Evaluation of a Combined Cyclone & Gas Filtration §stem
for Particulate Removal in the Gasification Process

Reporting Period

March 14, 2001 — May 1, 2009

Final Report

May 6, 2013

Work Performed Under
DOE Award No. DE-FC26-02NT41583

For:
The U.S. Department of Energy
National Energy Technology Laboratory
Morgantown, West Virginia

Prepared by:

Jeffrey J. Rizzo
Reliability Engineer
Phillips66 Company

444 West Sandford Ave
West Terre Haute, IN 47885



Legal Notice/Disclaimer

This report was prepared as an account of work sp@ored by an agency of the United
States Government. Neither the United States Govement nor any agency thereof, nor any
of their employees, makes any warranty, express @mplied, or assumes any legal liability
or responsibility for the accuracy, completeness,rasefulness of any information,
apparatus, product, or process disclosed, or represts that its use would not infringe
privately owned rights. Reference herein to any sgific commercial product, process, or
service by trade name, trademark, manufacturer, omtherwise does not necessarily
constitute or imply its endorsement, recommendationor favoring by the United States
Government or any agency thereof. The views and opons of authors expressed herein do

not necessarily state or reflect those of the UnitkeStates Government or any agency thereof.



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Forward DOE Award No. DE-FC26-02NT4183

Forward

This document represents the final reporting fgpsileam Testing of a
Combined Cyclone and Gas Filter System for PadieuRemoval at the sgSolutions,
LLC gasification facility completed by Phillips66o@pany (P66). The U. S.
Department of Energy (DOE) provided funding foisttesting under Cooperative
Agreement No. DE-FC26-02NT41583. The National Gpdrechnology Laboratory
(NETL) provided the DOE program administration umting Project Managers Jenny
Tennant and Norman Popkie during the course o€Ctfedone testing. The initial
ConocoPhillips Company (COP) Project Director fog Cyclone and Slipstream testing
was Michael J. Hickey. Other P66 Project Engineeid Operators who have been
involved with the development of the Cyclone tegfimclude Ron Herbanek, Mike
Rooksberry, Gary Young, Rhett Beaumont, Kevin Pafrey Rizzo, Art Love and
Gary Taflinger. P66 would also like to acknowledige assistance of Andy Bevis and

personnel from Porvair Filtration Group. Jeffrelg® of P66 prepared this final report.
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Abstract
Background
The Wabash gasification facility, owned and opeatdge sgSolutions LLC, is one of
the largest single train solid fuel gasificationifidies in the world capable of
transforming 2,000 tons per day of petroleum cak2,600 tons per day of
bituminous coal into synthetic gas for electricalyer generation. The Wabash
plant utilizes Phillips66 proprietary E-Gas™ Gastion Process to convert solid
fuels such as petroleum coke or coal into syntlgggthat is fed to a combined
cycle combustion turbine power generation faciliBuring plant startup in 1995,
reliability issues were realized in the gas filwatportion of the gasification process.
To address these issues, a slipstream test unitevessructed at the Wabash facility
to test various filter designs, materials and pseamnditions for potential reliability
improvement. The char filtration slipstream unibyaded a way of testing new
materials, maintenance procedures, and procesgehanthout the risk of stopping
commercial production in the facility. It also gtly reduced maintenance
expenditures associated with full scale testindpegaxcommercial plant. This char
filtration slipstream unit was installed with agarsce from the United States
Department of Energy (built under DOE Contract N&-FC26-97FT34158) and
began initial testing in November of 1997. It Ipasven to be extremely beneficial
in the advancement of the E-Gas™ char removal tdogg by accurately
predicting filter behavior and potential failure ch@anisms that would occur in the

commercial process.



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Forward DOE Award No. DE-FC26-02NT4183

After completing four (4) years of testing variduter types and configurations on
numerous gasification feed stocks, a decision wadento investigate the economic
and reliability effects of using a particulate rarabgas cyclone upstream of the
current gas filtration unit. A paper study hadioaded that there was a real potential
to lower both installed capital and operating ctistgmplementing a char cyclone-
filtration hybrid unit in the E-Gas™ gasificationgqeess. These reductions would
help to keep the E-Gas™ technology competitive ayjraiher coal-fired power
generation technologies.

Cyclone Test Objectives

The Wabash combined cyclone and gas filtratiorssigam test program was

developed to provide design information, equipnsgecification and process

control parameters of a hybrid cyclone and canttkr particulate removal system
in the E-Gas™ gasification process that would gdevhe optimum performance
and reliability for future commercial use. Thetteggram objectives were as
follows:

1. Evaluate the use of various cyclone materials oktroction.

2. Establish the optimal cyclone efficiency that pa®sg stable long term gas filter
operation.

3. Determine the particle size distribution of thercéeparated by both the cyclone
and candle filters. This will provide insight intgclone efficiency and potential
future plant design.

4. Determine the optimum filter media size requiremsdat the cyclone-filtration

hybrid unit.
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5. Determine the appropriate char transfer ratesdtn the cyclone and filtration
portions of the hybrid unit.

6. Develop operating procedures for the cyclone-tilrahybrid unit.

7. Compare the installed capital cost of a scaledewmprercial cyclone-filtration
hybrid unit to the current gas filtration desigrthvaiut a cyclone unit, such as

currently exists at the Wabash facility.

Conclusions and Technical Insights

The conclusions and technical insights of the clyalone-filtration hybrid

slipstream study were as follows:

1. A cyclone separator constructed of a stainlesd atiey was deemed
unacceptable due to its high rate of wear. Anothetal alloy was utilized for
the fabrication of the second cyclone separatdre Wear rate of that metal alloy
was found to be acceptable for the purposes okthdy. However, harder
materials with greater abrasion resistance musgtsied and evaluated to
determine what would be an acceptable rate of wéhm the commercial
process.

2. The particle size distribution and cyclone effiagnvere determined for the char
cyclone-filtration hybrid unit to establish desigpecifications for future E-
Gas™ facilities.

3. The same candle type filter elements used in thenoercial process had

performed with acceptable efficiency in conjunctieith the cyclone unit. The
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blinding life of those filter elements was deteredrto be at a lower rate than
without the cyclone unit.

4. Char transfer rates were determined for both tletoag and filtration portions
of the hybrid unit to establish operational guide$ for future E-Gas™ facilities.

5. Operating procedures for the cyclone-filtration hghunit were developed as a
result of this study. These procedures should bd as a guide to establish
operating procedures for future E-Gas™ facilities.

6. The initial capital cost of a commercial scale oyd-filtration hybrid unit was
estimated to be 49% less than the capital cosigaidiltration design without a

cyclone unit, such as currently exists at the Waliasility.
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BFW
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COSs
DOE
DPT
E-Gas™

FT
HP
HTHRU
N2
NETL
OEM
P66
PDP
PSI
psig
PT

TT

Acronyms and Abbreviations

Boiler Feed Water

ConocoPhillips Company

Carbonyl Sulfide

Department of Energy

Differential Pressure Transmitter

Formerly Dow Chemical Company’s Gasificaff@chnology, now
owned and licensed by Phillips66 Company
Fahrenheit

Flow Transmitter

High Pressure

High Temperature Heat Recovery Unit
Nitrogen

National Energy Technology Laboratory
Original Equipment Manufacturer
Phillips66 Company

Process Design Package

Public Service of Indiana

Pounds per Square Inch Gauge

Pressure Transmitter

Temperature Transmitter
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1.0 Executive Summary

1.1 Background
The Wabash gasification facility, owned and opeatdge sgSolutions LLC, is one of
the largest single train solid fuel gasificationifdies in the world capable of
transforming 2,000 tons per day of petroleum cak2,600 tons per day of
bituminous coal into synthetic gas for electricalyer generation. The Wabash
plant utilizes Phillips66 proprietary E-Gas™ Gastion Process to convert solid
fuels such as petroleum coke or coal into syntlgggthat is fed to a combined
cycle combustion turbine power generation faciliyhe gasification and power
facility originally began as a joint venture progréetween Destec Energy Inc. of
Houston, TX and PSI Energy Inc. of Plainfield, iINgarticipate in the United States
Department of Energy’s (DOE) Clean Coal Technolblyative program to
demonstrate coal gasification repowering of antexgulverized coal-fired
generating unit impacted by the Clean Air Act Ammeahts. After a brief startup
period, successful operation was achieved at @uat ph November of 1995. Plant
ownership changed in 1997 as Destec Energy washgatd parent company Dow
Chemical Company to NGC Corporation. In 1998, NG&poration changed its
name to become Dynegy, Inc. The plant changed ®hipeonce again in 2000 as
Global Energy acquired Dynegy'’s gasification assé&s2003, ConocoPhillips
obtained the rights to the intellectual propertyg #me gasification process used at
the Wabash facility. In 2005, sgSolutions, LLC aisdoarent company Wabash
Valley Power Authority became the current majoatyner and operator of the

Wabash facility.
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During plant startup in 1995, reliability issuesre/eealized in the gas filtration
portion of the gasification process. To addresselissues, a slipstream test unit
was constructed at the Wabash facility to testouarfifilter designs, materials and
process conditions for potential reliability impesaent. The char filtration
slipstream unit provided a way of testing new mater maintenance procedures,
and process changes without the risk of stoppimgneercial production in the
facility. It also greatly reduced maintenance exptures associated with full scale
testing in the commercial plant. This char filioatslipstream unit was installed
with assistance from the United States DepartmeBhergy (built under DOE
Contract No. DE-FC26-97FT34158) and began inigatihg in November of 1997.
It has proven to be extremely beneficial in theaatbement of the E-Gas™ char
removal technology by accurately predicting filbehavior and potential failure

mechanisms that would occur in the commercial m®ce

After completing four (4) years of testing variditer types and configurations on
numerous gasification feed stocks, a decision wadento investigate the economic
and reliability effects of using a particulate rarabgas cyclone upstream of the
current gas filtration unit. A paper study hadioaded that there was a real potential
to lower both installed capital and operating ctistsmplementing a char cyclone-
filtration hybrid unit in the E-Gas™ gasificationgeess. These reductions would
help to keep the E-Gas™ technology competitive ayjrather coal-fired power

generation technologies. In 2002, the U.S. Depamtrof Energy agreed to provide

13
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1.2

funding to support the design, construction andatpen of a char removal gas
cyclone that would be installed in the existingrcfilger slipstream system for

testing at the Wabash facility. The unit was desty constructed, and placed into
operation in February of 2006. The overall objyexbf the project was to evaluate
cyclone performance and its effect on filter rellifop  An economic analysis of

filter installation and operating costs was to beducted based on the results of this

study.

Cyclone Project Description

The Process Design Package (PDP) was develop&ihfar the combined

cyclone and gas filter project. Detailed desigatenal procurement and field
construction were completed by the end of 2004m@ssioning and startup were
delayed until January of 2006 due to issues agsalcwith plant ownership changes.

The first cyclone-filter tests were conducted ifofegary of 2006.

During operation, the combined cyclone and gasrfgtipstream receives particulate
laden syngas from an isokinetically designed nolelgveen the high temperature
heat recovery unit and the commercial gas filtesseé The syngas slipstream flow
is directed into the cyclone vessel (V-153) whéeedentrifugal forces separate the
gas and most of the char. This cyclone removesappately 90-95% of the char
particles from the syngas slipstream where theygaltected in a char transfer drum
(D-153) located directly below the bottom of theaetor. Level detectors are used

on the transfer drum to monitor char accumulatitra predetermined level or time,

14
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char is removed from the drum and recycled backtime commercial process using
a high pressure transport gas. The syngas skpstrstill containing 5-10% of the
original char loading, exits the top of the cycl@ra is directed into the gas filter

vessel (V-159).

The gas filter vessel is capable of testing upetees (7) full size candle filter
elements in a single cluster or can be configuoedrfulti-tiered arrangements. The
char collected on the filter elements is periodjcedmoved through the use of a
high pressure blowback gas comprised of recycleday. This high pressure
syngas is stored in an accumulator vessel (D-188}@ansferred to the downstream
side of the filter elements by fast acting blowb&eak/es on a timed frequency.
These valves are used to simulate the conditiotiseofull scale commercial unit.
During the blowback filter regeneration process, dislodged char falls to the
bottom of the filter vessel (V-159) and into itsasiated char transfer drum (D-
159). As with D-153, similar level detectors ased on D-159 to signal a char
transfer event that can be based on level or @@termined time increment. The
char is forwarded back into the commercial prodgsseans of a high pressure
transport gas. The particulate free syngas floviobthe gas filter vessel and is
directed through a back-up, or secondary, filtestey to prevent any solids from
exiting the slipstream unit. This “clean” syngashen returned to the commercial

process.

15
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1.3

A Modb5 digital control system, developed by the Dohemical Company, provides
the automated control and operator interface viighchar filtration slipstream unit.
The control logic for pulse cleaning can be ingthmanually, periodically, or at a
selected filter differential pressure. A periotline increment was the typical mode

of operation for this controller.t

Cyclone Test Objectives

The Wabash combined cyclone and gas filtratiorssigam test program was

developed to provide design information, equipnsgecification and process

control parameters of a hybrid cyclone and canttkr particulate removal system
in the E-Gas™ gasification process that would gtexhe optimum performance
and reliability for future commercial use. Thetteggram objectives were as
follows:

8. Evaluate the use of various cyclone materials astaction.

9. Establish the optimal cyclone efficiency that pams stable long term gas filter
operation.

10. Determine the particle size distribution of thercheparated by both the cyclone
and candle filters. This will provide insight intgclone efficiency and potential
future plant design.

11.Determine the optimum filter media size requirersdat the cyclone-filtration
hybrid unit.

12.Determine the appropriate char transfer ratesddn the cyclone and filtration

portions of the hybrid unit.
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13.Develop operating procedures for the cyclone-firahybrid unit.
14.Compare the installed capital cost of a scaledasmpmercial cyclone-filtration
hybrid unit to the current gas filtration desigrthvaiut a cyclone unit, such as

currently exists at the Wabash facility.

1.4 Results
The Wabash char cyclone-filtration hybrid slipstrelaegan operation in February of
2006. The hybrid unit was used to complete fiedifferent test campaigns
totaling over 1,624 hours of operation. During tb&ting, the commercial plant was

operated on a feedstock of petroleum coke.

As a result of the aforementioned test campaigadle filter blinding trends were
established for three (3) different filter mediaraknts over varying filter face
velocities. In addition, wear rates were establistoe two (2) different types of
cyclone materials of construction. Isokinetic ckamples were also collected and
analyzed from both the cyclone and gas filter ¢harsfer drums to determine the
particle size distribution and cyclone efficiend@peration of the cyclone-filter
hybrid unit provided insight into the appropriateactransfer rates for the combined
system. A cost comparison was also made to demad@she potential cost savings
that could be realized in future E-Gas™ plant desigith the addition of a cyclone

unit.

17
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1.5 Conclusions and Technical Insights

The conclusions and technical insights of the clyalone-filtration hybrid

slipstream study were as follows:

7. A cyclone separator constructed of a stainless atley was deemed
unacceptable due to its high rate of wear. Anothetal alloy was utilized for
the fabrication of the second cyclone separatdre Wear rate of that metal alloy
was found to be acceptable for the purposes okthdy. However, harder
materials with greater abrasion resistance musgtsied and evaluated to
determine what would be an acceptable rate of wéhm the commercial
process.

8. The particle size distribution and cyclone effiagnvere determined for the char
cyclone-filtration hybrid unit to establish desigpecifications for future E-
Gas™ facilities.

9. The same candle type filter elements used in thenoercial process had
performed with acceptable efficiency in conjunctieith the cyclone unit. The
blinding life of those filter elements was deteredrto be at a lower rate than
without the cyclone unit.

10. Char transfer rates were determined for both tlséoag and filtration portions
of the hybrid unit to establish operational guides for future E-Gas™ facilities.

11.Operating procedures for the cyclone-filtration hgtunit were developed as a
result of this study. These procedures should bd as a guide to establish

operating procedures for future E-Gas™ facilities.
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12.The initial capital cost of a commercial scale oyd-filtration hybrid unit was
estimated to be 49% less than the capital cosgaidiltration design without a

cyclone unit, such as currently exists at the Walbasility.
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2.0 Introduction

2.1 Overview of the Wabash Gasification Facility
The Wabash gasification facility, owned and opeatdge sgSolutions LLC, is one of
the largest single train solid fuel gasificationifdies in the world capable of
transforming 2,000 tons per day of petroleum cak2,600 tons per day of
bituminous coal into synthetic gas for use as affwreelectrical power generation.
The facility originally began as a joint ventur@gram between Destec Energy Inc.
of Houston, TX and PSI Energy Inc. of Plainfiell, tb participate in the United
States Department of Energy’s (DOE) Clean Coal feldgy Initiative program to
demonstrate coal gasification repowering of antaxgulverized coal-fired
generating unit impacted by the Clean Air Act Ammeahts. Operation of the
facility began in November of 1995. Plant ownepstihanged in 1997 as Destec
Energy was sold by its parent company Dow Chen@cahpany to NGC
Corporation. In 1998, NGC Corporation changed@sie to become Dynegy. The
plant changed ownership once again in 2000 as Glotergy acquired Dynegy’s
gasification assets. In 2003, ConocoPhillips aigdithe rights to the intellectual
property and the gasification process that is agekde Wabash facility. In 2005,
sgSolutions LLC and its parent company Wabash Y&lewer Authority became
the current majority owner and operator of the Vgalfacility. A block diagram for

the Phillips66 patented E-Gas™ Gasification Procedspicted in Figure 2.1.1.

The process begins with the introduction of petrolecoke, or coal, and recycled

water into a grinding mill process to produce adsosuspended slurry. This slurry

20
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is transported to the gasifier where the slurnpised with oxygen from an Air

Separation Unit at high temperature, creating aced atmosphere for partial

combustion.
Discharge
Recycle Slurry Water Sour Water Water
Treatment —_—
Hot Saturated
BFW HP Steam Sour
Water
v | Product

Coa Milling Slurry High Temp COS Hydrolysis s

, e - , yngas
w Heating & P> Gasification g Heat — R Cr::a\: | | Moisturization &  f——pp

Feeding > A Recovery emova Condensate Heat
? Char
Oxygen Cool Sweet
Nitrogen Slag Tail SSour Syngas
Slurry Quench Gas yngas
Water
. Air
Air Sulfur . K
—p»| Separation |— Slag Recovery Acid Gas | Acid Gas
Unit Handling Unit Removal

Sulfur

Slag
Product

Product

Figure 2.1.1—Block Line Diagram of the sgSolution&asification Facility

The petroleum coke (petcoke) is gasified by padiadlation to produce synthetic
gas (syngas) consisting primarily of hydrogen, oartmonoxide, carbon dioxide and
water. Sulfur in the petcoke is converted almosilly to hydrogen sulfide and
carbonyl sulfide. Nitrogen in the petcoke is catee to elemental nitrogen and
ammonia. Ash from the petcoke leaves the gasifidre form of slag, drains to the
guench reactor and is removed from the processsyingas produced in the gasifier
contains entrained particulate (char) that isriteout and recycled back to the

gasifier in the char removal process.
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The High Temperature Heat Recovery Unit is use@d¢over a significant portion of
the heat energy that was needed to drive the syregations in the gasifier. The
syngas enters a fire tube boiler where heat is vechand used to generate saturated
steam. High pressure saturated steam is expartibeé tPower Block, superheated
and expanded through a 1950’s era Westinghouse stehine for electrical power

generation as part of the original repowering pbje

The cooled particulate-laden syngas then entershaefiltration unit where the
char is removed from the syngas steam. Essenti®l§% of the char and entrained
ash particulate is filtered from the syngas stréamming a cake on the exterior of
the candle style filter elements. This cake isoeed by periodic back-pulsing with
high pressure recycled syngas. After the cakesledbed from the filter, it drops,
aided by gravity, to the bottom conical shapededudf the filter unit where it is
drawn from the vessel and recycled back to thefigasia high pressure transport

syngas.

The final steps of the process include low tempeeaheat recovery, removal of the
sulfur constituents from the product syngas, séturaand preheat prior to delivery
and combustion in a General Electric 7FA gas twbifihe sulfur removal process
results in a quality by-product. Molten sulfurgaéater than 99.5% purity, is

recovered and sold as a raw material to a variegynad users.
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2.2 Cyclone Program Objectives
A char slipstream unit was originally constructédhe Wabash facility to address
reliability issues realized in the char filtratiportion of the gasification process.
This slipstream unit provided a means of testing neterials, maintenance
procedures and process changes without the ristopping commercial production
in the facility. In addition, it greatly reduceget maintenance expenditures
associated with full scale testing in the comménai@nt. This unit was installed
with assistance from the United States DepartmeBhergy (built under DOE
Contract No. DE-FC26-97FT34158) and began inigatihg in November of 1997.
It has proven to be extremely beneficial to theaaement of the E-Gas™ char
filtration technology by accurately predicting éittbehavior and potential failure

mechanisms that would occur in the commercial m®ce

After completing four (4) years of testing, the chlipstream unit provided a
number of insights into the gas filtration procasst pertains to the E-Gas™
technology. However, to remain competitive amotigepcoal-fired power
generation technologies, a decision was made &stigate the economic and
reliability effects on both installed capital angleoating costs by implementing a

char cyclone-filtration hybrid unit in the E-Gas™sification process.

A DOE sponsored study titledGGasification Plant Cost and Performance

Optimization” (Contract No. DE-AC26-99FT40342), was jointly caoted by

Bechtel and Gasification Engineering CorporatioEQ3. This study outlined
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improvements over the current gas filtration sys&trtine Wabash facility that could
significantly reduce both operating and maintenarosts of the facility. By
utilizing a combined cyclone-filtration hybrid uridgr char removal, both installed
capital costs and plant availability could be impad over the existing technology.
The potential cost savings would be attributeddtinlthe reduced size of the filter
elements and reduced char loading of the gastidtrainit. By reducing the surface
area requirements of the filter system, the paaéntist savings pertaining to
maintenance (i.e. filter removal and installatimventory costs and vessel repairs)
would be inherent to the cyclone-filtration hybudit. In addition, the number of
planned filter maintenance outages could be redubedeby increasing the plant’s
availability. Therefore, evaluating a combinedlope and gas filtration slipstream
at the Wabash facility would aid in the developmeidesign specifications and
operating procedures for new facilities as welimasimize the risk associated with
the installation and startup of a new commerciatpss. Minimizing this risk
would demonstrate to financial institutions andestors that this new process is a

viable technology for investment.?

Similarly, the DOE sponsored study titl8&tdpstream Testing of Particulate Filters
at the Wabash River Coal Gasification Repoweringj@utillustrated that the
utilization of a char slipstream unit for testingrsus gas filter elements,
maintenance procedures and process changes misithezeisk of stopping

commercial production in the facility. The chapstream unit also demonstrated
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that the test data obtained was very comparablenegults later observed within the

commercial process.

Modifications were made to the existing char shgsm unit at the Wabash facility
to incorporate a gas cyclone unit upstream of thieeat filtration slipstream. The
char removal gas cyclone was designed to remoV@b90-of the char particles from
the syngas slipstream with the remaining 5-10%stodmoved by the gas filtration
unit. This design incorporated the flexibilityadjust particle removal efficiency of

the gas cyclone so that downstream filter sizeggedation could be optimized.t

Cyclone technology for particulate separation iseraxlvanced than gas filtration,
thereby reducing the risk for new plant design.wieer, a gas cyclone has never
been successfully utilized in the E-Gas™ processHar particulate removal.
Another purpose for this testing is to determiredlsign and operation of the
filtration unit downstream of the gas cyclone whiere removal of very fine
particulate will be required. Experience has shta filtering a fine particulate
can be much more difficult than one containing diga size distribution including
coarse particulate. The ability to test variolteffielement designs and materials
will be essential to char cyclone-filtration hybudit design for future E-Gas™

facilities with minimal risk.!
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2.3 Cyclone Test Program

2.3.1 Cyclone Test Program Objectives

The Wabash combined cyclone and gas filtratiorssigam test program was

developed to provide design information, equipnsgetcification and process

control parameters of a hybrid cyclone and canttkr particulate removal

system in the E-Gas™ gasification process that evprdvide the optimum

performance and reliability for future commercigkeu The test program

objectives were as follows:

1.

2.

Evaluate the use of various cyclone materials astraction.

Establish the optimal cyclone efficiency that pa®s stable long term gas
filter operation.

Determine the particle size distribution of thercéeparated by both the
cyclone and candle filters. This will provide insignto cyclone
efficiency and potential future plant design.

Determine the optimum filter media size requirersdat the cyclone-
filtration hybrid unit.

Determine the appropriate char transfer ratesdtin the cyclone and
filtration portions of the hybrid unit.

Develop operating procedures for the cyclone-tilrahybrid unit.
Compare the installed capital cost of a scaledempraercial cyclone-
filtration hybrid unit to the current gas filtratialesign without a cyclone
unit, such as the original char slipstream unit thasted at the Wabash

facility.
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2.3.2 Cyclone Test Program Tasks
To complete the objectives listed in section 2.81&,Cyclone Test Program
was divided into five (5) main tasks listed below:
Task 1.0—Cold Flow Testing
1.1.Develop a test plan for cold flow testing of chawi small scale model
cyclone to establish operating characteristicgHerchar cyclone-
filtration hybrid slipstream unit.
1.2. Perform cold flow bench scale model testing usiagipulate material
from operation of the Wabash plant.
1.3.Based upon the results of the cold flow tests,rdates appropriate
process parameters for slipstream testing andtesrdane the size of
the gas cyclone unit.
Task 2.0—Process Evaluation and Engineering
2.1. Review the existing char slipstream unit to detesrthe system and
physical requirements for modifying the slipstreannclude a char
removal gas cyclone unit.
2.2.Use the results of Task 2.1 as well as Task 1design the
modification to the existing char slipstream umitigrovide
equipment specifications.
Task 3.0—Char Slipstream Unit Modification
3.1.Procure all required equipment and material inclgdihar removal

gas cyclone and gas filter elements.
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3.2. Modify existing Wabash char slipstream unit fortiteg of the char
cyclone-filtration hybrid unit.

3.3. Perform system checks (pressure testing, loop shet&.) to verify
correct installation and system modification. Trplant personnel on
the operation of the char cyclone-filtration hybuiait.

Task 4.0—Slipstream Testing

4.1.Develop and execute a test plan for the char cgefdination hybrid
unit that will meet the above stated objectives.

4.2.Implement modifications to the system as necedsaoptimize the
test plan.

Task 5.0—Data Analysis and Reporting

5.1. Compile and analyze the data obtained in Task 4.0.

5.2.Based upon the analysis in Task 5.1, develop degigtelines,
equipment specification and process parametenss®of a char

cyclone-filtration hybrid unit.

2.3.3 Evaluation Methods
The following methods were used to evaluate théocycoperation and filter
elements tested in the Wabash char cyclone-fittnatiybrid slipstream unit:
1. The plant’s Mod5 digital control and data acquisitsystems were used to
collect operating data from the char cyclone-filbm hybrid unit. The data

was used to calculate blinding rates of the géer fdlements located
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downstream of the gas cyclone unit. Those blindatgs were compared
to those of the filter elements used in the commkprocess.

2. Isokinetic char samples were collected and analfized both the cyclone
and filter unit char transfer drums to determingipk size distribution and
cyclone efficiency. Particle size distribution bs&s of the char samples

were completed using an electronic liquid partedenter.

2.3.4 Standard Operating Parameters
Table 2.3.4.1 summarizes the standard operatiragpers for the Wabash

combined char cyclone and filtration slipstream.

Table 2.3.4.1 Slipstream Operating Parameters
Filter Vessel Temperature 640 - 780 F
Filter Vessel Pressure 350 - 410 psig
Filter Inlet Mass Flow 2242 Ib/hr
Filter Face Velocity 2.5-5.0 fpm
Char Solids Loading 37-39 Ib/hr
Blowback Gas Pressure 775 - 880 psig
Blowback Gas Temperature 280 -390 F
Blowback Duration 250 - 350 msec.
Blowback Cycle Time 84 sec. (total)
Char Bulk Density 12.5 IbAt
Char Mean Particle Size 20 - 25u
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3.0 Project Description

3.1 Project Overview
After four (4) years of testing various filter tygpand configurations on numerous
gasification feed stocks utilizing the char slipaim unit, an investigation began into
the use of a gas cyclone unit upstream of the otugas filtration unit in the E-
Gas™ process. The potential cost savings assdaiatie a combined char cyclone-
filtration hybrid unit through lower capital andenating costs for future facilities
would keep E-Gas™ technology competitive amongratbal-fired power
generation technologies. In 2002, the U.S. Depamtrof Energy agreed to provide
funding to support the design, construction andatpen of a char removal gas
cyclone that would be installed upstream of thetexy char filter slipstream for
testing at the Wabash facility (built under DOE @aat No. DE-FC26-

02NT41583).

Since its installation, the char slipstream und paoven to be extremely beneficial
in the advancement of the E-Gas™ char removal tdogg by accurately
predicting the behavior and potential failure megstims that would occur in the
commercial process. The new gas cyclone unit woatt to be designed and
integrated into the pre-existing char slipstreanmt. inwould need to be flexible
enough to handle various gas cyclones of diffenegiierials of construction and

cyclone efficiencies.
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The Process Design Package (PDP) was develop&$f@r the combined gas
cyclone and filtration slipstream by engineershat\abash facility. The design of
the char cyclone-filtration hybrid unit was awardedune of 2003, after which cold
flow testing and detailed design of the cycloneseé$or delivery to the facility
began. It was also around this time that Conodbp¥hbbtained the rights to the
intellectual property and gasification process usteithe Wabash facility. After the
transition in the early part of third quarter ofd3) ConocoPhillips began to work on
the detailed design of the piping and support systassociated with the gas cyclone
addition. Detailed designs and material procurgrmentinued through the third
quarter of 2004. Construction began and was caegpley year end. However,
commissioning and startup were delayed until Janab2006 due to a
reorganization of the Wabash plant ownership. Tisé ¢har cyclone-filtration

hybrid unit tests began in February of 2006.
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Photo 3.1.1- Cyclone Vessel
(left) and Gas Filtration Unit
(right) as installed at the
Wabash site

3.2 Cold Flow Process Review

Cold flow testing was performed by an outside cacttyr for ConocoPhillips. This
testing was conducted to predict the pressure thapwould be seen across the gas
cyclone during operation and the cyclone efficien€Gpmputer based models of
both the bench scale cold flow testing unit andwWrebash gas cyclone unit were

developed to predict both differential pressure eyalone efficiency. These
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theoretical models were validated with laborat@sting completed on a bench scale
cold flow testing unit, which was built to the sastale as the gas cyclone designed
for the Wabash slipstream unit. Due to the hagdieguirements of char, a
simulated test sample comprised of the same padistribution as a char sample
provided by the Wabash facility was used for thedbescale cold flow testing. This
simulated sample was mixed with air and directedugh the gas cyclone at various
rates, temperatures, and pressures lower thaofttfa@ Wabash slipstream unit.

The data collected was used to draw comparisongeketthe theoretical computer
based models and to determine the appropriate ggqagameters for the char

cyclone-filtration hybrid slipstream unit in theefd.

Collection Filter
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| System Pressure Gauge |

— ﬁ //I Dust Insertion Point |
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| Flow Control |
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Photo 3.3.1 — Cold Flow Test Unit Arrangement

33



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Project Description DOE Award No. DEFC26-02NT41583

3.3 Process Overview
Figure 3.3.1 illustrates the char slipstream usiit avas originally installed at the

Wabash facility.
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Figure 3.3.1 Char Slipstream Process Flow Diagram
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The char slipstream unit was designed to receiweséime particulate laden syngas
as is fed to the commercial particulate removalesys This raw syngas is removed
from the process just upstream of the commercsffigfaation unit through an
isokinetically designed nozzle. The entrainedipaldtes in the syngas stream
consist of entrained ash from the gasifier firagstprocess and partially reacted
petcoke particles from the second stage procelis phrticulate matter, high in

carbon, is classified as char.

As in the commercial process, the cooled partiedlatien syngas enters the
slipstream gas filtration unit, V-159, at 650° 08¢ and 360 — 420 psig. The raw
syngas continues through an internal gas distobugystem that directs the flow
downward over the outer surface of the candle $ity¢e elements. Essentially,
100% of the char and ash is filtered from the sgrgjeeam, forming a cake on the
exterior of the candle style filter elements, atomvs through the filters and into the
clean gas plenum. The particulate free syngageie¥vl59 where it flows through a
secondary, or backup, filtration system (V-160A4BY is recycled back into the
commercial process. The aforementioned cake thatsf on the primary filter
elements is removed by periodic back-pulsing withhlpressure syngas (D-158).
This is the same high pressure syngas as used ogothmercial process. The
dislodged cake from the filter elements falls te kbwer section of V-159 and into
the Gas filter Char Transfer Drum, D-159. The dkamwllected in D-159 for a
specified period of time before it is transferredtk into the commercial process

using high pressure transport syngas. In additi@char slipstream unit is tied into

! Hickey, Michael JSlipstream Testing of Particulate Filters at thelMdah River Coal Gasification
Project.2003
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both the plant nitrogen and flare systems, enalthegunit to be purged and

preheated up to process temperatures.

The process of the char slipstream unit remaing siemilar to its original
installation with the addition of the particulamoval gas cyclone. Figure 3.3.2
illustrates the combined cyclone and gas filtrasbpstream as installed at the

Wabash facility.

! Hickey, Michael JSlipstream Testing of Particulate Filters at thelMdah River Coal Gasification
Project.2003
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With the addition of a particulate removal gas oyé, the cooled particulate-laden
syngas is removed from the commercial process girthie same aforementioned
isokinetically designed nozzle and enters the paldgte removal gas cyclone unit,
V-153, at 650° — 800° F and 360 — 420 psig. Thgay enters the inlet of a gas
cyclone that places a rotation on the syngas flétve centrifugal forces created by
the rotation cause the larger particulate to mowhé¢ outside wall of the gas
cyclone, thereby removing approximately 90-95%hef particulates from the
slipstream syngas. The particulates subsequexitip@at the bottom of the V-153 to
the Cyclone Char Transfer Drum, D-153. The ch#lected in D-153 is stored for a
specified period of time before it is transferredtk into the commercial process

using high pressure transport syngas.

The slipstream syngas, with 5-10% of the parti@daemaining flows upward
through a vortex finder and exits the V-153 ves3die slipstream syngas then
enters the gas filtration unit, V-159, at 650° 98B and 360 — 420 psig under the

same process as described in the original configura

A vent line extending from the bottom portion oé t-153 transports a small
amount of particulate laden syngas to a Cyclongigffcy Filter Vessel, V-161.
This vessel contains a single candle filter use@noove the particulate in the
syngas stream. The particulate free syngas leheeg-161 and is recycled back
into the commercial process. The amount of syfigasthrough the vent line is

metered by a control valve for the purpose of d@djgshe efficiency of the char
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removal gas cyclone. In addition, just as with@ear Slipstream Unit, the Char
Cyclone-Filtration Hybrid Unit was tied into thegpit nitrogen and flare systems,

enabling the unit to be purged and preheated ppacess temperatures.

3.4 Particulate Removal Gas Cyclone Vessel
The particulate removal gas cyclone unit, V-1531sists of a 10-inch diameter by
5-feet tall pressure vessel designed to the opgratinditions listed in Table 2.3.4.1.
The cyclone design applied in the application is a
tangential inlet, reverse flow type, based on the
Stairmand cyclone designThe cyclone itself is fitted
into a pressure vessel. That vessel utilizesglesin
tube sheet design with the gas cyclone to remo%e-9(
95% of the particulates from the syngas. The inlet
nozzle above the tube sheet directs the particulate

laden syngas flow into a removable gas cycloneigha

secured to the tube sheet. The particulate-lagieges
enters the inlet of the gas cyclone that placegaion
on the syngas flow. The centrifugal forces creégd
the rotation cause the larger sized particulatedge

to the outside wall of the gas cyclone within the

primary vortex, thereby removing 90%-95% of the

particulates from the syngas. The larger sized Photo 3.4.1 - Cyclone Vesse

and Internal Components

particulates exit the vessel via the primary vodex
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into a collection drum. The slipstream syngashwpproximately 5%-10% of the
smaller sized remaining particulates, creates angkary vortex within the center of
the gas cyclone that rotates in the opposite dmedtf the primary vortex. This
slipstream syngas exits the cyclone through a xdimeler, continues through the
outlet nozzle of the gas cyclone vessel, and coesirto the inlet of the gas filtration

unit.

A second outlet nozzle is located near the bottortign of the particulate removal
gas cyclone. The purpose of this nozzle is fomiyithe cyclone efficiency. A vent
line extends from this nozzle to the Cyclone Eéfiwy Filter Vessel, V-161. The
cyclone efficiency is tuned by directing a portimirthe incoming particulate laden
syngas through this line and into the V-161. Th&6\1 is constructed of a 6-inch
diameter by 25-inch tall pipe designed to the ajregaconditions listed in Table
2.3.4.1 and able to accommodate a single cantie. filThe particulate-laden syngas
enters V-161 and continues through an internadgeisbution system that directs
the flow downward over the outer surface of thglgrcandle style filter element to
remove any particulate that would be carried ox@mfthe outlet of V-153. The
particulate free syngas would continue out theafoy-161 and recycle back into the
commercial process via a control valve. As presipumentioned, the control valve
is used to meter the syngas flow through the V-18absequently, the V-161 is
placed upstream of the tuning control valve to cedilne wear and extend its service

life.
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The V-153 is inherently designed with the flexityilio easily change the particulate
removal gas cyclone for the purpose of testingeddfit materials of construction.
The unit is also installed with a high temperatoeat trace and insulation system
that is used to maintain the vessel at processatpgrtemperatures. This system
has also proven beneficial for preheating the Jedsave the syngas moisture dew

point prior to placing the unit in service.

3.5 Char Transfer System?
The char transfer system is used to recycle theadikected in both the Gas Filter
Char Transfer Drum (D-159) and the Cyclone Chan3ier Drum (D-153) back
into the commercial process. The recycle systdactas for this slipstream unit has
proven to be highly reliable for this process. Thelone Char Transfer Drum (D-
153) is an 18-inch diameter by 6-1/2 feet long pues vessel designed to operate at
process conditions. High pressure transportgpsiiodically supplied to the drum
to recycle the char back to the commercial procéskigh temperature heat trace
and insulation system is used to maintain the teartsum at the process operating
temperatures. Nuclear level devices are incluaethe vessel to monitor the level
of char accumulation within the drum. The chansfar sequence can be activated
either by a previously specified time incremenbased upon the level of char

accumulation within the drum.
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3.6 Controls and Data Acquisition?
A Modb5 digital control system, developed by the Dofhemical Company, provides
automated control and operator interface with tipstseam unit. Its primary
features include redundant computers and I/O dardahance reliability and reduce
control system induced interruptions during operati The program control code for
operation of the char cyclone-filtration hybrid uwas developed by ConocoPhillips
personnel. The control schemes are readily adiedsy the operations staff, which
has the capability to modify the code as requir@dta acquisition is also
accomplished using the Mod5 system. Third partinsse programs are utilized to

graphically display Mod5 data for analysis.

42



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Results DOE Award No. DE-FC26-02NT4183

4.0 Results
4.1 Test Methodology
4.1.1Filter Blinding Life Predictions *

Filter blinding rate is defined as an increasenmresistance to flow through
that filter as a function of operating time. Ir@seng resistance is caused by a
number of variables. Small particles can migrate the filter substrate
causing an obstruction in the available flow arbaaddition, small particles
have an affinity to form bonds (electrostatic, cleah etc.) with other
particles and to the filter media. This bond fation creates a conditioned, or
residual, particulate layer that remains on therfinedia surface even during a
blowback event. Since smaller particles form ggerbonds of attraction, they
comprise a significant portion of the residual lay&his reduces surface
porosity and further impedes gas flow through therf In the E-Gas™
process, a number of trace elements in the syniggsTs contact the candle
style filter elements while in a molten and/or vafiom. Many of these trace
elements (As, Ge, Sb, etc.) are collected in thretremsient layer and
negatively affect the permeability of the filter di@ The result is a slow and
steady rise in filter media resistance to flow owere. Eventually, the
resistance is sufficient to render the blowbackesyisncapable of delivering a
reverse flow through the filter media. At thatmqpithe filter media can no
longer be regenerated within the system. The Isigntimit is well understood
for the E-Gas™ process and is used to predict fifeeutilizing reliable data

depicting resistance as a function of time.
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The residual char layer forms on the outer surtddge filter media during the
first 50 to 100 hours of operation for a new setaridle style filter elements.
The residual layer remains bonded to the filter imeden during the blowback
event. This is referred to as the “conditioning@d’ and is typically
characterized by a rapid increase in the filteg'sistance to flow, or differential
pressure. Once the filter is conditioned, the insdifferential pressure
becomes more linear with a noticeable decreadeinising slope of the data.
Therefore, the conditioning period is typically feged when determining the
life of the filter. A linear fit of the data carelused for calculating the blinding
life. This method has proven to be highly effeetat predicting filter life in

both the char filtration slipstream unit and thencoercial processes.

4.1.2 Filter Efficiency?
Filter efficiency is observed at the Wabash planalgualitative evaluation.
This is done by examining the blinding rate of blaekup filter system (V-
160A/B) in the slipstream process during testiAgise in differential pressure
would typically indicate a gross problem with filleakage. While this does
not provide a quantitative evaluation of the filedficiencies, for the purposes
of these studies, it provides sufficient data thidetie acceptable filter

efficiencies for the Wabash process.
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4.1.3Cyclone and Filter Reliability
Using the combined cyclone and gas filtration $igesm, both the cyclone
internal components and the filter elements wesduated for reliability in the
syngas process. Typical evaluation periods wesegded for 250 to 1,000
hours of slipstream operation. Both backup fi{}¢r160A/B) blinding rates

and detailed post-run inspections and analyses uga@ to evaluate reliability.

4.1.41sokinetic Char Sampling

The slipstream unit was designed with an isokinebzzle to separate the
slipstream from the commercial process. This addfor char samples to be
taken from both the cyclone unit as well as thefdimation unit. Samples
were obtained at different times depending on thentjty of char needed for
analysis. The sample quantity was used to caktiet percent solids loading
of the syngas entering the system as well as detemgncyclone efficiency.
The particulate size distribution was also usefidpecifying the gas filter

media.

4.1.5Char Recycle Rates
The char recycle rate of the combined cyclone adfidfration slipstream was
analyzed to provide design specifications for a BEe@as™ facility. This rate
is defined as the amount of char collected by il unit in a determinant
amount of time. In conjunction with the isokines@mpling, the char recycle

rate could be quantified as the total amount ofsxedishar per unit of time.
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During operation, both the char recycle rate ardarye efficiency could be
estimated by determining the time required to aadate a certain level of
char within the unit before the next dump cycléisTwas feasible as both char
transfer drums were constructed to the same spatidns and equipped with
the same level detection system. However, both tthasfer drums would

need to be programmed to dump at a previously Spedevel. This method
was susceptible to inaccuracies depending upodehsity of the char being

accumulated within the drums at the time.

4.2 Operating Summary
The Wabash char cyclone-filtration hybrid unit beggeration in February of 2006
and had been used in five different test campaiguste. In total, the system
accumulated 1,624 hours of syngas operation welg#sification process operating

on petcoke feedstock.

Each test campaign was originally scheduled féeadt 250 to 1,000 hours of
operation at various filter face velocities to mit program objections identified in
Section 2.3.1, above. Each test campaign is suinadkin the following sections

below.
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4.2.1 Cold Flow Testing
The first campaign carried out for the test progmaas cold flow testing, or
laboratory testing, of the cyclone separator pentxt by the Original
Equipment Manufacturer (OEM) to gain operationalght into the unit before
it was installed at the Wabash facility. This wasnpleted in a series of steps.
A theoretical computer model of a cyclone separa@s generated. From the
theoretical model, a pressure drop was calculatemka the cyclone separator
as a function of flow rate as well as mass separafficiency. Next, a full
scale bench model of the cyclone separator wadrcmtesd. Finally, a stream
of air infused with test solids offering the sanagtjele size distribution as the
char from the Wabash slipstream was injected imaddench scale model and
subsequent performance test. The pressure d@fpuastion of flow rate and
mass separation efficiency were measured and ceahpaithe theoretical
model as shown in Figure 4.2.1.1. The latter wias used to predict the
pressure drop and mass separation efficiency afyblene separator based
upon the operating conditions of the Wabash fgaigpresented in Figure
4.2.1.2. Results indicated a pressure drop athessyclone separator of 3.0
psi based upon a flow rate of 2,600 pounds per bbsiyngas. The mass
separation efficiency was determined to be betv@®86-95%. This
information was subsequently used to develop tlegatipg manuals for the

combined cyclone and gas filtration slipstream.unit
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Figure 4.2.1.1 - Differential pressure through thecyclone cold flow test system
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Figure 4.2.1.2 — Projected differential pressure ttough the hybrid cyclone unit
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4.2.2 Test Campaign 1 (2/23/2006-3/1/2006)
The initial test of the combined cyclone and ghsation slipstream unit was
conducted with seven (7) 1.5 meter long metal afliérs of the same
composition installed in the commercial proces006. The test was
completed with the cyclone vessel (V-153) bypadequtovide a baseline
blinding rate for later data comparison as welbas/iding conditioned filters
for the second test campaign. At the conclusiathisfinitial test campaign, an
isokinetic sample was taken of the char to proa@emparison sample for

future campaigns.

Approximately 143 hours were accumulated on théduming this campaign.
The blinding life of the filter elements is depidte Figure 4.2.2.1. Based
upon this data, the estimated blinding life of titter elements projected to
4,222 hours. At that time, the filter elements Wdoneed to be removed from
the unit and cleaned. This extrapolated blindifegi$ less than the blinding
life currently achieved within the commercial prese The difference could be
attributed to the short amount of operational h@aatseved on the subject test

filters.

Prior experience would indicate that the filtemeénts have a conditioning
period early on in their blinding life where thdfdrential pressure of the
elements climbs rapidly prior to slowing down aedcehing a more gradual

slope as experienced in the commercial unit. dipimed that during this
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conditioning period, a residual cake layer is fodnoa the filter element that
participates in the filtration process by attragtparticulate to it. This
particulate on the residual layer of the char adlmore easily removed during
the blowback process as it is not embedded witterfitter media. This allows
for a better recovery and slower rise in differahgiressure. One of the main
objectives of this initial test campaign was to dition the filters prior to
running in series with the cyclone separator. &foee, this campaign test run

was ended after a stable rise was seen in theitdjife of the filter elements.

Average V-159 Filter dP Campaign 1
Estimated Blinding Life of

4222 Operating Hours
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Figure 4.2.2.1-Estimated Blinding Life of Filters fom Test Campaign 1
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4.2.3Test Campaign 2 (3/7/2006-3/20/2006, 4/7/2006-42006)
The second test campaign was the first to utilieeclyclone separation unit, V-
153. This test employed the same seven (7) 1.Brrfeetg metal candle filters
from the first test campaign that were conditiof@dl43 hours with syngas
derived from petroleum coke. This campaign wascstired to predict
blinding life of the filters in the commercial pregs if combined with a char
removal gas cyclone and to determine reliable redsenf construction for the
cyclone separator unit. The cyclone material ukethg this time was
constructed of a stainless steel alloy. Priotganstallation, thickness checks
were performed on the exterior of the cyclone s#parto obtain baseline

measurements for determining wear rates.

The test accrued 284 hours of run time over theseoof two separate runs,
but was plagued with several instrumentation erassociated with the level
detection equipment and differential pressure tratter readings. The first run
from 3/7/2006 to 3/20/2006 logged 230 hours oftrme with gas face
velocities beginning at 2.5 feet per minute (fpmdl @ontinually stepped up
during the run to 3.5 fpm in 0.5 fpm intervals. el$lipstream unit was shut
down on several separate occasions during thitsoraddress level detection
instrumentation issues. The unit also experiempeetdlems with plugging of
the char outlet line from the gas filter vessell(®8) during the final two days
of the run. This required the unit to be shutd@anh time to clear the plug.

The second run lasted from 4/7/2006 to 4/14/2006phly accumulated 54
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hours of operation due to a fast actuating blowhed&e requiring repair and

evidence that the cyclone separator had failed.

The short run times and instrumentation problenthk tihie gas filter vessel
limited the data collected to determine the bliigdife of the filter elements.
The slipstream was able to attain somewhat stepdsation while at 3.0 fpm
face velocity. From that data, the blinding liée the filter elements was
estimated to be 890 hours of operation beforeiltez €lements would need to
be removed from the unit and cleaned (See Fig@&&.4). This blinding life

is well below the goal of 7,500 hours of continuopgration. However, due
to the problems previously stated above, addititesting would need to be

conducted to verify the estimated blinding life.

Filter efficiency was also qualitatively examinearithg this run by measuring
the differential pressure trend of the back-upfdgees vessels. The differential
pressure remained steady during the entirety ofdingpaign. While this does
not provide quantitative filter efficiency, thisiisdicative of a minimal amount
of char passing through the filter membranes aptesenting an efficiency

that would be suitable in the commercial process.

The average char recycle rates of both the cydi@msfer drum and the gas

filter drum were examined during this run by notoiwar loading times until

reaching the set char recycle levels. They wesenfed to be an average 45-
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50 minutes and 14-18 hours of operating time, retspdy. The stark contrast

in time shows the efficiency of the cyclone duroygration.

The cyclone separator is suspected of failing horto the beginning of the
second run of this test campaign. This was inditat the data by a marked
increase in the dumping frequency of the gas fdter transfer drum and
erratic readings of the cyclone char transfer driéfast-run inspection of the
cyclone showed that the failure of the separatouwed directly in front of the
inlet opening where the gas begins to spin andragpato the primary and
secondary vortexes as described in section 3.4rdfipg time for the cyclone
separator is estimated at 248 hours until fail@®uaed. This amount of time
is unacceptable for a commercial unit and differaaterials of construction

will need to be evaluated for the subsequent cagngai
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Figure 4.2.3.1 — Estimated Blinding Life of Filtersfrom Test Campaign 2
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4.2.4Test Campaign 3 (6/20/2006-6/28/2006, 7/25/2006772D06, 8/15/2006-
8/19/2006)
The third test campaign of the combined cyclone galfiltration slipstream
utilized five (5) 1.5 meter metal candle filterstbé same filter media as the
commercial vessels but manufactured with a smptiee size. The theory for
the testing was that the smaller pore size wouldditer suited to capture the
finer particulate that the gas filtration vesseluwabsee as a result of the
cyclone in operation. The cyclone separator thdtfailed during the previous
test campaign was repaired by replacing the dampgeibns of the cyclone
separator with a harder, more wear resistant néital. This test was
structured to help determine the commercial vigbdf a new style of metal
candle filter with cyclone integration and to tapgraded materials of
construction of the cyclone separator unit. Pieathe test campaign beginning
the new section of the cyclone separator undertickness evaluations in a
similar manner as occurred prior to Test Campaifpr tomparison at a later

date

This test campaign accrued approximately 320 ojerathours over the
course of three runs. The first run occurred fdame 20-28, 2006 and
amassed 166 hours of runtime. The unit ran at@valocity of 3.75 feet per
minute and was shutdown twice during the run faggling of the char transfer
line from the gas filter vessel (D-159). This mmded due to a commercial

plant shutdown on June 28, 2006. The second rourice from July 25-27,

55



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Results DOE Award No. DE-FC26-02NT4183

2006. The unit accrued 49 hours of runtime atca faelocity of 3.75 feet per
minute during this time. The run ended again dug tcommercial plant
shutdown. The final run of this campaign occuffredh August 15-19, 2006.
The unit accumulated an additional 105 hours ofim during this portion of
the campaign running at a face velocity of 3.7% e minute. The run ended

due to a failure of one of the gas filter elements.

Approximately 250 hours of runtime were accumulaiadhe slipstream unit
during this campaign prior to the first noticeainistances of filter failure. An
analysis of the data can be seen in Figure 4.2Brdm this data, the estimated
blinding life of the filters was 1,722 hours of egton. This number is well
below the target goal of 7,500 hours of continusetwice, but does show an
improvement over the projected results from th@sdcampaign. The failed
filter was returned to the OEM for analysis. Thsuit of their findings was a
split in the metal filter due to the forces of theck pulse cleaning gases. The
forces across the filter during the cleaning preagsre thought to be higher
during this campaign than previously experienceel tdithe smaller pore size

of the filter elements creating higher resistamcthe back flow.

The efficiency of these filters was also evaludigdhotation of the backup
filter differential pressure. It can be seen frbigure 4.2.4.2 that the
differential pressure increased slightly at theibeigg of the campaign during

the initial conditioning of the gas filters. Aftdris initial conditioning, there
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was no additional notable increase in the diffeadipressure prior to the
single element failure. Again, this is an indioatthat the efficiency would be

sufficient for the commercial unit.

Data regarding the char recycle rates of both yieéone transfer drum and the
gas filter drum were examined during this run. yiinvere observed to be an
average 40-45 minutes and 9-14 hours of operatimg tespectively. This
again showed good efficiency of the cyclone thraughts run. Also as no
deviations from these averages was seen durin@igesthere was no
indication of a failure of the cyclone. As a resthe cyclone separator was

not examined at the end of this run for erosioistasce.
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4.2.5Test Campaign 4 (9/30/2006-10/10/2006, 5/4/2007482D07)
The fourth test campaign of the combined cycloreegas filter slipstream unit
utilized the same seven (7) 1.5 meter long metadlledfilters that had been
used in campaigns 1 and 2. The purpose of thiséespaign was to further
test the viability of conditioned commercially utgd filters with the newly

repaired cyclone separator in service.

This campaign attained approximately 500 hourspefating time over two
runs. The first run from September 30-October2D06 accumulated 251
operating hours. The unit experienced one shutdiwmmg this operating
period due to a plugged char transfer line but pflagued by instrumentation
problems throughout the run. The slipstream rdacd velocity of 2.5 feet per
minute. This run was ultimately terminated dua scheduled commercial
plant maintenance outage. An isokinetic samplehaf was taken from both
the D-153 cyclone char transfer drum and the D-g&9filter char transfer
drum prior to the completion of this run and a wismspection of the cyclone

separator was made at this time.

The char sample was sent to an outside comparanfanalysis of the particle
size distribution as well as the cyclone efficiendyhe particle size distribution
of the char showed positive results with a verylspercentage of the larger
char particulate flowing into the filter vesselhél'majority had been

successfully separated and collected by the cycldime cyclone efficiency

59



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Results DOE Award No. DE-FC26-02NT4183

was measured in terms of mass of char collectedhd one hour collection
time, a total of 266.5 pounds of char were collédtetotal, 194.75 pounds of
the char was collected from the cyclone char temdfum and 71.75 pounds
were collected from the filter char transfer druBy mass comparison that
provides a cyclone efficiency of approximately 738tyer than the predicted
90%-95%. This is believed to be the result of¢har transfer drums only
being emptied once prior to the sampling. Any ¢hat would not have been
evacuated from the drums during this initial dungpstep would skew the

results of the mass separation efficiency.

The second run of the campaign occurred from May 4f 2007. This run
totaled 250 hours of runtime. During this run sfipstream initially ran at a
face velocity of 2.5 feet per minute and was insegibto 4.0 feet per minute
approximately 86 hours into this second run. Tihiéwas shut down once
during this run due to plant operations and regusteutdowns for plugs in the
char transfer line a total of three additional ttndhe run ultimately ended

due to a failure of a gas filter element.

An analysis of the gas filter blinding life is shown Figure 4.2.5.1. The
differential pressure instrumentation was unablpertwide reliable data for the
first 120 hours of the campaign. From the datalavi, the blinding life of
the filters while experiencing a face velocity 0% 2eet per minute was

estimated to be 3,902 hours. This is again lotvan the target of 7,500
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continuous run hours but is similar to the estimdtinding life of 4,211 hours
obtained from the conditioning of these filterddampaign 1. This also gives
a comparison for the reduced pore data accumuilat€dmpaign 3. From
these initial tests, it shows that the reduced pogtal candle filters give a
lower blinding than the current commercially u@d@&metal candle filters.
Blinding life data for the gas filters running ataece velocity of 4.0 feet per
minute could not be obtained due to issues withrteieumentation during this

part of the campaign.

As in Campaign 2, no increase was seen in therdiffeal pressure of the back
up filter for the slipstream unit during this rumhis indicates that these filters
provide an acceptable level of filtration efficignclssues with the char
transfer line plugging as well as instrumentatiahrebt allow for char

recycling times to be analyzed during this campaign

The cyclone separator was visually examined in beiwthe two test runs of
this campaign. During the inspection it was ndteat the cyclone separator
unit began to show some minimal signs of erosiathéninlet section of the
separator. Material loss measurements were naluobed at this time.
Minimal to no corrosion was seen on the separaavell as its accompanying

parts during the inspection.
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Figure 4.2.5.1 — Estimated Blinding Life of Filtersirom Campaign 4

4.2.6Test Campaign 5 (11/5/2007-11/21/2007, 9/13/200&532008)
Test Campaign 5 utilized seven (7) 1.5 meter lomgahtandle filters of the
same material composition as those used in the @voiah process. The main
objective of this campaign was to test the blindifegof unconditioned metal

candle filters with the use of the cyclone separato

This test accrued a total of 377 run hours ovetwteruns. The first run from
November 5-11, 2007 accounted for 330 of thoséhuns. The unit began
the run with a face velocity of 2.5 feet per minatel this was raised to 3.3

feet per minute over the course of the first 24reai runtime. The face
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velocity remained at this set point over the doratf the run. The unit
experienced three shutdowns during the run. Twe waused by plant events
outside of cyclone/char hybrid system and the thvad caused by a plug in the
char outlet line. The run was terminated due pipang failure upstream of
the cyclone vessel. The second run of this campaigumulated 47 hours of
runtime. The test was ended after this short amoiuruntime due to high
differential pressure experienced on the gas $ilserd due to a leak that had

developed on one of the char transfer valves.

The blinding life of the filters was able to beiested from the differential
pressure data obtained while the filters were agpeing a gas face velocity of
3.3 feet per minute during the first run. The s$etoun did not provide any
useable filter blinding data as they experiencegh liifferential pressure
shortly after attaining the target face velocitireTcurve of this data can be
seen in Figure 4.2.6.1. From this graph it casd®n that the blinding life of
the filters is estimated to be 1,262 hours of ofp@na This again is well below
of the goal of 7,500 hours of continuous operati@omparing this figure to
the blinding life obtained in Campaign 4 suggestdence that the blinding

life of the filters will be reduced if they do nfitst go through a conditioning
period. The high differential pressure experienaethe end of the second run
was a result of filter failure from corrosion akaattributed to the long idling

periods between test runs for this campaign.

63



Evaluation of a Combined Cyclone & Gas Filtration §stem for Particulate Removal in the Gasification Pocess
Final Report—Results DOE Award No. DE-FC26-02NT4183

The filter efficiency was examined during this rmd no major changes in the
backup filter differential pressure were noted.eféhwere slight step changes
that occurred when the filter face velocities wiekeased, but there were not
any other noticeable gains during this campaigrmmRhat data, it can be
assumed that these metal candle filters with necpralitioning run time

would produce acceptable levels of filtration a#itcy.

Char recycle times were not examined during thispgzgn as the cyclone and
gas filter char transfer drums were programmedriptg at differing

predetermined times for this run and not at leeglpints.

The cyclone separator was removed from V-153 falagvthis run for a wear
analysis. Initial visual inspection of all the cooments did not show much
damage to the cyclone. The repaired section ofyhne from Campaign 3
appeared to still be intact. There were some ségbsion markings in the
interior wall of the separator section of the cypbut no apparent uneven
wear markings. Also of note were erosion markioigshe outer diameters of
the vortex finder as well as on the outer diametehe lower section of the

cyclone.

Thickness measurements were in a similar pattehad$een done prior to

Campaigns 1 and 3. The areas of the separatonalkdabeen repaired prior to

Campaign 3 were seen to have the most material [Oiss largest material loss
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was noted on the cyclone separator directly adross the inlet piping. This
is where the gas flow is forced to turn directiom degins to separate into its
primary and secondary vortices. Directly in theaf impingement area there
were wall losses ranging from 11%-27%. This am@alieen repaired prior to
Test Campaign 3 and replaced with metal that wedeinahan the stainless
steel alloy that had previously been used. Cdheas outside of this
impingement area saw wall losses ranging from 1%we6%e original

thickness.

Based on this data the maximum material loss faieearepaired sections of
the cyclone was seen to be 2.67E-5 inches of nahpsar hour of operation.
The maximum material loss rate of the original i of the cyclone
separator and spigot section was seen to be 9.46&h6s of material per hour
of operation. Given these rates and the origipatating thicknesses of the
cyclone separator, an estimate of 4,681 and 13)p2rating hours until failure
can be made for the upper separator and loweossotif the cyclone
respectively. The rates obtained for the uppeti@eare below the target
value of 7,500 hours of operation. Additional eratl testing will be needed

to improve this wear rate to meet the target opmraif the gas filters.
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Figure 4.2.6.1 — Estimated Blinding Life of Filtersirom Campaign 5
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4.3 Design Guidelines
4.3.1Design of a Commercial Unit

The design of a commercially sized hybrid cyclond gas filtration unit
would take on many of the characteristics of thierfayslipstream unit that is
installed at the Wabash facility. The design waualbrporate a single large
cyclone separator vessel to be located just dfeehigh temperature heat
recovery unit of the gasification plant. The pautate-laden syngas coming
from this unit would enter the cyclone at plantditions and would undergo a
directional flow change in the cyclone causing safpan of 90%-95% of the
particulate from the syngas. The syngas and rantab?%-10% of the char
would exit through the upper portion of the cycl@ama enter a single gas
filtration vessel for separation. The solids cotiéel in the cyclone vessel
would exit the bottom of the vessel and be trarnsgioio the facility’s char

recycling unit for further use in the E-Gas™ praces

The single gas filtration vessel will separaterg®aining particulate from the
syngas stream through the use of candle filtersingle filter vessel would be
needed as opposed to the two filtration vesseleotly used at Wabash as
they would be able to see a higher filter face eigyoas a result of the reduced
particle loading from the use of the cyclone sejpara The now particulate
free syngas would exit the gas filter vessel anttinge on to the downstream

gas conditioning process.
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The filters will need to be periodically cleanedtio¢ particulate buildup from
the syngas cleaning process. The particulate tquidll be removed through
the use of recycled syngas blown through the §ilterthe reverse direction of
the dirty syngas flow. The recycled syngas willsbared in an accumulation
tank and will be dispersed to the filters throulgé tise of fast acting valves. A

process flow diagram of a proposed commercial camtbe seen in Figure

4.3.1.1.
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Figure 4.3.1.1 — Proposed Commercial PFD for Combad Cyclone and Gas filtration System
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4.3.2Equipment Specifications and Process Parameters
The equipment described in section 4.3.1 will nieeldle designed to meet the
following specifications and process parametersifipd in Tables 4.3.2.1,
4.3.2.2, and 4.3.2.3. These tables were deriad bperating conditions at

the Wabash facility.
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Table 4.3.2.1 — Equipment Specifications and Proce®arameters for Cyclone Vessel

Equipment Specifications and Process Parameters

Vessel | Cyclone Separator Vessel
Description Units Amount
Design Pressure psi 500
Design Temperature F 800
Operating Pressure

Max psi 425
Operating Temperature

Max F 750
Syngas Molecular Weight - 21
Solids Removal Efficiency

Max % 96

Min % 88
Mean Particle Size M 20-25

Particle Size Remowved at
Stated Efficiency

Max M 10
Min M 20
Particle Bulk Density b/t 12.5

Typical Syngas Composition [Volume %

H2 25
CH4 1.2
Cco 33.9
CcOo2 16.2
H20 20.1
N2 1.3
H2S 1.3
Ar 1

ppm levels of NH, COS, HCN, HCI
trace amounts of heavy metals [feed dependent]
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Table 4.3.2.2 — Equipment Specifications and Proce®arameters for Filter Vessel

Equipment Specifications and Process Parameters

Vessel [Filter Vessel
Description Units Amount
Design Pressure psi 500
Design Temperature F 800
Operating Pressure

Max psi 425
Operating Temperature

Max F 750
Syngas Molecular Weight - 21
Solids Removal Efficiency % 99.95% > 4
Particle Size v <20
Particle Bulk Density Ib/ft3 11

Typical Syngas Composition |Volume %

H2 25
CH4 1.2
CO 33.9
CcOo2 16.2
H20 20.1
N2 1.3
H2S 1.3
Ar 1

ppm levels of N4, COS, HCN, HCI
trace amounts of heavy metals [feed dependent]
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Table 4.3.2.3 — Equipment Specifications and Proce®arameters for Blowback Gas Accumulator

Equipment Specifications and Process Parameters

Vessel [Blowback Accumulator
Description Units Amount
Design Pressure psi 1200
Design Temperature F 400
Operating Pressure

Max psi 900
Operating Temperature

Max F 300
Syngas Molecular Weight - 21

Typical Syngas Composition |Volume %

H2 25
CH4 1.2
CO 33.9
COo2 16.2
H20 20.1
N2 1.3
H2S 1.3
Ar 1

ppm levels of N4, COS, HCN, HCI
trace amounts of heavy metals [feed dependent]
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4.4 Equipment Capital Cost Comparison
For the basis of the capital cost comparison, tstscto purchase and install one
cyclone vessel and one gas filtration vessel wibloaback gas accumulator were
compared to the costs to install the two gas fiiravessels with blowback gas
accumulators at Wabash. Costs for the gas fikesels and blowback accumulators
in each case were based on costs from the Wababtyfim 1995. Costs for the
commercial sized cyclone vessel were based on essteates completed in 2001 at
the beginning of this study. Costs were adjustednfflation based on the Marshall
& Swift Equipment Cost Index. Cost escalation wasmated to be 132% increase
of the 2001 dollar value to 2010 dollar value, 44d% increase of the 1995 dollar
value to a 2010 dollar valtié Installation costs were estimated at 2.5x the

equipment costs. A full breakdown of the costedated in Table 4.4.1 below.

Table 4.4.1 — Capital Cost Comparison of Cyclone Utnversus Current Configuration

Wabash Future Plants
Case Description 2 Hot Gas Filtration Vessels 1 Cyclone, 1 Hot Gas Filtration
Vessel
Description Costs [MM$] Esca[l:;]tlon Number of Units [ Total [MM$]| Number of Units | Total [MM$]
0)

Cyclone Vessel (2001 %) | $ 0.43 131% 0 $ - 1 $ 0.56
Char Filter Vessel (1995 $) [ $ 2.36 141% 2 $ 7.08 1 $ 3.32
Blowback Gas System and o

Filter Elements (1995 $) $ 2.69 141% 2 $ 8.07 1 $ 3.78
Subtotal $ 15.15 $ 7.66
Installation Costs (2.5x) $ 37.88 $ 19.14
Totals $ 53.03 $ 26.79

Potential Savings [MM$] 26.232

Potential Savings [%] 49%
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As can be seen in Table 4.4.1, the potential dagtst savings for using a cyclone
separator vessel in conjunction with a single gee fvessel at a facility such as
Wabash is estimated to be roughly 49% over theaagmsts associated with the

current gas filtration system installed at thislfgc
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5.0 Conclusions and Technical Insights

5.1 Cyclone Validation
The slipstream testing of a cyclone separator ey useful for its validation
within the E-Gas™ process. The use of a cycloreshawn to reduce solids
loading on downstream gas filters through the eration of particle size
distributions taken from both the slipstream cyel@har transfer drum and gas filter
char transfer drum. These distributions showetttteamajority of the larger

particles of char within the raw syngas were ablbd separated by the cyclone.

This reduced solids loading could also be seerutiir@xamination of fill times of
both the cyclone and gas filter char transfer druthgvas shown during testing that
the cyclone had drastically shorter fill times thiaa gas filter vessel, often
averaging 93%-95% shorter. These fill times furihdicate more solids being
separated out of the syngas through use of thergdeparator and lesser solids
loading on the gas filters. These two facts védidhe use of a cyclone within the E-

Gas™ process to reduce solids loading on the dogamstgas filters.

5.2 Cyclone Development
During the testing, initial operating guidelines tbe cyclone and gas filtration
process were developed. These guidelines assisted creation of the standard
operating procedures used during the course destmg. These procedures will

aid in the creation of operating procedures fastare facility.
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5.3

The testing also further developed the commerggddility of a cyclone within the
E-Gas™ process by increasing reliability of theloge. This was done primarily
through the use of erosion evaluations of mateaatonstruction of the cyclone
separator. During the study, two different metlays were tested as cyclone
materials. The first, a stainless steel alloy, Wamd to not be commercially viable
as its erosion rate was much too high and woulgpraduce the continuous runtime
that would be required for the commercial proceBse second, a more wear
resistant metal alloy, was found to show promisendutesting with a much lower
wear rate. Additional analysis of different maaésiof construction will need to be
completed to ensure the most economically feasiaterials of construction can be
utilized within a commercial scale cyclone.

Filter Development

The main aspect of filter development was to esthlacceptable filter criteria for
use downstream of a cyclone separator. Thesesfiteuld need to be able to
accommodate the smaller particulate size and iserktace velocities associated
with this configuration. During testing, metal démfilters that are currently
considered commercially viable were tested as agthe same commercially viable
metal candle filters with a reduced pore size. sehfdters were examined for
blinding life during testing, and for their filtexy efficiency within the E-Gas™

process.

By studying the differential pressure of the bapHiliers installed in the slipstream

a general evaluation of filter efficiency could tdade to determine whether or not
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the efficiency would be acceptable for use in themercial process. A true
measure of the filtering efficiency would requisekinetic sampling of the clean
syngas downstream of the filter elements and coate accomplished by the
current slipstream configuration. By studying thiéerential pressures of the
backup filters in the slipstream, both the stanaaetial candle filters and the
reduced pore metal candle filters were seen to hageptable rates of filtering

efficiency.

The blinding lives of both the standard and redysae filters were also examined

during this testing. The test filter blinding syueksults are summarized in Table

5.3.1 below.
Table 5.3.1 — Comparison of Filter Blinding Studies
Estimated
Blinding
Campaign | Filters Used Filter Testing Purpose Life [hrs]
1 Standard Commercial Baseline blinding study, 4292
Filters, New Condition System shakedown
Standard Commercial Blinding study of
2 Filters, conditioned from | conditioned filters, System 890
Campaign 1 shakedown
Reduced Pore I
3 Commercial Filters, New B"”d'T‘g study of reduced 1722
- pore filters
condition
Standard Commercial Blinding study of
4 Filters, conditioned from . ; 3902
) conditioned filters
Campaigns 1, 2
5 Standard Commercial Blinding study of new 1262
Filters, New Condition commercial filters

Some initial comparisons and hypotheses can be fmaalethe data accumulated.
First, the data suggests that use of metal fitteashave been through a conditioning
period may produce a better blinding life than thtdgat had been introduced to the

fine particulate produced by the cyclone withoutditioning. This is believed to be
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due to the buildup of the initial residual layerobiar on the filter during the
conditioning period. As a result of the larger cparticles being introduced to the
filters residual layer, the smaller particles proed by the cyclone could be more
inclined to form bonds with this layer rather titae metal filter media. This
residual layer of the char particulate could ach dsiffer for the fine cyclone

particulate which would make it easier to removerduthe blowback process.

The data also suggests that the blinding life dfairfdters with a reduced pore size
is less than that of the standard pore size miéieist This is believed to be due to
high differential forces the filters had seen dgrihe operating campaign. Although
the blowback gas pressure remained constant bet@aepaign 3 and the
remaining campaigns, the local forces exerted erfilters during blowback would
have increased as a result of the smaller porecsgading higher blowback gas
velocities. These higher velocities could likebve damaged the filters over the
course of the campaign which would have resultetierhigher blinding life
demonstrated as well as the filter failures thauoed after the short amount of
operational hours. Further testing will be neetieéstablish the optimal filter
construction for sustained commercial use as veelbaletermine the best efficiency

with which to run the cyclone.
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6.0 Recommendations

The following are recommendations for future tegtiased on observations from

this hybrid cyclone and gas filtration study:

1. The differential pressure measurement instrumemtagxperienced numerous
problems during the course of this study. It ip&rative to the filter blinding
study to be able to collect this data. As a resiaéise instruments should be
cleared with nitrogen purge at the culminationwéry test to ensure they are
clear of particulate and capable for more testsedtigations should also be
done to improve the reliability of these instrungent

2. The portions of the cyclone separator that areestildp the highest amounts of
potential erosion are located directly across ftheninlet of the cyclone where
the gas begins rotation and separation into thraggi and secondary vortices.
Further testing of materials of construction wiled to be completed in order to
improve the material wear rates of the cyclone is#pa

3. Further filter blinding studies will need to be duted in order to determine the
optimal construction characteristics for use iryarhd cyclone and gas filtration
system. These tests should focus on duplicatiagdsults of this study as well
as studying blinding life of the filter elementsiatreased face velocities.

4. Filter blinding studies will need to be conductedgas filters which have
undergone an ex-situ cleaning to extend their uedd®. This was not
completed during this study but will be importamfiormation for cyclone use at

future E-Gas™ facilities.
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