrupted, would shut the gasifier down.
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5.0 POTENTIAL IMPROVEMENTS |

The following ltems are being suggested as potential solutions to problem
areas that appear to exist as the procesa ia now proposed by the developer.
These also take into account the stage of development of the overall process
and the coaceptual status of many of the coumpanion operations to and around the

proposed gasification step. They are the rasult of reviewing items mentioned

~ in other sections such as weaknesses, alternates, disadVantages and status of
development. ;It 1s not suggested that these are the fimal solutions. They are
potentials only, viewed from the perspective of this assessﬁent, and will

require more detailed investigation and evaluation prior to testing. It is for
this reason that they are called potential Improvements.

S.1 Oxygen/Steam Utilization

The two—stage HTG concept proposed by AVCH is t6 use the valuable oxygen
to combust and burn the less reactive char in the combustor stage and to use
gteam + C02 to stabiliie and react with the wmore reactive volatiles evolved
from coal in the pyrolyzer stage. This is contrasted with a single-stage
gaéifier, e.g., the Texaco éaaifiet, wvhere the valuable oxygen is consumed by
hetefogeneously reacting with the char and by reaction with the volatiles.

However, a comparison of the steam and oxygen consumption of the AVCO
two-stage gasifier to that of the Bi-Gas two—-gstage gasifier(Z) ghows 46X
higherx okygen and 932 higher steam usage per MMBtu of SNG firal product. Also,
‘the coal carbon converted to CH, in the AVCO two-stage gasifier is much
lower: 11% versus 24% for Bi-Gas.

It is suggested that AVCO investigate in their PDU the following:

{a) Thigher pressures, approaching 1000 psia

“(b) higher pyrolysis residence timeé, in the order
‘of severul seconds '

(c) 1ower.pyrolyzer outlet temperatures

I1-11
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The purpose of suggesting the above is to maximize the GH4 yields in the
gasifier by allowing the gas phase and heterogeneous resctions to produce more
- methane. The objective would be to reduce the oxygen and steam cansumption to
that of the Bi-Gas system while simultaneously increasing the CH, vield. It
is realized that the ylelds of the Bi-Gas reactor as given in the Braun repoft
(reference 2) are probably optimistic. For example, the carbon conversion to
‘ CH4 in that report is calculated to be 24%. However, previous experimental
data by Bituminous Coal Research, Inc., on a Pittsburgh Seam coal showed
conversions from 12 to 20%;(3) with N. Dakota Lignite, conversions from
11 to 17% were achieved(a). Conditions of the testing were similar to
AVCQ except the pressure was about 1000 psia and the residence times ranged
from 2 to 16 sec. Hence, although a yleld of coal carbon to methane.of 2&2
'-_seems optimistic, higher conversion than AVCO has realized are entirely

- possible by pressure and residence time adjustments.

5.2 Synthesls Gas Production

The AVCO HTG pyrolyzer produces a sigolficant, but relatively small amount
:of methane: only 11 percené of the coal carbon is converted to CH&. When
praducing SNG, or a fuel gas to be used for combusticn, the methane yield
should be maximized. However, where a syngas 1s co.be used for hydrogen
production, Fischer-Tropsch syntﬁesis, methanol synthesis, etc., the production
of methane should be minimized so that costly seperation of the CH,, e.g., by
cryogenic separation, can be eliminated. It is sugpested that AVCO investigate
in their PDU the conditions required to give essentially no methane. Higher
pyrolyzer temperatures and lower steam usage are methods which should reduce
" the methane yield. ‘

5.3 Combined Gas and Power Production .

To capitalize on AVCO's knowledge of coal pyrolysis and MHD power
generation, it is suggested that they further investigate the integration of
the combustor, channel, and pyrolyzer. This arrangement has the advantage of
prﬁducing gas as well as power which could be used for'plant‘requirements-. The
~ added ¢dm§1exity is seed injection and separation as réqﬁifed in an MHD pbﬁér o
cycle. ‘ '
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6.0 COMPONENTS REQUIRING DEVELOFMENT

6.1 Densa Phase Feed System
In the proposed HTG gasification process, two deanse phase feed systems are
required; one for coal feeding and one for char feeding. A4t the present stage

of development, the actual feed system has not yet been selected by che
devéloper. Pressurized lockhopper systems must he useds The developer is
considering to use raw preduct gas as the lock gas. A gas fecovery and reéycle
' system would be necessary to minimize the valuable gas venting to aﬁm&sphefe;

AVCO has experience with dense phase coal tramsport and feeding up to 2
‘hours duration. ' A continuous feeding system for a longer time amcale has yet to
be demomnstrated.

The coal/char is injected at a point of high Reynolds number and near
sonic velocity in the main stream in a manner that encourages fast turbulent
'mixing of the solids and main stream. The injection of a cosl stream into a
main stream of near sonic velocity, yet maintaining optimum turbulent mixing,
may present difficult fluid mechanic problems. |

6.2 Char Combustor

The design of a char combustor toc operate in series with tﬁe pyrolyzer
would also be designed on the concept of high temperature rapid gasification.
The slagging wall combustor concept is based on related work performed by AVCO
. in their coal-fired MED program. However, the properties of the char are
undoubtedly different from the pfoperties of the coal. Mechanical features,
combustion stoichiometry, effects of ash composition and comcentratioun, and gas
molten-slag separation require specizi attention in the development of the char
:comhustor. |

‘6.3 Reactor Turn Down . .

_ The reactor turn down capability of the proposed HTG system has not yet
‘been étudied. The turn down ratio is an important ﬁ#rametef to the application'
of'slégging reactor wall structure technology and tq:the procégs enginearing of
the process. . ' ' :
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‘Establishing and'maintaining 2 continuous steady flowing layer of molten
slag on the reactor wall is controlled by the shear and body forces on the slag
and the slag viscosity, which is dependent on teﬁperature- Limits of thege
" controlling Factors and the effect of changing the gas solids stream flow
pattern may require further study.

From a process engineering point of view, a ﬁiece of equipment which has -
limited turn dowm ratio can be the bottle-neck of the entire process. Costly
plant shut down could be caused by not allowing for an adequate reactor turn
down ratio in the process design.

6.4 Control and Safety Systems

At the present stage of development, the coatral/instrumentation and
safety systems for a two-stage HIG reactor have not been developed dn any ‘
scale. The following items represent some major points which require special
attention: '

o a reliable, high-seasitivity flow coatrol system'for solids.

o a safety control system which can prevent the possibility of an oxygen
explosion caused by upset conditions such as loss of char feed, loss of
coal feed, loss of steam, etc. ‘

¢ a suiteble instrumentation system whichk can adequately control this
very short residence time gasifier.

7.0 DEVELOPMENT STATUS DETAILS

AVCO's experience in MHD development entailed new studies of coal and gas
behavior at high temperature and related technologiles. Basic and applied
research on coal utilization 1ed to a conceptual two-stage gasifier system:
Stage I is a char combustor and Stage II is a coal ﬁyrolyzer. The proposed
two-stage gasifier has not yet been fully tested in the laboratory. Details of
the conceptual design are considered proprietary at this timé. Most pf the
pyrolyais-data gatheréd‘are from single-pulse gasifier experiments. The
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technological information and duvelopment statug of the related components
which have been tested or are under testing are given as follows:

(1) Pyrolysis Work
o Entrained Flow Gasifier Experimentation

o Single~Pulse Gasifier (batch) Experimentation
o  Pyrolysis PDU (high velocity) Experimentation

(2) Slag Utilization

(3) MHD Coal Combustor Work

(4) Analytical Modeling Work

(5) Future HTG Gasifier PDU Development

7.1 Pyrolysis Work

7.1.1 Entrained Flow Gasifier Experimentation

Funding Ageucy: ERDA - Low Btu Gas Frogram

(=]

o Project Period: 1M74-1975

o Project Objectives:
Exploration of the rate and extent of coal devolatili-
zation using the MHD combustor averhead gas as the heat

source.

a Test Pacilicy:

-EE~-15



The entrained bed gasifier experiment set-up 1ls shown in Fig.
II-2. The system consisted of a vertical drwn-flow gasifier with
top mounted oil burner and auxiliary equipment with coal feed
rates of up to 120 1b/hr. '

Test Conditions:

Coal (70%-200 mesh) was fed through three radially-aiigned
injectors at a rate of 50 o 120 1bs/hr. The cocal particles were
heated up rapidly and devolatilized as they got entrained in the
hot gases produced by combustion of No. 2 fuel oil with |
okygenﬂenriched air,

The volatilas and char were intermixed and reacted with the hot
gases as the stream flows downwards. ALl the reactions were
quenched by cold water jets at the bottom of the gasifier. Char
particies were collected in the char collector for char analysis.
Gas samples sucked through the sampling probe were analyzed by
on-line LK detector cr by gas chromatography.

The gasifier was operated at atmospheric pressure. Gas
temperature (without coal) was measured in a range of 2780° to
3590°F. . Coal-gas mixture residence time was set in a rtange of 7

to 70 milliseconds.

Test Results:

Over 30 data points indicated thermal devolatilization in the
range of 35 to 68% of the original DAF coal carbon into low Btu
gas with a typical residence time in the order of 50 msecs.

It was also acknowledged that inadequate mixing of volatiles and

background gas during dévnlatilizition caused significant scot
formation. '
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7.1.2 Single-Pulse Gasifier Experimentation

o

Punding Agencies: AGA/GRX

Project Period: 1975-1979

Project Objectives:

Investigation on volatlle vields of pulverized coal under extreme
conditions of initial coal-gas wixing, temperature and heating rate.

Tesat Facility:

The experimental épparatus is shown in Fig. II-3, iThe batch process
explosion chamber is made of an aluminum cylinder (25 em ID x 24 em)

‘with steel end plates. Piezoelectric pressure transducers, one on each

end flange, were used to measure the very rapid pressure change.

A coal holder with perforated bottom plate was.mpuhted in the chamber
bottom flange. A pressurized gas reservoir was isolated Erom the
explosion chamber by a quick acting ball valve. o

Test Conditions:

Before each Tun, cocal was placed in the éoél holder and the chamber was
evacuated. Depending on the experiment, 02, 02-+ COZ’ or 02 +

N, was then loaded in the chamber to about 1 atmosphere. Coal was
blown into turbulent suspension by Hz gas from the reservoir.

Rapid gas phase combustion by spark 1gﬁition of stoichiometric
hydrogen—-oxygen mixture reguited in a superheated steam environment.

The combustion was Eollnﬁed by heating of the coal particles by the

newly formed steﬁm,-devolacilizatidn, and the reaction of wvolatiles
with the background gas. ' '
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At the end of each run, the product was cocled by heat tracsfer to the
wallg of the chamber.

Evaluation of the experiment was based on examination of the gas and
char which remained at the end of the run.

Test Results:

Tha stabilized gna'compositlon varies with experiment. Typical gas
yields on a dry basis consists of Hy, 45.1%, €0, 29.0%, 00,, 19.4%,
CH,, 6.5% The experimental results were summarized in four groups
and are given as follows.

(a) Srteam as background gas

Parameter investigated:
coal mass loading

Post Explosion*
T, ¥ P, Atm

—t

5800 N/A

EXPERIMENTAL RESULTS:

Mass Loading Number

lb. DAF Coal/ of Gas Yield
1lb. Steam Data £ Carbon
Generated Points Convers.
0.3 1 8
0.6 . 2 70,85
0.8 3 60,61,65
1.2 1 50
1.6 i 42
2,5 1 3z
5.5 1l 18
9.2 1

10
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As is evident from the above data, the X carbon conversion
decreased as the coal/steam ratio incressed.

(b) €O, CD,, and stean as background gas (initial gas

CH; 8402, 127

Parameter investigated:

different temperature at a constant mass loading of 0.33 DAF
coal/total gas.

Exnerimental Results:

Kumber of Gas Yield
#Post Explosion Data % Caxbon % Carbodo®
T,°F P, atm Points Convers. Converaion
' 25, 30
4800 15.3 4 35, 46 69, 76
5350 17.3 4 55, 60 64, 74

From the above data, two important observations can be made:

(1) As the temperature of the steam produced in the explosion

ckamber goes up, the carbon conversion increases

(2) Increasing the turbulence has a dramatic effect on the carbon
conversion with a more pronounced effect at lower
temperatures o

(c) €O, and steam as background gas:

Parameter investigated:

- different temperathtéa achieved by vérying the coz concentration
© at a constant mass loading of 0.8 lbs. DAF coal/lb. steam.

R

*Post Exp. Temp = Calculated adiabatic temherature for Hp and oxygen
reactants only before coal is injected.:

' Incressed turbulent mixing.
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Rxperimental Repults:

Gas Yiald

‘ Numher of X Carbon
C04 /0 T. °F Data Points Conversion
Ly =2 T, 68

5700 2 62,
0.5 5200 2 57, 65
1.0 4700 2 A%, 49
1.5 4250 2 49, S1
2.2 3850 2 4s, 49
3.0 3500 2 40, 41
3.5 3150 2 40, 41

As shown by the sbove data, decreasing the temperature by the
addition of CO, as a diluent decresses the X carbon coqyeu:l.on.‘

(d) N, and stean as background gas:

' Paramsier investigated: .
differsnt temperature levels schieved by varying the N,

concentration. .
Bger:lnl:al Reaults!
Maas Numbar ‘
_ of Gas Yiecld
- 1bs DAF cone. ; . . Data X Carben
Lb., staam N,/0, T,°F P.,atm Points . Coavera.
L e =% 6%,68,75
1 5300 - 2 . 60, 7O
2 4750 2 49, 50
3 4300 2 46, 46
3.5 4100 2 31, 53
4 3900 2 46, 46
5 - 3450 2 51, 51
6 3100 4 45, 46
_ 46, 47
7 2850 4 44, 45
: : 46, 50 -
8 2600 2 44, 45
9 2400 3 &5, 45,
. 4s _

‘%Presoure in a range of 10 to 20 atms. -

1I-20
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As shown by the above data, décreasing the temperature decteases

the % carbon conversiou similar to what was bbserved when CDz was
used as the diluent. The interesting observation here is that the

Co, didn't appear to help carbon conversion since the results at
total mass loading of 0.8 are similar for CO, and Nj. Hence,

heterogeneous reaction of CO, and char were appareatly
negligible.

Pyrolysis PDU Experimentation

Q
o

0

Funding Agency: AVCO internal funds
Project Period: Continuing
Project Objectives:

Demonstrate thermal pyrolysis of coal in a high velocity
entrained bed reactor producing comparable volatile yields with
the ylelds obtained in the batch reactor experiments |
(Single—Pulqé Gasifier). o

Teat Facility:

The reactor, developed utiginally for research in coal

conbustion for open cycle MHD, has been operated as a horizontal
flow, entrained bed pyrolysis PDU. The reactor has internal _
dimensions of 15 cm diameter and 180 em long. Coal feed rate is -
about 1 TPH. '

Test Conditions:

Hot gas was praoduced by combustion of No. 2 fuel oil with
oxygen enriched air. Coal was injected into tﬁe hot gas at a
rate of 1l ton per hour. The reactor was operated at 4
étmosphéreé- Total run‘time is limitéd to abouﬁ 1 hour which is
set by the éoai feed hopper capacity. -Typiéal‘gas residence

" time is about 2 msec.

I1-21
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o Test Results:

Early test results have_épown volétile yields were comparable
with the results obtainad for the Single-Pulse Gasifier
experiments. Results were reported as a compdsite of test data
" points. ' '

Mass Loading Reaction Conditions
(1bs DAF Cual/ . Gas Yield
1b gas) T,°F‘ P, ATM Nzloz ZCarbsn Convers.

0.4 4300 4 N/A 65 .

0.8 - 4300 ) N/A 50

Recent efforts were directed to the areas which would more
nearlf represent the elements of the proposed two stage

- gaslification concept.

More experiments were performed in the direction of lowering the

reaction temperature. The nitrogen concentration is reduced by
replacing N, with water/steam.

Preliminary findings revealed that the stabilization of‘
pyrolysié products such as CO, H,y, and CH, is seusiﬁive to
the composition of‘the background gas stream and to the
pladement of the coal injectors. The ekperimént results are
still in the process of analysis; data have not been released
yet.

7.2 Slag Utilization

o Funding Agency:  EPRI _
o Project Period: 1975 --1977

Ir-22
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Project Objectives:

Investigation on the requirements for development of a continuaus,_
stable layer of slag for structural prutection in MHD systems. '

Test Facility:

The test duct was about BD cm long, with a Fixed height of 6 cm, and
adjustable width, entrance and exit geometry to control Mach number
distribution. The test structure exposed to the two-phase product
flow normally included two or three different ceramic filled test
wall structures, bare copper, and nickel-plated copper. ‘Stainless
steel 304 was used as end blocks in the supersonic configuratioﬁ. In
some cases, the convergent section between the combustor and MHD
channel was made of cold copper (non-slagging} with about 10 cm
contraction length; im others controlled contour slagging contraction

was used.
Test Conditions:

The experiments employed coal slag resulting from injection of either
pulverized coal, fly ash, or fly ash plus other minerals, into a fuel
oil Eired combustor.

Typicél test conditions were summarized as follows:

Combustor: AVCD MK VI EFRL
Primary Feed: 0 -N -CH 0 -N -CH
Mach Number: 0.6 - 0.7 1.1 - 1.6
Residence Time{msec): 15 9

Taitial Pressure (psia): 30 - 35 '55 - B3
Initial Temperature:. 2800 - 2900 2500 - 2600
Replenishment feed:  Penn Rilkton - Fly ash

Seacoal

(Pittsburgh Seam)

11-23
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¢ Test Results:

Experiments under both subsonic and supersonic conditions indicated
that a steady state continuous flow of a‘élag layer coating on the
metal wall structure was achieved in a typiéal time of 30 minutes.

The slag surface temperature was found to be about 250G° to 3000 °F
and the metal wall temperature as low as 300°F.

The effects of combustion stoichiometry, ash composition, flow field,

and wall structure on the slag coating transport process were
studied. ‘

The technology has been demonstrated by hundreds of hours of long
duration runs at AVCO's laboratory.

7.3 MHD Coal Combustor Work
Funding Agency:  DOE
0 Project Period: 1976 - Present

Project Chjectives:

Phase 1 = Investigated the burn out and combustion air prehéating
- facility.

Phase 2 ~ Designed and built a coal combustor for an MHD system.

Phase 3 = Test the combustor. MHD channels will be coupled to the
cambustor.

o Test Facility:

A coal-fired combustor was designed for a 20 MW MHD system. The
combustor is designed to operate with a slagging wall.
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o Test Conditions:

The combustor is operated ar about 4800°F and 5 atm with a coal feed
rate of 2 tons per hour.

o Test Results:

Several of 90 minute runs have demonstrated the viability of the slag ‘ o
proteetﬁd reactor walls and good combustion .performance. The reactor

design approach is verified.
7.4 Analytical Modeling Work

o Pyrolysies and Combustion
Input: Fuel; oxidant; flow descriptinn ‘ ‘ ‘
Model: Mixing and £low dynamics ‘ ' ’
Heat, mass, momentum exchange
Pyralysis hkinetics
Heterogeneous reaction

Thetmochemistry

Capability: . Perfo;mance prediction
Optimization calculations
Equipment sizing calculations
o Slapg Flow

Input: - Gas Flow; wall structure

Model: lleat, mass, momentum traﬁsport.
Viscosity dependence _ ‘
Stability

Capability; Slag layer thickness, temperatufe,

' flow caiculations B .
Transient flow calculations E o !
Optimum wall structure éaIculations
Optimum slag tapping calculations -

II-25
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. 7.5 Future RTG Gasifier PDU Development

Development of the High Throughput Gasification (HTG) FDU is visualized by
Avco in ‘Earms of the following milestonea.

o nyolysis stage coupled with a liquid fueled.combustor with:oxygen
and steam as input. ?rimary emphasis will ﬁe placed on exploring
coal‘injection and particle size for maximum pyrdlysis‘yield. The
tests will ba done under couditions apprapriate to char récycle
condition. Fly ash will be added to provide a slag sources.

o Char combustor development will be done based on the éechnology
evalved from tha coal combustor for open cycle MHD prograum.

o Development of high temperature cyclones to separate char from the
pyrolysis product gas. AVCO expects to capitalize on the experience
obtained during the operation of the BCR Bi-Gas plant.

o Development of an integrated system consisting of char combustor,

coal pyrolyzer, cyclone separation, and char recycle.

8.0 FUNDAMENTALS OF SRT GASIFICATION AS APPLIED TO THE AVCO HTG GASIFIER

The AVCO HTG Process coﬁsists of two stages: the pyrolysis stage and the
char combustor stage. Although each stage is dependent on the otber, the
following discussion will treat the stages separately.

8.1 Pyrolysis Stage
. AVCO has given considerable effort to the basic understanding of rapid
pyrulysis in an entrained-flow coal gasifier. By combining data extracted from

the literature and from their own pyrolysis experiments. 'AVCOD has postulated a
mechanism for rapid coal pyrolysis<5 6>

Pulverized coal (70% minus 200 mesh)'is‘injected into hot combustion gasés

from the char gombuétor;' The hot gases, which are at temperaéures_around_
3000°F and consist mostly of €0, €0, H, and H,0, are injected into the
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pyrolyzer stage at high velocities to effect good umixing with the coal (note .
that the pressure drop of the combustion gaséq from the combustor to the
pyfolyzer effluent igs 50 psi). By the combination of high temperature
combustion gases, small cual particles and intense wixing, heating rates of up
to 200,000°F/sec are attained. This means that the coal particles are heated
' to pyrolysis reaction temperatures of aroun§‘2000°F in about 10 msec.

- 'As the coal is being heated up, pyrolysis reactions oceur with €O, €0,
. and H,0 being the primary compounds driven off at temperatures up to about
800°F%7).

CHQ, C2-05 gases, and aromatics such as benzene and polycyclic compounds.

Subsequent heating produces heavier hydrocarbon gases such as

AVCO has postulated the rapid devolatilization reactions by suggesting two
competing first-order reactions. Each describes the coal decomposition
(approximated by CH,, where 0 <X <1) to residual chars R; and R, and
volatiles, V; and V5« The reactions then are written as follows:

(=~¢)) Ry+ ;1 ¥

coal

(1"“2) RZ + % '\fz

whare Kl = Arrhenius rxate constant for reaction 1
K; = Arrhenius rate constant for reaction 2
*oor 2 = X/x
Atomic (H/C) of coal

Atomic (H/C) of volatiles Vs n=1,2.

e
P
[/t

From cﬁrve fitting of data in the literature, the Ffirst reaction was found
to dominate at temperatures to about 1800°F and the second reaction at higher
3temperature§; Calculated activation energies Eh for the "Arrhenius rate
‘ .equation (kh = koiexp[—EanT])‘ﬁerg 17.6_ana 60.0 kcal/ﬁole respecﬁively.

- For calculational purpeses, the volatiles evolved by the first reaction are
assumed- to be ethyiene'typé aromatlc hydrocarbons while those evolved by thej
 second reaction are assumed to be benzene type aromatic Hydrocarbons. Hdwever;
the conditions of the HTG gésifier in the material balance given in Table II~l
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are such that the first reaction predominates due to the relatively low
‘temperaturESm Nevertheless, the volatiles yield as a percentage of DAF coal is
about 60 wt.Z. With this quantity of volatiles evolved, which is about 1=-172
times the ASTM VM of the coal, rhe gas—phase cracking of unstable volatiles to
Hz and CO will occur. This degagification of volatiles to soot ecan occur
basically in two regions: within the pores of the coal where'the volatiles are
still escaping or in the digspersed gas after the volatiles are free of the coal
surface. It has been determined that about 80-50% of the sooting takes place
in the gas phase and hence would be swept away from the coal particle before
having a chance to adhere to the coal. Since soot is very fine and difficult
to recover, sooting is e#tremely undesirable. By providing sufficient reactive .
gas speciles in the hot combustion gases (CO, coz and HZO)' the unstable but
reactive volatiles are reacted in the gas phase thereby suppressing soot
formation. This is termed the "stabilizing" effect of the background gases.
Gas composition is assumed to be close to equilibrium with methane yields
apparently slightly above equilibrium (an equilibrium calculation of the
pyrolyzer effluent gas from.Table I1-1 showed slightly lower methane than is
reported).

-The total residence time in the pyrolysis stape is less than 100 msaec;
- therefore, slow heteropenecus reactions between the newly formed char and gas
- are assumed to be negligible.

8.2 ‘Char Combustor Stage .

- In this stage, the heterogeneous reaction of char (from coal pyrnlysis)
with oxygen is essentially the only reaction that converts the char to gas.
Some steam is added to the combustor stage as a means of temperature control.

'Any residual valatiles from the pyrolysis stage will devolatilize and combust
with the oxygen also.

_ Gases formed at these high temperatures ( 3000°F) are assumed to be in
equilibrium. ‘

3 Although this stage is titled the “char combustor stage”, it does not
combust all of the carbon in the char to C0,, nor is it necessary'to‘do S0.
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As indicated in stream 6 of the material balance in Table II-!, considerable €O
and H, are produced here. Hence, the “char combustor” is more like a pactial
. oxldizer producing a .syngas containing CO, Hy, €Oy and no wethane.

Figure II-4 is presented here to facilitate a qualitative discussion on
the heat loa& required by the pyrolysis stage and the hent. supplied by the
combustor stage. Curves presented are the author's c.ncept of the relationship
" between the two stages in order to point out cercain indigenous features of
this relationship.

Curve @ represents the percent of ¢cal that is available to the char
combustor as recycle char versus the percent MAF coal devolatilized in the
pyrolysis stage. The relationship takes into account that the less
devolatilization in the pyrolyéis stage, Lhe higher the char avatilability to
the combustor stage. It also recognizes an absolute maximum amount af
devolatiJization in pyrolysis shown by the asymptote to the dotted line. It
~ should be pointed out that if all of the char HHYV is to be utilized in the char
combustor, then all of the carbon in the gas phase is'converced to CO,.

Curve represents the percent of the coal feed HHV required for pyrolysis
as a funetion of the percemt MAF coal devolatilized. This curve shows the
obvious relationship that the heat load to pyrolysis increases as the volatiles
yield increases. The curve also suggests that the heat load fo?¢ the fnitial
stages of devolatilization is a small quantity of the feed coal HHV, but as the
percent develatilization increases, a sharp increase in the heat requirement
occurs. The shaded section labeled "Area A" represents the difference in heat
avallable to the char conbustor and the heat required by the coal pyrolyzer;

As long as this difference is positive, then some syngas, i.e;, co + Hyys is
generated in the char combustor along with CDZ' As the volatiles yileld
increases, this difference decreases until it reaches a balance point labeled
“"char balance point" where only COz is generated in the rhar combustor.

Beyond this point, the char combustor will have to be angmented by a
supplemental coal feed to supply the difference in heat load teduired by
-pyrolysis from that available from the char combustor,. shown graphically in
Area B,
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The reason for submitting this graph is to point out that maximizing of . ,
pyrolysis yields in the pyrolysis stage beyond the "char balance point" is nor |
beneficial; also, the generation of CO and Hy in the char combustor is
inevitable.
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FIGURE IT-2. AVCO Entrained Bed Gasifier Used in Low Btu Gas Program.
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_ SECTION III
ASSESSMENT OF BELL HMF GASIFICATION PROCESS

1.0 SUMMARY

The assessment of the Bell HMF Gasification Process for making SNG was
based on meetings and discussions with the developer as well as available
literature. Since gasifier tests as of this writing have only been performed
'in a Single-Stape Gasifier, projected ylelds supplied by Béll for the
Single~Stage were used to complete a material balance for a 250 MMSCFD SNG
plant from coal. Other concepts of the Bell HMF reactor, including char
recycle, secondafy injection, and seéondary-injection with char recycle, were
assessed as potential improvements to the Single~Stage process when making SNG.
However, discussion of these alternates is limited as the projected yields are .
congsidered proprietary by Bell.

The Bell HMF (high mass flux) gasifier is an entrained flow, slagging
gasifier wbich reacts pulverized coal, oxygen and steam to produce a syathesis
© ,gas. _The ;:}essment that follows pertaiﬂs to ﬁhe Single?Stage concept where

‘sasal, éteéﬁfind pxygen are veacted in the same zone of the'gasifier. The
\2qSingle-Stﬁge gasifier has the following noteworthy features:
AD JASTAGES

— e

o high throughput rates (5000 1b/he/ft>)
o low steam consumption ‘

o wide application {products and feeds)
WEAKNESSES

o low CH, gasifier ylelds
o high oxygen consumption

The data base for che‘Single-Stagé gasifier is presently being developed

at Bell's test fncility feeding bituminous coal at 1/2 TPH for short duration
runs, up to 1 hour in length.

' I1I-1



In order ta increaée the methane yield and decrease the oxygen
consumption;‘a program to investigate secondary-injection of coal is underway.
This concept, and the reéycling of char, could significantly improve the
potential of applying the Bell HMF Gasifler to make SNG. Other potential
improvements, such as a molten-slag bath and catalyst applications, need
further investigation. '

Components requiring development include control and safety systems,
solids feeading, slag pot, high temperature gas/solids heat recovery, char fines

separation, and scale-up aspects to a commercial size design.

2.0 CURRENT STATUS OF DEVELOEMENT

The Bell HMF Gasifier program was initiated in 1976 under contract to ERDA
to determine the feasibility of using a rocket-type reactor to economically
produce a low Btu gas from air/coal combinations and to evaluate the reactor
operating characteristics. From 1976 to 1978, Bell tested their HMF air-blown
gasifier with up to 1/2-TPH coal feed rates and one hour test duration. Much
. of the early testing 1avolved developing a reactor configuration to minimize
slag accumulation effects. An impinging sheet injector was fdentified as the
best injector configuration of 4 tested. Coals tested included North Dakota
Lipgnite, Montana Rosebud Sub-bituminous and a‘Pittsburgh Seam Coal. The most
promising resﬁlts were with the lignite and somewhat less promising results
with the sub-bituminous coal. Limited testing with the Pittsburgh coal .
indicated its conversion to be substantially less than the others. In addition
to the reactor injectdr and coal type variables, the following variables were.
identified with réspéct to their effects on carbon conversion: '

Coal and air injection velocities
Air to dry coal feed ratios
Residence times

0 ©o o o

Mass ‘flux rates
In 1978 and 1979, Bell continued development of their HMF gasifier under

company funds and a contract with the New York State Eﬁergy and Research

Development Aunhority; Development was aimed at producing a medium Btu gés_as
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an Iiantermediate product for SNG préduction. Several.shorn-duraciun (less than
10 min) oxygen-blown tests were performed with steam injection added to enhance
the yields. Pictasburgh seam coal was tested and results indicated difficulry
in achleving high carbon conversions. Variables identified with respect to
carbon conversion were:

o Oxygen and steam injection velocities
o Residence time
o Oxygen/cocal feed ratios

" In iate 1979, Bell was awarded a one year contract to continue the | .
‘deveiopment of the HMF Gasifier to produce SNG feedstock. Included in this
contract are?

o Upgrading‘uf the 1/2-TPH facility to pernmit more detailed
analyses of gas and solid products.

o Testing with bituminous coal and evaluation of the
performance characﬁeristics

0 Testing and evaluation of a secondary coal injection system

A

Testinigin.the upgraded facility is expected to begin in mid-1980.

Further details of the develupment status are at the end of thls section.

‘3.0 PROCESS DESCRIPTION
This is a description of the overall conceptual process for a SNG plant
‘utilizing the Bell Single-5tage HMF coal gasifier. The overall process of coal

‘to SNG is graphically represented in Figure III-1, and a material balance is
giveu in Table III-]l.

Bell's single-stage HMF gasifier has been chosen for evalvation since test
data are available only with the single-gtage configuration at this time.
However, there is another two-stage configuration being developed for ENG _ |
‘production, under contract with DOE and GRI; it consists of the slngle-stage |
into which secondary coal is_injected to produce a methane enbanced gas. ' |

TTTe=
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The falloﬁing sections and the accompanying material balance are
preliminary and conceptual in nature; they have been submitted by Bell
Aerospace Textron as a "single-~stage gasifler subsystem™ as [Collows:

Bell Single—-Stge HMF Gasifier
Heat Recovery

Char Separation

Gas Scrubbing

Shift Conversion

o o o o 0

{The other sections represent typiéal, additional units required tb
convert coal to SNG. The selection of these sections does not répyesent the -
optimum choice; the selections were made in order to assess the Bell HMF
Single~Stage Gasifier as it applies toc SNG from coals)

3.1 Coal Preparatién and Feeding

The coal used for the material balance is a Western Kentucky Bictuminous
Coal with the following properties:

Proximate Analysis, as received Wt., 2

Moisture ' 6.0
Volatile Matter 37.0
Fixed Carban 48.1
Ash 8.9
Ultimate Analysis (dry), Wt. %
c | 70.5
it 5.1
0 o 9.3
N . 1.4
| 4o2°
Ash ' 9.5
| - 100.0

H&a:ing'value of dry coal, .
Btu/lb (HHV) ‘ . .12,866

TTYT.-A
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The raw coal feed (stream No£<:>>} is crushed to 707 minus 200 mesh and
dried to 2 wt. percent moisture in the coal preparation section.

Crushed and dried coal is fed into lockhoppers which are sequentialiy

pressurized with CO, pressurizing gas frbm the Acid Gas Removal section to
‘over 600 peia.

The coal and a portion of the co, pressurizing-éés are pressurlzed into
a transfer line where the flow conditions are “dense phase”.

3.2 Gasification

The gasification section consists of 2 identical and parallel gasifier
trains; each train can process a maximum of 8200 TPD of coal. Each gaslfier
consists of several ideantical coal and oxygen feed elements arranged
. symmetrically in the reactor head. Process steam is injected into each reactor
element to produce operating conditions of nominally 500 paia and about 2500°F.
The reactot syngases ( » consists mostly of CO and HZ and lesser amounts

of Hzo, coz, st, N, and Ch4, respectively. The resulting overall
reaction is as follows:

Coal + 0, + Hy0 (steam)—m Reactor Syngas + Slag +
ungasified carbon

The reactor syngas plus solids exit the gasifier into a wider diameter

slag=~pot where water is sprayed to quench the reactants to 1900°F and to freeze
the slag. Most of the solidified slag drops to the hottom of the slag pot; the
remalning slag and ungasified carbon i1s entrained with the raw, hot syngas

( J.

3.3 Heat Recovery‘
The raw hot syngas with entrained sol1ds is routed to the Heat Recovery
section where high pressure (600 pai) steam is generated uﬂd superheated by :

cooling of the synpas and solids from 1900°F to 600°F by indirect heat
exchange,
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3.4 . Char Separatian
The raw, cooled syngas ( <::> ) with entrained solids iIs routed to the
Char Seperation section wherza most of the solids are recovered by cyclone

scparation; the recovered char is routed to steam boilers in the Steanm

Generation Section.

3.5 Gas Scrubbing

The syngas from the cyclone ( ) is routed to a Vemturl scrubber
system which simultanecusly removes the particulates from the gas, humidifies
and cools the syngas ro its water dewpoint of 345°F. The particulates are
temoved as a slurry which is subsequently routed to the Solids Disposal

section.

3.6 Shift _

Process steam (600 psia, 530°F) is added to the dust free syngas in the
Shift section, where the H, to CO molar ratio is adjusted to 3 via the
water-gas shift reactlon as tollows:

Bour Shift
Catalyst

€O + Hy0 *C0, + Hy
The shifted syngas is cocoled to 100°F; the water that condenses from the
syngas is separated in a knock-out drum and contains H,S and trace amounts of

NHq. This sour water is then routed to the Sour Water Stripper.

3.7 Acid Gas Removal

The Shifted syngas ( <EE> ) is routed to the Acid Gas Removal section
which coneists of an st absorber, an H,8 stripper, a COé absorber and a
€O, stripper. The overhead stream from the HoS stripper is routed to the
Sulfur Recovery section. The coz from the €0, stripper is split into two
streams: part of the gas is recycled back to the Coal Feed section where it is
the rest of the C0, is veated te the atmospherre.

used as "pressurizing gas,

3.8 Methanation,‘Ccmbression and Drying
The clean syngas ( ) is routed to the methanation section where it
is converted to a final product gas interchangeable with natural gas. The

methanation reaction is as follows:

I11-6



Ni
3, + COggiaTyee™ My + HaO

The above reaction is hishly exothermic, and control of the reaction
temperature is exercised by a combination of heat recovery and hot product gas
recycles The hot recyele allows the recovery of essentially all of the

methanation heat of reaction as h;gh level useful energy.

After methanation, the gas is cooled, compressed, and dehydrated in a
triethylene glycol drier. The product gas then leaves the plant.

The following sections are considered supporting or utility unira.

3.9 Oxygen Plant . .

The Oxygen Plant consists of commercially available air-separation plants
where liquid oxygen is produced and pumped to its final pressure (600 psia +).
The pressurized liquid oxygen is then vaporized by heating to 77°F and routed
to the gasifier. The oxygen purity is 99.6 volume percent.

3.10 Sour Water Stripper

The sour water from the Shift section ) i3 stripped to produce a
reusi :le process vondensate using low pressure steam. The stripper overhead
( @ )} is routed to the Sulfur Recovery section.

3.11 Sulfur Recovery ‘
The Sulfur Recovery section includes ¢ Claus unit and a tail gas treating

uvnit. The Claus unit converts over 90% of the sulfur in the form of HyS to
elemental sulfur via the following overall reaction:

Alumina o
B e T ———- Y
st + 1/2 0y Catalyst 5+ HZ

The conversion takes place in a reaction furmace and catalytic reactors;
sincé the reaéﬁion is exathermic, steam 1s generated in heat exchangers which
‘alse condenses the sulfur vapors formed. The tail gas from the Claus unit is
passed to a Beavon-Stretford tail gas plant. Here, all unconverted sulfur
__cdmpbunds are catalytically converted to HZS; the gas is subsequently
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serubbed with a solution and oxidized to elemental sulfur. Tﬁe purified tail
gas 1s odorless and contains typically less than one PPMV of HZS and less
than 50 PPMV of total sulfur compounds.

3,12 Seolids Disposal

The Solids Disposal section handles all the waste solids of the plant
including the boiler ash from the steam boilers, the Dry Slag ( {127 ) from the
Gasification section, and the Particulates Slurry {4<=> ) From the Scrubbing

secrion. The Solids to disposal is a 70 wt.Z% sollids sluvrry sent back to the
nine-site.

3.13 Water Treatment, Steawm ond Power Generation
This section includeg all water, steam, and nower generation as required

for the entire plant.

Steam is generated by burning the unconverted carbon from cyclone
separation ( Je It is assumed that this char is essentially sulfur free;
hence, flue—gas desulfurization is not requiced. '

3.14 General

The Bell HMF, singie-stage coel-to—~SNG gasificatisa process is
preliminacy and conceptuél as presented. The basic yilelds from the Bell EMF
Gasifier are yet to be demonstrated, especially as regards the following:

{a) 90% carbon conversion to gas at the assumed oxygen/ccal feed ratio;
(b) the physical form and size of the 1N% ungasified carbonj;
{e) the composition of the char used for boiler fuel.

The overall process described did not include a detailed engineering
design; the purpose of the material balance is to identify strengths and

weaknesses of the process. Also, a preliminary cost estimate was generated in
order to further identify strengths and weaknesses of the process and hence be
able to make cost=effective recommendations to improve the process.
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The overall process is shown as a self-sufficient operation with coal, air
and raw water as the only feed requirements. It has been assumed that no
supplemental coal is required for steam and power generation; i.e., the steam

and power are generated from efficient process heat utilization and from the
burning of the unconvertsd char in steam boilers with subsequent power
generation. It has also been assumed that the unconverced char is essentially
'sulfur-free; hence, flue gas desulfurization is not required on the hoiler flue
gas. However, particulate removal of the flue gas will be necessary.

Because of the pyeliminary nature of the process design, it is suggested

that any comparative conclusiens with other processes be made with cauntion
regarding overall process efficiency {i.e., coa) HHV to SNG HHV).

An overall material balance of the plant is as follows:

I {1lb/hr)
Coal (62 moisture) 1,452,700
air to 02 Plant 4,202,752
Alr to Boilers 1,346,718
Air to Sulfur Plant 124,880
Raw Water 4,520,440
11,629,490
ouT
Co, Vent 1,672,644
SNG 484,503
Sulfur 57,355
Clean Stack Gases 1,859,116
Solids to Disposal 185,161
‘Water Losses . 4,200,000
N, from O, Plant 3,170,711
' 11,629,490
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4.0 STRENGTHS AND WEARNESSES
The following stremgths and weaknesses refer to the single—~stage gasifier
as prusented in the Process Description:

4.1 Strengths

o High Throughput Rates

The Bell HMF process charges 5,000 lb/hr of reactants {coal, steam and

oxygen) per £t.3 of internal volume in the gasifier reaction section.

This is aover 70 times the rate for a Lurgi gasiflier operating at similar

pressures.

‘5 Small Reactor Size

The small reactor size when scaled to a commercial plant size represents

the following advantages:

al
b)
c)
d)
e)

.f)

Use of best corrosion resistance materials in critical areas as an

economical alternative in design.

Use of water cooling of reactor with fallsafz features in the event

of overhesating as an economical alternative in design.

Small inventory of reactants allows for rapid guenching
and shutdown of reactor in case of overheating.

Ability to move quickly from pilot plant to demonstration plant

scale Qith minimal hardware cost.

Ability to bulld and test a commercial size reactor at the Factory
prior to shipping to the field.

Minimal cost for gasifier duplication if separate trains required.

¢ Low Steam Consumption

The Bell HMF reactor has a low steam to dry coal ratio; it is about 102

of the Lﬁrgi gasifier.
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o Pressure Independent

The syngas yield fs essentially pressure independent (provided that the
superficial gas residance times are the same).

o High, Single—-Pass Carbon Conversion

85% carbon conversion was maeasured during initial cxygen blown tests
using Pittsburgh seam coal. It was also observed during testing that
with design modifications, 90% conversion is feasible at lower oxygen
to coal rates.

o Wide Application

The CO + Hz represents 87 volume percent of the reactor syngas make;
hence, the Bell HMF gasifier can be used to generate syngas from coal
tb produce a variety of end products, such as SNG, hydrogen, methanol,
M-gasoline, ammonia, medium-Bte fuel gas, low Btu fuel gas {air-blown),
power from combined cycle plants, power from fuel cell applications,
ete.

o Sulfur Free Char

If the ungasified char is sulfur-free, then the use of it as a boiler
fuel without flue gas desulfurization represents a significant cost
savings. '

o No Supplemental Coal Requirements

The carbon in the ungasified char represents about 10% of the carbon in
the coal. By burning this char .n a steam boiler and utilizing the
process generated steam, the entire plant is self-sufficient; therefore
supplemental coal firing in a steam boiler 1s not reguired.

o Negligible Tars or.Liquids Produced
The gasifier produces eséentially zero hydrocarhbon liquids or tars.

¢ Dense-Phase Feed Transfer Liaes

The trénsfer lines from the coal lockhoppers to the gusifier are dense
phase thereby minimizing the size of the transfer lines and the volume
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of pas carried with the coal feed. Use of dry dense-phase feed as
opposed to a slurry feed minimlzes the sensible heat and therefore the

oxygen needed ro reach reactor operating temperaturc.

Operability Wicth a Wide Ranpe of Coals

Coals that were successfully tested include Montana Rosebud, N. Dakota
Lignite and Pittsburgh seam; hence, caking coals present no apparent

operational problems.

4.2 MUeaknesses

¥

o Low Ch, Yield

In the sihgle—stage configuration, the methane yield from the reactor
is only 0.1% of the syngas make. (Howevir, a secondary coal injection

concept has bee¢n proposed to enhance the methane concept.)

igh Temperatures

The gasifier operates at about 2400-2500°F which requires cefractory
design and possibly expensive metals. Also, the high temperatures
produce a liquid slag tﬁat can resolidify and accumulare in the
gasiEierIand other downstream equipment causing a reduction in

throughput, foulinp, etc.

Solids in Gas Heat Recovery

Heat recovery of the pasifier effluent involves difficult selids and

gas heat exchanger design.

Hiph Oxygen Consumption

The oxygen to dry coal weight ratio is 0.71.

Difficult Coal Feed Control

The commercinl scaled design includes multipie coal and oxygen injecter
elements; this means sol;ds distribution to each element must bhe
controlled carefully.

1II-12



o Lockhopper System

The cumbersome lockhopper system is required to pressure the coal into

the dense-phase transfer line.

¢ Data Base
Several key areas require further development and

demanstrationt

—~ 90% carben conversion in a single pass gasifier using a
bituminous coal at the 02 to carbon ratio projected
from observed trends.

- The form and composition of the ungasified carbon
- The sulfur distribution to st, C0S and char

— Heat recovery of solids and gas streams including
possible soot in gas

= Scalability to full scale reactors (commercial size)
including multiple feed injection elements

~ HMF control and safety systems, including difficuit
solids flow control to multiple feed Injectors

5.0 POTENTYAL IMPRGVEMENTS

In this section, the potential improvement items are being suggested as
potential solutions to problem ares that appear to exist as the process is now
proposed.. These also take into account the stage of development of the overall
process and the conceptual status of many of the companlon operations to. and
around the proposed gasificatiun step. They are the result of reviewing items
" mentioned in other sections such as waaknesses, alternates. disadvantges and
status of development. It is not suggested that these are the final solutions
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but they are potentials only viewed from the perspective of this assessment and
will require more detailed investigation and evaluation prior to testing. It is
for this reason that they are called potential improvements.

To assess the potential improvement items, it was decided to develop SNG
gas costs since this is the most comnprehensive way of accounting for the overall
effects Cost information from the literature was used to calculate SNG gas
costs from the capital and operating custs of a 250 MMSCFD SNG plant; SNG gas

costs for each potential improvement item are then compared to that for the Bell
Single-Stage Coal-to—-SNG process as described in previous sections.

The following potential improvements were assessed as to their potemtial

cost effectiveness compared te Bell's Single-Stage configuration described in
the previous sections:

Case 1: Single-Stage (as described in Process Description and herein

referred to as the Base Case)
Case 2: Single—Stage + Char Recycle
Case 3: Secondary Injection
Case 4: BSecondary Injection + Char Recycle
Case 5: Use of Molten-Slag Bath with Single-Stage
Case 6: Separation of Stages qith Molten—Slag Bath
Case 7: Catalyst Application
Case 8: Usé of.tower Grade Cbals

Cageg 2, 3 and 4 are reactor configurations that have been suggested by
Bell as alternatives to the Siugle-Stage Base Case configuration. However, only
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Case 1, the Single~Stage Base Case, has been tested in the 1/2=TPH facility;
Cases 2, 3 and 4 are to be tested in an upgraded facility still being
constructed as of May, 1980. Hence, yields from Casés 2, ? and 4 are entirely
hypothetical. JPL elected tc use the Single-Stage configufatlon as the Base
Case in the assessﬁent since this is the only alternate with any test data.
(Although some test data for the Single~Stage Base Case configuration exists,
the Base Case yields also represent hypothetical extrapolations f data; the
effacts of these extrapolations will be presented later in this section.)
Theoretical yields for Cases 2, 3 and 4 were supplied by Bell at the request of
JPL in order to assess the effect they have on SNG gas cost compared to the
Base Case gas cost. ‘

Cases 5, 6, 7 and B are modifications proposed by JPL as potential
improvements. In suggesting these modifications, it is realized that;yields
would have to be hypothesized where possible as was done by Bell for Cases 2, 3
and 4. It was also recognized that much of the Base Case yields represent
hypathetical extrapolation of data; if in subsequent testing the projected
yields for the Base Case and Cases 2, 3 and 4 are not realized, Cases 5,6, 7 and
8 as suggested by JPL represent modifications which could improve the yields.
However, as was stated earlier, these improvements would require more detailed
investigation and evaluation prior to testing as they would invelve considerable
revamping te Bell's 1/2-TPH facility.

5.1 Assesament of Reactor Configurations to be Tested in Bell's 1/2-TPH
Facility '

5¢1.1 Case 2: sSingle-Stage + Char Recycle

This alternate has the same configuration as the pase Case except
that the ungasified carbon, recovered as char in the Char Separation section
(cyclones), is recycled back to the main coal feed systems It is then fed with
the coal into the gasifier. Bell has assumed that the char will attain =z high,
single-pass carbon conversion rate as is assumed for the parent coal. In this

- way the char is eventually recycled to extinction.
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fhe effect of recycling the char compared to the Base Case is listed
in Table III-2. The percent carbon comversion in the gasifiler is nearly 100 -
percent but as shown by the Relative Gas Costs of 1.0l compated to the Base
Case, there is apparently no significant advantage to recycling the carbon to
the gasifier. In fact, there is a slight penalty mainly due to the increase in
capital costs from the addition of a Flue Gas Desulfurizgtion (FGD) Unit in Case
2. In the Rase Case, it had been assumed that the ungasified carbon could be
recovered in the Char Sepaéation section {cyclones) as a sulfur-free char and
usaed as a boiler fuel for the plant utility needs. Other predicted results
could be identified for their effects; however, the predicted yields for the
Recycle Case are considered by Bell to be proprietary at this time thereby
precluding any detailed explanation of the effects. Neverfheless, a general

analysis of the cﬁemistry involved in recycling char can be made.

In the Base Case, the overall gasification reaction of coal to

syngas can be described as follows:

‘CH0.8600.16+ 0.3%9 02 + 0.16 HZO-——4>D.87CO + 0.03 COi+ 0.48ﬂi+ 0.11 H20
\"I-ﬁv _—
coal oxygen steam syngas

+ 0.10C
Ungééified Carbon

At the gasifier temperature of over 2500°F, rhere is very little methane in the
product °s any produced is essentially reformed to CO and Hz.' It can be seen
that most of the hydrogen produced comes fram the ccal (.43 out of .48) with

little steam decomposition (0.05 out of 0.16). In Case 2, where the ungasified

carbon 1s recyeled to the reactor For further reaction, it is obvious that
essentially all of the hydrogen would be produced hy the steam carbon reaction
as follows:

c+ qu—n-ﬂz + CO

I1I~-16



TTT=%

However, this reection is endathermic which would reduce the overall.
gaslficationfeaction temperature. Hence, an exothermic reaction is needed to
balance the endothermic reaction above such that the reactants are kept around
2500°F. By introducing additional oxygen to react the char to form CO (assuming
litrle CO2 exists at this temperature), the overall reaction can be adjusted
by the relative oxygen to steam ratio to maintain the gasifier at 2500°F. This
oxygen—-to-steam ratio is calculated fo be 1.7 to 2.0 depending on the
teniperature of the reactant char, steam and oxygen. This oxygen to steam ratioc
of 1.7 to 2.0 to gasify the recycle char hy itself compares with an
oxygen—to-steam ratio of 2.4 {0.39/.16) For the Bage Case. An overall reacrion
to gasify the additional char can now be written with the minimum stoichiometric
amount of oxygen and steam required to react all of the recyecle carbon as

follows:

C+ 0.39 0, + 0.22 H.ZO""—-'“CO + 0.22 H,y

A e e

Recycle Char

Since 002 will be formed to some extent in the above reaction of the char,

then the oxygen demand a priori will be higher than the 0.3% moles 0, per mole
of carbon for the recycle char. Hence it can be concluded that the wmoles of
oxygen per mole of carbon for the recycle char will be higher than that for the

parent coal since the oxygen to carbon for the Base Case is 0.39 also.

The stoichiometry above 1s discussed to estimate a lower limit on
the oxygen demand to the gasifier in order to achieve essentially 100Z carbon
conversion. This minimwma oxygen demand can be calculated to hé.around 0.40
moles of oxygen per mole of carbon or about 0.75 pounds of oxygen per pound of
dry ecoal. -

_ In oxder for the overall carbon conversion to be nearly 100 percent,
thé percent recycle carbdn gasified must approach 80-90 percent in order to keep
the recycle quantity to an acceptable level. However, the mechanisn by which
the char is gasified, i.e., By heterogeneous reactions of the char with the
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available gaseous compounds, could severely limit the conversion of the recycle

char in a short residence time reactor. Of the various heterogemeous reactions

possible, the followlng are considered to be the most probable:

(L
(2)
(3
(4)

C (char) + 1/202-—-—00
¢ (char}) + HZD——D- co + 112
C (char) + Coy—» 260
C (char) + 2H, ——= CH,

. Reaction rate constants for feactions 1), (2) and (3) have been
rep;fted in the literature‘l’? to be 1900 (sec‘.)—1 {atm 02)-1, 3.3
(sec”!) (atm HZO)_I, and 1.9 (sec™l) (atm Coz)-l
respectively at 3100°F. Another sourcetz) has reported the initial .
reaction rates for reactions (1), (2), (3) and (4) to be 100 sec-l, 0.0001

sec-l, 0.001 sec_l, and 0.00005 sec™

1 respectively at 1 atm and-.

2000°F. Hence it is advantageous when recycling char to design the reactor so

that reaction (1) is favored. Since the oxygen is in great demand in the

reduclng atmosphere of the éasifiar, the recycle char will compete for the

oxygen with the other reactive compounds. Since the reaction rates of the coal

volatiles are even faster than the oxygen-char rates, reaction (1) could be

enhanced if the oxygen and char were fed in a separate injector from the coal

injectors within the same gasifier. In this way, the activation energy of the

char-oxygen react’
of the char to CO.

would be supplied by radiation in the gasifier to react all
Thuen, the C0 formed would react with the steam and pyralyzed

volatiles from neighboring injector elements.

5.1.2 GCase 3: Secondary Injection

This alternate has the same configuration as the Base Case except a

secondazy stream of fresh coal is Injected into the gasifier where it reacts

with the hot gases produced from gasification of primary coal. The effect is to

produce & methane enhanced syngas.

Details of ;his ¢onfiguration a#e cuensidered by Bell to be
proprietgry at this time.
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As mentioned above, this'is a hypothetical case since it has yet Lo
be tested. However, if the yields given by Bell to JPL ean be realized, this
case has significant advantages over the Single-Stage Base Case as shouwm on
Table III-2 by the Relative Gas Cost of 0.92 to the Base Case. The saving is

mainly dee to a substantial reduction in the oxygen requirement, a smaller
Methanation section, and a smaller Acid Gas Removal section.

In addition to proving that" the methane yields are substantially

enhanced, Bell will have to demonstrate the reactor's operability with secondary'

injection. Conside;able operational difficulties were experienced by the Eyring
Research Institute in experiments wiyh a secondary Ilnjection of coal into their
high mass flux, entrained gasifier such that they abandoned the secoandary
injection approach. Specifically, Eyring's problem centered on coai
agglomeration éﬁd coal particles sticking to the walls of their Pyrolysis

L

section. o

When congidering the methane enhancement of the syngas from the Base
Case, an analyéis of the mechanism for methane production is beneficial.
Methane may be viewed as forming in the pyrolysis section of a gasifier by the
foliowing reactions:

1) Coal + heat —®=char + gas (including H,, CH,, CO, coz
and Cy ~ C,) + liquids (C5+)

2)  2C (char) + 2H,0 —= CH, + CO,
3)  C (char) + 2H, ——s CH,
4) €O + 3H, —= CH, +CO
" From stream l1 of Table III-1 for the Base Case, which is
essentially the hot gases that secondary coal could be injected into, the

hydrog&n partial pressure is caleculated to be 150 psi. This is very low for any
s;gnificant hydrogenatioﬁ'reactions as are indicated by reactions 3 and 4.

Since the partihl press: re of Hy0 is low also (10 péi), reaction 2 is limited
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to a low conversion to methane also. Hence, the main contributor for‘methahe
enhancement is from reaction 1. Methane enhancement from secandary injection is
a result of the pyrolytic reactione of the secondary coals The coal
devolatilizes to char, gas; and liquids. As the temberature 1s increased, the
liquids yield will decrease and the gas yield increase as shown in a plot of tar
and gas yield vs. temperature for devolatilization of Pittsburgh HvAb coal in

~ the literatureca). It should be noted that for short residence time

reactors, chemical equilibrium has not been reached which explains the existence
of liguids in the above nmentiomed plot at temperatures as high as 2100°F; i.e.,
a calculation of equilibrium composition at 2100°F would show no hydrocarbon
liquids. Such is the cagse for methane alsc, as a higher methana yleld is
possible in a short residence time reactor than an equilibrium calculation waould
predict. However, by calculating the methane yields for devolatilization of a
Pittsburgh seam coal from data presénted by Mentser(a), there.appears to

be a maximum methane yield around 1800°F. The methane yield calculated is about
3 pounds CH; per 100 pounds of a vitrain element cut from the Pittsburgh coal
{Vitrain was selecied since it represents the most abundant maceral, about 80-90
volume percent of the petrographic components of Pittsburgh coal). For this
Pittsburgh coal, the perceant carbon in the feed coai that is pyrolyzed to CH,

is estimated to be less than 5 percent at the optimum temperature of 1800°F.

5.1.3 Case 4: Secondary Injection + Char Recycle

This alternate is a cambination of Cases 2 and 33 the ungasified
carbon from the gasifier, inéluding char from primary and secondary coal, is
captured in cyclones and recycled back to the primary coal feed systeme The
assumed carbon conversion of this recycle char is high as is assumed for primary
coal carbon conversion. 'In this way, any ungasified carbon is eventually

recycled to extinction.

Details of this configuration are considerad by Bell to be
proprietary at. this time.

As previously mentioned, this is a h&po:he:ical case since it has

vet to bhe tested.  However, if éhe hypothesized‘yields can be realized, this
case also has signifiecant advantages over the Single—Stage Base Case as Shown on
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Table TII-2 hy.the Relative Gas Cost of 0.91 to the Base Case. As is true for
Case 3, the savings is mainly due to a substantial reduction in the oxygen
requirement, a smaller Methanation Section, and a smaller Acid Gas Removal
Seetions In addition, the coal usage for Case 4 is significantly lowgr than the
Base Case as indicated by the value of the Relative Operating Cost of G.93.

This case, since it is a combination of Cases 2 and 3, represents the furthest
extrapolation from actual test data. The discussion on conversion of recycle
char in Case 2 and the discussion on methane enhancement by secondary coal
injection in Case 3 applies to this case also.

5.2 Comments on Bell's Critical Assumptions Made 1in Case 1

Although the Single-Stage gasifier for this cuse has been operated in the
1/2 TPH test facility, much of the data base remains to be demonstrated. Of
particular importance are the following assumptions.

5.2.1 Assumption that 90X carbon conversion is attained at the given

oxygen ratio of 0.71 for a bituminous coal:

From the performahce data for the Single-Stage HMF gasificr ruported
by Bell, the gasification of Pittsburgh Seam coal to a high carbon conversion
could be a difficult task at che oxygen to coal ratios suggested by Bell. This
is evident by comparing the “Bell Data” point with the "Bell Projection” point
~on Figure III-2, Also shown in Figure III-2 is data for the Eyring coal
gasifier(&) which 1s very similar to the Bell Single-stage gasifiar using
coal, steam and oxygen. The plotted Eyfing data also suggests that the 90X
carbon conversion at 0.71 steam to carbon ratic could be difficult to obtain
from Pittsburgh Seam Coal (conversion of W, Kentucky and Pittsburgh Seam Coal
is expected to be very similar); i.e., 90% carbon conversion could require a
significant increase in the oxygenlcoal ratio.

To fllustrate the importance of oxygen consumption on the overall
production cost of SNG from coal, a rqﬁgﬁ estimate of the gas cost was ﬁade _
using the "Bell Projection” point on'Figure II1-2 and the "Bell Data" point for
the Sing1e~5£age configuration. Increasing the Ozlcoal ratio from (.71 to
.83 has the effect of increasing the product gas cost by about 16 percent as
- shown in Table III-3. Hénée,.it is obvious that if the Bell process is to be
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economiczlly feasible, the oxygen consumption will have to be reduced. Bell‘has
recognized this and by optimizing the following variables, they expect to

substantially decrease the oxygen consumption:

= - Oxygen injection velocity
- Steam injection velacity
- Residence time |

- Coal injector refinements.

5.2.2 Assumption that the unsasified carbon can be recovered and used in
steam boilers

If the ungasified carbon Is in the form of scot {soot 15 defined
here as being the product of the gas~phase crackihg of an unstable mixture to
form carbon and other products), then it is not likely that cyclones will
recaver the soot. However, if the ungasified carbon is in the form of a char
(char 1s defined here as being that part of the coal which is nor gasified),
then cyclone recovery is a practical way to recover the heating value of the

ungasified carbon.

To illustrate the effect that this has on the overall production cost of
SNG from coal, a comparison was made of the gas cost for the Single-Stage (Bﬁse
Case) and what the cost would be if the ungasified carbon was not recovered. In
this case, additional coal is required to generate plant steam and power and the
additional cost of a flue gas desulfurization unit is added. ' The overall

caleulated effect is that the gas cost is increased 6 percent over the Base Case
as shown in Table ILI-3.

5.2.3 Assumption. that the unrecovered char is essentially sulfur free:

If the recover=d char is sulfur free, then flue gas desulfurization
would not be required in the Base Case where the recovered char is used to

generate process and utility steam.
To illustrate the effect this assumption has on the overall

production cost of‘SNG from coal, a comparison was mede of the gas cost for the
Single-Stage (Base Case) and what the cost would be if the boiler flue gas"

I11~22



required desulfurization. The overall effect calculated is that the gas cost
increases 2 percent over the Base Case, as shnwn in Table III-3.

5.3 Preliminary Assessﬁent of Potential Improvements Suggested by JPL

3+3.1 Case 5: Usc of Molten-Slag Bath with Single~Stage
If the single stage gasifier were operated with a molten—slag bath,

potential carbon conversion could be further increased at the sawe oxygen

consumption (Refer to Figure III-3). The Saarberg/Otte (5) syathesis gas
process is a process similar to the slag bath concept for‘produéing medium or
low Btu gas from coal, char, or liquid hydrocarbons. A‘ 264 TPD demonstratiun
ﬁlant_is in operation now in Saarbergwerke AG, West Germany. A& 99 percent
carbon conversion has been reported at 0.82 puund oxygen per pound coal aud 0.72
pound steam per pound coal. Certain constituents in the ash, such as irea
oxide, are believed to act as an oxygen transfer medium via the following
reactions: '

Fez 03 + C— 2 FeO + CO
2 FeO + 1/2 0, ——= Fe,04

If a molten-slag bath is maintained in the slag por, ungasified char
particles would be thrust onto the surface of the slag. Hence, it is postulated
that carbon counversion will tend to increase via the mechanism suggested above
ané by the fact that the char particles will remain at the high, slagging

temperature for a longer period of time.

If the single-pass carbon conversion were increased to essentially
100 percent, the net effect would be similar to that for Case 2, where the

ungasified carbon is récycled to extinction. The gas vost, relative to the Base
Case, is 1.0l. Although this case calculates to be more expensive than the Base
Case, this suggestion is_made with the Critical Assumptions indigenous to the
Base Case kept in mind. ~Siace demonstration of all the-¢tificél-assumpéioné o
seemns ;mprobéble, suggestions which‘add':o the probability of success are ‘
congidered hefé ﬁo_be a potential 1mprnveﬁeht.‘-For example, if the Base Case
used the present conﬁersioh data from the test facility, the relative gas cost
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would be 1.16 as shown in Table IIX-3., Hence, the relative gas cost for this
case would then be 0.87 (= 1.01/1.16).

- 343.2 Case 6: Separation of Stages with Molten-Slag Bath

The effect of methane enhanced yieldé on the process is significant
as evidenced by the relative gas cast for the Secondary-Injection Case in Table
I1I-3 of 0.92. This is wainly due to the reduction in the oxygen requirement as
previously discusseds To realize the enhanced methane vield and the subsequent
lower oxygen requirement, a Ewo-stage process is Sugges;éd using the Molten—Slag
Buth conrept for the first stage and an efficient mixing, reverse flow injector
for the second stage. A schematic of the gasifier configuration is showm on
Figure II1I-4. Inherent beneficial faatures to this'configuration are as
follows: '

(a) The two-stage process yields higher methane with a subsequent
lower oxygen demand: methane formation from flash pyrolysis

can be enhanced if the temperature is lowered to around
1700-1900°F.

(b} The high single-pass carbon coaversion for the firat stage
minimizes the char recycling since essentially 100 percent of
the carbon in the coal and in the recycle char from the second
stage is converted in the Molten-Slag Bath, first stage.

(¢} The molten-slag is kept separate from the secondary coal to
prevent agglomeration. The agglomeration problem is whar
caused Eyring Résearch Institute to abandon the secondary
injection condépt. By keeping the molten-slag in the first
stage, thé problem of agglomeration of secondary ééal is
ninimized.

(d). The hot gases frum the first stage are injected into the second
-~ stage utilizing an efficient reverse flow injector to better
‘mix with the secondary coal. Bell has nbserved better yields
_ with che ieversejfloﬁ injector; however, it was abandoned due

to slég accumuiatior_probiems. ' " :

III-24



(e) Interruption of char flow doesn't shut the system down. In
: other two stage gasifiers (esg., AVCO and the Bi-Gas
procesases}, an interrupcioniin char flow weuld of neceasity
shut the gasifier down. In this case, as is true for Cases 3
and 4, the interruption of char flow wouldn't necessitate a
system shutdown as coal would continue to flow to the First
atage. ' .

It is expected that the methane enhancement will not be as high as
Bell has assumed for the Secandary Injection plus Char Recycle Case; however,
the methane will be increased thereby giving it all the advantages of Case 4
except to a lesser degree. Hence, tﬁe relative gas cost to the Bass Case is

expected to be between 0.91 to 1.0.

5.3.3 Case ?: Catalyst Application’

By applying a catalyst to the secoundary coal, the formation of
methane could ba enhanced by promoting the follawing heterogeneoas'reactIOns:

C + 2H,0 ~— CO, + 'cna
C+ 2&’12 ——= CH,

In addition to possible enhanced methane yields in the
secondary-injection section, the catalyst will alsc increase the reactivity of
the recycle char as it is recycled to the first stage. ' '

At the present time, no data were found in the literature for
catalytic high mass flux entrained gasifiers. However, early entralned gasifier
develepuent in a single-stage gasifler at Morgantown (6) showed that when
lime was added to the coal, the following effects were noticed:

(a) Slagging accumulation problems were significantly reduced
apparently due to a lowering of the slag viscosity by the

lime:

(b)‘ The H,y§ and COS contents were reduced by 71‘percent”and 59
perceht, respectively, in the syngas;
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{e) Carbon conversion may have been increased.

These observations with a single-stapge gasifier further suggést that
potential improvements by the addition of another material to the coal could
have advantages in addition to the catalytic effects of producing more methane
(in a two-stage or secondary injection reactor) amd yielding higher carbon
,gonveréions. Any improvements gained, however, will have to be oEfset by the
additional costs of the catal}st. the cataiyst application technigue, and the
‘ catalyst recovery technique. It is suggested that this potential improvement be
further investigated to better define the overall effects of catalyst
application in the Bell HMF Gasifier.

5.3.4 Case B: Use of Lower Grade Coals

Air-blown test with N. Dakota Lignite and Montana sub-bituminous
coals indicated higher carbon conversion in the single-stage, 1/2~TPH facility.
A ccmparisoﬁ of W. Kentucky bituminous coal, Montana sub-bituminous coal and N.
ﬁakota Lignite is shown below: .

lltimate Analysis W. Kentucky Montana N. Dakata
(dry wtoX) Bituminous Sub—-bituminous Lignite

c 70.5 68.0 64. 34

H 5.1 4.4 4.27

N 1.4 1.0 0. 87

s 4.2 1.0 1.53

¢ 9.3 14.3 18.76

Ash _9.5 1.3 10.23

100.0 - 100.0 100.0

The wosy natable differences in the elemental analyses are the
sulfur and oxygen contents between the bituminous and the lower grade
sub~bituminous and lignite coals. Since the sulfur is lower, sulfur removal
facilities.wiii-dﬁvibusiy be lower. The oxygen difference has the direct effect
of lowering the oxygen consumption for the Single-Stage Base Case when using a
loﬁer grade coal. Thié is supported by early déta(ﬁ) using an entrained
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flow coal pasifier at Morgantswn to pasify a sub-bitumincus and bituminous ccal.
The following results were observed:

{a) For 90 percent carxbon conversion, the sub-bituminous coal
required about 70 percent of the oxygen that the bituminous
coal required;

(b) If the total oxygen avallable to the reaction were considered
(total oxygen=oxygen in gas feed + oxygen in coal Ffeed), then
the total oxygen to carbon ratio for 90 percent carbon

conversion was identical.

If the reiationship expressed in b) above helds true for the Bell
HMF Gasifier at 90 percent carbon conversion, then the oxygen to dry coal ratios
can be predicted as below:

W. Ky. Coal Montana N. Dakota
{Bage Case) Sub-Bit. Lignite
Oxygen in coal per carboa {1b/1lb) 0.13 0.21 0.29
Oxygen in gas per carbon (lb/lh) 1.01 0.93 0.85
Total Oxygen per Carbon (1b/1lb) 1.14 1.14 1.14
Qxygen Plant Requirement:
(Tons 0,/Ton Dry Coal) 0.71 D.63 0.55

In addition to réquiring less oxygen from the expensive oxygen
plant, the high conversion of the lower rank coals is expected to be easier due
to higher reactivities compared to older rank coals. If a N. Dakota lignite is
used in place of the W. Kentucky coal in the Base Case Single~Stage gasifier,
the relative gas cost is found to be about 0.70 compared to the Base Case with
W. Kentucky coal. The main factors contributing to the reduction are as
follows:

"~ {a) Substantially less raw material costs: W. Kentucky coal price
used was §25/Ton, bhefeas, N. Dakots Lignite was priced at
$5/Ton, . i
(b) Substantially smaller oxygen plant.
{c) Substantiélly swaller sulfur plant.
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6.0 COMPONENTS REQUIRING DEVELOPMENT

The following components are recommended for further development:

1. Control and Safety Systems:

The high throughput rates of the Bell HMF gasifier at high
temperatures require the gaéifier to be closely controlled. If the

reactunt coal were to cease flowing and ths oxygen continued to flow into

~the hot reactor, the gasifier and equipment dqmﬁgtream of the gasiffer

could be exposed rto extreme temperatures and pressures in a short period‘
of time. Instrumentation to sense temperature excursions quickly and

quick-reacting control systems need tu be developed.
In addition, safety systems for automatic shutdowns need to be
furcher developed (Bell has a shutdown system now that reacts to pressure

instability).

2. Solids Feed System:

The dense phase feed and lockhopper system need to be integrated.
Also the feeding of hot char as a recycle needs to be developed.

3. Slag Pot:
The recovery of the slag in the slag pot will have to be further

developed including the depressuring and quenching of the slag. - The
1/2-TPH coal test facility in place now is a pot which is quenched with an

over abundant quantity of water and at atmospheric pressure.

4. High Temperature Heat Exchangers tc Cool Syngas and Char:

The syngas and char from the gasifier will require cooling from
either 1900°F to 600°F (Single-Stage) or 1000°F to 600°F (Secondary
Injection). The char and possible soot and entrained slag could tend to

foul the exchanger surface. Also, the corrosive gases and solids mixture

 at high téhpératuré will féqdire'special wetallurgy.

'S.  Char Fines (or sot) Separation from Syngas:

Scrubbing to remove small char and soot particles will need to be
testad to insure efficient removal. '
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6. Scale-Ub Aspects to Commercial Size Design:

The maximum -size of the injection element needs to be invesﬁigated
1nc1udin3 the mechod of clustering several elements inkto a scaled~up
gasifier. Also, the me:hod of solid feed splitting and feed control
systems in the scaled design need to be developed.

7.0 DEVELOPMENT STATUS ‘ _
In order to ascertain the current status of the Bell process, the

follawing areas of deﬁelopment are discussed.

(1) Air-Blown Gasifier Development: 1976~1978

(2) DOxygen~Blown Gasifier Deveiopmenn: 1978 to August, 1979
(3) Planned Oxygen-Blown Gasifier Development

(4) Data Base From Test Runs

7.1 Aig-Blown Gasifier Development=1976-1978.

Work was initiated in 1976 by Bell for E.R.D.A. {now D.0.E.) under
contract no. EX~76-C-01-2204 for $1,205,079; D.0.E. continued sponsoring the
work tiarough 1978. The scope of Bell's work was to 1n§estigate the feasibility
of using an entrained flow gasifier, operating ar very high mass throughput per
unit of reactor volume to economically convert coal into gas. The following
pertains to work under this program.

7.1.1 Reactor Test Facility {See Figure II1-5)
a) Size:
- 1/2 TPH coal feed
= wup to 1 hour run duration

b) Performance Testing:
o 66 tests @ 1/2 TPH coal flow rate
=13 fﬁﬁs @ 1/2 to 1 hour duration
- "3 atmospheres pressure, air blowm, no steam
a slagging accumulation effects and improved design
{impinging sheet injector) identified
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o 3 coals tested - North Dakota Lignite
- Montana Rosebud Subbituminous
- Pittsburgh Seam Biruminous _

o0 stable continued operation observed on tests as evidenced
by no reactor upsets '

o 80-90X observed carbon conversion for lignite and
subbjtuminous coal using 1mpinging sheet design; limited
testing showed bituminous coal carbon conversion to be
approximately 65%

o0 pressurized dry coal feed system operated successfully

o gasliier material balances made based on coal and air flows
in and gas compositions out; ungasified organics and ash
were not measured but assumed by difference; only gases
racorded in balances were C”a"ﬂz» 02. Nz, CO and
€0y Hzo was assumed to be converted to Hy5.

The followi_g reactor variables were identified and assessed as

(a)

(b)

follows: ‘
Coal Type: Reactor performance as measured by percent carbon

conversion as similar in tests for Montana Rosebud and North
Dakota Lignite (about 90Z); limited data for Pittsburgh Seam
Coal indicated substantially lower carbon conversion than
ubtained with the above two coals (about 65%).

Injector Configuration: Several injector types were tested

including a "swirl air injector," a “reverse flow air

injector,” a "modified reverse flow injector,” and an
"impinging sheet injector."™ The main effect of the different
injectors was the degree of slag accumulation experienced

during a test period in the reactor head.

In this regard, the magnitude of the performance change

following slag accumulation was about 12% reduction in « carbon-

' conversion and 152 reduction in HHV. (Performance testing
with N.. Dakora lignite using the impinging sheet 1njector
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(e)

(£)

(g)

indicated minimal slag accumulation and no performance decay
over a one hour test period.).

Coal and Air Injection Veloclities: Comparison of test runs

ﬁhere the coal injecticn velocity was reduced by nominally 50%
indicated essentially no difference in earbon conversion using
the reverse flow Injector configuration. Comparison of 2 runs
where the air injector was reduced indicated an inerease in
performance level using the reverse flow injector

configuration.

Air to Dry Coal Ratfo (1b/1b): VUsing the impinging sheet

injector and N Dakota lignite, as the ratio 15 increased from
3.0 ro 3.6, the percent carbon gasified increased from 78 to
92% and the HHV of the product gas stayed essentially cbnstant
at 100 Btu/SCF (dry).

Residence'Time: Air blown test measurements have shown that

all of the oxygen has reacted in less than 0.145 sec
superficial residence time; at this point, up to 80% of
lignite carbon is converted to gas. Doﬁbling the residence
time to less than 0.100 sec converts another 10% of the
carbon. It is believed that the life-time of active-sites in
the ungasified char may be up to 0.200 sec.

Steam/Dry Coal Ratio {1b/1b): The effect of steam addition

upon carbon conversion was not assessed; however, it is
believed that steam injection would increase the carbon _
qunversioﬁ by reacting with the ungasified char at the active
sites mentioned above.

‘Total Mass Flux (1b/hr per £r3 Reactor Volume: A decrease in |

mass flux from 20,000 to 10,000 showed an increase of around
10% carbon conversion. ‘
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(h) Temperature: Reactor temperature varies proportiomately to
the air/dry coal ratic. The temparature was set in order that
the slag formed will flow freely from the gasifier without
acnuquleting; ‘

(1) Pressuret The effect of pressure has not been evaluated using
the gasifier test facility.

7.1.3 Theoretical Analyses

~ Thermodynamics analyses based on equilibrium
calculations were performed.

7.1.4 Process and Economic Analyses

- Process and Economic Analyses were performed by Gilbert
Associates under a Bell funded contract on an air-blown HMF
gasifier application to a combinad cycle power plant.

7.2 Oxygen~Blown Gasifier Development: 1978 to present

Bell continued development of the gasifier using 6mygen plus steam rather
than alr to gasify ihe coal. The work was performed using company funds. A
contract was awarded to Bell by the New York State Energy and Research -
Development Authority (NYSERDA) for $400,000 in 1979 to conduct dense phase
£low and wall-slagging investigations in support of gasifier development.
Alfred University has assisted Bell in the area of slag characteristics and
chemistry evaluation during this time €frame.

A schematic of the oxygen—blown test facility is shown on Figure III#E; a
typical gasifier configuration is shown on Figure IXI~7. Development during
this period is as follows:

o Several 0y~blown, short duration (less than 10 min.) gasifier tests
completed. ' | IR
Different hasic injector configurations evaluated (see Figure 1II-7)
Oﬁeration and control of facilit and reactor satisfactory ‘

Data analysis procedures developed
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o Reactor variables identified and assessed as to their influence on
carbon conversion. Variables identified are as follows:

- Oxygen Injection Velocity

- 8team Injectipn Veloeity

- Residence Time

- Oxygen/Coal Operating Ratilos

o Process snd economic snalysis:

(1) Performed by Cilbert Assoclates under a Bell-funded conttact to
esﬁimate the cost of a plant to produce 50 billion Btu per day of
medium Btu gas (258 Btu/dry SCF) and 18 MW of electricity from
North Dakota Lignite,

(2) Performed by DOE's Morgantown Process Evaluation Office as a
separate process evaluation. The report was entitled "An Eéonomic
Comparison of the Bell HMF Gasifier with the Texaco and Lﬁtgi
Gasifiers = 50 Billion Btu/day Industrial Fuel Plant. Coal feed
wag North nakoca Lignite. '

7.3 Planned Oxygen-Blown Gasifier Development

In October 1979, DOE and GRI awarded to Bell a one year contract Eor
$1,500,000 (Contract No. DEc~ACO1~79ET~14674). The long range‘objective‘of the
DOE/GRI program is to develop the HMF gasifier to produce SNG feedstock which:

Minimizes oxygen and steam consumption

Maximizes methane content

Minimizes tar and other liquid by-products
Eliminates or minimizes char recycle

Is scalable to large capacity {100~TPH coal feed)

QO o 0 0o ©

Specific tasks to be completed in this one year contract are as follows:

-1. Investigate the process and -determine its perEormance using an’ upgraded"
1/2—TPH facility (see Figure II1I-8);
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2. Test with bituminous coal, oxygen and steawm at 15 atm pressure; |
3. Evaluate the primary performance characteristics, and
"4+ Evaluate the performance of a SE:ondary cocal injection system.:

The 1ong‘fonge pfogram plan 1is to test at increased pressotes,'high
throughputs and for ex:ended'periods of operation. Provioions‘for this fucure
growtﬁ are_being made in test systém modtfications‘heing made under the currenc
DOE/GRY contract, Continuous operation is planned for the 1981-82 time frame.

7.4 Data Base Fram Test Funs

In Table III—4 selected data Erom the Bell gasifier testing is listed.
Included in the. table are selected runs from the air blown gasifier work andg
vields expected in the oxygen plus_s:eam gasifier.

- The most nocable result ghown in the Air-Blown Test Data is that at the
‘_ high mass flux rates used (10,000 lb/hr per ft3), S0 carbon conversion fove

- lignite was obtained whereas for Mantanaz Rosebud, only B80% carhon conversion.
Both runs used about the same air to dry coal raties, 3.5 and 3.6,
‘respectively.

During the company soonsored oxygen blown test program, Bell conducted
'pa;ametrlc sengtirivity testing. It was observed that for each 0.1 change in
the oiygen to ooai ratio, the carbon conversion efficiency increased
approximately 10%. Other variahles, including oxypen and steam injection
velocities, reactor residence time and coal injector variables were evaluated
" for their performance sensitivity. ’

Using Pittsburgh geam coal and operating at an oxygen to coal ratio of
0.85:1, Bell obtatned'a carbon conversion efficiency of 90%. Applying the
performance sensitivity factors and allowing for che lower carbon content, a
carbon conversion of 90% at an oxygen to coal ratio of 0.71:1 fot Western
: Kentucky coal is projected by Bell, as tndicated in Table LII-4.
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8.0 FUNDAMENTALS OF SRT GASIFICATIUN AS APPLIED TO THE BELL IMF GASIFIER
The Bell UMF Gasifier has baslcally'two configurations which could be
utilized acceording to the end product desired:

1. The Single-Stnge HMF Gasifier configuration where coal, oxygen and
steam: are fed into the gasifier to react hasically to COD and “2'

This configuration can apply to any process where syngas can be used
as a fuel or as an intermediate product.

2. Thé Two-Stage HMF Gasifier conflguration where a secondary coal stream
is injected into the gasifier to mix and interact with tie syngas
formed I[n the First stage to form CO, Hz, and some CH,. This
configuration is applicable where an intermediate Btu fuel gas is
desired or where SNG is the final product after a methanation step.

The following is a discussion of the fundamental mechanisms of coal
taslfication as applied te both configurations:

8.1 Single-Stage Gasifier
A schematic of Bell's Single-Stage, entrained Flow gasifier is shown in

Figure [II-9. The gasifier is divided into 3 zones which describe the basic
reaction mechanisms of the gasifier as follows:

B.l.1 Zone lA: Pyrolysis Zone

In this zone, the volatiles from the ¢oal are pyrolyzed by the hot gases
surrounding Lt after injection into the reactor. This region is extrenely
turbulent with the combustion gases recirculating from zone 13 plus radiation
~effects supplying the heat for the endothermic pyrolysis renctions. A general
reaction can be written as follows:

Coal + heat = char + vplatiles

where volatiles include CO, Hy, coz' 120, CHg, HoS, N, Co"Cs

hydrocarbons and 56 hydrocarbons containing mostly aromatics, tats ‘and
- unstable heavy hydrucarbons.
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A kinetic equation expressing the rate of pyrolysis as proportional to
the amount af volatile centent remaining in the char is written as follows:

gV =K (Vi 5, = V)
dt

~where K = K, exp(-E/RT), sec™) (Arrhanius"equation):

- Vinip. = the initial volatiles in the coal, 1b/100 1b

' coal

and ~ ¥V = volatiles evolved, 1b/1D0 1b coals

This veaction rate is extremely fast and describes the rate controlling
step of devolatilization for pulverized coal particles. If the partiélés were

larger, then the tate of heat transfer to the coal or the mass transfer of the

volatilea'from the coal would be the limiting step to devolatilization. This
 13 one basic difference between entrained, flash pyrolysis gasifiera and
- mowving, fixed bed, or fluidized bed veactors. .The entrained gasifiers can bte
designed such that heating rates of 2,600°F/sec to 700,000°F/sec are attalned
by using fine particles to minimize heat aad mass transfer resistances.

' Pyrolfsis of caking coais presents no probian to the Bell HMF gasifier
~since the particles are well dispersed.‘.Also, since the heating rates are so
high, the compounds which “plasticize” coal are gquickly pyrolyzed from the coal
particle before agglomeration can Qccur. '

8+.1.2 Zonu IB: Volatiles Combustion
This zone is probably indistinguishable from Zone IA as there is

backmixing of hot combuatiqn gases uhichrhelp-pyrolyze :heucogl. 1£ pyrolysis :
‘products are available to the oxygen in Zone IA, then volatiles combusrion
‘occurs in Zone IA as well as Zone IB since the reaction rate of oxygen with

volatiles such as CO and H:‘is fast enough to be considered instantaneoud;
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Tﬁe volatiles combustion reactions can be written as foilows:

other volatiles + 0, —— CO, + CO + H, + Hy0.

The additional volatiles, including CH,, C,—Cs, and Cg
hydrocarbons will partially be oxidized to co,, €O, and H,, depending on
the availability of the oxygen and the temperature level. Since tests in the
1/2-TPH Facility have shown 1itt1e or no evidence of tars or heavy liquids in
- the gasifier product, it is probable that the tars are completely destroyed in

this zone.

The temperatures reached in this zone are around 3000°F and are
directly proportional te the oxygen to coal ratio. '

8.1.3 Zone IC: Char Gasificacion
The p&rolysls reactions in Zone IA leave a char intermediate
product entering Zone IE. The char dnes recilrculate with hot, pyrolysis
products from Zone 1B back to Zone IA. This is evidenced by the accumulation

of a thin, slag rim which accumulates around the oxygen inlet annulus as shown
in Figure I1I-9: The unreacted, but now highly reactive char enters 2one 1C

where steam is injected to further gasify the char. Air-blown testing by Bell
showed that essentially all of the oxygen was consumed in 0.045 msec; hence,
since all of the oxygen has been reacted before Zome 1C, the heterogenecus

reaction of char with oxygen is not likely. The primary reactions in this zone
.are as follows:

. C(Char) + 1120' -—C0 + Hy
C(Char) + €0, —— 20
C{Char) + 1{2-————- e,

The overall reactica rate of the char can he described as follows:
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dc
ac Cs (kuzo Cao* ¥ -cco2 + kuz cuz)

2 2
where Cg = concentration of carbon in char (moleslvolume)
kﬂ 0 kco kH a Arrhenius rate constants for char Hzo char-coz.
and char-H, reactions (vo;lmoleslsec)
CH O’COO ’CH = concentration of gaseous spec;es
2 2 2
(moles/volume)

The initial reaction rates of the three haterogeneous reactions
above hnve been shewn to be about tha same at partial Pressures of 135
anm(z), however, at 1 atm partial pressura, the fastest reaction 1is

~suggested to be the char-coz reaction, then the char-HZO reaction an&
finally the char—Hz reaction. An analysis of the stoichiometric quantities
of the gases entering Zone IC indicates that H, has probably the lowest
partial pressure of the reacting gaseous sﬁecies. Hence, the most dominant .
heterogeneous reéctions‘in‘ione IC are the char-coz and char-ﬂzo

reactions. ‘ '

As the heterogeneoud Teactions are‘uccurring. the gas ﬁhase
reactions are simultaneously reacting to approach equilibrium composltion.' For
the high temperatures (2500-2600°F) of the Bell Single-Stage Reactor, there is
hardly any CH, existing and CO and Hy make up close to 90 vol % of the
2ageous species. The equ:libriun gas composition of the Single-Stage Raw
Syngas iIs given as follows:

Vol.%
co 55.9
H, ‘ 31.0
HZO . 7.0 _
ﬂCOz : 4.0
HyS L4
CH& 0.01
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All the heavy volatiles have disappeared through gas phase
reactiona occurring in Zones IA, IB, and I¢. 1In the cracking reactions uhich
do occur, pyrolytie aocor may be formed which could represent a penalty to the
process as sont Is so fine it is hard to recover.

8.2 Two-Stage Gasifier
Bell's Two-Stage, entrained flow gasifier includes all the elements of the
Single-Stage gasifier with a secondary-injection Zone IIA and secondary char

gasification Zone I1B added as shown in Figure IIt??. The coal is

injected in Zone LIA in order to devolatilize the coal quicklj as occurs in
Zone 1A of the Stngle*Stage. However, heat for pyrolysis is supplied by the
2500°F gases from Zone IC rather than combustion gases reeirculating Erem Zone

IB. The devolatilized char formed from the gsecondary coal is very reactive at
this point as it enters Zone IILB. The main reactions available atre the
‘char-H,0, char-C0y, and the char-H, reactions as described above.

lowever, in this section the reaction that will prevail initially is the
char-H2 reaction since the Hé partial pressure is the highest. Hence,

methane yielda are enhanced from pyrolysis and the char-H, reactions. Since
the temperatures are still high, the gas-phase equilibrium would show 1little
methane in the gasifier product if equilibrium were attained. Hence, rapid
fuenching -by water sprays is done immediately following Zone IIB to “freeze"
the methate bdefore it decomposes. |
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% CARBON CONVERSION

II11-28

for Bituminous Coal

‘TII-42

t
DATA SOURCE:
O EYRING R.I. GASIFIER AT STEAM/COAL = 0.3 s
- PITTSBURGH
A EYRING R.1. GASIFIER AT STEAM/COAL = 0.51 » TLIIFIA2F
O BELL HMF SINGLE-STAGE TEST DATA ‘
100 £ 'BELL HMF SINGLE-STAGE PROJECTED PERFORMANGE 7
' (W. KY. COAL) AT STEAM/COAL = 0,17
0 ) BELL PROJECTION [3 _ ' —
: USED FOR SINGLE-STAGE .
EA Se CASE) > EYRING DATA
8 BELL .
% O para
ol |
& _
50 ] I S | : ]
0.5 0.8 0.7 0.8 0.9 1.0
' I oxYGEN/Ib DRY COAL
Fig. III-2: X Carbon Conue.rs:lon 8., OxygenlCoal Ratio
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COAL

QXYGEN (=

3000°F
STEAM Z——‘—"——"'F_ T T T
2500°F
-1
o QUENCHED
SLAG 3] e SYNGAS
+ : .
CH'R l \_A I
GAs
: QUENCH
WATER

STEAM ~e——cenc—"

~=-  ASH SLURRY

BENEFICIAL FEATURES

® UNGASIFIED CHAR FROM REACTION ZONE IMPINGES ON SURFAC‘ OF SLAG
- POOL WHICH COULD ACT AS AN OXYGEN TRANSFER AGENT "

 UNGASIFIED CHAR REACTION 2ONE IS AT HIGH TEMPERATURE FOR A
~ LONGER TIME

Fig. III-S' “HMolten—Slag Bath Concepl: for Bell's S:Lngle—-Stage
.. - HMF Gasifier _

T1I- 43



LLLI-30

COAL + ‘ "
RECYCLE CHAR -~
FEED SYSTEM

PRIMARY COAL + SECONDARY -
COAL

RECYCLE CHAR

9,
\ IST STAGE . 2ND STAGE
y

STEAM R
2500°F 1700-
REVERSE FLOW / 1900°F [*— STEAM
] ~ GAS INJECTOR
| : RAW
N _ SYNGAS
' QUENCH
STEAM e “‘S_k’gN WATER

ASH
SLURFf

- RECYCLE CHAR

BENEFICIAL FEATURES

® TWO-STAGE ?ROCESS WITH HIGHER METHANE YIELD AND LOWER O,
CONSUMPTION

® HIGH SINGLE-PASS CAREON CONVERSION MINIMIZES CHAR RECYCLING

® MOLTEN SLAG KEPT SEPARATE FROM SECONDARY COAL TO FREVENT
AGGLDNERATION

® HOT GASES FROM 157 STAGE INJECTED tNTO 2ND STAGE UTILIZING
EFFICIENT REVERSE FLOW INJECTOR TO MiX THOROUGHL\’ WITH
- SECONDARY COAL -

& INTERRUPTION OF CHAR FLOW DOESN'T SHUT SYSTEM DOWN

Fig. III-4: holten—slag Bath with Secondary Injection
- : for Bell's HMF Gasifier
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OXYGEN

dedede W

COAL

—

_J

\

STEAM ——————— - —

T

CYLINDRICAL
SECTION

SAMPLE
- PROBES

—————

=

-

LLLELILLIALLILIAA A LR AR,

AT I I ITTH TN AT LIV TR R T TG TTLR LR LR LR RN

INAANAANNARAANNNNN NN NN

AR COOLANT IN

Fig. III-7:
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AIR COOLANT OUT

COQLANT
JACKET

TEST NOZZLE.
SECTION

Typical Reactér Configuration Used in
Bell HMF Oxygen-Blowm Testing
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PULVERIZED
COAL FEED

OXYGEN '1 OXYGEN

ZONE 1A

ZONE 1B

STEAM e

ZONE i€

ZOME EA: PYROLYSIS REACTIONS

COAL + HEAT —» CHAR + VOLATILES
(VOLATILES = CO + CO +Hy + CHy +H,S + N2

LIGHT HYDROCARBONS + TARS)

ZONE 18: VOLATILES COMBUSTION
+1/20, ~ HO
€0 +120,~ CO,

ed STEAM

ZONE IC: CHAR GASIFICATION
€ +H,0 -~ CO +H,
€ +€0, = 2€0

5 INGLE-S TAGE

ZONE liA

ZONE 1B

‘ WATER R S

QUENCH SPRAYS e——p-----h----_-,_____-,\

O'STAGE

i SECCNDARY COAL INJECTION

ZONE 11A; SECONDARY COAL PYROLYSIS
COAL + HEAT —~ CHAR + VOLATILES

ZONME {1B: SECONDARY CHAR GASIFICATION
C+ I-l2 == CH,
C+ Hzo - CO »+ l'-|2

Figuxe I1I-9. Schematic of Reaction Fundamentals of Bell‘s Single—Sl:age
i ~ and Seeondary Injec:iun HMF Gasifier. .
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TABLE IZi-Z: Effect of Potential Improvements of the Beil HMF Gasifier
| to be Investigated by Bell.

Case No. 1 2 3 4

Description Single- Single-~ Secondary Secondary
Stage ' Stage + Injection Injection +
(Base Char Char Recyale
Case) Recycle

4 Cérbdn Conversion 90z% 902 Informaticn is praprietary

at this time

Z Carbon Utilization 100% 100Z same as abaove

0, to Dry Coal 0.71 Frnpfietary ©  same as above
Weight Ratio

Flue Gas Desulfur- NO YES " same as above
ization Required

Relative Gas Cost 1.0 1.01 0.92 0.91
Relative Capital 1.0 1.03 - Q.37 0.89
Cost '

Relative Operating 1.0 I | 0.95 0.93

Cost

IrI-31

CORE S s el B s ¢




I17- 38

(3TUn QUu. aeyd ug
Juiainbaa) : anging iin
20°1 oN SuK TL°0 & %06 .888) asey O
. papapasip
) . JBYyD YIra
90°T SHA ON 14°C 8 206 oseq aso o
: eyEp
U01Sa0AUOD
uas2ad Yifa
911 54A SdA SHt0 @ %08 ose) oseg of
01 544 SHA 12°0 & 706 asey aseq o
salj Tangd Iatr09 kOu .
: anjyug Aey) se pLIDA0ISY AL ﬁmcu\mc
190) 51 aey) s1 uoqaeny poarjisedup § BUIGEIDAUO] UOqIE) ¥ o
- 5B) i . uoyidradsag
BATIEIY SNOILJWNSSY "TVOLLIHD VIBUIDITY

suo1ldunssy TEITITI) 01 KI1TALITsSUSy IS0D SBY ASED aseqg  g~111 I8V,

I11-52



I11-39

Table ILI-4: Bell-HMF G.asifier Data

ATA PROJECFED
SELECYED TEST I g;&l-ggs%;a%%
.. AIR BLOWN DATA 02 ALOWN TRENDS
N. DARDIA MONTANA PITISBURGH - W. KENT

COAL: LIGNITE ROSERUD SEAM - " "

INJECTOR CONFIGURATION: IMPING SHEET IMPING SHEET IMPING SHEET

RUN No.: 305 o -

NOT
REACTOR PREZIURE (miak .18 185 OIE 1) 500
REACTCIR TEMPERATURE {°F); ~2400 ~2400 -DATA IS " 2500
© PROPRIETARY

RUN DURATIONM {min) ae [} AII;!TS -

AlR/DRY COAL AVG {iby/ibl 3.5 3.6 NONE

ORYGEN/DRY COAL {ik1b); - - 0.7} .

STEAM/DRY COAL {Ib;1b): - - 0.20

AVG REACTOR MAYS FtUX llbﬂlﬂls): 10,400 10,300 =5,000

SUPERFICIAL GAS RES, TIME {ms}: 80 80 350

AVG GASIFIER EFFLUENT GAS COMPOSITION

{VOLUME PERCENT) NOTE (2)

CH 4 D.Y 0.2 0.01

H7 8.1 4.8 30,90

Ny 6.4 8.0 0.66

co 2.0 20,C 56.02
r—Eoz 8.6 9.9 4.

Hzo NOT AMALYZED | INOTF ANALYZED 8,96

st NOT ANALYZED | NOT ANALYZED 142

cQs NOT ANALYZED | NOT ANALYZED -

NH:! TR Hi -

AVG CARBOMN CONVERSION:

1% OF CARBON IN COAL IN GAS PHASE) 90 B0 %0

AVG COLD GAS EFFICIENCY:

. (HHV OF CO, H, + CHy INEFFL GAS) 55 45 78

0% » HRV OF COAL FEED

AVG GAS HHV [BTU/DRY SGFh 8 88 301

UMGASIFIED CARBON, ASH AND SLAG '

% UNGASIFIED CARBON TO CHAR: 0% - 20% . 10%

% ASH IN COAL RECOVERED I SLAG TANK: [ NOT ﬁ:ND.L‘(ZED NOT ANALYZED 0%

% ASH IN COAL RECOVERED IN CHAR: NOT ANALYZED | NOT ANALYZED 10%

CHAR ANALYSES (WT %) ’

ASH; : 11%

CARBON: NOT ANALYZED | NOT ANALYZED 9%

NOTES: .
{1} Duta not available on Pittsburgh seam renis :
2} Gos nitians ged from | sample: during test
with CH:. « Ny, €0, and CQy only :::Pu onolyzed

(3 Includes 2,31% CO, us presurlzing gea In seal fesd
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NOTE (3)





