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States Department of Energy, nor any of their employees, makes any

warranty, express or implied, or assumes any legal liability or

• responsibility for the accuracy, completeness, or usefulness of any

information, apparatus, product, or process disclosed, or represents

that its use would not infringe privately owned rights. Reference

herein to any specific comercial product, process, or service by trade

name, mark, manufacturer, or otherwise, does not necessarily constitute

or imply its endorsement, reconaendation; or favoring by the United

States Government or any agency thereof. The views and opinions of

authors expressed herein do not necessarily state or reflect those of

the United States Government or any agency thereof.
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ABSTRACT

The United State8 Department of gnergT, Morgantown Energy

Research Center (DOE/_rC), is sponsoring the development of direct

coal-fired turbine power plants is part of their Heat Engines progra=_

A major te¢'_uical challenge remaining for the development of the direct

coal-fired turbine is high-temperature combustion ga_ cleaning to meet

en\_ironmental standards for sulfur oxides and particulate emissions, as

well as to provide acceptable turbine life.

The Westinghouse Blectric Corporation, Science k Technology

Center, is eTaluztin_ two Intesrz_ed Low hissions Cleanup (]1EC)

concepts ths,t have been configured to meet this technical challenge: a

baseline ceramic barzier filter ILEC (:_ncept, and a fluidised bed ILEC

concept. These ]IBC concepts simultaneously control sulfur,

particulate, and alkali contmainants in the high-pressure combustion,

gases at turbine inlet temperatures up to 2300"F. This document reports

the status of a prosram in the twenty-fifth quarter to develop this ILEC

technology for direct coal-_ired turbine power plants.
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EXECUTIVE SUMHAEY

During the Tnnty-Fifth _uarter of the progras, the Phsse III

bench-scale, high-temperature, hiKh-pressure (RTHP) testing was

initiated. Ten tests were completed to characterime the filter cake

permeability of 3 _ fly ashes as a function of temperature. The

tests were highly coLtrolled meuurf_ments of filter cake pressure drop

for deposited cakes without pulse cles_ing. The transient nature of the

filter cake permeability and its sensitivity to temperature were

evident. The behavior trends were consistent with field unit

observations.

S-1



1. INTRODUCTION

Development of direct coal-fueled turbine power cycles, in the

])epartment of Energy Heat Engines program, is focused on staked,

_sl_ins combustor designs that potentially provide high performance,

compact and low cost power generation systems. The power generation

systems demand high performance from hot-gn_ cleaning equipment to meet

environmental requirements and to satisfy turbine protection

requirements, using concepts that are, as yet, undeveloped.

To provide emissions control and turbine protection from gas-

and solid-phase contaminants in direct coal-fired turbine systems,

contractors are currently testing: beneflciation of coal to minimize

ash and sulfur content; injection of sulfur sorbent8 into or following

the combustor; staked combustion to limit NOz formation; slag removal by

inpLction; inertial particle collection; and barrier filters within the

combustor-cleanup train. While there is a basis for the development of

• some of these proposed approaches to hot-gas cleaning a number of

concerns make the development of an innovative, integrated, low

emission, gas cleanup (_C) concept desirable. Specific concerns

include the high cost of highly beneiiciated coals, the economic penalty

of separate gas cleaning functions arranged in series, the potentially

limited ability of in-situ sulfur control to achieve low sulfur

emissions, the potentially limiteg ability of inertial collection to

achieve sufficiently low particulate emissions, and the need for gas-

phase alkali control to provide acceptable turbine life.

New approaches for sulfur and alkali control nay be required at

the proposed temperature levels of some direct coal-fired systems, and

new approaches for particulate control nay be required in the

environment of potentially molten and/or sticky particles. An
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integrated, multi-function cleaning stake may be an economic requirement

when using minimally-cleaned, high-sulfur, high-ash coals.

In addition, the ILEC system must be compatible with the

application. In its programs on Heat Engines, the Department of Energy

is attemptlng to develop coal-fueled turbines for large electric utility

power plants, for industrial power plants, and for small, stationary and

transportation power generation systems. This broad rm3Ke of

applications encompasses a large variety of turbine sirs and designs, a

range of turbine operatinK conditions, different arrangements for

coupling the coal combustor to the gas turbine, and greatly differing

gas cleanup requirements. ILEC concepts that can be adapted %0 all of

these applications are needed.

In this program, two advanced, hlgh-temperature Integrated Low

Emissions Cleanup concepts are addressed that combine particulate and

gn_ phase contaminant removal in a single, compact filter device that is

intended for operation in direct, coal-fueled turbine systems. The

program will investigate the key process and design parameters of the

concepts, evaluating both a 1baseline1 and a fluid bed ceramic filter

with immersed barrier filters. In both concepts finely sized sulfur and

alkali sorbents are injected into the combustion gas stream, react with

the gas-phase sulfur and alkali species while modifying the sticky

nature of the ash that is carried over from the combustor. Additives

may also be injected to control the filter coal behavior. Sorbent and

ash particles are collected on ceramic barrier filters placed in the
contactor vessel.

The program has been divided into three phases. Phase I of the

program deals with criti_l laboratory testing and conceptual commercial

design evaluation. Phase I has been completed, although continuation of

some key Phase I test work has been undertaken. In Phase 1_, upgrading

of a HTHP bench-scale facility will take place along with the design and

procurement of the baseline integrated cleanup test system. Phase II
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hu been initi&ted. Phase III o_ the program involves the actual HTHP

bench-scLle testing and engineering usessment og the integrated cleanup

devices Imd systems.
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2. WEST GHOUSE ILEC CONCEPTS

The Westinghouse _ concepts are extrapolations to higher

temperatures o! gas cleaning technologies being developed 5or similar

technical purposes in other applications. These generally lower

temperature technologies are:

* ceramic barrier 5ilter particulate control (up to 17OO+F)

* 51uidised bed 511tration (up to 12OO'F)

• sulSur sorbent injection into hlgh-temperature gas streams

(up to 30OO•F), and 51uidiaed bed desulSurlzation

(up to 2OOO'F)

• alkali sorbent injection into hlgh-temperature gas streams

(up to 1600"F)

These techn¢logies are currently being developed 5or applications that

require high-pressure gas clesnin£ at temperatures up to about 17OO'F

(Pressurised 51uid bed combustion and pressurised .coal gasiSication

system, 5or example). Additional technical basis 5or the development

o5 these ILEC concepts is provided by the Department o5 Energy and CRI

development programs 5or high temperature heat recovery systems using

51uidised bed heat exchangers, 1 and 5or high temperature ceramic heat

exchangers that operate at temperatures exceeding those required 5or
direct coal-Sired turbines, s,|

Ceramic barrier 5_lters have the potential to provide extremely

high particle removal e55iciencies at high gas temperatures. Testing at

temperatures up to 17OO*F has shown that they can exceed the particulate

removal needed 5or both environmental standards and 5or turbine erosion

and deposition protection. The major concern 5or their use in direct

coal-Sired turbine applications is that adhesive particles (slag

2-1



particles or sticky fly ash particles) will be emitted from the coal

combustor that may form s filter cake that is difficult to remove from

the filter elements by normal pulse cleaning. It is the premise of the

ILEC concepts proposed in this program that the combustion gas

containing adhesive particles will interact with added sorbent

particles, or inert additive particles, to either remove the adhesive I

particles before they reach the ceramic barrier filter elements, or to

modify the filter ca_e a4hesive nature so that it is removable. This

premise is applied in the two ILEC concepts pictured in Figures 2.1 _nd

2.2.

In the first concept shown in Figure 9.1, the Wbaselinet ILEC

concept, is a ceramic barrier filter vessel having a design much like

that of the ceramic harrier filters vessels being developed for lower

.. temperature applications. An array of vertical filter elements, candle-

type or cross-flow type, is supported from a tube sheet, sad is housed

in a refractory-lined pressure vessel. Filter cake is periodically

released from the filter elements by ba_k-pulsing with clean gas. The

released filter cake drops into a conical bin at the base of the vessel

for removal. The bameline ILEC concept is operated with the injection

of sulfur sorbents, alkali sorbents, and possibly selected deposit-

modifying additives (e.g., kaolin) that produce a filter cake on the

filter elements th&t is easily removed by pulsed cleaning. The

potential success of the baseline ILEC concept is suggested by deposit

formation observed in other programs that inject sulfur sorbents into

conventional coal-fired furnaces, and programs that have injected

deposit additives into coal-fired turbine games. 4,s,e The injected

sulfur sorbents are -325 mesh calcium-based sorbents, or advanced sulfur

sorbents (strontium carbon&re, for example), that effectively capture

SOs at the turbine inlet temperatures in the relatively short contact

times available. The injected alkali sorbent is -325 mesh emathlite,

hectorite, or others, that removes alkali species (sodium and potassium

components) from the gas to meet projected turbine alkali limits. The
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FiKure 2.1 - ILEC Concept
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effectiveness of emathlite has been demonstrated Lt a small-scale at

temperatures up to about 1600"F in both reducing and oxidising gases. T

Other alkali sorbents such as hectorite and bauxite are also candidates.

The second ZLF_ concept, in Fig, s 2.2, is a fluid bed filter

concept. Tn this concept the combustion products are passed through a

fluidised bed of either inert particles or sulfur sorbent particles.

The adhesive particles n4_lomerate with the fluid bed media, removing

them from the gas. The effectiveness of fluidised bed filters for

particle removal by aF_lomeration phenomena has been demonstrated in

other development programs at lower temperatures. Ceramic candle

filters are vertically immersed into the fluid bed to prevent the

elutriation of coarse particles, or the entrainment of fine particles

from the fluid bed. In addition, the mixinK action of the fluid bed

provides cleaning of the filter cake _rom the ceramic candle filter

surfaces, resultinK in the potential elimination, or minimization, of

the pulsed gas filter cleaninK system. A similar fluid bed filter

concept, usinK immersed candle filter elements in the bed, has been

previously proposed for use in catalytic reactor systems. 8

The fluid bed media has a particle sin similar to particles

used in bubblinK PFBC applications. The fluid bed media if inert could

be either alumina, sintered dolomite, slag particles generated in the

combuetor, or fly uh particles generated from the plant solid waste.

The most economical material is used. If the fluid bed media is to

function as a sulfur sorbent, it would be a cheap, calcium-based

material such as dolomite. Sulfur sorbent particles and alkali sorbent

particles can also be injected into the gas stream prior to the fluid

bed filter.

The gas distributor for the fluid bed requires a design that is

free from plu_inK o_ the orifice holes. Prior technology development

suggests that water cooling, or air coolinK, of the distributor plate to

some critical temperature, combined with the selection of large orifices

having sufficiently high gas velocities will provide protection against
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deposit formation and plugging. The resulting fluid bed is relatively

compact because the immersed ceramic candle filters permit the size of

the freeboard region above the fluid bed to be minimized. The captured

adhesive particles are removed with a continuous underflow stream of bed

media. Fine particles that are not a_hesive in nature will tend _o

seEregate to th_ top of the fluid bed where they can be separately
removed from the vessel.
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3. PROCRAM STRUCTURE AND OBJECTIVES

The program is being conducted in three phases to demonstrate at

the bench scale the _ concepts. Phase I of the program ham been

completed, but some Phase T extended testinK is being conducted. Phase

3' of the pro_rm deals with laborator7 8orbent screening tests p cold

flow testinK, and connercial system evaluation of the ILEC concepts to

support the bench-scale facility desip and testing in Phases IT and

3'rl. In Phue _, upKradlnK of a HTHPfacility will take place along

with the desip and procurement of the filter test systems. The bench- - _

scale test proKr _- will utilise an existlnK, high temperature, high

pressure (HTHP) facility located at the WestinKhouse Science and

TechnoloKy Center. The facility will be upgraded for coal feeding to

a_taln a range of combustion gnm conditions that would be typical of the

conditions expected at the exhaust of direct coal-fired combustors being :

developed in the current DOEHeat EnKines programs. This facility will

be used in Phs_e ]_3' to test the components and advanced desiKn features

of the baseline ILEC systems and to verify the enKineering design

principles of the concepts.
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4. SUMMARYOF TWENTY-FIFTH QUARTER
PROGRAMSTATUS

4.1 - PHASE I CONTINUATION:SUPPLEMENTALLAB-SCALETESTING

Objectives: Conduct laboratory testing that supports the bench-scale

facility design and operation, u well as testing of critical fluid bed

ILEC concept issues.

OBJECTIVEI-1 - TEST PLAN DEVELOPMENT

Identify areas requiring supplemental laboratory testing to

support the bench-scale facility modification design and operation.

Include critical issues for fluid bed ILEC concept. Define detailed

test plan for each supplemental area. The test plan shall be reviewed

and approved by the DOECOR.

Status

The test plan development has been completed. Some upects of

the test plan have been modified as the proKran focus and issues have

been re-established. No effort has been expended on this task during

this quarter.
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OBJECTIVEI-5.1 - _ SULFURBE_OYAL

Conduct tests of HTHPsulfur removL1 in the existing entrained

reLctor at specific test conditions to optimise sorbent properties and

opersting conditions for effective sulfur removal, as detailed in the

Objective I-1 test plan.

Scope

Conduct tests to meuure sulfur removal kinetics with the . •

specific sulfur removal sorbents to be used in bench-scale testing.

Preliminary range of test conditions:

• 1850 to 2100"F

• calcium-based sorbents (limestone, dolomite, hydrated lime)

• • 0.1 to 1 second gas residence time

• oxidising conditions

• sorbent particle size a parueter

Analyse the reaction products and the kinetic dLta. Confirm the

existing entrained sulfur removal model by evaluation of known DCFT test

data. Select the sulfur sorbent tTpes, simms and feed rates to be used

in the bench-scale testing.

Statu_.....!_

This testing has been completed, with an option to return to

complete some criticL1 testing if needed at a later date. The data

collected ham been combined with past data, including DCFT tests

reported by Solar Turbines, and an evLlu_tion hu been completed.

Commercial ILEC sulfur removal performLnce has been projected. The

sulfur removal evaluLtion was presented in the Twelfth Quarterly Report.

No effort wu expended on this task during this quarter.



0B3ECT_@ T-5.2 - ALKALIREMOVAL

Modify the entrained reactor sad conduct tests, as detailed in

the Objective I-I test plan, of HTHP alkali removal st specific

conditions to optimise sorbent properties and operating conditions for

effective alkali removal.

Scope

Design the entrained reactor modification required to test

alkali removal kinetics. Modify the equipment. Conduct tests to

measure alkali removal kinetics with the specific alkali removal

sorbents to be used in beach-scaletesting. Preliminary range of test

conditions:

• 1850 to 2100"F

• enathlite and hectorite sorbents

• 0.1 to 1 second gas residence time

• oxidizing sad reducing conditions

• sorbent particle size a parameter

Analyze the reaction products and the kinetic data, and re-assess the

existing entrained alkali removal model. Select the alkali sorbent

types, sizes and feed rates to be used in the bench-scale testing.

Status

A total of 22 tests have been conducted in the program, with

temperatures of 1850 and 2100"F, and NaC1 vapor contents ranging from

1.3 to 112 ppmw. Two operating modes of testing were used to assess the

relative contributions of the entrained and the cake removal. In all of

the tests the gas-particle contact time in the entrained zone was 2

seconds, and in the cake zone the particles resided for 15 minutes. The

test results have been reported in the 15th and 16th Quarterly Reports.

Conversions up to 9.24 weight percent of the emathlite reaction product
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were mea,sured, almost 5G5 o_ the 8LturLtion conversion o_ em_thlite. In

generLl, the per_ornance under entrained conditions wu better than with

s cake only. The results h&Te been correlated and estimates o_

connerciL1 alkLli renoTal per_ornance in the ILEC hate been developed.

The conplete eyLlu_tion will be reported in the tuk topical report

currently in preparstion.
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OB3_TIVB I-5.3 - ADDITIYB SELEGTIONANDP_.FORM_

Select deposit _dditives for the specific operLting conditions,

cosl uh types, LlkLli and sulfl_ sorbents to be used in the bench

testing. Confirm additive effectiveness in furnsce tests.

Scope

Use prior test results and thermodynamic phue diagrams to

select economiczl additives for filter cake modification. Procure these

additives. Conduct furnace tests with the mixtures to confirm their

performance.

S stus
This objective hu been reduced in scope to s minimum effort of

identlfying LppropriLte a_ditlves for Phue 3 testing. Some preliminary

filter cake additive tests completed in • test unit very similar in

design to the bench-sc&le unit under construction were evLluated and

reported in the 21st Quarterly Report.
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OB3ECT1NEI-5.4 - FLU'_ BED CONCEPTCRITICAL ISSUES TESTING

Design, construct, and operate cold flow hydrodynamic simulation

of fluid bed filter based on Phase I comaercial conceptual design.

Identify critical issues, including distributor design, Mh-bed

separation, entrained sorbent mixing in the bed, filter element

movement, filter element self-cleauing, element arrangement, etc.

Include continuous ash feedin_ and ash removal capabilities. Eliminate

fluidised slu_ing bed behavior by sising gas flow to near 1000 actual

cubic foot per minute. Prepare detailed design and assemble the

facility. Select and procure commercial candle elements. Conduct tests

as detailed in the Objective I-1 teat plan. Re-assess critical issues

and re-evaluate commercial design concept. Develop test plan for HTHP

_luid bed testing.

Statu s

In prior cold model testi_ effective design and operating

conditions have been identified. The major feature remaining to be

developed is the removal of the fly ash particles _rom the fluid bed

filter. The fluid bed filter concept appears to be of significant

interest to some high-temperature applications:

• applications of relatively small gas flow where the tube

sheet required to support the slngle layer of ceramic candles does not

become too large in diameter to be practical;

• applications having primarily estickye fly ash particles that

will be substantially removed by injection into the fluid bed media.

The small-scale, industrial DCFTapplications such Ls those of Solar

Turbine and Allison Cu Turbine appear to fit this description. The

ability to simulate sticky fly ash particle behavior in the cold model,
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while possible, would be very uncertsin, and it seems likely that cold

model testin_ will not be appropriate for the development needed _or

this process. Hot testing of the concepts is needed under simulated

DG_T conditions.

.4

..
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OBJ",_fIYB 1"-8 - TOPICALREPORTS

Prepare s Phase T Technical Report detailing the supplemental

lab-scale efforts and two topical reports, i.e., High Temperature, High

Pressure Deposit Additives; and Sorbents _or High Temperature, High

Pressure Vaporous Alkali Species Removal.

Statu...._.s_s

Topical reports are scheduled near the completion o_ the

appropriate Objectives. No topical reports hive been completed during

this quarter.
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4.2 - PHASEII: BE_-SCALE FACILITY DESIGN ANDFABRICATION

OBJECTIVEII-1 - TEST PLANDEVELOPMENT

Update from Phase I the test plan for the bench-scale facility

test prosram based on the Westinghouse b..asel..ine. IL]_ concept. Include

integrated particle, sulfur, and alkali removal performance, deposit

additive characteristics of the filter cake, pressure drop, cleaning,

and materials.

Scope

Estinte test conditions to evaluate the performance of

simulated coal-fired turbine operation with the Westinghouse baseline

ILEC concept. Include integrated

• particle removal performance

• sulfur resoval perfornance

• alkali reRoval perfor_uce

• filter cake modification performance

• filter pressure drop and cleaning performance
• filter material behavior

Status

A revised test plan has been developed to focus on a key aspect

of ceramic barrier filter technology - the effective pulse cleaninE of

candles in PlvBCapplications. This plan was presented in the Twenty-

Third quarterly Report.
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OBJECTIYBII-2 - BENCH-SCALEFACILITYMODIFICATIONDESIGN

Develop detailed design of the facility for the baseline ILEC

concept bench-scale testing that meets the test plan requirements.

Designs shall be submitted to the DOBCORfor review and approval.

Scope

Utilize an existinK HT_ filter test fscillty modified for

• temperatures up to 2100"F

• oxidising environnent

• partial coal injectlon/methane-fired
• sulfur removal with cslclun-based sorbents

• alkali sorbent injection

.... • deposit additives
• cross-flow and candle filters elements

Select:

• appropriate candle nLterlal for this duty

• appropriate instrumentation for SO., and alkali measurement

• sorbent and additive feedinK equipment and feed nozzles

Prepare:

• n_terial and energy balances

• process flow diaKrnm8

• equipment sizes, desiKns, and specifications

• vessel fabrication drawinp

,st,,atu,,
The original bench-scale facility desiKn modifications had been

completed durinK the twenty-third quarter of the proKram. These designs

were modified to incorporate the needs of the revised test plan.
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OBJECTIVEII-3 - BENCH-SCaLEFAC11.ITYFABRICATIONANDASSEMBLY

Prepare the fscility for testing the bueline ILEC by modifying

the existinE HTHPtest fscility as required.

Fabricate the facility modifications and required new test

vessels. Purchase equipment, candle and cross-flow filters, and

instruments. Anseable the facility. Procure and characterize sulfur

sorbents, alkali sorbents, deposit additives, coals, and coal ashes.

Status

During the twenty-third quarter, assembly of the test facility

equipment was completed, placiq the filter unit into a prototypic,
r

state-of-the-art, candle filter configuration applicable to PFBC. The "

standard Westinghouse candle figure confilp_ration incorporates fail-safe
devices.
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OBJECTIVE II-4 - BENCH-SCALE SHAKEDOWNTESTING

Conduct shakedown testing of the bench-scale facility and

instruments to demonstrate the operating capabilities and acceptance to

design requirements.

Scope

In support of the Objective II-2 facility modification design,

operate the existing facility, prior to modification, to determine its

current capabilities for high temperature operation and conduct brief

tests to examine the consequences of hiEh temperature operation.

Operate the modified facility at maximum and minimum flow test

conditions. Operate coal, uh, sorbent and Ldditlve feed equipment.

.... Confirl accuracy of instrumentation.

°.

Status
Illllilll IL

Shakedown testing of the njor components and of the integrated

facility were completed the twenty-third quarter.
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OBJECTIVE II-8 - TOPICAL REPORTS

Prepare the required Phue II Technical Report

Status

A Phue II Topical Report was completed the previous quarter and

was submitted to DOE for review, and was approved during the twenty-

_ourth quarter.

OBJECTIVEIX-7 - PROGRAMMANAGEMENTANDADVISORYBOARD

Provide overall project _Lnziement for meeting research

objectives and for coat and schedule control. Continue Phase I Advisory ": -

Board activities in obtalning Heat Engine contractors' consult_tlon and

intesration of ]_ cleanup research efforts through exchange of

technical requirements and infonLLtion.

Status ....

Prograa restructuring ha_ occurred to z significant extent in

the progrM, ensuring that the testing reflects the m_o_ technical

issues facing ceramic barrier filter development Ls it relates to the

Westinghouse ILEC. Approval to proceed with the Phase III best program

w_s received during the twenty-four%h quarter.
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4.3 - PHASEY.TI: BENCH-SCALETESTING

OBJECTIVEIII-I - P&O_B_qT

Procure the materials required for the Phase III test program.

Scope

.J

Procurement o_ the following mLterials is required:
• Ceramic candles

• Fly ashes
• Additives

• Sulfur and alkali sorbents

All procurement actiylties have been completed.

Candles Fly Ashes Additive._.._s Sorbents
Schumcher Tidd Dolomite Dolomite

' Coors Tidd Cyclone Catch K_olin Lime
Re_ractron Crimethorpe Neutralite Emathlite

Karhula
Foster Wheeler
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O_IVB III-2 - BENCH-SCALB_TI/_G

Conduct testing of the HTHPcandle filter facility to develop

improved pulse cleanlnK phenomena understandLng Lnd performance, _nd to

demonstrate the feasibility of in-filter sulfur removal and alkali

removal, under plv_ conditions.

SCope

The scope of the testing, as defined in the Phase III test plan

(presented in the Twenty-Third qu_terly Report), includes the following

pcameters for the candle cleanLnK tests:

• Ply ash type

• Candle type

• Temperature

• Pulse cleaniq intensity

• Additive type and amount

For the sulfur and alkali removsl tests, the scope includes the sulfur ...

and zlkalL sorbent type and amount. These p_ameters _e to be tested
in 6 Test Sets:

1. Cake Permeability tests,

2. Cake Pulse Removal tests,

3. Additive Tests,

4. Pulse Intensity tests,

5. Continuous Operation tests,

6. Sulfur/Alkali Removal tests.

Status

Testinswas initiated during October, 1993, on the Test Set I,

Cake Permesbility tests and has continued into November. Ten successful

tests were completed in November. No testinswu conducted during

December while the facility was used for other key test activities.

TestinK will continue in January 1994.
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OBJECTIVEIll-3 - DATA EVALUATION

Analyse and evaluate the experimental results produced in the

bench-scale testing.

Scope

Raw test data will be converted into basic engineering

quantities and correlations that can be used for design applications.

The significance of the test results will be determined and interpreted

in terms of full-scale filter system design, operation and performance.

Status
I lie

This objective was initiated in November and continued into
December.

Report Period Activity

Data from the 10 tests completed were evaluated, extracting

"mass w permeabilities for the filter cake, and gross permeabilities for

the candle filter element and residue layer. A minimum permeability

occurred as a function of temperature in each test at about 1550-1650"F.

The minimum appea_s to correspond to the point where equilibrium

conditions change from CaCOs being stable to CsO being stable. Further

evaluation is being performed using subsequent gas COs mensurements

collected during some of the tests. The test data and evaluation

results are shown in Appendix A.
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OEIECTIVE III-4 - PROGRAMMAHAGEUEFfAND REPORTING

Provide overall project management for meeting research

objectives and for cost Lnd schedule control. Produce monthly,

quarterly, and finL1 reports for the protein.

_atus

A presentLtion of the test dLts Lnd a tour of the test facility

wu made to DOE/METC personnel on December 13, 1093. Other test points

of interest were discussed at th&t meeting. A six month time extension

is being requested for this pro&r_a.
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Westinghouse- DOE/METC Filter Cake CleaningTest Program
III

"e

OBJECTIVES

• Resolve Issues Relating to Pulse Cleaning of Candles in PFBC
How DoesCandle FilterCleaning PerformanceRelateto

- Fly Ash Source

- Temperature

,_ - Pulse Intensity
L_

- Additives

- Sulfur/AlkaliSorbents

• DetermineSulfur/Alkali Removal Capabilitiesof Filter

(_ WestinghouseRAN Sd_.nce & TechnologyCenter12-13-93



Westinghouse- DOE/METC Filter Cake CleaningTest Program
Test Sequence

1) Cake Permeability Tests

2) Cake Pulse Removal Tests

3) Additive Tests

_. 4) Pulse Intensity Tests

5) Continuous Operation Tests

6) Sulfur Removal Tests

7) Alkali Removal Tests

(_) WestinghousePAN Science&TechnologyCenter12-13-93



Westinghouse- DOE/METC Filter Cake Cleaning Test Program
I I I I J

e

CONFIGURATION

• 4 Candles in Current PFBC Holder/Gasket Design

• Fail-Safe/Regeneratorin Place

• Oxidizing Atmosphere with Injected PFBC Fly Ashes

PARAMETERS

,_ • Candle Type (Schumacher,Coors, Refractron)
• Ash Source (Tidd, Karhula,Grimethorpe, FWDC)

• Additives/Aids(Dolomite; Kaolin; Neutralite)

• Temperature (1300° - 1650°F)
• PulseTank Pressure

• Pulse Valve Parameters

(_) WestinghouseRA. Science &TechnologyCenter12-13-93



Westinghouse - DOE/METC Filter Cake Cleaning Test Program
Cake PermeabilityTestsI II I

"e

Objective: Observe Influence of Fly Ash Source, Teml:_m_m and __ on
Filter Cake Permeability.

Conditions: Schumacher Candles

Test Parameters:

• Temperature

• Fly Ash Type
,> - Tidd Filter Drain

- Tidd Primary Cyclone Drain Mixed with Tidd Rlter Drain
- Gdmethorpe
- Karhula

- FWDC (Air Products Feedstocks)

• Fly Ash and Additives

• Status

- Ten Tests Completed
- Results Show Trends Consistent with Field Observations

RAN (_) Westinghouse,2-,3-, Science&TechnologyCenter
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Westinghouse - DOE/METC Filter Cake Cleaning Test Program
Cake Permeability Test Results

(Through November 1993)

Perm. = Filter cake permeability
Temp. = Filter cake/gas temperature
Min. = Minimum

FACE
FLY ASH YELOC_ P_ESSURE

TEST DATB 7PB (ft/ain) (PSlC) RESULTS

1 11/8 Tidd 7 100 Min. Pera. at )1500"F
e'

2 11/9 Tidd 7 100 iin. Pets. at i600"F;
Fair test repeatability;
Perm. does not recover as

Temp. is reduced

3 11/10 Tidd 7 100 Min. Perm. at ) 1600"F; A
Good test repeatability;

!

Little impact og initial
cake thickness

4 11/11 Tidd 7 100 Pera. drops with time

5 11/12 Tidd 12 100 Min. pets. at 1550"F;
Hither velocity may result

in lower Perm.

6 11/15 Grimethorpe 7 100 Min. Pets. ) 1630"F;
Lower Perm. than Tidd;
Less Perm. sensitive to Temp.

7 11/16 Karhula 7 100 Min: Perm. at 1650"F;
Higher Perm. than Tidd ash;
Perm. Less sensitive to Temp.

8 11/17 None 7 and 12 100 Residue Perm. increase )1600"F;
Residue Perm. drops at

higher velocity

9 11/23 Tidd 7 150 ILia. Pets. at 1550"F;
Higher pressure may result

in lower Perm.

10 11/24 Tidd plus 7 100 Min. Per_. at 1550"F;
I0 wt_ Higher Perm. with additive
dolomite
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Test - 111081.93Schumacher andles / Tdd Flyash

o Face Velocity 7 ft/min; Pressure 100 pslgO
qp,,,

X

m 120 ......................... 170o
® ---- Temperature
I,. .-i"f

_,<: 110 ___ Face Velocity (ft/min) ...... ,._:'.....i moo
ca ---Filter DP (In wg) ," 15oom 100 - .I - ' ....
m ----Cake Mass per Area (Ib/ft2) _"

90 ...................... --- 1400

80 " -'_-_-- _ ........-_-_-_; ,, 1300 Ix.m / ---
0 70 ..."'_'/..,i....,,L..,,.._ _<,_,.#i__li,_..,._,.,L__,,_4._,=,.,,.,.,.,,_1200 ®

&"o 60 ...... ___.,,,,,/_9'_J ,_ ,-',-,.-,-t..--.-.,'" -...... "',",", """".",-r-,*'.,F....,,,_.,_-v"_'"' tlOO ="="
_D /I _[-- L_

w 50 .............. . ..... -"_ 1000 o.
/./" ,"W' " ' ....... .,-_ .... I Em

";" 40 / / _r L.,-"" ®! F' ......... -" ......... _oo t-.
"- 30 t _i...... _- f" - 800

>" 20 ' .... .f" ,...... - 700

=o _/ _ ,-----v'"-- /r ........... 6ooo 10 . .,_--- ,................... -....-

> 0 ...... ;.._... . / ......... 6oo
® 9 10 11 12 13 14 15 16 17 18 19 20O

= Time (hour)14.
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Schum er Candle T dd Flyash

o Face Velocity 7 ft/min; Pressure 100 pslg0

X
= 120 r , .................................... 1700
ID
I.v< 110 ................... _. leoo
= f x.m 100 .............. ..... isoo
= ,-,/

J : -- . . J

_! 90 ............ +/" + _ ..... +400

•,_ 80 ..... ."- --" --"" --"
m ,.., ,,..'-+ .......... ----- --3 _ 1300 to..

O 70 i__._.,.t ,. ,_._,.-,.,_, ,.,_. _i.t..i_,~ .,.__.__..+..__i.,, ,..JJ_.-_, __u_i_ ._.,,._..-:,,t,_.___,.... _! 1200 li-ir-r • | II"_ mr+-, - , r '1 - • --" " ""7"$I_'_w_l --i-,i-_ ; IN,+ r, .... r ,-,';,,li.,I try-w,'l'-- .... 'VI" "l_""
_- tSt ] :0,i,,,P

D 60 ' , ....... ,. 1100 ill
I'8
P' I., ll)

® 50 .... -....... - ................ , - looo a.

40 .... '.......... _--'"_ _""'- _' "--'+'+" _-'- - 900
'y ..... "- _ i,,,,

,i,,=, ....... +- - 800X 30 .......... ,+" r-_ ,,,
>' 20 ............... _,..J : _ Temperature
"o ¢.,,,i" i Face Velocity (ft/mln) 700o 10 ...... , Rlter DP (In wg) 6oo

[ _i," ..-.---Cake Mass per Area (Ib/ft2)> 0 .... ' ..................................... 5oo
_p
O 9 10 11 12 13 14 15 16 17 18 19 20
= Time (hour)LI.
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Test (03 - 11/10/93Schumacher andle / Tidd Flyash

o Face Veloolty 7 ft/min; Pressure 100 psig0

X
120 ......................... - ............. -.... 17oo

• ..,A,
L. ..,/"' \
,I: 110 .......... _ ..... !- -. - - moo
(I) '...... ., : 15oo
= 100 .... / ..,,

.......... ".-= ............. -_, 1400
_ 90 .... j _.,

.._ 80 .... -..... _- --_--"_-_ --_--"-"---'-" .............. " \_ 1_ 13oo u..• - --t,<_-'_
(I)

Q 60 ............. ' ....... / .......... " 11oo =im
P' i., --- -_J'/................. • •

m 50 .............. , -'-- ,f_ : 1000 o.

" 40 ........... •........................ - 900 ®

" 30 .............. 800
× _..-'I"i -----Temperature

.>' 20 ......"""_i" -----Face Veloclty (ftlmln) 700
o=,,,m

O
o 10 ::,-:-..... ----Rlter DP (In wg) 6oo

_f ----Cake Mass per Area (Ib/ft2)> 0 ....................... 6o0
e 9 10 11 12 13 14 15 16 17 18 19 200

= Time (hour)14.
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Test 1.04 - 11/.93Schumacher Candle; 1 Ttdd Flyash

o Face Velocity 7 ft/min; Pressure 100 pslgO

X

m 120 ....... , ..... _ ................. --_- ...... 1700
19
L_

< 110 ........................ _- 1see

= 100 ..... .......... _oo

90 ...... " ................ ..... "....... ' - 14oo
• t,
-_ 80 - - - ,..... ,, , 1300 h

re 70 _-_-..... _ . . _ _. ,_,_,=_J,.rJ.._..dz...._,,,...4..L,_,A,,,,.-,J_.L_,A,.,..U-_¢ _t::_ ,,._, "_'"'_" 1200 =)

,=r o 60 . ............ 11oo ®I-,, i,._..

z,., •
_-=._._,',_"_ =,,_.=',,_'__ *v'V_'

,,...® 50 .......... _ ...._-. _--., ......... _oo Ea".......emmlm

I.I. ............ .

40 ........... ,..-- _ 900 I,,,-
ml_ ill = = =11 =1 iillg ......"" 30 ......... -__ _ . _- ..... see.... ,, , %, ,, ] • . •

x I Temperature>" 20 ..... "_'_ 700
o _ ,_._.p__-"-'* / ----Face Velocity (ft/mln)o 10 =_' ,.-., -., ---Rlter DP (In wg) 6oo

] _ ----Cake Mass per Area (Ib/ft2)> 0 ....................... 600
e 9 10 11 12 13 14 15 16 17 18 19 20O

= Time (hour)Ix.



Test 1,.04- 11/11/93
Schumacher Candles / Tidd Flyash

Face Velocity 7 ftlmln; Preeaure 100 pelg
Startlng Cake 20 In. wg

,-, 3 t60o
4-1

mmm

o 2,8 .......................................... • 15oo
IP"

0

z._ _ ...... _. _ _ . ........................... 14oo ...X

l!i ,j L._

'> "_ 2.3 ,,,!Lvat ._, i 1300 "

; ., ,,iilj ,_,,

Ill
1.8 ..................... :--:_-_: - , 1100

0

oe .... Temperature ---- Mass Permeability1.5 .................... looo
15" 16 17 18 19 20

Time (hour)



TEST 1.05 - 11/12/93
Schumacher Candles / Tidd Flyash

o Face Velocity 7 and 12 ft/min0

x

a 220 . _, __/----_- I " ...... =o; ,oo ..... '_- I =o
:Z 180 .... /'" 1400

- ,oo__. i.... ,oo.=. " / -140 ,-_ ,,._,=_ mOO ®_': -'_"_" L.

120 - -,- -,....... -_ . tloo =
I- @
® 100 ....... " ................... looo ¢z

a.. 80 .... ' ........... 8oo v-.
a" <..,.,,,,..<.,.,._,,v+,..+., ,.,,,_df
_" I - . ,_ _, 800x 60 :j - '',,.

>' 40 ,....... ..____._m"" ----"" ""*'em_'wra'ure 700
o .i__"_ -Faoe Velocity lit/rain)o 20 _ ,..... - -----Filter DP (In wg) 6oo

..,,_ ----Cake Mass per Area (Ib/ft2)> 0 ........w. ................ 6oo
0
O 9 10 11 12 13 14 15 16 17 18 19 20
= Time (hour)I1.



Test "1.05- 11112/93
Schumacher Candles / Tidd Flyash

Face Velocity 7 and 112ft/mln; Preesure 100 pslg
Stsrtlng Cake 29 In, wg

4 ....... 1700
4.-,
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4r,m . ¢ ._ t,,, _,_r _ o .m_ ,=,'_ ...._
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= .... Temperature . ---- Mass Permeabilityo .5 .......... ....................................... looo
12 13 14 15 16 17 18 19 20

Time (hour)



Test 1.06- 11/15/93
Schumacher Candles / Red Grimethorpe Fiyash

... Face Velocity 7 ft/min; Pressure 100 pslg

c 120 ............ 1700
v / _" ....... 1600
o. 11o................ ..._j, .....
,. 100 -_ , ...... . 1500

" 90 : .... 1400ipa_ -- ............ f ' ,, ,,

"' " "'" _ el _ 1200 :3
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Q

•- 50 ....... ........-................ - 1000 o.
--, I E

"'_ ,- 900 ®>' 40 ---"................... I,,-
m

O
o 30 -,-"' ' , '" " ....... see, il I i II I i,, _,,, I L. I I -I' _ -
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> 20 , _,/_',, , -. - 7oo
® ./. ,, faro Velocity (ft/min)o 10 "_J" ............... ----Filter DP (In wg) 6oo
. jru. ----Cake Maes per Area (Ib/ft2)
x 0 ............................. 5o0
o 10 11 12 13 14 15 16 17 18 19 20
'- Time (hour)
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Test 1.06- 11/15/93
Schumacher Candles / Grimethorpe Flyash

Fsoe Velocity 7 It/rain; Preuure 100 pelg
8tsrtlno Cake 61 In. wo

,-, 3.5 tToo
4-=

.

1600O ..... _ ............
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o 2.5 ............... ._ ......... - .... so0
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a
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=
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12 13 14 15 16 17 18 19 20

Time (hour)



Test 1.07- 11/16/93
Schumacher Candles / Karhula Flyash

oo Face VeloGIty 7 ft/mln; Pressure 100 psig
X

120 ...................... 17oo
O

< 110 ................ 'F ........... ;:"' - • 1600
w
_a 100 ........... r, ................... __ _ 1500

90 _ r j " _ ............ 1400
Ill _ "_'--- ..... --.ill' ..... b

HI_< 80 ............................. __ 1300 tL

ill 4t_,..,,,,tn.l_ v,.,I.l'v'_ t ,_.
- ,-, • • _ - -_,, ......... . 1200 ®

," o 60 .... 1_ =_ ,i , , ,

/ -i.. ®® 50 .......... "
: r ___ .... ---....-,,._-- looo a.

";" 40 j ,..,.,,...,,.,.,,,_ :lli E
i L I IIIII I ii i 0

"" 30 ...................... 800X ..... _ "'-- _
, ,,

>" 20 - -_'_"_" ---- Temperature .......
"-o "_ I " --- Face Veloclty (ftlmln) 700o 10 _ - r -_ ---Filter DP (In wg) 600
® ,, j ----Cake Mass per Area (_/ft2);> u -. 6o0
O
O 10 11 12 13 14 15 16 17 18 19 20
III
,. Time (hour)



Test t.07- 11/16/93
Schumacher Candles / Karhula Flyash '

Face Velocity 7 fl/mln: Prauure 100 P=Io
8tarring Cake 25 In. w9

12 .......... 11700
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Test 1.09 - 11/23/93
Schumacher Candles / Tidd Flyash

o Face Velocity 7 ft/min; Pressure 150 psig0
11"

X
a+ 130 ............................... 1800
® --- Temperaturei..

< 120 .___Face Velocity (ft/mln) _ - .... .: l+'oo
o= 110 ---Filter DP (In wg) ; :- _- ::-; ..... -.... 1coo
= ----Cake Mass per Area (Ib/ft2) i".'+'-
_+ 100 ....................... / ......... 15o0
® 90 ............. •.... i " mOO .-.

0 80 ....... ' + -- --- _ .........- : 13oo

0."" 7 0 ......... • .. • - "_ 1200
,> _ ,_" "" V' ,' , "r +-.co
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I I II "i
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= Time (hour)IL



Test 1.09- 11/23/93
Schumacher Candles / Tidd Flyash

Fsoe Velocity 7 It/rain; Preeeure 150 PelO
Starting Cake 18,5 in. wg
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Test/1.1.0- tl/24/93chumacher Candles T=dd Flyash + 10 wt% Dolomit

o Face Velocity 7 ft/min; Pressure 100 pslgO

X
o= 130 ........................... 1coo
IN,

<: 120 .............. i - ,- - , -........ _7oo
= 110 _ . . .......... t ........................... 16o0

" " \"" _" - _ ................. 1500___E100 _' - _ .............. i -- _ " i
I I

=e 90 ..... " ................ i"' ;, ............... 1400 -.'-
a _ U,,,* V¢1

_"-"_.----- ;: v- " -..... -_- " r, _--"--'_._>"-_ 1300
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I,.
.

.j-o,, 60 " • 1100 "-@

50 ..... -.......... . ,'./ _ _ -- ,, _" ....... "-- 1000 ERm • ......

I,I,, _ .., _'""_"_I -'_"/ ....... ........ '"' " ' I-

'/× 3o,....... .... . ............... -................,oo
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"5" 20 " " _w- -- • • --- Face Velocity (ft/mln) 7oo

o 10 .......... _ Rlter DP (In wg) 600"_ i ----Cake Mass per Area (Ib/ft2);> 0 _................... , - 600

o 9 10 11 12 13 14 15 16 17 18 19 20
= Time (hour)14.



Te8t 1.10-11124/193Schumacher Candle Tidd+ wt% Dolomite
Face Veloolty 7 It/rain; Pressure 100 pelg

Starting Cake 24 irk wg
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