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ABSTRACT

Long term durability testing of the cross flow filter is

described. Two high temperature, high pressure test facilities were

built and operated. The facilities were designed to simulate dirty gas

environments typical of Pressurized Fluidized Bed Combustion (PFBC) and

coal gasification. Details of the design and operation of the test

facilities and filter testing results are described.
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EXEOUT rE SUM)LY

INTRODUCTION

The Department of Energy, Morgantown Energy Technology Center

(DOE/METC) and Westinghouse are developing and evaluating a cross flow

hot gas particulate filter for application in coal based, advanced power

generation systems.

The cross flow filter concept and system design are described

herein. Filter and system development have evolved through the stages of

initial exploratory studies to proof-of-concept bench-scale tests, and,

more recently, to pilot scale tests on the New York University (NYU)

Pressurized Fluid Bed Combustor (PFBC) and on the Texaco gasifier at

Montebel] , California.(1,2,s)

The objective of the current program entitled "Long Term

Durability Testing of Ceramic Cross Flow Filters w is to evaluate the

materials and mechanical design aspects of the filter system and the

operational requirements for integration with a prototypical gasifier or

combustor. This work was accomplished through extended testing using

flow facilities that could simulate the high temperature filtration

process typical in advanced fossil process conditions such as PFBC and

Integrated Gasification Combined Cycle (IGCC). Such long term filter

testing could not be economically accomplished using existing pilot plant

PFBC or gasifier facilities.

PROJBCT DESCRIPTION

Two dedicated high temperature, high pressure (HTHP) filter test

facilities were constructed and operated. These test facilities provide

HTHP gas environments for evaluating the filter using ash materials from
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PFBC and coal gasification facilities. Both facilities have HTHP flow

capabilities to test up to four commercial scale (12 x 12 x 4 inch/

30.5 x 30.5 x 10.2 cm) cross flow filter elements.

The PFBC simulator facility is designed for a maximum gas flow of

1500 lb/hr (650 kg/hr) and pressures of 150 psig (11 bar). Natural gas

is combusted to provide the thermal input to raise the filter temperature

as high as 1800°F (870"C). A gravimetric dust feeder with a pneumatic

transport line is used to reentrain ash into the hot combustion gas. The

: facility is capable of simulating various plant operations including

steady state and transient conditions (e.g., startup/shutdown, turbine

trip and pulse cleaning). This is important when evaluating the effects

of mechanical and thermal stresses on the filter module.

The gasification simulator system is a closed flow loop that is

electrically heated and designed to provide a HTHP reducing gas

environment, while permitting the feeding of gasifier char/ash material.

In this facility, a maximum of 1500 15/hr (650 kg/hr) of gas flow is

recirculated using a specially designed high temperature, high pressure

eductor. Approximately 10 percent of the gas is used as the motive flow,

and system pressures of 150 psig (11 bar), and temperatures of 1200°F

(650°C) are possible. A gravimetric dust feeder with a pneumatic

transport line are used to feed the chosen chs_/ash.

Both test loops have the following characteristics:

I. Isokinetic sampling on the outlet of the filter to determine
the particulate removal efficiency,

2. An adjustable high pressure gas supply for reverse pulse
cleaning of the filters,

3. On-line ash collection and removal capability that permit
round-the-clock operation over extended test periods (e.g.,
100 hours or more), and

4. Instrumented to provide filter operating and system
performance data, including a computer based data acquisition
system.

S-2



no,rsc LSSUL

The program provides for 3000 hours of testing under PFBC

conditions and 2000 hours under simulated gasification conditions. The

goal was to achieve this testing utilizing a single set of filter

elements, respectively. For the simulated gasifier testing utilizing a

char feed, this goal was achieved. In the simulated PFBC testing a total

of 3080 test hours was accomplished, but events precluded the use of a

single filter set.

Table S-1 provides a summary of results from the filter testing

programs. Average outlet dust loadings were below 1 ppmw, demonstrating

particle collection efficiencies significantly better than the gg_

program criteria.

Figure S-1 compares the outlet dust measurement data from this

testing with the emission and turbine tolerance requirements projected

for advanced, coal based systems. Data is also included from earlier

cross flow filter testing on an actual PFBC pilot plant. C1) These

results demonstrate the high performance potential of the cross flow

filter in meeting both turbine tolerance and environmental emission

requirements.

Results from the current simulator testing of the cross flow

filter have been compared to filter testing in pilot plant facilities.

This comparison for the PFBC case shows filters operated in HTHP

simulator facilities behave very similar to filters tested in coal fired

pilot plants. In both cases stable filter permeance is achieved in

relatively few (<500) cleaning cycles. These results confirm that filter

system operating characteristics (pressure drop, cleaning cycle, etc.)

for PFBC application can be reasonably predicted based on HTHP simulator

testing.
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Table S-1 - Summary of Cross Flow Filter Performance in
Long Term Durability Simulator Testing

PFBC Ash Test Loop Oasifier Char Test Loop
Test'Module Test Module Test Module

#1
No. of Filters 2 4 2

Operating Conditions

Temperature, °F 1550 1550 350-1200

Pressure, psia 85 85 85

Inlet Dust Lo_iing, ppm I000 I000 1000-1500

Face Velocity, ft/min 6 to I0 3 to 5 2-5

Cumulative Hrs. 1300 1100 2000

2400

Performance

Avg. Outlet Loading, ppm <I <I <I

Baseline Ap, in wg 8-20 4-10 1-4

Comments Flange New No Failures

Failure Mount

$-4



Cumulative Loading > Size, ppm
i i

I I I I I I I I I,.. ,m

. _ eO PFBC Pilot Plant Data

100 -- _.. Z_ PFBC Simulation Data,,,=

- (1300 hrs operation),m

NSPS
................ o IGCC Simulation Data

m u

i0 (2400 Hrs Operation)

Range Representing
Turbine Tolerance Goals

1

0.1
1 10 100

Particle Size, i_m

3T087 1VS8429

Figure S-I - Comparisonof Measured Cross Flow Filter Performance
with Gas TurbineTolerance
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_ The cross flow filter testing in the gasifier simulator facility

also shows stable filter permeance after a short initial conditioning

period. The simulator testing however did not directly reproduce pilot

plant results since filter permeance appesxs to be different for

different gasifier types. This difference is attributed to the

significantly different design and process conditions of gasifiers and

the physical properties of the generated ash/char fines. The low

particle density of gasifier fines suggests high reentrainment potential

that may lea_ to apparent low filter permeance.

An important focus of the extended testing of the current progrsJn

has been the evaluation of filter system component durability. In the

PFBC simulator testing both filter element and gasket failures occurred

that compromised filter performance. Although no gasket or filter

failures were experienced in the gasifier simulator testing, ongoing

cross flow filter testing in gasifier pilot plant systems have

experienced such failures. (s) In the early phases of the PFBC simulator

testing sn improved design of the cer_nic mat gasket was developed by

Westinghouse and backfitted to both the PFBC simulator testing and

ongoing gasifier pilot plant filter tests. This improved gasket design

was also implemented into the gasifier simulator testing. In all

subsequent testing, gasket failures have been eliminated utilizing this

modified gasket design. The improved gasket utilized NEXTEL(a) fibers

wrapped in a N__) ceramic cloth. The cloth encapsulates the fiber

and prevents bulk material loss during process operation.

Cross flow filter element failures under service condition can be

characterized as one or more of the _ollowing types: debonding of plate

seams, delaminations (hairline cracks that follow plate seams), by cracks

that propagate _cross the plate seams and cracks that occur along the

mounting flange.
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Uncontrolled plant thermal transients represent the major concern

regardinE delamination and filter plate cracking. Simulator testing has

demonstrated that the cross flow filter can endure controlled plant

transients typical of PFBC plant startup and turbine trip. A deficiency

in the filter mount design that was not apparent from earlier short term

tests, caused flange cracking terminating the 1300 hour run in the PFBC

simulator testinE. A redesign of the filter mount was made to eliminate

the root cause of the observed failure; nonuniform loading of the flsnEe

and the buildup of dust fines in crevices between the mount and filter

flange. This design was implemented in subsequent PFBC simulator and

pilot pls_t testing. Although testing has been limited (i000 to 2000

hours), no further failures in the _ilter flange were experienced.

An important consideration in the long term durability of the

cross flow filter is the stability of the ceramic matrix. This aspect ofI

the filter development is being a_dressed in detail in a separate

program, WThermal/Chemical Stability of Ceramic Cross Flow Filter

Materials, s DE-AC21-88MC25034. This program is investigating for a

variety of materials the combined and separate effects on long term

material properties of the base matrix structure in the presence of

alkali and possible generation of microcracking due to effects of pulse

cleaninE thermal fatigue. This work has demonstrated the relative

inertness of the cross flow filter alumina/mullite matrix in both high

temperature oxidising and reducing gas environments of PFBC and guifier

systems, respectively. The cross flow filters exposed in the simulator

testinE reporting herein have confirmed the potential benefits of the

alumina/mullite matrix.

PitO3BCT CONCLUSIONS

• Improvements in the lone term durability of the cross flow

filter has been achieved through improved filter manufacture

and design of the filter mounting and gasket system. Further

improvements in manufacturing quality assurance and
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development of nondestructive testing techniques are needed to

ensure filter manufacturing specifications are met.

• Extended testing (>1000 hrs) has confirmed the high

performance potential of the cross flow filter that was

previously demonstrated in short term tests.

• The alumina/mullite matrix currently used for the cross flow

filter appears as a preferred material choice for the wide

range of process gas conditions represented by the different

Advance Fossil Power Generation Systems that would use hot gas

cleaning. Further improvements in material thermal fatigue

toughness are needed to protect the filter system from

unplanned plant process upsets.

• High temperature, high pressure PFBC simulator facilities are

effective in reproducing filtration conditions representative

of actual plant operations.

• Gasifier simulation testing using hot inert gas and char

produced only similar plant trends regarding filter operating

characteristics. Both simulator facilities should reproduce

thermal and mechanical stressing typical of plant operations.

P_FBEBNCBS
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1. INTRODUCTION

High temperature and pressure (HTHP) particulate control is an

essential component of advanced coal-fired power generation systems that

are under development by the DOE Morgantown Energy Technology Center for

clean coal programs and future commercialization. These systems include

gasification combined cycles (IGCC), pressurized fluidized-bed

combustion (PFBC), and direct coal fueled turbines (DCFT) and each of

these systems rely on a gas turbine to generate all or a portion of the

electrical power. Ceramic barrier _ilters have been identified as a

viable particulate control option for use in these coal-based power

systems. The ceramic filter elements are near absolute filters

(removing >99.9_ of the entrained fines) have high throughput

capability, are relatively inert to gas phase contaminants, and

maintain stability and material strength at high temperatures. These

characteristics provide for a filter system that protects the gas

turbine from particle erosion and deposition and cleans the gas to meet

environmental emission standards without additional expensive stack gas

cleanup devices. The cross flow filter concept has been identified as

one of the most cost effective technologies for advanced particle

filtration.(*)

1.1 CROSS FLOWFILTER CONCEPT

The ceramic cross flow filter is illustrated in Figure I.i. The

filter element is comprised of thin porous ceramic plates that contain

channels formed by ribbed sections. The plates are stacked and fired to

form a monolithic porous structure. The two filter faces of the short

side channels are exposed to the dirty gas. The gas flows into the

short side channels, through the porous plates that form the "roof" and

"floor" of the channels and into the longer channels that form the clean

1-1
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gas side. One end of the clean side channels is sealed to force the

filtered gas to flow to a central collection plenum to which the filter

is mounted.

The Westinghouse cross flow _ilter system design is

schematically shown in Figures 1.2 and 1.3. The system consists of a

refractory lined, coded pressure vessel that contains strays of the

cross flow filter element assemblies, Figure 1.2. The arrays are _ormed

by attaching individual cross flow elements (Item 1, Figure 1.3) to a

common plenum (Item 2, Figure 1.3) and discharge pipe. The arrays are

cleaned from a single pulse nonle source. For efficient packaging,

several of the individual plenum assemblies are arranged vertically from

a common support structure, forming a filter cluster (Item 3, Figure

1.3). The filter cluster represents the basic module needed for

constructing a large filter system. The individual clusters are

supported from a common, high alloy tubesheet and expansion assembly

that spans the pressure vessel and divides it into the "clean e and

edirtyW gas sides. The cluster concept provides a modular approach to

scaleup and permits maintenauce aud replacement of individual filter

elements.

Hot, dirty gas enters the filter housing, and passes through the

filter elements into the central plenum pipes, collected on the clean

side of the tubesheet and passes through the vessel outlet nozzle. The

ash collected on the short side channels of the filter elements is

removed by reverse pulse jet cleauing and falls into the ash collection

system attached to the bottom of the pressure vessel housing.

The major attributes of this filter concept are its absolute

filtration characteristics on ash material and capability to be operated

at relatively high flow capacity (high face velocity) with low pressure

drop. Since each of the filter plates represent a filter surface, the

cross flow configuration provides very high filter surface area to

volume characteristic and the potential to be compact and economic.
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1.2 CROSS FLOWFILTBi_ DBV'BLOPMSNT

Westinghouse has focused on cross flow filters that have been

fabricated from an alumina/mullite (llsOs/3AlsOs.2SiO2)-basedmaterial.

The development of the cross flow filter has evolved through the stages

of initial exploratory studies to proof-of-concept test at various

bench-scale gasification and combustion facilities.

Initial exploratory studies were focused on subscale filter

elements (15.2 x 15.2 x 5.1 cm - 6 x 6 x 2 inch) tested in a bench-scale

PFBC simulator and small fluid bed PFBC and gasifier facility.(s,s)

These studies focused on evaluating the basic filtration properties of

the cross _low geometry and methods to seal and mount.the filter in high

temperature gas streams. These studies also demonstrated the technical

and economic potential o_ the unique cross flow geometry.

Bench-scale test results showed that the conditioned filter

resistance was low compared to other types o_ filter and inertial

devices; that simple pulse-jet methods could be used to clean the

filters; and that essentially absolute filtration on coal ash and char

materials could be achieved. Delamination of the filter at the rib to

plate bonded joints was identified as a manufacturing development issue.

Modifications were made in the fabrication and manufacturing of

the cross flow filter elements to improve retention of the base material

strength and porosity properties while maintaining a crack-free,

dimensionally stable, plate assembly with improved bond strength.(4)

Additional features which were incorporated into the cross flow filter

design included: 1) a radiused flange section which eliminates stress

risers, and provides a more delamination-resistant filter body and 2)

incorporation of a mid-ribbed bond (_B) configuration. The

provides a symmetric plate design that has improved manufacturing

characteristics, and eliminates high stress sharp channel corners by

moving the bond to a low stress region.(6)
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Initial scaleup of the filter element to commercial size (30.5 x

30.5 x 10.2 cm - 12 x 12 x 4 inch) and its testing was also

accomplished. This testing included a very successful, 180 hour

operation of an eight (8) element, four (4) module system under

simulated PFBC conditions of the mid-rib bond cross flow filter design.

The filters were flanEe mounted and compressively braced, an approach

implemented to mitigate filter delmnination. Post test inspection

revealed that six (6) of the commercial scale filter elements had no

structural damage but two (2) of the elements had suffered hairline

delaminations that had apparently initiated from the mounting flange.

Even with the dela_inations, excellent filter system performance was

achieved with outlet dust lo_lings ranEing between 2 to 6 ppm. (s)

Following the subscale and initial full scale element testing

summarized above, program emphasis was focused on int_Erated testing on

pilot scale PFBC and gasification facilities. At the New York

University PFBC facility located at the Antonio Ferri Laboratory in

Westbury, New York, a Westinghouse cross flow filter system was

integrated into the test facility and operated in two separate 50 hour

test programs. (s) The filter unit consisted of five filter modules,

each containing three filter elements,or fifteen total elements (30.5 x

30.5 x 10 cm - 12 x 12 x 4 inch). During the initial 50 hour test

segment, operating at temperatures between 1300 and 1500"F (705 and

815"C), system pressure of 120 psia (8.3 bar), and filter face velocity

of 5.2 ft/min (2.6 cm/sec) stable baseline operating pressure drop of

35 in WE (8.88 kPa) was achieved with simple pulse jet cleaning. Inlet

PFBC dust loadings of 350 to 1058 ppm were reduced to outlet dust

loadings of 2.9 to 8.9 ppm. Outlet cascade impactor dust sampling was

also obtained that showed both loading and size distribution fall within

published gas turbine tolerance requirements, Figure 1.4. In the second

50 hour test run, the filter was operated at a lO ft/min (5.1 cm/s).

Higher outlet dust loadings (up to 103 ppm) were encountered due to dust

seal leaks that occurred after three of the five pulse valves

malfunctioned and other facility operating problems were encountered.
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Inspection of the test unit showed that five of the fifteen filters had

experienced hairline delamination cracks although none appeared to

present a significant dust leak path. This testing also demonstrated

that the 3M INTE_ brand mat material used for gasketing was not

sufficiently tolerant to temperature transients and was susceptible to

eventual eroding from between the filter and its mount.

Concurrently with the PFBC testing, Westinghouse, under DOE/_ETC

sponsorship (DE-AC21-88KC24021), initiated a program to test the ceramic

cross flow filter on the Texaco entrained gasifier pilot unit located in

_ontebello, California.(7) In this test program, a four (4) element

(and later eight (8) element) cross flow filter system was integrated

with a 15 tpd Texaco entrained gasifier, wherein a number of hot gas

desulfurization technologies were investigated. Except for the initial

48 hour long com_%ssioning test, the filter unit operated in support of

the Texaco base gasification/desulfurization program. Approximately 400

total hours of operation were attained that cover seven (7) different

test runs and a range of flow conditions. Because of the high

resistance to flow of gasifier ash and its low bulk density (high

reentrainment potential), operating filter face velocity was maintained

relatively low, I to 3 ft/min resulting in acceptable and generally

stable baseline pressure drop.

Isokinetic sampling in the Texaco tests showed outlet dust

loadings as low as 2 to 6 ppm, demonstrating the high collection

efficiency potential of the filter in gasification applications. Filter

flange and gasket failures were also encountered, but were corrected

with the design and implementation of an improved high temperature

filter mount and reinforced alumina fiber gasket. This same mount and

gasket design were also implemented into the Long Term Durability test

program described herein.
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1.8 LONG TBll DUI_ILITY TBSTING

Although cross flow filter field test programs provide

opportunity for integrated operation in gas environments typical of

large scale or commercial systems, they generally do not afford long

operating periods. Also, filter test time is often compromised because

of operational issues associated with the gasifier, combustor other

ancillary equipment or because of other test priorities.

The Long Term Durability Testing of Ceramic Cross Flow Filter

program reported herein was designed to provide dedicated filter test

operations for test periods significantly longer than current pilot

plant test programs. The program utilizes facilities that simulate coal

based combustion and gasification process operating conditions to expose

the filter to the mechanical and thermal stressing imposed in actual

applications. By reentraining actual ashes obtained from operating

plants, the basic filtration properties, such as collection efficiency,

cleaning and filter permeance are evaluated.
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2. EXPERXMENTAL TEST PLAN

This section describes the overall test plan used in the lcn_

term durability testing program. The plan includes overall test

objectives, a description of the test facilities, a description of test

procedures and criteria utilized in evaluating filter performance. At

the beginninE of the contract period, a formal experimental test plan

document was developed and submitted to DOE. During the course of the

program, this initial plan was modified as required to accommodate

actual test events and learning experience. However, the program in

general proceeded as origiaally planned. The test plan provides for

efficient and cost effective long term testing of cross flow filters

under simulated pressurised fluidized bed combustion (PFBC) and

integrated gasification combined cycle (ICCC) filter process conditions.

2.10BJBCTIVB

The objective of this work is to evaluate the long term

mechanical and material stability of components used in the design and

construction of ceramic cross flow filter systems, and to evaluate the

stability of their filtration properties over time while operating at

high temperature, high pressure (HTHP) conditions. The testing is

accomplished using HTHP flow facilities that are capable of feedinE

combustor and gasifier ashes under simulated process conditions. The

program provides for 3000 hours of testing under PFBC conditions and

2000 hours under ICCC conditions. The goal was to achieve this testing

utilizing a sinEle set of filter elements. For the ICCC conditions,

this goal was achieved. In the PFBC testing, a total of 3080 test hours

was accomplished, but events precluded the use of a single filter set.

Two filters achieved over 1300 hours, three other filters 1000 hours and
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one filter that was also utilized in the IGCC simulator testing had an

accumulated exposure of over 2500 hours.

2.2 DESCRIPTION OF TBST FACILITIES

In this program, two high temperature, high pressure (HTHP) test

loops were designed,, constructed and operated. A photograph of the two

test loops is shown ss Figure 2.1. One test loop is a natural gas fired

combustion facility that utilizes reentrained fly ash to simulate

Pressurized Fluidized Bed Combustion (PFBC) process conditions. The

second test loop uses recirculated gas that is electrically heated, and

reentrained gasifier char and ash to simulate gasifier process

conditions. A detailed description of these test loops is provided

below. Both loops are installed in the same laboratory (building),

sharing common service facilities and control room and could be operated

in parallel. The laboratory has approximately 2042 ft z of floor area,

20 ft overhead height with a 5 ton X-Y hoist that provides full coverage

for assembly and disassembly of the test systems.

2.2.1 PFBC Simulator Test Loop

The PFBC simulator test loop, shown schematically in Figure 2.2,

is designed for a gas flow up to 1500 lb/hr and pressureu up to

150 psig. This unit is an upgraded and larger version of an existing

Westinghouse facility and utilizes many of the features of this earlier

design. (I) In the upgraded design, the filter test unit is housed in a

3 ft (0.91 m) diameter, 10 ft (3.05 m) high refractory lined pressure

vessel that is designed to contain hot gas up to 1650"F (900"C).

Thermal input is provided by the combustion of natural gas. A

gravimetric dust feeder and pneumatic transport line are used to

reentrain fly ash and produce a hot dirty gas at the filter test unit.

The cleaned gu is exhausted through a water cooled exhaust line and

through a water cooled back pressure control valve. Collected ash is
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Figure 2.1 - Photograph of Westinghouse High Temperature, High Pressure IGCC and PFBC Simulator Test Loops
0
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Figure 2.2 - Schematic of Westinghouse PFBC Simulator Test Loop



discharged from the filter by pulse-jet cleaning provided by a separate

high pressure nitrogen source and controlled with fast acting solenoid

valves. The discharged ash is collected in a hopper below the main

filter vessel. This hopper is designed to be pressure cycled in order

to remove the collected ash while filter operation is continued (or only

minimally disrupted).

The test loop is fully instrumented and automatically controlled

to set point conditions. A computer based control and data acquisition

system is provided. The detailed Process and Instrumentation Diagram

(PkID's) and mechanical drawings of the major piping and vessel

components are provided in Appendix A. A brief description of the

subsystems comprising the PFBC simulator loop is provided below.

Gas Supply

The high-pressure air supply is a 75 hp two-stage reciprocating

compressor that is capable of continuously providing up to 285 scfm

(8.1 mS/min) of air to 200 psig (14.8 bar). A second, 250 psig

(18.2 bar), 130 scfm (3.7 mS/min) unit is currently connected in

parallel to the air supply and can be operated to extend the range of

flow conditions to those required for this test passage, i.e.,

I00 actual cubic feet per minute, at a nominal pressure up to 150 psig

(11.4 bar).

A natural gas fired combustor system is used to raise the

temperature of the supplied air to a temperature between 1550°F (844"C)

and 1700*F (927"C) at the filter and to give a gas composition that is

representative of the combustion products from a PFBC facility. The

approximate gas composition is:

Nitrogen 73_

Water Vapor 14_

Carbon Dioxide 7_

Oxygen 6_
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a_suming that the natural g_s is all methane and that it all oxidises to

cLrbon dioxide. These are reasonable assumptions for the combustion

conditions used for this test passage.

The combustor is fired on natural gas from a new, larger, oil-

free compressor, that is used to boost house-supplied natural gas from

15 to 200 psig (2 to 14.8 bar) for use in the passage. The high-

pressure natural gu is piped through the flow control valve directly to

the combustor section of the passage. In this refractory-lined spool

piece, a small aerodynamically shaped flame holder stabilises the flame

as the bulk of the pusage flow is mixed and heated. It has been our

experience that direct fired systems such u this prove to be very

reliable systems operating at high temperatures.

Dust Feed/Metering System

The ash feed system consists of a K-Tron loss in weight powder

feeder with a twin screw feed barrel, Model LWF20 with a capacity of

22.0 lb/hr (100 kg/hr). The feeder is enclosed in a pressure vessel

sised to house both the feeder and storage hopper. A small quantity of

pressurised air is used to entrain the metered ash and carry the ash

into the main gas flow. PFBC fly ash obtained from various operating
_acilities is used.

Process Instrumentation and Control Devices

The passage flow, temperature, and pressure control system

ensures accurate and constant passage test conditions. The flow control

systems consist of conventional orifice plates with pressure,

differential pressure, and temperature transmitters reporting to a

standard utility type of recording mass flow controller. Temperature

control is effected by sensing passage temperature and subsequent

automatic adjustment of the fuel (natural gas) flow control valve.

Passage pressure is maintained by a system back pressure control valve
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and controller. All passage operating parameters are controlled,

displayed digitally, and strip chart recorded at the main passage

control panel, and transmitted to a computer for later data reduction

and graphing.

The Pip_.nK and ¥essel Design

The piping and device pressure housings are refractory lined,

carbon steel pipe sections so that the pressure boundaries run at

relatively low temperature. The inlet 8 inch diameter pipe section is

provided in a length that minimizes heat loss while enabling a proper

pa_ticulate/ga8 sample to be taken from the gas eatering the filter

housing proper. The system is configured for cross flow filter PFBC

testing at high temperature and pressure.

2.2.2 _sei_ier Char, HTHP Reclrculating Gas Test Loop

The guifier simulator test loop is shown schematically in

Figure 2.3. The filter unit is housed on a 3 ft diameter (0.91 m), 10

ft (3.05 m) high refractory lined pressure vessel that is designed to

contain the recirculating hot gases. This facility is a closed loop

system that is electrically heated and designed to provide a HTHP

reducing or inert gas environment, and permitting the feeding of

gasifier char/uh materials. The system is first charged with a mixed

(or inert) gas, pressurized and the gas circulated at a rateup to

1500 lb/hr (880 kg/hr) using a specially designed high temperature, high

pressure eductor unit. Approximately 10 percent of the gas is

extracted, cooled, recompressed, heated and then reintroduced as the

motive gas flow to drive the eductor. The gM is capable of being

heated to about 12000F (8500C).

A gravimetric dust feeder and pneumatic transport line are used

to reentrain the char ash and produce a hot dirty gas at the filter unit

simulating gasifier filter operation. Collected char ash is discharged
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from the filter by pulse jet cleaning provided by the high pressure

mixed gas (inert gas) source and controlled with fast acting solenoid

valves. The discharged char ash is collected in a hopper below the main

pressure vessel. This hopper is designed to be pressure cycled in order

to remove the collected ash while filter operation is continued (or only

minimally disrupted).

The test loop is fully instrumented and automatically controlled

to set point conditions. A computer based control and data acquisition

system is provided. The detailed process and instrumentation diagrams

(P_ID's) and mechanical drawings of the major piping and vessel

components are provided and described in Appendix B. A brief

description of the subsystems is provided below.

Gas Supply

The gas supply for this system is provided by pre-mixing the

desired gases. The gas flow rate is maintained at a minimum of 50 acfm

(1.4 ms/min). The temperature is controlled to between 900" and 1200"F

(482 and 650"C) with a nominal value of IO00"F (538"C) during steady-

state operation. Heating of the gas is achieved with electrical

heaters. An electrical process gas heater is used to heat the high

pressure motive gas mixture as it enters the closed system. A unit with

a capacity of approximately 24KW is used for this duty. Armstrong

Engineering Associates, Inc. supplied a radiant furnace with an Incoloy

800 H helically wound coil to contain the gas for this service.

Throughout the rest of the gas flow path, electrical heaters are

imbedded in the refractory lining to o_fset the heat loss from the

system. Since this duty was estimated to be 0.2 KW/ft of piping, low

heat flux, rugged service, heaters were utilized for this application.

The pressure can be maintained between 160 and 290 psia (11 to

20 bar) with a nominal value of 160 psia (11 bar) by pressure regulation
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of the mixed gas reservoir. This high pressure gas supply is maintained

with a small gas compressor that recompresses approximately 10_ of the

system flow that is used as the motive gas for the jet eductor, _he dust

feed system and the blow-back system. Since the system is of a closed

loop, recycle design, once the simulated gas is introduced into the

system and the test conditions are established, the gas composition

remains constant.

Jet Bductor Syetea

The jet eductor serves to recirculate the hot pressurized gas

that must overcome filter and piping flow losses. The analysis, design

and qualification of this key component is provided in Appendix C. The

jet eductor pump operates by accelerating the heated motive gas flow

through a convergent nozzle that is positioned at the inlet of a

converging/diverging venturi. The venturi section connects the gas

piping in the recirculation loop.

Duet Feed/Metering Systea

Dust feed to the system consists of redispersed and sized char,

metered into the system by the powder feed system described for the PFBC

loop. In this case a small amount of the pressurised motive gas is used

to entrain the metered char into the test loop. The particle dust

loading is between 1000 and 4000 parks per million by weight. Two

sources of char were utilized: the filter catch from the I_W fluidised

bed gasifier and a filter catch from the Texaco entrained bed sasifier.

Pulse Jet Cleaning System

Pulse jet cleaning of the cross-flow filters is accomplished

using high pressure system gas from the motive gas compressor. System

gas is used in order to maintain the gas composition. The gas is held

in a pressure regulated reservoir at 300 to 500 psig (22 to 35.5 bar).
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Fur acting, 1/2 inch pipe size solenoid valves are actuated with an

electronic timer, with a typical wON" time of 0.1 second. The solenoid

valves have a block valve on either side so they can be changed during

operation in cue of a failure. The gas is released through a 3/4 inch

tube nozzle into the filter plenum. This reverse flow of gas removes

the collected dust from the filter. The blowback sequence can be

initiated manually or automatically based on time or pressure drop.

Process Instrumentation and Control Devices

The p_ssage flow, temperature, and pressure control systems

ensure _ccurate and constant pus_e test conditions. A jet eductor

pump is used to recirculate the hot, pressurized gas. Flow is increased

or decreased by controlling the quantity of motive gas used to drive the

eductor (see Appendix C). Temperature control is accomplished by

sensing pass_e temperature and adjusting the process gas and the

electrical heaters to compensate for heat losses. Passage pressure is

maintained by a pressure relief control valve and controller. All

pus&ge operating parameters are controlled, displayed digitally, and

recorded on a strip chart at the main passage control panel. The data

is also stored on a computer for data reduction and graphing.

Piping and Vessel Design

The piping and device pressure housing are refractory lined

carbon steel pipe sections so that the pressure boundaries remain at

relatively low temperature. A 2 inch (5.1 cm) diameter stainless steel

liner is used to separate the process gas stream from the refractory

material (e.g., Fiberfrax or castable cers_nic). The inlet pipe section

is provided in a length that minimimes heat loss while enabling a proper

particulate/ga_ sample to be taken from the gas entering the filter

housing proper, if required. The pressure boundary is 8 inch (20.3 cm)

diameter carbon steel pipe and the filter vessel is a 40 inch (1.02 m)

diameter coded pressure vessel with a 30 inch (0.78 m) diameter liner.
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The filter vessel has an internal straight section, from the tube sheet

used to support the filters to the start of a discharge cone section, of

approximately 6 feet (1.8 m). This provides adequate volume for

positioning the filters to be tested and enough flexibility to test a

wide variety of configurations. Electrical heaters in the pipe and

vessel maintain the desired operating temperature by compensating for

the system heat losses.

2.3 OPBILATXNGPitOCBDUltBSAND TEST CRITERIA

This section describes the overall operation of the test

facilities and summarises the criteria used to evaluate filter system

operation.

Facility Operation

In general, both test loops were operated in parallel, which

provided scheduling, manning and cost benefits. Two different test

approaches were utilized. One approach was to operate the facility over

a 12-hour test day period (7:30 am to 7:30 pm) followed by a shutdown

and restart the following morning, continuing Monday through Friday.

The overnight shutdown resulted in only a partial cooldown of the

facility, thus allowing a hot restart of the test unit. The second

approach was to operate the facility 24-hours per day over a 5 day

period followed by a weekend shutdown. In both scenarios, the weekend

shutdown would result in a cold restart the following Monday. It was

concluded that both hot and cold restarts were important operating modes

and would be included in the test program. Specific PFBC plant

transients corresponding to plant startup and turbine trip were also

identified and repeatedly simulated in one segment of the test program.

A second segment in the PFBC simulator testing included accelerated

pulse cleaning. Table 2.1 outlines the range of operating parameters

incorporated in the test program. System pressures were below maximum

values to maintain a high volumetric flow and keep filter face velocity

as high as possible when utilizing more than one filter element.
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Table 2.1

Summary of Test Facility Operating Parameters

Utilized in the Test Program

Gasifier Char/Ash
..... Test parameter s ..... PFBC Simulato r Recirculatin_ Gas Loop

Operating Pressure, psig 85 to 165 85

Operating Temperature, *F 1500 - 1600 350 - 1200

Dust Loading, ppm I000 - 2000 1000 - 2000

Ash Type PFBC Gasifier Char

Filter Face Velocity, ft/min 3 - I0 2 - 5

No. of Filters Tested 2 - 4 2
at One Time
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In the gasifier char/ash recirculating gas loop, system temperature and

pressure were vaxied to increase gas density. This provided test

flexibility to reproduce potential reentrainment effects of low particle

to gLs density ratios representative of actual entrained gasifier

environments.

Test Crl_ria

Filter evaluations were based on the following performance

criteria:

• Outlet dust loading

• Collection efficiency (_99_)

• Baseline pressure drop (_100 in HsO)

• Stability of baseline pressure drop, i.e., consts_nt filter

permeance

• Materials characterization

I

1. Outlet Dust Load!nz

In advanced coal based power generation application, the purpose

of the hot gas filter is to remove sufficient particulate to meet

regulatory stack gas emission requirements and protect downstream

components (such as the gas turbine and he_t exchange components) from

particle erosion and deposition. Requirements for the latter depend on

m_nuf_cturing specification and overall process integration of this

equipment into the plant. It is generally accepted that both particle

loading and particle size distribution are important in the erosion and

deposition mechanism. Thus, criteria for turbine protection is likely

to include both loading and particle size distribution.

In the long term durability test program, outlet dust loading is

determined from simple isokinetic extractive grab samples that are

suitable for gravimetric analysis and subsequent particle size analysis

if desired. The particle size distribution is determined using coulter-

counter or x-ray sedimentation methods. It is noted, however, that
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under normal filter operating conditions, the quantity of dust collected

on the outlet sample is small (even with relatively long sampling times)

and not generally amenable to size distribution analysis. When

sufficient dust quantity is collected, it is generally indicative of a

dirty side breach or failure in the filter. In these cases, the outlet

size distribution is expected to be the same as the inlet. In the test

program, outlet sampling was conducted nearly continuously. This is

accomplished because the outlet sampling system is designed with an

isolation valve that permit removal and quick replacement of the

collected sample. Thus, a continuous outlet lo_ding history of the

testinE is obtained. This is extremely beneficial since the sampling

can also be used to pinpoint dust leaks indicative of filter or system

failures and correlate these events in time with various operating

events.

2. Collection Efficiency

Filter collection efficiency (1- outlet lo_ding/inlet loa_ing) x

100 is a parameter measuring the fraction of the inlet dust removed and

is of general value in comparing the relative performance of different

filter devices. It depends on knowledge of both inlet and outlet

loadinE. In the long term durability testing, the inlet lo_ding is not

sampled but calculated from the dust feed rate bued on the loss-in-

weight gravimetric dust feeder and material gas flow. Experience has

shown that inlet dust loLdings based on these measurements is as

reliable and accurate as extractive sampling techniques.

3. Baseline Pressure Drop

Equation 2-1 relates the gas pressure drop through the filter

media and ash cake to the filter and cake physical properties _nd

process parameters of the operating system.
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where

= gas viscosity

V = filter face velocity (actual gas volumetric flow/filter area)

C = dust concentration

0 = time

Pe = bulk density of the dust cake

K_ = filter permeance

Ks= cake perleance

Baseline pressure drop in this test program is defined as the gas pressure

drop through the filter immediately following the cleaning event and is

represented by the first term of Equation 2.1, i.e.,

P-_ (2-2)
APbl = Kf

The filter permeance, _, establishes the baseline pressure drop and may

be considered a property of the conditioned filter media. It is

generally accepted that in barrier filter devices, that some quantity of

ash will become trapped in the surface pore structure of the filter

media and become a permanent layer that contributes significautly to

filter permeance.

Low filter permeance leads to high baseline pressure drop with

corresponding parasitic loss in cycle energy efficiency. Also, high

baseline pressure drop can adversely impact the design and integrity of

the metal structures used to support the filter system. Increasing

filter surface area to reduce face velocity and therefore pressure drop

can adversely impact system economics.
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In the long term durability testing, baseline pressure drop is

directly measured by differential pressure measurements made across the

filter unit. This data is recorded and displayed on strip charts.

4. Stabilit 7 of Baseline Pressure Drop (Constant Filter Permeance )

Following an initial filter conditioning period, it is required

that the filter display IstableW baseline pressure drop characteristics

to maintain operability. Thus, effective cleaning of the filter (dust

cake removal) must occur. Effective cleaning depends on a variety of

physical and operating parameters such as ash cake properties, and the

design and operation of the pulse gas system. Detailed analytical

models have been developed to help guide the design and operation of the

filter cleaning system. The reverse cleaning pulse intensity generated

on the filter clean side represents one of the most significant

parameters in the cake removal process.

In the long term durability testing, periodic measurements were

made of pulse gas intensity. This was accomplished by placing a small

diameter pressure tube on the clean side of the filter plenum and

connecting the tube to a fast response differential pressure transducer.

The transducer output was recorded on a high-speed oscillographic
recorder.

Ash cake properties such as cohesivity, adhesivity and flow

resistance are also important in establishing pulse gas cleaning

requirements. These parameters may vary widely with ash type and as yet

have not been well defined or characterized for hot gas systems.

5. Material Characterisation

A wide range of analytical and microscopic methods are available

for examining and evaluating both dust and filter materials. The porous

ceramic material used in manufacturing barrier filters generally contain
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an amorphous (glass) phase and possibly clay binders that can react to

gas phase alkali and/or steam. Crystallization of the amorphous phase

can occur at process temperatures which may cause a mismatch in the

thermal/physical properties of the ceramic matrix. Subsequent thermal

cycling may result in microcracking and loss of material strength, or

perhaps failure. In the long term durability program various analytical

techniques were applied to evaluate material response of the filter

exposed to testing.

2.4 D_m_NcBS

1. Ciliberti, D. F., WHot Gas Cleanup Using Ceramic Cross Flow Hembrane
Filters, w Final Report, DOE Contract No. DE-AC21-79ET15491,
DOE/ET/15491-1585, December 19_.
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3. SUMMARYOF TEST RESULTS

This section describes the sequence of testing, events that

occurred during testing, and summarizes results from both the PFBC and

gasifier simulator testing. Section 4 provides an evaluation of these

test results, compares this simulator data to actual plant filter data

and, generally assesses cross flow filter development.

8.10YB]LYTR|

PFBC Simulator Testing

Approximately 3080 hours of cross flow filter testing was

accomplished in the PFBC simulator facility, but events precluded the

use of a single set of filter elements. In this testing, fifteen (15)

different cross flow filters were utilized in sets of either two (2) or

four (4) and exposed to steady state and/or thermal transient testing.

Six (6) of the fifteen (15) filters failed as a result of inadvertent

exposure to severe thermal transients.

Four (4) cross flow filters were exposed to programmed thermal

transients simulating repeated PFBC plant startup, turbine trip and

accelera%ed pulse cleaning. Two of these filters experienced partial

delamination cracks but no significant dust penetration was experienced.

Delaminations are hairline cracks that occur along the plate seams that

are formed during the current cross flow filter manufacturing process.

Flawed, or incomplete, bonding can occur along the seams during filter

manufacturing that provides active sites for initiating delamination.

Two (2) filters achieved over 1300 hours of testing but then

experienced cracks in their mounting flange. This resulted in
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measurable outlet dust exceeding New Source Performance Standards (NSPS)

and the testing of these elements was therefore terminated. A redesign

of the filter mounting system was made and implemented. In subsequent

testing, no further flange failures were experienced.

Three (3) filters experienced over 1000 hours of testing and a

fourth filter, that was initially utilized in the gasifier testing rig,

had an accumulated exposure of over 2500 hours.

In the early portions of the PFBC filter durability testing,

failure in the filter mount gasketing system was experienced. This

earlier gasket design utilized the 3M INTERAMR gasket media originally

developed for automobile catalytic support insulation. This material

performs well in short term tests but will vitrify under PFBC

temperature conditions and eventually erode. A modified gasket was

developed by Westinghouse that uses a contained ceramic fiber mat. This

gasket has performed without failure or leakage in all subsequent filter

testing.

In the PFBC simulator testing, filter performance in general was

excellent, with low outlet dust loadings (<1 ppm on average) and stable

and acceptable baseline pressure drop.

(]asifier Simulator Testing

Over 1900 hours of cross flow filter testing was accomplished in

the gasifier char, gas recirculating test loop utilizing a single set of

filter elements. No filter failures were experienced in this testing.

The filter used in this testing was from the same manufacturing

lot as the filters in the PFBC testing. Stable pressure drop

characteristics and excellent particle collection efficiencies were

achieved. Outlet particle loadings were in general less than I ppm on
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average. Testing utilized chars obtained from both the KRWfluid bed

and Texaco entrained bed gasifiers.

Mosttesting in this loop was conducted at relatively low

temperature <500*F (<280"C) in an attempt to reproduce entrained

gasifier gas density conditions. The low bulk density of gasifier

char/ash and relatively high fuel gas density (high gasifier pressure),

provides high potential for fines reentrainment due to drag effects.

The operating pressure of the Westinghouse gasifier simulator facility

was limited to less than 100 psia (6.9 bar). Therefore, to reproduce

the reentrainment potential of actual gasifiers, required operating in

the simulator at reduced gas temperatures.

3.2 PFBC SIMULATORFILTBR TBSTING

Table 3.1 shows a summary of test filters and cumulative

operating experience. A summary of test experience of each filter set

is given below.

Filters RTI-11 and W]_TI-1

These filters were separately tested in the existing, smaller

PFBC simulator rig to achieve initial filter conditioning and qualify

other filters from this same manufacturing lot for use in a DOE field

test program (DE-AC21-88MC24021). The intent was to then mount these

filters into the new long term durability test loop whose construction

was in the process of being completed. This initial testing showed

acceptable filter permeance and qualified the balance of the filters for

field test implementation.

PFBC simulator testing on these filters was conducted on a

2 shift, 24 hour/day basis. After 127 hours of testing on filter

WRTX-11, a facility operational problem caused combustor flame-out that
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Table 3.1 -- Summary of Cross Flow Filter Testing

in PFBC Simulator Facility

No. of Startup/

Cumulative No. of Pulse Shutdowns

Test,Filter Test Hrs C!eaninKCycles Sta_JbF Cold,

WRTX-11 127 123 15 6

WRTX-1 366 808 20 7

WRTX-9 1304 2068 43 6

WRTX-IO 1304 2068 43 6

WRTX-48 335 472 12 12

WRTX-53 335 472 12 12

WRTX-66 38 3 2 4

WRCX-70 38 3 2 4

WRTX-76 1096 390 48 20

WRTX-77 1096 390 48 20

WRTX-78 1096 390 48 20

WRTX-81 320 141 5 5

WRTX-80 191 31 0 2

WRTX-84 104 32 8 2

WRTX-21, 2400 747 35 (73) 11

* Approximately1900 hours accumulatedin gasifier rig testing

(see Table 3.6).
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went undetected. This allowed full compressor flow of cold air to

impinge on the hot filter subjecting it to severe thermal shock. Severe

cracking occurred across the filter plates, but the filter remained

intact on the mount with no evidence of delamination along plate seams.

Filter WRTX-1 was also conditioned in the existing and smaller

PFBC simulator rig. Testing on this filter was initially interrupted

after 278 hours when outlet loadings suggested some dust leakage.

Subsequent examination showed the filter to be intact but a corner of

the INTERAMa gasket had blown out. The gasket was replaced and testing

continued.

After approximately 366 hours of exposure, a similar (to

WRTX-11) thermal transient and subsequent filter cracking pattern was

experienced. Testing was terminated and a modification made to the

facility to incorporate an audible alarm to detect combustion flame-out

and alert the operator to take appropriate actions to initiate opening

of the filter bypass leg. Although combustor flame-out has occurred in

subsequent testing, appropriate actions were taken and there has been no

evidence of filter failures caused by inadvertent thermal transients in

this test rig.

At this time, Westinghouse also undertook the development of a

contained gasket seal that utilizes a silica-boria-alumina fiber mat and

Nextel fabric. This gasket design was implemented in subsequent

testing.

Figures 3.1 and 3.2 show the measured performance of cross flow

filter WRTX-1. Filter permeance and measured outlet dust concentration

are shown. Fitler permeance is defined and discussed in Section 4. The

data points given in Figure 3.1 represent the filter system pressure

drop (normallized for flow conditions) following each cleaning cycle.

Figure 3.2 gives the filter outlet dust loading measured at regular

intervals using isokinetic sampling techniques.
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Figure 3.2 - Cross Flow Filter Outlet Dust Lo_ting in
Long Term Durability Tests
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Steady state filter permeance ranged around 0.25 to 0.30, Figure

3.1, with the conditioned baseline pressure drop between about 7 to

10 in wg (2 to 2.5 kPa). In the early part of testing, filter permeance

decreased to 0.10 but subsequent inspection showed the pulse nozzle to

be misaligned. Figure 3.2 shows outlet dust loading measured over the

course of testing. In general, excellent performance is indicated.

Filter W_TI-9 and RTI-IO

Filters _TX-9 and -10 were installed in the new PFBC simulator

rig. Each filter was mounted on its own plenum and cleaned with

separate pulse nozzles. The Westinghouse upgraded, contained fiber mat

gasket was utilized with the standard, horizontal flange mount.

Approximately 1304 hours of operation were achieved with 2068 cleaning

cycles, 6 cold starts and 43 startups from hot (~800*F, 430"C) standby.

Table 3.2 provides additional operating history of this filter set. The

filter was operated at face velocities of 8 and 10 ft/min utilizing two

different PFBC a_h materials. The specific pressure drop characteristics

for this test run are provided by the computer developed traces given in

Appendix D. Typically, the b_seline pressure drop ranged around

12-14 inches wg at 5 ft/min (3 to 3.5 kPa at 3 cm/sec) and increased

correspondingly at the 10 ft/min (5 cm/sec) condition.

Filter permeance (expressed as a ratio of actual to initial)

for this testing is shown in Figure 3.3. Initial filter conditioning

was achieved within the first 50 to 100 cleaning cycles with stable

baseline operation achieved over the test period. Conditioned filter

permeance appeared to range around 20 to 25_, completely acceptable for

cross flow filters as evidenced by the low actual pressure drop

characteristics (see Appendix D). Excellent filter performance was also

achieved over the testing period as indicated by the outlet dust

sampling, Figure 3.4.

At the 1304 hour mark, a sharp peak (I00 ppm) in outlet dust

loading was evidenced suggesting some breach between dirty and clean gas
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Table 3.2 - Testing Summary - PFBC Simulator Filter Elements YRTX-9 and WItTX-IO

Operating Period, Hours

0-672 672-1188 1189-1258 1259-1304

Test Conditions:

Gas Temperature, °F 1500-1600 1550-1600 1550-1600 1550-1600C_
i

© System Pressure, psig 70 70 70 70

Inlet Loading, ppm 1000 1000 1000 1000

Ash Type PFBC PFBC PFBC PFBC

Exxon-Ground Exxon-Ground Crimethorpe Crimethorpe

d6j, p 6.1 6.1 5 5

Face Velocity, ft/min 6 I0 I0 6

Baseline AP, in. w.g. 8-13 15-19 16-20 12-14



PFBC Relative Permeability
FIRerl WRTX-9 & 10
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Figure 3.3 - Filter Permeance Trend in 1300 Hour PFBC Simulator Testing
(WRTX-9and WltTX-10)
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PFBC Cross Flow Filter Outlet Loading
Hirer= WRTX-9 & 10
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Figure 3.4 - Cross Flow Filter Outlet Dust Loadings Measured in
1300 Hour PFBC Simulator Testing (WRTX-9and WRTX-IO)
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side had occurred. Testing was terminated and the filter unit

inspected. A substantial crack along the flange of V_TX-IO had occurred

which accounted for dust penetration, Figure 3.5. Filter WRTX-9 also

exhibited a similar flange crack, but further inspection indicated there

was no significant leakage of dust. Based on this test run it was

concluded that the design of the filter mount was not optimum and led to

the cracking of the filter flanges under the applied thermal and

mechanical stresses. A comprehensive analysis of the failure and mount

deficiencies was undertaken, and a revised mount design developed. This

effort is described in detail in Appendix E. It is also noted that

similar flange failures were being experienced in the field test program

(DE-AC21-88MC24021). The revised mount design was implemented in

subsequent in-house long term durability and field tests. No further

flange failures were experienced in the PFBC simulator testing utilizing

the revised mount design.

Filters %ETI-48 and _]_TI-53

Following the testing of WRTX-9 and 10 described above, filters

WRTX-48 and 53 were installed utilizing the revised mount design.

Tables 3.1 and 3.3 summarize the initial 297 hours of operation of these

filters under steady state conditions. In this time period, both

filters experienced 469 cleaning cycles coupled with 8 cold facility

starts and 10 hot restarts. At the 6 ft/min (3 cm/sec) face velocity,

pressure drop was similar to the _TX-9 and WRTX-IO testing. Outlet

dust loadings were again low, averaging below 2 ppm.

Following this initial 297 hours, testing was halted and the

filters were visually inspected and found to be in excellent condition.

It was also decided at this point to implement thermal transient testing

that would simulate PFBC startup and plant turbine trip conditions.

Accelerated pulse cleaning transients were included. This work was in

conjunction with Proof-of-Concept testing that was part of the DOE/AEP

(American Electric Power) hot gas filter program (DE-FC21-89MC26042).
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I

Figure 3.5 - Photograph Showing Flange Failure Experience in Cross Flow Filter WRTX-IO



Table 3.3 -- Summary of Steady State PFBC Simulator Testing,

Cross Flow Filter WRTX-48 and WRTX-53

• ii i

Operating Period, Hours
- i i ,

0- 297

Test Conditions:

Gas Temperature, "F 1500 - 1600

System Pressure, psig 70

Inlet Loading, ppm 1000

Ash Type PFBC

Grlmethorpe

dse, _ 5

Face Velocity, ft/min 6

Baseline AP, in. wg. 2.5 - 10
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For this purpose, two additional cross flow _ilters were added, _ilter

WI{TX-66 and WI{TX-70.

Filter WRTX-48, W_TI-63, 11_TI-66 and WRTI-70
(Thermal Transient Testing)

For this testing the _ilter system configuration was modified by

placing two _ilters each on two separate plenum pipes. One pulse nozzle

cleaned two filters, Figure 3.6. Initial transient testing was to

simulate PFBC turbine trip conditions.

The simulated turbine trip transient, shown in Figure 3.7,

produces a cooling of the gas pMsing through the filters. The

transient is produced by 'shutting-off fuel flow an quickly increasing

air flow and decreLsing system pressure. The imposed thermal transient

simulates the steepest gradient predicted to occur in an actual PFBC

turbine trip scenario. In pursuit of simulating the turbine trip

thermal transient, a significantly more severe transient (estimated to

be about twice the thermal gradient) resulted Lud all four filters

experienced p_rtial or full delamination cracking. Testing was halted,

and a more complete analysis undertaken to understand the projected
thermal transients and how to better control them in the simulation

testing.

Filter UITI-76, WRTX-77, WRTX-78 and WRTI-81 (and WRTI-80 and
WRTI-84) (Thermal Transient Testing)

Four new filters were installed, and thermal transient testing

restarted. However, facility conditions were modified to better

simulate actual PFBC transients (shown in Figure 3.7) and avoid the

severe transients incurred in earlier testing. Table 3.4 provides a

summary of the nominal test conditions corresponding to steady state

conditions. Pressure drop and g_s temperature during the transient

testing are given in Appendix F. A total of 615 hours of testing was

accumulated in this test period.
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Figure 3.6 - Photograph showing two cross flow filter elements
arranged on a single plenum pipe and cleaned with a
single pulse nozzle. A second plenum pipe (not visible)
is also present with two additional filter elements.
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W-STC HTHP Simulation Testing
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Figure 3.7 - Rapid Cooling Transient Testing PFBC Turbine Trip
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Table 3.4 -- Summary of PFBC Simulator Testing Conditions (Nominal)
Cross Flow Filter Elements WRTX-?6, 77, 78 and (81, 80
and 84) (Including 10 Turbine Trip Transients, 90 Startup
Transients, and 1000 Pulses)

i i

Operating Period, Hours
t ill ii, ill t ii

0 - 615 (320, 101, and 104)
i

Test Conditions:

Gas Temperature, *F 1500 - 1600

System Pressure, psig 75

Inlet Loading, ppm 1000

Ash Type PFBC

Crimethorpe

du, # 5

Face Velocity, ft/min 4

Baseline AP, in. wg. 1 - 10
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The first 300 hours were conducted at steady state to condition

the filters and establish baseline performance. Following the steady

operation, ten (10) turbine trip transients were conducted followed by a

brief period of steady state operation. During this period (at about

320 hours) a small, but discernible, dust leak (about 10 ppm) was

observed from outlet dust sampling. Inspection showed that filter WRTX-

81 had experienced a small delamination, this filter was replaced with

WRTX-80, and testing continued.

Again, about 70 hours (390 hours cumulative) of steady state

testing was completed prior to initiating the second set of thermal

transient tests. These tests simulated PFBC plant startup. Ninety (90)

startup thermal cycles were conducted in groups of ten (10) followed by

a period of dust feeding and outlet sampling. The outlet sampling was

used as a means of detecting if any failure in the filters occurred

during the particular thermal cycle sequence. The startup thermal

transient testing covered about 124 hours (524 hours cumulative).

Following the last thermal transient tests a brief steady state

test period was conducted. A small dust leak (~14 ppm) was again

observed and the testing stopped and filter system inspected. Filter

WRTX-80 (which had replaced WRTX-81) showed a delamination and was

replaced with WRTX-84.

Thermal transient testing was continued. Accelerated pulse

cleaning cycles were conducted under HTHP conditions. One thousand

(1000) cycles were completed over a 50 hour period (574 cumulative

hours) followed by a short 41 hour steady state test period (@15

cumulative hours). Outlet dust loadings were very low suggesting no
failed filters.

Testing was halted, however, and the system inspected. All

filters appeared in excellent condition. Filter WRTX-84 was replaced

with WRTX-21, taken from the gasitier char, recirculating test loop
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(where it had achieved over 1900 hours of exposure). Testing in the

gasifier char loop had been completed.

Filter RTX-76, RTX-77, RTX-78, WILTX-21 (Steady State)

Following thermal transient testing and filter system inspection

as described above, the system was reassembled and filter'testing

continued. Table 3.5 summarizes the normal operating conditions _or

this test period. A total of 480 additional test hours were achieved

operating with a single shigt, 12 hour per day schedule. Filter system

pressure drop characteristics for this period are given in Appendix G.

Typically, the baseline pressure drop ranged around 4 to 5 inch o_ wg

indicative of the low face velocities. Maintaining the 4-element test

configuration was chosen over higher face velocity (_ewer filters) since

all 4 filter elements had significant test history. Filter permeability

and outlet dust concentration for this final test segment is shown in

Figures 3.8 and 3.9, respectively.

Prior to system shutdown, it was decided to pulse clean only the

filters on plenum pipe number 1. This would provide a visible contrast

between a "dirty u and "pulse cleaned I cross flow filter after long term

exposure to dust, Figures 3.10 and 3.11, respectively. These

photographs suggest that during filtration bridging across channels will

occur with considerable dust buildup over the filter face. Closure of

some channels occurred. The cleaned filter shows substantial removal of

the ash and appearance of opened channels. Following disassembly, the

filters were inspected and found in excellent conditions.

8.3 @ASIFI_R CEtR, nCIRCULATIN@ GAS TBSTIN@

In this testing, two (2) cross flow filters (WRTX-20 and

WRTX-21) were exposed to 1919 hours of testing that used two different

types of reentrained gasifier char in a hot, pressurized inert gas flow.

Over the test period, Table 3.1, the filters were pulse cleaned 561
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Table 3.5 -- Summary of PFBC Simulator Test Conditions,

Cross Flow Filter Elements WRTX-76, 77, 78 and 21

iiiiii i ii i i r

Operating Period, Hours
i i i iillllll lllll i ii ii

616- lOg6 (1919- 2400)
i i illi ii lll,il ___ i

Test Conditions:

Gas Temperature, "F 1500 - 1600

System Pressure, psig SO - 100

Inlet Lo_ding, ppm I000

Ash Type PFBC

Grimethorpe

dss, # 5

Face Velocity, ft/min 2.5 - 2.9

Baseline AP, in. wg. 4- 6
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PFBC Cross Flow Relative Permeability
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Figure 3.8 - Filter Permeance Trend During Final Steady State
Test Segment, WRTX-78, _TX-77, WRTX-78 and WRTX-21
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PFBC Cross Flow Filter Outlet LoGding
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Figure 3.9 - Filter Permeance Trend During Final Steady State
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Figure 3.10 - Photograph Showing Condition of Cross Flow Filter
Prior to Pulse Cleaning

3-24

RM-30599



Figure 3.11 - PhotographShowing Cross Flow Filter After Pulse Cleaning
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Cross Flow Filter Outlet Loading
Rlters WRTX-20 & 21 - Test R1
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Figure 3.12 - Measured Outlet Dust Loadings During Cross Flow Filter
Gasi_ier Simulator Testing - Filters _TX-20 and WRTX-21
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times, and experienced 73 startup/shutdown cycles. Testing was

conducted over range of operating conditions (see Table 3.6). Filter

face velocity was maintained at relatively low values corresponding to

gasifier field test programs. Throughout the test program, filter

performance was excellent with outlet dust loading averaging below

1 ppm. Figure 3.12 shows the measured outlet dust loading as recorded

from isokinetic grab samples taken over the test period. In general,

baseline filter pressure drop was low, ranging from 2 to 5 in wg,

varying with face velocity and depending on operating temperature.

Pressure drop traces from selected portions of the test program are

given in Appendix H. Stable filter permeance appeared to be achieved

after about 150 clea_ing cycles, Figure 3.13.

Following test segment 8, the filter system was disassembled and

inspected. Figure 3.14 shows a photograph of one pulse cleaned filter

as it appeared on disassembly. Both filters were found to be in

excellent condition. Pilter WRTX-21 was placed into the PFBC simulator

rig and was exposed to an additional 600 hours of testing under

combustion conditions at 1550"F (nominal).
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Table 3.6 - Summary of Cross Flow Filter Test Condition Exposed to Casifier Char

(RTX-20 and nTX-21)

Operating Period, Hours
i

Test Conditions: (1) (2) 459 - 766 (4) (5) (6)

0 - 458 and (3) 903 - 1311 767 - 902 1312 - 1493 1494 - 1919

"F 850 1200 334 334 334 334Cas Temperature,

System Pressure, psig 70 132 132 132 70[

oo Inlet Loading, ppm I000 1500 1500 1500 1500

Ash Type, Casifier Char Texaco Texaco KRW Texaco Texaco

dsj , # 5.4 5.3 4 5.3 5.3

Face Velocity, ft/min 3 1.9 1.9 3.3 4.5

Baseline AP, in w.g. 1 - 2 1.1 1.1 2-3 3-4



RECIRC Relative Permeability
Rltem wKrx-20 & 21 - Test R1
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Figure 3.13 - Measured Cross Flow Filter Permeance in Simulated
Gasifier Testing- WRTX-20 and WRTX-21
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Figure 3.14 - Photograph Showing General Appearance of Pulse Cleaned
Cross Flow Filter A_ter About 1900 Hours of Testing
with Gasifier Char
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4. DISCUSSION OF RESULTS

The purpose of this section is to report the evaluation of the

cross flow filter long term durability simulator testing data, compare

this filter data to actual plant filter data, and assess results on

cross flow filter development.

4.1 COMPARISONOF PFBC SINILATOR AND PLANT FILTBR TBSTING

Table 4.1 compares the pertinent operating parameters of PFBC

(nominal) with the PFBC simulator facility used in this test program.

AlthouEh the WestinEhouse simulator facility is methane fired, the major

Eas phase constituents (COs, HsO) are reasonably similar. OperatinE at

the same system temperature and pressure in the simulator facility (with

reentrained PFBC ash) reproduces the relevant filtration properties of

Eas to particle density ratio and gas viscosity.

Equation 4.1 shows that if the filter unit in the simulator

facility is operated at the same face velocity, ¥, and solids loading,

C, the filter pressure drop characteristics should be reproduced if

filter and cake permeance, K_, Kc are reproduced.

_-Y _CV28 (4-i)
Ap = Kf + PcKc

where

= gas viscosity
V = filter face velocity
C = dust (ash) concentration
0 = time

Pa = bulk density of the dust cake

K_ = filler permeance

Ke = cake permeance
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Table 4.1 - CompLrison of PFBC and Simulstor Operating Conditions

liiH_ I I I IIJ__ __ I Imll I lille[ IIJ -- I _ I III III II]lill

Actual PFBa Simulator
Pressure, psia 164 80-164
Temperature, *F 15S0 1550

Ga_ Composition (Mole _)

]_0_ 13.5 1710.4 14

S{]2 233 ppm -

!_ka,.1. 3.7' 6
72.3 73

i <2 ppm (1)
Molecular Wt. 29.3 -29

Gas/Solid Properties
Gas Viscosity (lbm/ft-sec) _ 3.1 x 10 -5 3.1 x 10-5
Solids Bulk Density (lb/ft ") 40-60 40-60
Solids/Gas Density Ratio 250 250
_ss Mean Particle Sise "2 _ (2)

(1) Alkali condensed on ash particles may be released during
reentrainment.

(2) Agglomerated fines may not be redispersed during reentrainment.
,,,,,,___ i i _ iii ii ill i i i,,i
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Filter permeance, K_, establishes the filter baseline pressure drop

after cleaning. Fine particulate entrained in the gas may reach the

filter surface and become trapped in the pore structure of the filter

resulting in a decrease in K_ with time.

Figure 4.1 compares the relative permeance (_/Kc) of both
candle and cross flow barrier filters in PFBC simulator data with actual

PFBC tested filters. By comparing the relative permeance of the filters

over time (or number of cleaning cycles), the effect of initial filter

permeability is normalized. Figure 4.1 shows that barrier filters

operated in the PFBC simulator facility show permeance trends similar to

actual PFBC tested filters. Thus, on this basis, the baseline pressure

drop characteristics experienced in long term durability simulator

testing of the cross flow filter should be representative of actual

plant data.

Reproducing the particle size distribution using redispersed ash

is highly problematic in simulator facilities. It is generally accepted

that the fraction of very fine reentrained ash will not be dispersed in

simulator facilities. This is qualitatively substantiated by comparing

the cascade impactor sampling conducted during the PFBC plant tests at

the New York University facility during cross flow filter testing(l)

with coulter counter data of the PFBC ash feed used in the simulator

testing, Table 4.2. Assuming the coulter counter data represents what

can be achieved in dispersing ash in the simulator facility, this data

suggests particles smaller than 15 are not present as discreet fines in

simul:_tortesting. Some loss in the 2_ particle range may also occur.

Scanning electron micrographs (SEM) taken from filter samples

operated in the PFBC simulator facilities, given in Appendix I, show

particle morphology characteristics and provide evidence of particle

penetration into the pore structure at the surface of the cross flow

filter. Particle fines are found only in the first few p_re layers of

the filter. Penetration of fines into the interior of
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Table 4.2 - Comparison of Coulter Counter and Cascade Impactor
Data From Simulator and Plant Tests

Coulter Counter Cascade Impactor
Fraction Less Data - PFBC Data (1)

Than ..... Ash Samples at Filter inlet

i _ 0 2_

2 p 7 to 12_ 7 to 20%
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the filter matrix is negligible. Typically fines that are retained

within the filter matrix are seen principally to adhere to the amorphous

(glus) phase. Simil_r particle behavior hu been experienced in field

tested cross flow filters.

The cross flow filter is characterized by an average pore

structure that may range from 40 to 60 microns. Thus, in the simulator

testing the _ine particle fraction (<2_) that are not redispersed are

likely carried to the filter surface and into the surface pore structure

on the surface of the larger 10 to 20 _ particles. This behavior is

thought to reproduce the nsurface blinding n that accounts for the very

similar behavior in filter permeance experienced in actual plant and

simulator testing. The presence of fines, as seen in the SF_'s, do not

present any substantial pore blockage, even in the filters exposed for

1300 hours of operation.

Ash cake permeance, Ka, establishes filter cake pressure drop

properties and may be important in establishing requirements for filter

cleaning. Factors that are thought to effect cake permeance include

particle size distribution, porosity, compressibility, presence of

alkali and particle chemistry. These parameters obviously depend on

coal type, sorbent and actual process conditions. Differentiating

Equation 4.1 with respect to time, 0, and solving for Ka gives the

following expression that is dependent on known or experimentally

measured parameters,

Kc = pc(Ap/A8 ) (4-2)

where Ap/AO is the slope of the pressure drop (saw-tooth) curve

generated during filter testing. Table 4.3 compares values of Ke

determined from various filter testing, including the long term

durability program. The data include simulation testing using

reentrained ash from PFBC and data from pilot scale PFBC operations.

These results appear to show a correlation with particle size, i.e.,
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Table 4.3 - Comparison of Ash Cake Permeability for
Different Ashes and Test Conditions

Average
Particle Diameter Cake Permeability

Test System Dust Type _ ft z (10 -lz)

W HTHP long term durability * Reentrained PFBC ash 6.5 ]_ 2.1 to 4.0
-rig - cross flow filter 2nd stage catch-ground

• Crimethorpe filter catch 5.0 _ .7 to 1.9

W HTHP facility, candles • Reentrained PFBC ash 5.5 p 4.8 to 10.7
-(Ref. 1) 2nd stage catch-ground

W HTHP Xacility candles * Reentrained PFBC Ash 25 p 43
-(REX. 1) 2nd stage catch

I

_TC Ata * Coal combustor, 6.8 1.5
fluid bed - with cyclone 11.4 6.7
candle (REX. 2) 8.2 1.2

4.2 0.33

New York University * Coal combustor, with 3.5 to 5 p 1.6
PFBC cross _low pr_ary cyclone



increased permeability with larger mass mean size. The actual plant

data also compares well with the Ka values indicative of the reentrained

(simulator) ash cases. The favorable comparison between the Kc values

measured in actual and simulator testing may again be the result of the

non-dispersed fines fraction remaining as agglomerates to larger

particles, but depositing on the filter surface in a manner that is

representative of the original cake structure.

The relationship of filter cleanability to cake permeance (flow

resistance) has also been demonstrated in simulator testing. Table 4.4

compares qualitative results of cleaning tests using different PFBC ash

materials. These ashe_ were obtained from different operating

facilities that utilized different coal and _orbent types. With

increasing cake flow resistance (decreasing permeance) cleaning pulse

intensity had to be increased to achieve filter cleaning.

The effect of cake permeance on cleaning can also be

demonstrated by comparing filter pressure drop traces taken from the

long term durability test program where different PFBC ashes were used,

Figures 4.2 and 4.3. F _ _.2 shows a tes_ sequence using a "high"

permeance ash (ash sam_ /here very repeatable and stable filter

pressure drop characteris_Gs are experienced (good cleaning). Changing

to the "low" permeance ash (ash sample 4) and initiating filter cleaning

operation at the same pulse conditions gave dramatically unstable

pressure conditions, Figure 4.3. The poor cleaning with the number 4

PFBC ash sample was also experienced at the Grimethorpe PFBC hot gas

filter test facility.

4.9. COMPARISONBBT_BN SIMULAT01 AND GASIFICATION PLANT BXPBRIBNCB

Figure 4.4 shows a comparison of the gssifier simulator filter

testing with plant experience. The cross flow filter relative permeance

(_/K_o _ is shown as a function of filter cleaning cycles. The
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Table 4.4 - Comparison of PFBC Ash Properties and Filter Cleaning

Mass Mean

Cake Bulk Flow Particle Cleaning Pulse
PFBC Density, Resistance Size, Intensity Required

Ash Sample gm/cc (Relative) (_m) (Relative)

i O. 4 I 7.8 Lowest

2 O. 6 I. 8 5.3 Medium

3 O.3 2.7 3.5 High

4 O.2 6.8 4.0 Highest

,Cake Sample
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simulator data is compared with cross flow and candle filter data from

previous gasifier pilot plant test programs. Plant data is shown for

the KRWfluid bed gasification PDU that utilized the silicon carbide

candle filters (z) and for the Texaco entrained gasifier pilot plant that

has now utilized both cross flow and candies. (8)

As with the PFBC filter data, filter permeance decreases with

operation. However, in the gasification case, the simulator and plant

data show similar trends but do not correspond as well as the PFBC data.

Significant differences in filter permeance is also evident between the

two different gasifier types. This difference is likely indicative of

the significant difference in the two gasification processes and

resulting generation of ash and char.

The KRWchar is generated in a sulfur sorbent containing fluid

bed that operates at relatively low temperatures (1600"F, 870°C). Thus

the fuel gas contains both char, ash and attrited sorbent particles.

The entrained gasification pilot plant process occurs at over

2500°F (1370*C), generally above the ash softening point. Sulfur

sorbents were not utilized upstream of the filter. Thus, in this case,

the fuel gas contains primarily char and ash particles, see Appendix I.

Particle morphology, size distribution and fraction of fines present in

the fuel gas are therefore significantly different in the two cases.

These differences may substantially influence the filter surface

conditions.

Additional factors in gasification systems may influence filter

operating conditions. Both the fluid bed and entrained gasifier ashes

are very noncohesive, contain a bimodal size distribution with a

substantial weight fraction of particulate in the less than 2.3 _m range

and exhibit very low cake bulk density. (s) These ash cake characteristics

suggest high reentrainment potential in the pilot plant testing.

Possible reentrainment effects in the gasifier simulator testing was
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investigated. Test Series 1 (Table 3.8) was operated at relatively high

temperature and low pressure corresponding to relatively low gas

density. Typical filter pressure drop characteristics from this test

segment are shown in Figure 4.5.

In Test Series 2 (and subsequent gasifier simulator testing) it

was decided to operate at low temperature and higher system pressure to

increase gas density (comparable to entrained gasification), and

therefore, provide a better simulation of potential particle

reentrainment effects. In addition, operating conditions (inlet

loading, face velocity and trigger Ap) in Test Series 2 were adjusted

(see Table 3.6). The intent of changing the operating conditions was to

approximate the cleaning frequency experienced in Test Series 1,

assuming no significant char reentrainment effects, i.e.,

Cleaning frequency (2) = Cleaning frequency (1) if:

APl C2 V2 12Ap -r1
Substituting actual test conditions, Table 3.6, would predict that the

Test Series 2 cleaning should be approximately:

6 1000 f3] 2
82 = I--2x 1-5d0 x _-._j x 7 = 6.3 hours

Figure 4.6 shows a segmentof the pressure drop trace for the Test

Series 2 sequence. As apparent,cleaning frequencyranged around 1 hour

or approximately6 times more frequent than would be anticipatedbased

on the Series I testing. This comparisonstronglysuggests potential

reentrainmenteffects have been promotedin the simulatorfacilityby

increasinggas density.
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Filter Performance Data
Filters WRTX-20 & 21, September 25, 1990
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Figure 4.6 - Cross Flow Filter Pressure Drop Characteristicsfrom
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Comparison of this simulator testing with field data suggests

that the filter operating characteristics in the actual gasifier

environment are significantly underestimated from the simulator

testing. (s) Reentrainment effects in the simulator testing may be

mitigated because the fine fraction may not be effectively redispersed,

but remain attached to the larger particle fraction. PFBC ashes appear

to be very cohesive with low reentrainment potential.

A second major difference between gasifier and PFBC ash

characteristics is filter cake permeability (or flow resistance). Data

taken from plant tests suggest that the gasifier char may be 4 to 7

times more resistive than PFBC ash that exhibit similar mass mean

particle diameter. Similar data has also been reported by others. (4)

Simulator cake permeance data, Table 4.5 , also show higher _low

resistances (lower cake permeability) for the gasifier char over PFBC

cakes exhibiting similar mass mean particle size.

The above data and analysis suggest that the operating and

performance characteristics of barrier filter devices for PFBC

application can be reasonably predicted based on simulator testing.

Gasifier simulator testing showed similar trends experienced in plant

testing but did not effectively reproduce the reentrainment conditions

that are thought to be significant in pilot plant facilities. Gasifier

gas composition was not reproduced in the simulator facility which may

also be a contributing factor. Both the PFBC and gasifier simulator

facilities utilize full scale filter components and operate at

temperature and pressure conditions that expose the filter to thermal,

hydrothermal and mechanical stressing of actual plant conditions. Thus,

the major materials durability factors are reproduced. Cross flow

filters examined after simulator and plant testing have also shown very

similar changes in materials morphology. These and other aspects of the

cross flow filter long term durability testing are discussed below.
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Table 4.5 - Comparison of Filter Cake Permeance in
Gasifier and PFBC Simulator Testing

Average Particle Cake Permeability
, ,,Test SYst, em D,_ Tyre _ Diameter _ __ _t s (! 0-1_)

• Long Term Durability PFBC - Exxon 6.5 _ 2.1 to 4.0
PFBC Simulator, Ash
Cross Flow Filter

• Long Term Durability Char from 5.3 _ 0.9 - 1.2
Gasification Simulator, Entrained
Cross Flow Filter Gasifier
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4.8 CROSS FLOWFILTBit PBB.FOitMANCBPOTBNTIAL

Table 4.8 shows a summary of cross flow filter performance from

both PFBC and gasification simulator testing. Only the longest two

segments of PFBC testing are included. The data show the range of filter

face velocities and baseline pressure drop over which the filter test

units were operated. As described in Section 3, nearly continuous

isokinetic particle sampling was conducted on the outlet side of the

filters in both the gasification and PFBC simulator testing. As given in

Table 4.8, these data when averaged over the respective test periods show

the average outlet particle loading to be less than 1 ppm, demonstrating

the high performance potential of the cross flow filter. These results

are also pictorially illustrated in Figure 4.7 which compares a

photograph of one outlet sample (right) with a sample representing the

filter inlet concentration (1000 ppm).

The high performance potential of the cross flow filter is

significant because of the stringent requirement for gas cleanup in

advanced fossil power generation cycles. In these applications, hot gas

filter particle removal requirements include meeting emission limits (New

Source Performance Standards, NSPS) and protecting the gas turbine from

particle erosion and deposition. Figure 4.8 illustrates these

requirements for PFBC and compares cross flow filter performance data

from recent pilot plant and the current PFBC simulator testing. (x) The

cross flow filter pilot plant data includes cascade impactor sampling

that provides estimates of the outlet particle size distribution. The

simulator data is total outlet mass and therefore is represented as a

single data point.

NSPS, shown as a horizontal solid line in Figure 4.8, when

expressed as a mass loading depends on coal type and PFBC cycle

efficiency but in general will range between 20 to 30 ppm. Both the

pilot plant and simulator data show outlet meuurements that fall well

below NSPS emission requirements. It should also be noted that even
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Table 4.6 - Summary of Cross Flow Filter PerformLnce in
Long Term Durability Simulator Testing

PFBC Ash Test Loop Gasifier Char Test Loop
Test Module Test MOdUle ' Test J/odUle ....

#1 #2 #1i . i ii ,lullnl ....

No. of Filters 2 4 2

Operating Conditions

Temperature, "F 1550 1550 350-1200

Pressure, psia 85 85 85

Inlet Dust Loading, ppm 1000 1000 1000-1500

Face Velocity,ft/min 6 to I0 3 to 5 2-5

Cumulative Hrs. 1300 1100 2000

24OO

Performance

Avg. Outlet Loading, ppm <1 <1 /.1

Baseline Ap, in wg 8-20 4-10 1-4

Comments Flange New No Failures

Failure gount
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Figure 4.7 - Photograph Comparing Outlet Loading Sample Taken from PFBC Simulator
,_ Testing with I000 ppm Inlet Loading



Cumulative Loading > Size, ppm
i|ll

- I I ' ' I l , ' ' __--I,

eO PFBC Pilot Plant Data
,o

PFBC Simulation Data,m,,,

100 __-- - (1300 hrs operation)
NSPS

,, ,, o IGCC Simulation Data
- - (2400 Hrs Operation)

10
Range Representing
Turbine Tolerance Goals

0.1
1 10 100

Particle Size, p.m

3T087 1 VS8429

Figure 4.8 - Comparison of Cross Flow Filter Performance
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larger performance marglas exist with the gasifier systems since the

fuel gas following hot gas filtration is subsequently diluted with

combustion air. Thus, results from the long term durability testing

confirm shorter term pilot plant test results and show the cross flow

filter when operating over extended test periods can meet and

significantly improve upon NSPS requirements.

Gas turbine tolerance to particulates, as nominally represented

by the shaded region in Figure 4.8, will depend on the specifics of the

turbine design. Turbine tolerance depends on both total loading and

size distribution. Although actual size distributions were not measured

in the simulator testing, the <1 ppm average total loading would clearly

suggest a performance level consistent with the most stringent turbine

tolerance requirement.

4.4 CROSS FLOWFILTER DURABILITY

As suggested above, the cross flow filter is basically an

absolute filter when component integrity is maintained, i.e., no failed

filter elements or gaskets. In the PFBC simulator testing, and in

ongoing pilot plant gasification filter testing, (s)both filter element

and gasket failures have occurred. In these instances, depending on the

type of failure, the performance of the cross flow filter can be

substantially compromised.

Filter Gasket, Durability

In high temperature applications, some type of a ceramic dust

seal (gasket) must be used between the filter element and its mount. In

general, these seals have typically utilized some type of unconstrained

ceramic fiber blanket or mat gasket. Failure of these seals can result

in substantial compromise in the filter system performance, even though

no damage has occurred with the filter element. Gasket failures result

in a one (I) to two (2) order of magnitude increase in the outlet
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particle loading, i.e., 10 to I00 ppm. As discussed in Section 3,

gasket failures were encountered when utilizing the unconstrained fiber

blanket and mat type gasket. A modified gasket design described in

Appendix E was developed that utilizes a reenforced ceramic fiber mat.

This design has substantially eliminated gasket failure.

Filter Element Durability

Cross flow filter element failures under service conditions can

be characterized as debonding, as delaminations (hairline cracks that

follow plate seams), by cracks that propagate across the plate seams or

as cracks that occur along the mounting flange. Although no filter

failures of any type were experienced in the gasifier simulator testing,

parallel testing in an actual entrained gasifier system did show filter

flange cracking (prior to mount redesign), delamination, and cracking

across filter plate seams. However, significant plant transients and

upsets have been experienced in the gasifier plant tests, as opposed to

the very controlled and nearly steady state conditions of the gasifier

simulator testing. The PFBC simulator testing included both steady

state and thermal transient testing. Under these conditions filter

element failures were experienced.

Although debonding, delsmination and filter plate cracking have

all been identified in earl_er filter development program testing, the

occurrence of the filter flange cracks represent a relatively new and

potentially serious deficiency in the filter system design. Cracking of

the flange had occurred in earlier versions of the cross flow filter,

but was apparently corrected by increasing flange thickness. In the

current long term durability test program, however, the deficiency of

the filter mounting system was identified. This aspect of the program

is described and evaluated in detail in Appendix E. A modified mount

design, illustrated in Figure 4.9, was developed and implemented into
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the subsequent simulator testing as well as the ongoing entrained

gasifier pilot plant filter testing. The salient features of the design

include :

1. The Nextel reinforced gaskets are used on the upper and lower

surfaces of the ceramic flange. Note that the upper gasket after

compression now provides a compliant layer to smooth out the

seating forces imposed by the flange loading plate and also

ensures a resilient shock-absorbing layer to cushion the

vibrational forces generated during pulse cleaning.

2. The single clamp plate is now substituted by a flange loading

plate and a separate loading bar with a swivel action. This type

of clamping arrangement ensures that, regardless of the ceramic

flange geometric variations, the loading plate will remain

parallel and horizontal whereas the loading bar can rotate as

necessary without actually interfering with the edge of the

ceramic flange.

3. A metal post is attached to the outside of the existing fixture

such that the loading bar is simply supported on either side of

the bolting axis. Thus the bolting forces are directly

transferred into an equivalent seating forc_ on the filter,

without the use of shims.

4. The eight 316 stainless steel bolts are substituted by fourteen

bolts made of creep resistant Incoloy 800 alloy. During the

assembly procedure a weight is placed on the element to

precompress the bottom gasket. The clamping device is now

mounted and the 14 bolts are sequentially torqued up to 10 in-

lbs. After removal of the weight, the two gaskets will be loaded

in series to approximately 2700 ibs of seating force.
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5. The filter seating area is elevated by the use of a spacer such

that no dust can accumulate between the flange and the metal

fixture. Notwithstanding the rugged gasket seating properties of

the modified design, this feature ensures that no residual

transverse stresses can act on the flange during shutdown

conditions.

Although testing has been limited, with the implementation of this

modified mount design in both simulator and pilot plant facilities, no

further failures in the filter flange have been experienced.

In the PFBC simulator testing that included plant thermal

transient testing as outlined in Section 3 and detailed in Appendix J,

debonding, delamination and filter plate cracking were experienced.

Photographs showing the different failure modes are provided in

Appendix J. Nine different cross flow filter elements in groups of four

were subjected to thermal transients testing. The first filter grouping

of four elements all failed during a very severe thermal transient that

occurred initially when trying to produce a much less severe, but PFBC

indicative turbine trip transient. These filters were replaced.

Although not considered as representative of controlled PFBC transient

conditions, the data and discussion of these four filters axe included in

Appendix J for completeness. These filters failed by debonding (WRTX-53)

partial dela_ination (WRTX-53, 48, 70) and horizontal plate cracking

(WRTX-66). It is interesting to note that even with these different type

"failures," there was substantial evidence that very little dust actually

penetrated to the clean gas side of filters. Longer operation in the

failed mode, however, may have produced a substantial compromise in

filter performance; this testing was not conducted. It is also

noteworthy that in the failed mode, no section or piece of the filter

actually dropped off the mount, i.e., each filter appeared to be intact

until it was physically removed from its mount (the photographs given in

Appendix J are after mount disassembly).
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Following the initial severe thermal transient testing, better

control of the PFBC simulator facility was achieved. Five different

filters were then tested under PFBC transient conditions. Three of these

filters survived with no visible damage. Two of the filters suffered

in-service failure; one filter showed a debonding while the second a

partial delamination crack. Debonding failures (complete separation at a

plate seam) is viewed as a manufacturing deficiency that as yet cannot be

detected by current nondestructive inspection techniques. Again,

evidence s_EEests that only a very small amount of dust penetration

occurs as a result of a simple delamination crack. In general, cross

flow filter performance appears significantly more tolerant to in-service

cracking of the ceramic elements than candle or tube geometries.

However, efforts continue to develop the cross flow filter manufacturing

process to improve bulk material properties and uniformity.

Cross Flow Filt_erMaterials Characterization

Cross flow filter material stability is being investigated in a

companion DOE program (DE-AC21-88MC25034). This work has demonstrated

the relative inertness of alumina/mullite in both high temperature

oxidizing and reducing gas conditions representative of PFBC and gasifier

systems, respectively. At high temperature (1300-1600°F, 700-870°C)

alumina/mullite undergoes conversion of its amorphous or glass containing

phase(s) to a crystalline anorthite structure which appear to impart high

temperature strength to the filter matrix. Conversion or crystallization

is enhanced by the presence of steam and gas phase sodium. Continued

conversion of the anorthite to the long-term production of tridymite

appears to level material strength gain. Testing in this program has

also shown exposure of the alumina/mullite material to simulated pulse

cleaning thermal transients reduces material bulk strength. Thus,

initially, competing effects appear to occur; an increase in strength due

to anorthite formation and formation of microcracks due to pulse cleaning

thermal transient effects that decrease strength. Quantitative XRD
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analysis of the cross flow filter tested for 1300 hours in the long term

durability program under simulated PFBC conditions has confirmed the

conversion of the amorphous to anorthite, paralleling actual plant

experience and the bench scale testing reported in the DE-AC21-88MC25034

contract work. (s)

Detailed material property characterizations have been conducted

on the cross flow filters exposed to 1300 hours of PFBC simulator

testing. These data include room temperature bulk material strength data

and Weibull statistics determined from 4-point bend bar data and material

property data (4-point bend) under process temperature conditions,

Appendix K and Appendix L.

In summary, findings from these material strength studies suggest

the following:

• The initial (unused filter) hot strength is lower than initial

cold strength. Apparently, the higher amorphous content of

the unused filter is reflected as a higher cold strength bulk

pro _rty.

• Although room temperature material strength decreases with

operating time, actual hot strength increases (because of the

above described phase conversion). Once conversion of the

amorphous phase is complete, the hot and cold bulk strength

should be comparable (this had not yet occurred in the 1300

hour test sequence reported herein).

• Cold strength data suggests after 1300 hours of long term

durability testing, the web (filter core) and flange sections

of the cross flow filter to exhibit lower strength than the

top closed end of the filter element. This is not unexpected

because of the thermal cycling duty experienced by both the

web and flange sections compared to the filter top end.
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Actual stressing conditions in cross flow filters have been predicted. (8)

These models indicate the possibility of stressing conditions during

pulse cleaning that would begin to _pproach the room temperature bulk

strength measured in the filter. Although the model calculations are

based on somewhat incomplete process and material property input data,

they do suggest that the loss of material cold strength shown in the 1300

hour test could be sufficient to cause concern regarding possible failure

(as had occurred). To date there is insufficient confidence in the

models to draw firm conclusions regarding actual filter stressing.

However, it appears prudent to evaluate means to increase filter strength

even if lower flow permeability must be accepted.
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5. CONCLUSIONS AND RE00MKENDATIONS

Based on the long term (>I000 hr) cross flow filter testing and

evaluations conducted in this program, the following conclusions and

recommendations are offered:

• The extended testing (>1000 hr) accomplished in this program using

simulator facilities has confirmed the cross flow filter high

collection efficiency on ash type material meeting both current

emission and turbine tolerance requirements. Prior to this testing,

long term filter performance was extrapolated based on short term

test results. Integral to achieving this high performance level was

the development of an improved, long term, high temperature, ceramic

dust seal for seating and fixing the cross flow filter element.

• Improved cross flow filter durability to steady state filtrations and

pulse cleaning was demonstrated. The increase in base material

strength of the filter matrix and the improvements made in the filter

mount and dust seal system were primary factors in achieving this

improvement. However, improvements to filter fracture toughness may

yet be needed to achieve filter durability to thermal process

transients that can occur during plant upsets. Detecting and

eliminating weak plate bonding and/or critical flaws developed during

filter manufacturing will be essential to achieve this goal.

Alternate filter manufacturing techniques that produce truly

monolithic structures should be pursued.

o The alumina/mullite oxide matrix currently used for the cross flow

filter appears suitable for a wide range of process gas conditions

typical of Advanced Fossil Power Generation Systems. The gas
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environment of the simulator facilities used in the current testing

program does not however reproduce all process gas conditions

representative of actual coal fired plants. Field based material

studies _re being utilized for this purpose.

• Comparison o2 results show that the high temperature high pressure

PFBC simulator facilities used in this program was effective in

reproducing filtration conditions representative of actual plant

operation. In addition, the simulator facilities are effective tools

to reproduce filter thermal and mechanical stressing that is typical

of actual plant operations. Such testing is an important dimension

to evaluating long term filter durability issues. Thermal transient

testing should be an integral part of any and all future hot gas

filter development programs.

• Gssifier simulation testing using hot inert gas and in"jected char

produced only similar plant trends regarding filter operating

characteristics. Better simulation may be achieved if reducing gas

conditions could be utilized and operated at actual temperature and

pressure conditions of the gasifier applications. It appears

important that both a temperature and gas density effect be included

in the gasifier simulation testing.
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APPENDIX A

PFBC SIMULATORPROCESS AND MECHANICALDRAWINGS

Figure 1 (Dwg 2D27878) Schematic of HTHP PFBC Simulator

Figure 2 (Dwg 1301J68) PFBC Simulator Process and Instrumentation
Diagram - sheet 1

Figure 3 (Dwg 1301J67) PFBC Simulator Process and Instrumentation
Diagram - sheet 2

Figure 4 (Sketch) PFBC Simulator General Assembly

_igure 5 (Dwg 1503E74) Dust Collection Vessel

Figure 6 (Sketch) Layout of Tubesheet for Two Filter Holders

Figure 7 (Dwg 2235D75) Modified PFBC Simulator Filter Stack Weldment

Figure 8 (Dwg 2235D83) Modified PFBC Simulator Top Half Liner Weld

Figure 9 (Dwg 2235D84) Modified PFBC Simulator Liner Collar Weld

Figure i0 (Dwg 2235D74) Modified PFBC Simulator Spool Transition Detail

Figure II (Dwg 2235D85) Modified PFBC Simulator Piping Weldments

Figure 12 (Dwg 2235D89) Modified PFBC Simulator Liner Pipe Weldments
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HTHP Ceramic Filter Test Facility and Process Description

I. Introduction

This document describes the test facility and process to be used

for investigating the long-term durability of the ceramic cross flow

filter, per DOE Contract No. DE-AC21-87MC24022. The test plan that will

be conducted in this facility provides for efficient and economic long-

term durability tests under simulated reducing gas (similar to coal

gasifier product gas) and simulated pressurized fluidized bed combustion

(PFBC) conditions.

The objective of this work is to assess the long-term mechanical

integrity and stability of components and materials used in the

construction of ths ceramic cross flow filter as well as the stability

of filtration properties over time. This objective will be met by

conduct of the test plan, which provides for 2000 hours of testing under

both simulated reducing gas and PFBC conditions. The reducing gas and

PFBC tests will be carried out in parallel with four test segments of at

least 500 continuous hours each at steady-state conditions.

The experimental test facilities consist of a new gasifier

simulator test loop plus an existing PFBC simulator test loop that will

be upgraded. This document will describe both systems in terms of gas

supply, particulate injection, ceramic cross flow filter, process

instrumentation and control devices, and piping and vessel design.

These systems will be installed in a new hot gas cleaning

laboratory that Westinghouse is currently constructing. The preliminary

equipment laF-out and floor plan for the new laboratory is shown in

Figure B.1. This facility will have a floor area of approximately

2045 ft2 and will enable both systems to be operated simultaneously.

The filter loops will be in an area with usable head space to

approximately 20 feet. An isometric drawing of the area is shown in

Figure B.2. An overhead X-Y, 2 ton hoist will provide full coverage for

assembly and disassembly of the test systems. This laboratory provides

a large, flexible site for the conduct of hot gas cleaning programs.
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Figure B.2 - Isometric ot Facility



2. Gasifier Simulator Test Loop

2.1 General Description and Operating Basis

The gasifier simulator test loop will be designed and built

following the general arrangement shown in Figure B.3 to provide the

necessary gas flow at the desired pressure and temperature. This system

will consist of a closed recirculating loop so that a fixed gas

composition can be maintained. The gas supply for this system will be

provided by pre-mixing a simulated reducing gas with the following

composition:

Nitrogen 64_

Carbon Monoxide 23_

Carbon Dioxide 13_

The test loop will be operated to provide approximately 100 actual cubic

feet per minute (acfm) at 150 psig and 150D'F, through the cross flow

filters installed in the filter vessel. With two filter elements

iustalled, this flow will provide a filter face velocity of

approximately 7 feet per minute. After the gas stream passes through

the filters, the total flow is determined by measuring the pressure drop

through a venturi which along with the system pressure and temperature,

are used to calculate the total mass flow in a mass flow controller.

Approximately IO percent of the gas flow will be used as high

pressurQ motive gas for an eductor that will recirculate the system gas

to maintain flow through the filter. The design basis for the eductor

is given in Appendix C. The eductor flow is removed from the system

after the mass flow venturi, cooled, and then recompressed to 500 psig.

This high pressure gas is then heated to above 15OO'F in a process gas

heater before being reinjected into the eductor nozzle, causing the

balance of the gas flow to recombine with the motive gas. A metered

dust flow will be added to this stream before it enters the filter

vessel. The dust (char) laden gas enters the test vessel at a point

below the filter mounts. A dust removal system will allow on-line

removal of the collected dust from the filter vessel so that long-term

test can be conducted without interruption.
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Electrical heaters will provide internal heat tracing of all the

insulated piping and the filter vessel to maintain the desired operating

temperature.

A blow-back system using the simulated reducing gas from the

high pressure compressor will be used to clean the filters on-line. The

use of that gas as the blow-back medium will maintain the gas

composition in the closed loop system.

A full complement of instrumentation will be available to

automatically control the operation of the system and to collect data.

A detailed description of the subsystems and process is provided

in the following sections.

2.2 Piping and Vessel Design

2.2.1 Piping and Vessel Specification

The piping and device pressure housings will be refractory lined

carbon steel pipe sections so that the pressure boundaries remain at

relatively low temperature. Figure B.3 shows the general arrangement of

the vessel, piping and filter internals. Figures B.4 through B.7 show

the design drawings for vessel and piping components.

A 2-1/2 inch diameter stainless steel liner is used to separate

the process gas stream from the refractory material (e.g., Fiberfrax or

castable ceramic). The pressure boundary will be 8 inch diameter carbon

steel schedule 40 pipe with 300 series flanges. The filter vessel will

be a 40 inch diameter AS_E coded pressure vessel designed for 350 psig

maximum working pressure. The filter vessel will have an internal

straightsection formed by a 30 inch diameter, 316 stainless steel

liner, from the tube sheet used to support the filters to the start of a

discharge cone section, of approximately @ feet. This provides adequate

volume for positioning the filters to be tested and enough flexibility

to test a wide variety of configurations.

2.2.2 Heat Tracing

The heat tracing for the system will be provided by two

different styles of Watlow Electric heaters. All of the pipe liners
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will use 1/8 inch diameter cable heaters and the filter vessel will use

single ended Firebars. Both types have an Inconel 800 sheath and use

internal type K thermocouples to control the element temperature and

provide for a more reliable operation.

The cable heaters will have a 60 inch heated length and a 5 inch

unheated length. Each heated section will be able to supply

approximately 600 watts. They will be wrapped around the internal

liners to provide approximately 600 watts/foot. Each heater will be

controlled independently with digital temperature controllers, Omron

Model EbCS-RIKJX-F. This will provide the most reliable level of

control for these heaters, since each heater could see different duty

cycles to maintain the operating temperature.

The Firebars will have a 60 inch heated length and a 6 inch

unheated length. Each heater will be able to supply approximately

1200 watts. Ten heaters will be banded to the filter vessel liner to

supply a total of approximately 12 kw. They will all be connected in

parallel and use one digital temperature controller, a Watlow Series

910. The thermocouple from one of the heaters will be used for the

control temperature, and the other thermocouples will be connected to a

switch and a digital readout, a Watlow Model 873, so each heater

temperature can be monitored."

2.3 Process Gas Circuit and Equipment

2.3.1 Process Gas Compressor

The process gas will be compressed from below 150 psig to

475/500 psig with a 15 HP single stage, oil free, vertical, air cooled,

Corken Model D491AM9FBA-103 gas compressor. It will be capable of

providing approximately 84 SCFM when operating continuously at 400 RPM.

The system requirements at this time indicate that only approximately

one half of this flow would be needed. Therefore, the compressor will

be provided with a pneumatic valve unloader that will allow constant

speed regulation. The unloader will be adjusted for a maximum of

500 psig, at which point the unloader opens the discharge valves. Using
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a 25 psig differential, when the system gas reservoir pressure drops to

475 psig the unloader closes the discharge valves and allows the

compressor to operate until the 500 psig pressure is recovered.

A i0 cubic foot gas receiver (Figure B.8), the low pressure side

reservoir at below 150 psig, will be used on the inlet (suction) side of

the compressor (see Figure B.3 for the process and instrumentation

diagram, P_ID, for the interconnections and instrumentation

designations). This reservoir is where the mixed gas from high pressure

tanks will be introduced for the initial charging of the system, and

also where the side stream from the test loop will be returned. (See

Section 2.3.2 for the description of the flow and pressure control

strategy.) The required system gas flows will be drawn from the 500

psig system gas reservoir, a i0 cubic gas receiver vessel, on the

discharge side of the compressor. Both of these receivers will be ASME

coded vessels with the appropriate pressure safety relief valves and

pressure gages.

The system flows include the gas going to the process gas heater

through the flow control valve, FCV 208; to the dust feed system,

through flow valve FV 415; to the pressure control regulator, PCV 207;

and to the filter blow back system, via the pressure control regulator,

PCV 108, to the pulse accumulator tank. (See Section 2.2.2, 2.3, and

2.@ for additional details on these subsystems.)

2.3.2 Flow and Pressure Control

The total mass flow through the filters will be calculated in a

mass flow controller, FIO 201, using the pressure drop, PDT 200, through

the venturi located in the clean gas outlet pipe, the system pressure

from PT 222, and the system temperature from TE 223. This flow is

compared against the set point (approximately 1500 pounds/hour for

I00 acfm) and the controller output adjusts the flow control valve FOV

208 accordingly. The flow of high pressure (500 psig) gas through FCV

208 is indicated on flow indicator FI 209, approximately 150

pounds/hour, before it enters the process gas heater (described in

Section 2.2.3) where it will be heated to approximately 1550"F. When
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the heated gas leaves the heater it will pass through a heat traced and

insulated pipe to the test loop where it enters through a small diameter

nozzle to act as the motive gas for the recirculating eductor. This

causes approximately 90_ of the total flow to be recirculated through

the test loop. The remaining I0_ will be taken out after the flow

measuring venturi and cooled before it passes through the back pressure

regulator, PCV 205 or the hand valve, HV 206. These help to maintain

the system pressure at 150 psig. The gas then goes to the low pressure

side reservoir before it is recompressed to 500 psig.

The system pressure is also maintained by pressure control valve

PCV 207. This will be set at 150 psig and be supplied from the system

gas reservoir that is at 500 psig. PCV 207 will be equipped with a vent

set at 160 psig that will allow any system over pressure to be directed

to the low pressure side reservoir. The filter vessel will also have a

pressure relief valve to insure that the maximum working pressure

(350 psig) is not exceeded.

2.3.3 Process Gas Heater

The process gas heater will be a vertical, cylindrical,

electrically heated radiant tube furnace, approximately 52 inches

diameter by 80 inches high, supplied by Armstrong Engineering

Associates. Beat input to the furnace will be 24 kw, supplied by 80/20

Ni/Cr rod heaters. The gas will be contained and heated in a 1 inch

double extra heavy Incoloy 800_ helically wound pipe coil, 68 feet long

inside the furnace. The coilwill be designed for 550 psig at lSOO'F.

The pressure drop through the coil will be less than 10 psi. Figure B.9

shows the initial drawing of the heater.

A thermocouple on the exit side o_ the heater, TE 212, provides

the actual temperature o_ the gas stream to the temperature controller,

TIC 211, that compares this to the set point temperature (e.g., 1550"F)

and adjusts the electrical power to the heating elements in the heater

accordingly.
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Figure B.g - Process Gas Heater Drawing
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2.4 Dust Feed/Metering

Dust feed to the system will consist of redispersed and sized

char, metered into the system by a Westinghouse developed powder feeder

system. The dust metering and injection system currently used at the

test facility also represents the product of an evolutionary process, as

the problem of metering small amounts of fine powders into high-pressure

systems has proven to be a formidable one. Westinghouse recently

invested a significant amount of capital in the design, fabrication,

installation and proof-testing of a system that delivers a wide range of

powder feed rates accurately and smoothly to the high-pressure system.

The dust feed system is currently capable of providing an on-line read-

out of the powder and transport gas mass flow rates. This is of great

value in the analysis of the performance of a test device. This highly

accurate powder feed system consists of a K-TRON "loss in weight" powder

feeder with a twin screw feed barrel for uniform powder feeding, Model

LWF20 with a capacity of 10,000 grams/hour. The device is enclosed in

a pressure vessel sized to house the feeder and its hopper, Figure B.IO.

This vessel is an ASME coded vessel with a pressure relief valve to

insure that the maximum working pressure (350 psig) is not exceeded. A

small amount of pressurized motive gas, controlled by flow valve FY 415

and flow controller FIC 414, will be used to entrain the metered ch_-

into the test loop, as shown in Figure B.3. The particle dust loading

will be between 2000 and 4000 parts per million by weight and have a

mean mass particle diameter between 5 and 10 microns. It will be

injected into the main gas stream downstream of the eductor or into the

filter vessel directly.

Two sources of char are currently being considered: the cyclone

catch from the KRWfluidized bed gasifier and from an appropriate

location downstream of the Texaco entrained bed gasifier. The decision

on which one to be used will be made prior to testing, based on the

program directions at that time.
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2.5 Dust Removal (TBD)

Two options were evaluated for removing the dust collected in

the filter vessel. Figure B.11 shows these options. On the right side

of the figure, a large collection vessel is attached directly to the

filter vessel. The vessel would hold the char injected for one 500 hour

test. At the end of the test, the char would be recycled for the next

test.

The other option is shown on the left side of the figure. This

option uses a small (e.g., 3 ft 3) collection hopper that would hold

approximately 1 day's worth of operation. A large valve would then be

closed to isolate the hopper and the hopper would be depressurized. The

hopper would be disconnected and another one would be connected. The

filled hopper would be moved to the dust feeder vessel location and used

to refill the dust feeder hopper.

The small vessel option would add less volume to the system, but

requires a high temperature valve to isolate the system during hopper

changes. Additional design of this part of the system is in progress.

2.6 Filter System

The following deals with the actual filter elements, support

structure and cleaning system.

2.6.1 Filter Elements

The ceramic cross flow filters that will be tested in this

program will be of the "commercial" scale filter designs manufactured by

Coors. Each filter will be nominally 12 x 12 x 4 in. and have

approximately 7 ft2 of active filter area. Currently the most favorable

design parameters for the cross flow filter include the following:

Pore Size 70-100_
Porosity 45-50_
Back Wall Thickness 65 mils

, Mid Rib Design
• corner radius ii0 mils

• rib height 150 mils

• slip coated ribs
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Optimization of the firing cycle is currently under way and it appears

that the full manufacturing process will require a bisque fire, a

primary fire and a final high fire. In related cross flow filter

development programs, progress is being made in the evolution of more

rugged filter elements, so the exact filter specification is not certain

at this point; however, the best filter design available at the time of

testing will be used.

2.8.2 Filter Mount and Support Structure

The filter elements will be mounted in a filter holder that is

designed to hold two filters, as shown in Figure B.12. The filter

mounting assembly consists of a clean gas plenum chamber, made from 4

inch, schedule 40, type 318 stainless steel pipe, and the two horizontal

flange mounts for the filter elements. The flange mounts are welded to

the clean gas plenum to insure a dust tight seal. The filter elements

are gasketed with a high temperature ceramic gasketing material called

Interammade by 3M Company. The filter elements have a flange designed

into the base and the mount has a corresponding recess for the filter

flange. Metal bars are bolted to the mount to clamp the filter flange

in place, with the Interam gasketing providing the seal.

Two filter plenums can be mounted on the tube sheet, as shown _n

Figure B.13. This allows up to four filter elements to be tested at one

time. A split-ring flange design is used to fasten the filter holders

to the tube sheet. This design prevents the bolts from being in tension

at the operating temperature.

The overall arrangement of the tube sheet assembly is shown in

Figure B.14. The tube sheet plate, Figure B.15, supports the filter

plenum mount and serves as the dirty gas to clean gas barrier across the

pressure vessel. The cylindrical and cone section form a bellow type

expansion section that is used to support the assembly and accommodate

vertical and radial thermal growth. The assembly is supported from a

ring section that clamps between the main vessel flange. The ring

section is sealed by two (top-bottom) flexitallic gaskets that also

permits slight rotational motion of the ring section. The cylinder and
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Figure B.12- RecirculatingHTKP Filter Test Unit t
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cone sections are insulated with a blanket refractory to reduce

temperature and temperature gradients through critical sections of the

assembly. The tube sheet design is premised on a similar system that

hu been used successfully at l_ger scale and at higher operating

temperatures.

The tube sheet outer ring section is also fitted with 3/4 inch

pipe penetrations to bring the pulse jet cleaning pipes into the filter

plenum, _s described in the next section. These penetrations can also

be used for other instrmnentation access points, such as temperature and

pressure.

2.6.3 Pulse Jet Cleaning

Pulse jet cleaning of the cross flow filters will be

accomplished using high pressure (500 psig) system gas from the system

g_s reservoir. System gas will be used in order to maintain the gas

composition. The gas will be held in a pressure regulated pulse

accumul_or tank at 300 to 500 psig. Fast acting, 1/2 inch pipe size

solenoid valves (FV 111 and F¥ 115) will be actuated with an electronic

timer (KC 151), with a typical wONn time of 0.1 second. The solenoid

valves will have a block valve (_ 110 and _ 112, and _ 114 and

116) on either side so they can be changed during operation in case of a

failure. The gas is delivered through a 3/8 to 1/2 inch tube nozzle

into the filter plenum, u shown in Figure 2.5. This reverse flow of

gas removes the collected dust from the filter. The blow back sequence

can be initiated manually (with H_S 182) or automatically when the

filter pressure drop reaches a predetermined level or on a timed basis.

The blow back sequence also closes two solenoid valves (FV 119

and FV 135) to isolate the filter pressure drop transmitter, PDT 121.

This transmitter gives the pressure drop versus time reading used to

determine when the filter should be cleaned and the effectiveness of the

blow back pulse.

During a blow back pulse, the pressure rise in the filter plenum

can be measured with a fast response di££erential pressure transducer,

PDT 126, and it can be recorded on a high speed strip chart recorder,
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PR 127. This can be used to determine the long term effectiveness of

the blow back pulse in relation to the degree of cleaning seen on the

filter st the end of a test segment.

2.7 Katerial Specifications

The gasifier simulator test loop will be constructed of the

following materials:

Material

Filter test vessel Carbon steel (coded for 350 psig

o eSO'F)
Pressure piping Carbon steel (coded _or 350 psig

o 650"F)
Filter test ve_sel liner 316 stainless steel

Filter holders 316 stainless steel

Tube sheet and expansion cone TBD

Pipe liners 316 stainless steel

Vessel insulation Fiberfrax blanket

Piping insulation Fiberfrax blanket

Dust feed vessel Carbon steel (coded for 350 psig

0 eSO'F)

Dust removal vessel Carbon steel (coded for 350 psig

0 65O'F)
Process gas heater piping Incoloy 800H (designed for

550 psig 0 1600°F)

The selection of 318 stainless steel was made as a result of

discussions with material specialists at the R_D Center on stress,

strain, and creep, given the operating conditions and test duration and

gas composition expected in the test "system.
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2.8 Data Acquisition

The data acquisition for the test passage will be primarily

accomplished with a Molytek Hodel 3702 data logger. This unit has 32

input channels and 12 alarm output relays. It has chart paper to print

out data at set intervals and a R8-232 output that can be connected to a

computer directly or transmitted via telephone wires. This allows

immediate access to the data as it is generated and also permits storing

data for later analysis.

The system pressure and temperature and filter pressure drop

will be recorded continuously on a three pen strip chart recorder, Capp

model PIOOM. The filter pressure drop is used to determine when to

clean the filters with a reverse pressure pulse, and how well the filter

was cleaned. Since the system pressure and temperature affect this

value, all three are recorded simultaneously so they can be compared

easily.
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APPENDIXC

ANALYSIS,DESIGN AND qUALIFICATIONOF THE
EDUCTOR JET PUMP SYSTEM FOR THE RECIRCULATIONGAS TEST LOOP
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1. INTRODUCTION

The objective of the work under DOE Contract No. DE-

AC21-87MC24022 (Long-Term Durability Testing of Ceramic Cross Flow

Filters) is to assess the mechanical inteKrity and stability of

components and materials of the filter, as well as the stability of

filtration properties over long time spans of use. This assessment will

be done by testing the filters under both pressurized air-blown

gasification and pressurized fluidised bed combustion (PFBC) conditions.

The fulfication tests will be performed in a new gasifier

simulator, the general arrangement of which is shown in Figure C.I.I,

being designed by Westinghouse. The system is to consist of a closed

recirculation loop so that a fixed gas composition can be maintained.

The plan is for approximately 10_ of the total Eas flow to be used as

high pressure motive Eas for an eductor that recirculates the system Eas

and provides the pumping needed to maintain flow through the filter.

Since only a small amount of gas is to be mechanically pumped, this

design greatly reduces requirements for mechanical gas compression, as

well as for the necessary cooling and reheating before and after

compression.

This concept relies heavily on the presumed ability of an

eductor system to operate with a high entrained-to-motive gas flow

ratio. Verification of this capability was needed early in the facility

design exercise. Consequently, we performed several studies which are

discussed in this report. First, theexisting analytical model of the

recirculation loop fluid dynamics was improved to include more rigorous

treatments of the reversible and irreversible pressure losses in the

flow loop and of the compressible flow mechanics of the eductor nozzle

gas. Second, the existing hot gas filtration test facility was used to
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perform cold _low eductor-driven recirculation tests to validate the

analytical model. Third , the model was used to project performance o_

the g_si_ier simulator recirculation system, and to evaluate eductor

system design details.
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2. CONCLUSIONS

1. The eductor-driven recirculation model has been demonstrated to be

an effective tool for predicting recirculation rates.

2. The hot gas eductor recirculation concept is practical, and should

work with reasonable motive to total gas flow rate ratios.

3. Eductor design details have been chosen based on the model results.
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3. EDUCTOR RECIRCULATION MODEL

8.1 DBTAILBD MODELDESCRIPTION

The gas recirculation analytical model was developed prior to

this program and used as the basis of a rigorous BASIC computer program

for examination of recirculation system design parameters. At the heart

of the model were mass, momentum, and energy balances for the eductor,

based on filter blowback modelling that had been performed earlier (1) .

Civen a set of design parameters, the model calculates steady-state

entrained and total recirculation flows. Different sets of parameters

may be tested to see what combination meets system design requirements.

Table C.3.1 summarizes input design parameters. The model treats a

constant diameter nozzle as a special case of a converging/diverging

nozzle (exit diameter equals throat diameter).

For a given set of input parameters, the model performs the

following steps:

1. Determine flow rate, pressure, and temperature of gas

exiting eductor nozzle. The desired flow may or may not be possible

given available pressure from the motive-gas supply compressor and

nozzle dimensions. Also, flow through the nozzle may fall into any of

several flow regimes, depending on throat velocity and system pressure

at the discharge. To 3oft out these possibilities, the following

possible states are investigated with the use of compressible flow

relations (2) , in the order given, until one is found to be possible for

the given target motive gas flow rate and the maximum available motive

pressure:
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TABLE C.3.1 - DESIGN PAEAIIETERSAND UNITS

ENTE_INED GAS
P1 Pressure, arm
T1 Temperature, +P

MOTIVE GAS

P2M* Maximum stagnation pressure (maximum compressor
discharge pressure), arm

T2S* Stagnation temperature (temperature in nozzle
feed tube), °F

W2T* Desired flow (lb/sec)
Molecular weight

CP Heat Capacity, Btu/Ib °F
K Ratio of specific heats

EDUCTOR SYSTEM GEOUETRY

D1 Inside diameter of eductor entrained gas inlet, in.
D2* Nossle exit inside diameter, in.
DT* Nossle throat inside diameter, in.

D23_ Noule outside diameter, in.Eductor diffuser inside diameter, in.

SYSTEMGEOMETRY

_ Inside diameter of main recirculating gas piping, in.
Lengths of various main gas recirculation flow path

component, in.

FILTER

RW Resistance coefficient, /ft
AF Filtration _rea, ft

TOTALFLOWMEASU_NT (VE_I OR ORIFICE)
DOR Throat or orifice diameter, in.
CD Discharge coefficient
F Ratio of permanent to measured pressure loss

liH,

*Prompted input, others must be changed within program.

**Various symbols particular to the specific design.
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la. Assume motive gas _low equals target value and subsonic flow

through nozzle throat. This is not possible i_ the resulting

throat Mach number is greater than one, or i_ the resulting

stagnation pressure at the throat is greater than the available

pressure.

lb. Assume motive gas flow equals target value, sonic _low through

the nozzle throat, and supersonic flow throughout the diverging

section. This is not possible if the system pressure (into which

the no,zle discharges) is greater than the resulting maximum

allowable pressure outside the nozzle required to avoid shock in

the converging noule (S), or if the resulting stagnation pressure

at the throat is greater than the available pressure.

Ic. Assume motive gas flow equals target value, sonic flow through

the nozzle throat, and that a normal shock occurs in the diverging

section. This is not possible if the resulting stagnation

pressure at the throat is greater than the available pressure.

ld. Assume stagnation pressure at the throat equals the maximum

available pressure, and subsonic flow through nozzle throat.

This is not possible if the resulting throat Mach number is
I

greater than one.

le. Assume stagnation pressure at the throat equals the maximum

available pressure, sonic flow through the nozzle throat, and

supersonic flow throughout the nozzle diverging section. This is

not possible if the system pressure (into which the nozzle

discharges) is greater than the resulting maximum allowable

pressure outside the nozzle required to avoid shock in the

converging nozzle.

If. Assume stagnation pressure at the throat equals the maximum

available pressure, sonic flow through nozzle throat and a normal

shock in the diverging section.

Note that states la through lc represent the situation where a

valve is used between the motive gas compressor and the nozzle, to let
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down the pressure and control the flow rate. States ld through If

represent the situation where this valve is wide open, and maximum flow

is occurring. States lb, lc, le, and If represent "choked" flow through

the nozzle. The result of step 1 is that the flow rate, pressure, and

temperature of gas issuing from the nozzle are known.

2. Guess total (entrained plus motive) flow to equal motive

flow.

3. Guess mixture temperature.

4. Guess mixture pressure equal to entrained pressure.

5. Determine pressure drop around filter test loop. The loop

pressure drop includes the following irreversible pressure loss

components:

• friction loss in eductor

• expansion from eductor diffuser to main piping

• friction loss in piping into filter test vessel

• expansion into test vessel

• loss across filter

• contraction out of filter vessel

• outlet piping friction loss

• irreversible component of venturi or orifice pressure drop

• contraction of entrained gas into eductor suction end

and the following two reversible components (accounting for

velocity ch_uges due to area changes):

• total gas flew between eductor diffuser and main piping into

splitter tee (where gas is drawn off for compression to become

motive gas)

• entrained gas flow between splitter tee and eductor suction

area

6. Estimate mixture pressure as entrained pressure plus loop

pressure drop.

7. Estimate mixture velocity from a momentum balance on the

entrainment zone, accounting for pressures and velocities in each of the

three streams: motive gas, entrained gas, and mixed gas. Then determine
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the mixed gas density from the velocity and flow rate, and the mixed gas

temperature from the density and pressure.

8. Estimate the mixed gas temperature from an energy balance on

the entrainment zone, accounting for temperatures and velocities in each

of the three streams.

9. Compare estimated mixture temperatures from previous two

steps. If they are close, go to step 10. Otherwise, a numerical

procedure is used to re-estimate a total mixture flow rate that will

reduce the difference between these two estimated temperatures. The

mixture temperature and mixture pressure are assumed to be those given

by steps 8 and 6, respectively, and calculations resume with step 5.

(It hms been found that when convergence on mixture temperature is

achieved, convergence on mixture pressure will also have occurred.)

10. Print recirculation loop performance parameters.

3.2 APPROIINATB HOnNTtr/ BALANCB

In an eductor with a straight (i.e., not converging/diverging)

sleeve, the momentum balance is

(W32/$3 P3) + P3S3gc= (W12/$1Pl ) + PISlgc (3-1)

+ (W22/S2p2) + P2S2g c + PI(S3-SI-S2)gc

where the variables are:

W = Gas flow rate, lbm/sec
S Flow area, ft 2

= Pressure, lbf/ft 2
P

p = Gas density, lbm/ft3

= Conversion constant, 32.174 ibm-ft/(Ibf-sec2)gc

and the subscripts are:

1 _ Entrained gas

2 = Motive gas

3 = Combined (entrained plus motive) gas
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Note that Sl, $2' and S 3 are areas referring to the eductor inside

diameter minus the nozzle outside diameter, the nozzle exit inside

diameter, and the eductor inside diameter, respectively.

If the momentum contributions of the entrained and combined gas

streams are _ssumed to be small, then Equation 3.1 simplifies to:

(Ps-P1)Ssg c - (W22/S2P2) + (P2-el)S2gc (3-2)

At steady state, the eductor pressure gain (P3-PI), will equal

the pressure drop around the loop. This pressure difference will

therefore increase with increasing total gas flow rate around the loop,

and will decrease with increasing sleeve i.d., since that would offer

less resistance to flow. If the sleeve inside diameter is less than the

balance-of-loop pipe i.d., then these proportionalities axe roughly

approximated by:

(Ps-P1)=KPsVs2!s-g 'g: (s-s)

where I = a proportionality constaut

Sn = area based on outside diameter of nozzle, ft 2

Combining Equations 3.2 and 3.3 gives an indication of how the

loop pressure drop will depend on major eductor parameters, as indicated

in Equation 3.4:

W3= 483-Sn'KP383 gc W22 + (P2-PI) S2Sc ] ]1/282p2 • (3-4)
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Note that when the sleeve i.d. is considerably larger than the nozzle

o.d., the total flow rate through the loop varies inversely with

approximately the square root of the sleeve i.d. (or with approximately

the fourth root of the area $3). This explains the predictions and

experimental data concerning the effect of sleeve diaaeter in the

following sections. Note also that when the sleeve i.d. is smaller and

approaches the nozzle o.d., Equation 3.4 predicts that the flow rate

will fall with decreasing sleeve i.d. -flow is being choked off by the

narrowing annulus around the nozzle.

This simplified model is presented for help in understanding

qualitative effects. In subsequent calculations the detailed eductor

recirculation model was used. The detailed model differs from the

simplified version in that the pressure drop relationship corresponding

to Equation 3.3 is replaced by a much more rigorous treatment of all

actual sources of pressure losses and gains in the loop, and in that the

momentum balance of Equation 3.1 is not simplified to the form of

Equation 3.2.
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4. COLD-FLOW RECIRCULATION TESTS

4.1 SYSTBMDBSCIIPTION

The existing high-temperature, high-pressure test facility was

modified to accommodate a sequence of recirculation verification tests.

Figure 4.1 shows the modified system configuration. The combustor,

inlet Kas, exhaust Kas, and bypass pipinK were replaced with standard

2 inch pipe. An eductor was designed and fabricated for causing

recirculation. As shown in Figures C.4.1 and C.4.2, the eductor nozzle

was fabricated from a piece of 0_5 inch tubing, with one end plugged to

give an opening of 0.15 inches. An eductor sleeve with an inside

diameter of about 1 inch was fabricated and installed. The purpose of

this sleeve was to maximize conversion of motive gas kinetic energy into

pressure energy so as to drive the combined gas through the flow

resistances around the loop. This is explained by derivation of an

approximate momentum balance as described in Section 3.2. Design

dimensions were selected based upon preliminary parametric studies using

the existing rigorous eductor recirculation model described above.

The system was operated at room temperature 5ecause there was no

provision for pre-heating the eductor gas. Nevertheless, the resulting

experiments, as described in the next section, were a valid test of the

rigorous recirculation loop model, since that model's critical

assumptions are not related to temperature. The system was run

pressurized, however, since exhaust flow was still controlled by the

back-pressure regulator.

The e_fectiveness of recirculation, as determined 5y the ratio

of total _low to motive flow, is very sensitive to the flow resistance

around the loop. This particular cold-flow test configuration has

relatively high _low resistance, the major components of which are:
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1. expansion from eductor sleeve to main pipe

2. contraction from main pipe into vessel inlet nozzle

3. expansion into vessel

4. contraction into vessel outlet nozzle

5. expansion into main pipe

6. flow through orifice flow meter (permanent loss component)

7. contraction into eductor sleeve

The cold flow test loop was set up by a quick and inexpensive

modification to an existing facility not intended for eductor-driven

recirculation operation. Consequently, the magnitudes of the flow

resistances in this loop are relatively large. The high-temperature

loop, on the other hand, was designed to minimize these resistances:

resistances 2 and 5 from the preceding list were eliminated, by making

the vessel nozzle i.d.'s the same as the rest of the piping; resistances

1 and 7 were greatly reduced, by using a venturi-shaped eductor sleeve;

and resistance 6 was re_ _ by using venturi flow meter rather than an

orifice meter. Because already high total resistance in the cold

flow tests, it was deci_ _ to further increase resistance by the use

of a filter in the test vessel. However, a filter is assumed to be in

place for the application of the model to the hot system.

4.2 TBST EBSULTS

Three series of tests were run to verify model performance. In

Series A, summarised in TaSle C.4.1, a 1.0 inch orifice was used to

measure entrained gas flow rate in the position shown in Figure C.4.1,

and the motive gas nozzle was inserted as shown in Figure C.4.2. The

eductor sleeve shown in both Figures was not used, i.e., the eductor

throat had the same i.d. as the general piping, 2.087 inches. 'Actual"

entrained flow rates were measured with the orifice meter and

"predicted' entrained flow rates are from the detailed eductor

recirculation model given the system dimensions, pressure, and motive

gas flow rate as shown. In general, the actual and predicted values
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TABLEC.4.1 - RECIRCULATIONTEST RESULTS- SERIES A

Orifice Diameter, in. 1.0

Sleeve Not used

Test No. 1 2 3 4 5 6 7 8

Uotive Gas Flow, 60 I00 150 200 250 280 280 200

System Pressure, at_ 1.88 2.02 2.83 3.31 4.06 4.54 6.71 6.85
Cabs)

AP Orifice, in Water
Actual 4.4 6.0 8.2 11.0 13.5 15.5 13.5 8.0
Predicted 2.2 4.9 8.1 11.1 14.0 15.7 13.4 7.3

AP Loop, in Water
Actual 4.0 5.0 6.0 9.0 10.0 11.0 10.0 7.0
Predicted 2.0 4.1 6.8 8.9 11.2 12.6 10.0 5.4

Entrained Flow, lb/hr
Actual 181 234 311 405 497 563 638 497
Predicted 128 212 309 407 506 567 638 475
Ratio (Actual/ 1.41 1.11 1.01 1.00 0.98 0.99 1.00 1.05

Predicted)

Flow Ratio (Total/
Motive)

Actual 4.0 3.3 3.1 3.0 3.0 3.0 3.3 3.5
Predicted 3.1 3.1 3.1 3.0 3.0 3.0 3.3 3.4
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agreed well, except at the lowest flow rate, where orifice pressure

drops could have easily been in error enough to explain the difference.

At the bottom of Table C.5.1, the actual and predicted ratios of total

gas flow (motive to entrained) to motive gas flow are shown, and it is

seen that a typical such ratio is about 3.0. The important point is

that the model was able to accurately predict eductor performance. An

essential element in this model capability is that the flow resistance

characteristics of the recirculation loop are rigorously and accurately

modeled, am shown by the close agreement between measured and predicted

loop pressure drop values in the cases where actual and predicted flow

rates agreed well.

Series B tests differed from those in Series A only in that the

sleeve wms inserted into the eductor, thus reducing the throat i.d. to

1.049 inches. This change was expected to increase eductor performance,

for the reasons discussed in Section 3.2, and it did, as shown in

Table C.4.2. The achieved ratios of total to motive gas flow rates were

increued to about 4.0 (from 3.0 without the sleeve). This represents a

50 percent increase in entrained flow rate over the no-sleeve case. As

is also shown in Table C.4.2, the model predicted performance reasonably

well, usually under-predicting entrained flow by a few percent.

The series C tests were also performed with the sleeve in place,

but with a 1.4 inch orifice in use instead of the 1.0 inch orifice in

prior tests. The motive gas nozzle was also inserted so as to be flush

with the start of the sleeve. The results are shown in Table C.4.3.

The achieved ratios of total to motive gas flow rates increased further,

to about 5.0, representing about a 25 S additional increase in entrained

flow relative to Series B. The reason for this is the important but

small decrease in resistauce to flow recirculation caused by the small

decrease in permanent pressure drop across the orifice. A permanent

pressure loss in the case of the 1 inch orifice is about 77 _ of the

actual measured value listed in Table C.4.2 or C.4.3, mud for the 1.4

inch orifice, it is about 54 _ of the value in Table C.4.3. It can

readily be seen that the permanent pressure drops for the smaller

orifice were similar in magnitude to the overall loop pressure drops.
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TABLE C.4.2 - RECIRCULATIONTEST RESULTS - SERIES B

Orifice Diameter, in. 1.0

Sleeve Used

Test No. 1 2 3 4 5 6 7 8

Motive Gas Flow, 60 100 150 200 250 280 280 200

System Pressure, arm 1.68 2.02 2.58 3.04 3.72 4.54 8.71 6.92
Cabs)

AP Orifice, in Water
Actual 11.0 14.0 20.0 25.0 32.0 35.0 32.0 19.0
Predicted 6.8 13.8 22.1 30.6 38.6 42.3 35.5 19.3

AP Loop, in Water
Actual 6.8 8.9 12.0 15.0 18.5 20.5 16.0 8.9
Predicted 4.0 8.2 13.3 18.5 23.2 25.1 20.3 10.9

Entrained Flow, Ib/hr
Actual 289 356 481 586 732 846 984 769
Predicted 224 354 506 648 804 930 1036 775
Ratio (Actual/ 1.29 1.01 0.95 0.90 0.91 0.91 0.95 0.99

Predicted)

Flow Ratio (Total/
Motive)

Actual 5.8 4.8 4.2 3.9 3.9 4.0 4.5 4.8
Predicted 4.7 4.5 4.4 4.2 4.2 4.3 4.7 4.9
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TABLEC.4.3 - RECIRCULATIONTEST RESULTS- SERIES C

Orifice Diameter, in. 1.4

Sleeve Used

Test No. 1 2 3 4 5 6 7 8

Motive Gas Flow,
lb/hr 60 100 150 200 250 280 280 200

System Pressure, arm
(abs) 1.75 2.02 2.70 3.38 4.2 4.67 6.85 6.78

AP Orifice, in Water
Actual 3.1 4.5 6.5 8.2 10.8 12.0 I0.0 6.5
Predicted 2.1 4.5 7.1 9.7 12.2 13.7 11.4 6.4

AP Loop, in Water
Actual 8.0 11.0 15.0 20.0 24.0 26.0 21.0 15.0
Predicted 5.3 11.3 17.7 24.2 30.3 34.0 27.7 15.4

Entrained Flow, Ib/hr
Actual 334 433 603 758 968 1076 1194 955
Predicted 275 433 630 824 1029 1150 1275 948
Ratio (Actual/ 1.21 1.00 0.96 0.92 0.94 0.94 0.94 1.01

Predicted)

Flow Ratio (Total/
Motive)

Actual 8.8 5.3 5.0 4.8 4.9 4.8 5.3 5.8
Predicted 5.8 5.3 5.2 5.1 5.1 5.1 5.8 5.7

C-21



From these test sequences we learned that:

• the analytical model is able to predict eductor-induced

recirculation rates quite accurately and can therefore be used for

parametric design studies

• the dimensional design envisioned for the eductor, including its

throat, is appropriate

• it is very important to minimize flow resistance to get high

recirculation ratios.
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5. DURABTLITY TEST SYSTEM PERFORMANCE
PROJECTIONS

The eductor recirculation model was used to project performance

in the planned gasification simulator loop. The results have been used

to fine-tune design details for optimizing recirculation performance.

5.1 S¥STMDBSCRIPTION

Figure C.5.1 shows the configuration of the planned

recirculation loop, with dimensions applicable to the pressure drop

calculations in the eductor recirculation model. Figure C.5.2 shows a

possible set of dimensional details for the eductor _xozzle and sleeve.

The dimensions in Figure C.5.2 may be considered adjustable parameters,

since they can be easily changed via replacement of the component.

Not shown in Figure C.5.1, but important with regard to

recirculation performance, is the feed of dust and transport gas to the

system. Transport gas is supplied by the same compressor as is the

eductor motive gas. Whereas the motive gas from the compressor is

reheated to near system temperature prior to injection, the transport

gas is not heated, but is passed throuxh the dust feed system and thence

to the system. The entry point will be somewhere in the horizontal line

between the eductor and the vessel inlet, and is assumed to be a piece

of 3/8 inch tubing inserted into the center of the main gas flow path,

and bent to point downstream.

The recirculation flow loop and model have the following

pressure drop and flow resistance components:

1. wall friction in eductor sleeve, corrected to account for variable

diameter

2. irreversible expansion loss from eductor sleeve

3. reversible gain due to velocity gain from eductor sleeve to main

pipe
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4. flow through horizontal pipe after eductor

5. friction loss passing dust injection nozzle

6. loss or gain due to mixing with dust transport gas

7. flow through horizontal pipe entering vessel

8. expansion into vessel

9. loss across filter

10. contraction out of vessel

11. flow through vertical pipe upward out of vessel

12. flow through tee used as elbow

13. flow through upper horizontal run

14. irreversible component of loss across venturi flow meter

15. flow though tee dividing total flow into recirculating flow

he_ding back to eductor and flow to compressor

I@. reversible gain due to velocity change from inlet pipe to vessel

to after flow branching at tee in item 15

17. flow through vertic_l run downward toward eductor

18. flow through eductor tee used as elbow

19. contraction to get around motive gas nozzle

20. flow through the short horizontal run between the tee and eductor

sleeve

21. contraction into sleeve

22. reversible loss of recirculating gas due to velocity change from

downward vertical pipe to inside throat of eductor sleeve

5.2 PROJBCTBD PBRFORMANCB

The target flow rate of gas through the filter is 0.35 lb/sec

(12@0 lb/hr). It is desired to keep the motive gas flow rate at not

much more than a tenth of this. The system operating pressure and

temperature are 10 arm and 1850"F, respectively. The dimensions (other

than nozzle orifice dis_eter) shown in _igures C.5.1 and 0.5.2 are

_ssumed, as are the following sdditional par_neters:
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motive gas temperature 1400"F

maximum available motive gas pressure 30 arm (_bs)

flow rate of dust transport gas 0.01 lb/s

temperature of transport gas IO0°F

venturi throat diameter 1.25 inch

Based upon previous filter testing, the filter pressure drop immediately

after a successful blow back pulse is assumed to be

AP= (5-1)

where AP = pressure drop, lbm/(ft-sec2 )

= resistance coefficient, ft -1

= gas viscosity, lbm/(ft-sec)

v = superficial gas velocity (face velocity) through filter,

ft/sec

The actual filter pressure drop is assumed to be given by a multiple of

the clean pressure drop from Equation 5.1. In the worst case, this

filter pressure drop multiple is assumed to be 2.0.

Table C.5.1 summaxizes the effects of motive gas flow rate and

nozzle orifice size (nozzle not converging/diverging ) on total gas flow

through the filter given the above assumptions, including the pressure

drop multiplier of 2.0. The Wnozzle" pressure shown in the table is

that in the nozzle prior to the nozzle orifice. Essentially, the motive

gas flow rate is controlled by a valve after the compressor and before
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TABLE0.5.1 - EFFECTOF NOZZLEORIFICE SIZE ON EDUCTORPERFORMANCE

Nolmle Motive Total NosIle Exit Motive Press_e
Diaaeter, Flow, Flow, Pressure, Pressue, Gas Gain,

ira stl MathNo______.

0.215 0.035 0.107 10.8 10.0 0.31 0.70
0.070 0.298 12.8 10.0 O.81 2.47
0.080 0.353 13.5 10.0 O. 69 3.15

0.15 0.035 0.185 12.8 10.0 0.62 i.48
O.040 O.223 13.7 10.0 O.71 1.87
0.050 0.301 15.9 10.0 0.87 2.82
O.057 O.356 17.9 10.0 O. 98 3.57

O.12 O.035 O.248 17.2 10.0 O. 94 2.24
0.040 0.294 19.6 10.7 1.0 2.84
O.048 O. 337 22.0 12.0 1.0 3.45
O. 047 O. 353 23.0 12.5 1.0 3.70

0.10 0.035 0.296 24.7 13.4 1.0 2.94
O.040 O.339 28.2 15.4 1.0 3.57
0.042 0.355 29.6 16.1 1.0 3.82

O.095 O. 035 O.306 27.4 14.9 1.0 3.11
O.0383, O. 335 30.0 16.3 1.0 3.53

0.090 0.0344, 0.310 30.0 16.3 1.0 3.19

Filter pressure drop multiplier = 2.0.

•Max-imU possible _low, given 30 arm pressure limit.
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the hestor, and the nozsle pressure increases as the valve is opened.

In the case of sonic flow through the orifice, the velocity is a

constant at a given temperature, while the total flow will be

proportional to this nomzle pressure. The actual pressure of the gas

exiting the system (eexite pressure in Table C.5.1) will be the system

pressure (10 atm) for sub-conic flow, _ud a constant fraction, given by

ti_e critical pressure ratio, of the nozzle pressure for sonic flow. As

shown in this table, l_rger nozzle orifice sizes (.215 and .15 inches)

require higher than desirable motive gas flow rates to achieve the

needed total gas flow rate at this degree of filter resistance. The

0.10 inch nozzle requires a motive flow of 12_ of the total gas flow.

Smaller nozzles cannot achieve the total flow, because the flow rate of

motive gas through the nozmle orifice is limited to critical flow at the

maximum available motive gas pressure. Based on Table C.5.1, a nozzle

orifice diameter of 0.10 inches has been selected.

The question arose as to whether using a conversing/diverglng

nossle could result in improved eductor performance, as measured by the

ratio of entrained to motive gas flow rates. Such a nozzle could allow

supersonic flow at the nozzle exit, at the expense of pressure of the

exiting gas. Since both velocity and pressure are important in the

momentum balance that determines entrained flow rate, there must be a

trsdeoff with using converging/diverging nozzles. Table C,5.2 looks at

the e_ect of such nozzles relative to straight nozzles, in the vicinity

_ t_e selected 0.10 inch straight nozzle. It can be seen that very

slight divergences have very slight beneficial effects. Divergences

that increase the exit diameter to 10_ more than the nozmle throat

diameter have a deleterious effect, i.e., the resulting fall in pressure

of the exiting gu is much more important than the increased diameter.

We conclude that the straight nozzle is appropriate for this system.

Another important design parameter is the disaster of the sleeve

of the eductor. A sleeve diameter of 1.0 inches, as shown in Figure

8.2, was assumed for the Table C.B.1 calculations. Table C.B.3 shows
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TABLE C.5.3 - EFFECT OF SLEEVE DIAMETER

Nozzle Motive Sleeve Total Pressure

Diameter, Flow, Dismeter, Flow, Gain,
In. ib/s in. Ib/s psi

O. i0 O.035 2.38 O.109 O.54
2.0 O.147 O.76
1.5 O.233 1.30
1.2 O. 30O 2. O0
1.1 O. 319 9.. 40
1.0 O.330 3.01
O. g O. 329 3.97
0.8 0.311 5.56
0.7 0.271 8.18
O.6 O.208 12.i
O.5 O.125 16.2

Filter pressure drop multiplier = 1.5.
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how this sleeve diameter is expected to affect total flow rate, based

upon the detailed eductor recirculation model. There is an optimum

sleeve diameter of 1.0 inch at which total recirculation flow rate is

highest. This effect can be understood in terms of the conversion of

motive gas momentum into the product of pressure and flow area, as

demonstrated in the cold flow study, and as explained in Section 3.2.

Table C.5.4 showshow totalflowrate varies with motive gas

flow rate in this case, as well as how motive gas flow rates would have

to be varied as filter flow resistance varies, in order to keep a

constant total gas flow rate. If the filter pressure drop multiplier

were to vary between i and 2 during a test (i.e., blowback would be

triggered at a multiple of 2.0) then the motive gas would vary from

0.033 to 0.042 ib/sec during each period between blowback events,

assuming a single filter module. Motive gas flow will be controlled by

automatically reading the pressure drop across the venturi flow meter

and automatically adjusting the motive gas flow control valve (and hence

the nozzle pressure) to keep that pressure drop constant.

If the motive gas preheater does not deliver gas at the vendor-

promised temperature, there will be an effect on eductor performance as

shown in Table C.5.5. Slightly higher motive gas flow rates will be

required if the motive gas temperature is only 1200"F. This is because

sonic velocity varies directly with the square root of the absolute

temperature.

The magnitudes of the pressure drop terms listed in Section 5.1

are listed in Table C.5.6, for the case of a straight 0.10 inch nozzle

orifice, a 1.0 inch sleeve, an average filter pressure drop multiplier

of 1.5, and a motive gas flow rate og 0.38 It/see at 1400"F.
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TABLEC.5.4- EFFECTOF FHLTERRESISTANCEANDMOTIVEGAS FLOW

RATEON TOTALGASFLOWPATE

Motive Total Pressure Filter Flow Meter Nozzle
Filter AP Flow, Flow, Gain, AP, AP, Pressure,

Multiplier ib/s Ib/s psi in. H20 in. H20 arm

* 2.0 0.042 0.355 3.82 60.4 23.9 29.8
1.5 0.042 0.392 3.91 50.1 29.2 29.6
1.0 O. 042 O. 436 4.03 37.1 36.0 29.6
O.5 O. 042 O. 485 4.22 20.7 44.7 29.6

2.0 0.038 O. 322 3.32 54.9 19.7 26.8
* 1.5 0.038 O. 358 3.39 45.8 24.3 28.8

1.0 O. 038 O. 400 3.50 34.1 30.4 26.8
0.5 0.038 0.449 3.87 19.1 38.3 28.8

2.0 O. 033 O. 277 2.89 47.4 14.7 23.3
1.5 0.033 O.311 2.75 39.9 18.5 23.3

* 1.0 0.033 O.352 2.84 30.1 23.6 23.3
O. 5 O. 033 O. 399 2.98 17.1 30.4 23.3

2.0 O. 029 O. 239 2.19 40.9 10.9 20.5
I. 5 O.029 O.271 2.23 34.8 14.0 20.5
1.0 0.029 O. 309 2.30 26.5 18.3 20.5

* O. 5 O. 029 O.356 2.42 15.2 24.1 20.5

*Locus of operating points.
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TABLE C.5.5 - EFFECT OF MOTIVE GAS TEMPERATURE

Motive Total Nozzle Exit Exit

Filter AP Temperature, Flow, Flow, Pressure, Velocity, Mach
Multiplier *F ib/s _ atm ft/s No. !_

2.0 1400 0.042 0.355 29.6 1867 1

1200 O.042 O.338 28.0 1764 1 :

1200 0.044 0.354 29.3 1764 1

1.0 1400 0.033 0.359- 23.3 1867 1

19.00 O.033 O.335 22.0 1764 1

1200 0.035 0.354 23.3 1764 1
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TABLE C.5.@ - MAGNITUDES OF FLOW RESISTANCES AT NOMINAL CONDITIONS

Pressure Loss,

Loss Component in. H20
i. Eductor Sleeve .... 4.9
2. Irreversible Expansion From Eductor Sleeve 11.6
3. Reversible, From Eductor Sleeve to Main Pipe -55.6
4. Horizontal Pipe After Eductor 0.3
5. Passing Dust Injection Nozzle 0.6
@. Mixing With Dust Transport Gas -0.i
7. Horizontal Pipe Entering Vessel 0.4
8. Expansion Into Vessel 1.9
9. Across Filter 45.8
I0. Contraction Out of Vessel 1.0
11. Vertical Pipe From Vessel 0.4
12. Tee 0.7
13. Upper Horizontal Run 1.4
14. Irreversible Component Across Flow Meter 3.7
15. Tee Dividing Flow 0.7
16. Reversible, From Vessel Inlet Pipe to After

Branching in Tee in Item 15 -0.5
17. Vertical Run Downward to Eductor 1.2
18. Eductor Tee 0.5
19. Contraction Around Nozzle 0.5
20. Short Horizontal Run Before Eductor Sleeve 0.1
21. Contraction Into Sleeve 8.5
22. Reversible, From Downward Vertical Pipe

to Inside Throat of Eductor Sleeve 65.8

Total Pressure Loss (= Pressure Rise Due to Eductor) 93.8
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APPENDIXD

PRESSUP_DROPTPA_ES FROM
PFBC SI_ATOR FILTER TEST WRTX-9AND_TX-11
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FilterPerformance Data
FTItem WRTX-9 & 10. Ootober 3. 1989

,._W)- ,. ,"' i.. r i,,, l.,, i,,, ! _. ' ! * ' ' -
m a

. Filter Foce Velocity - 6 ft/m|n .
m a

t t
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Time of Doy (hr.)

Operation Notes for October 3, 1989:
12 hour test, includes startup and shutdown
AP Trigger = 19.0" WC
Pulse Cleaning- 250 psig/O.1 sec
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Filter Performance Data
Filtem WRTX-9 & 10, October 4, 1989

30 ' ' ' I ' ' ' ' ' ' ! ' ' ' !- _ * ' I ' ' ' ! ' '-' _
sl

i Filter Face Velocity - 6 ft/min .

m •

q •

'_. .

_ - .

,-: 20- .

° io,.
2

.o

0
)

Time of Day (hr.)

Operation Notes for October 4, lg8g:
12 hour test, includes startup and shutdown
AP Trigger = lg.o" WC then increased to 20.0" WC
Pulse Cleaning- 250 psig/O.1 sec
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Filter Performance Data

Miter Fete Volodty- a ft/min

_ot (/,'' ,,,,_,l I

Operation Notes _or October 5, 1989:
12 hour test, includes startup and shutdown
&P Trigger = 21.0" WO
Pulse Cleaning- 1045 - 250 psig/O.l sec

1455- 280 psig/0.1 sec
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l=ilterPerformance Data
FlltemWRrX-9 & 10. 0etober 8. 1989

30 , , ......t I ' ' i '! ' "' ' ' .... I i .........i _ _ ---

Filter Ira,_'eVelo©Ity- 8 ft/mln
m

e q I

m

_ .
20-

_ .
6_0 m u

- //a. ,

m : • /m

!_ -
=10.
M
M

_ -

u

m

q

02 -
' _ ' _ ' ' ' b'"' ' _' " ' "....1 1 14

Time of Day (hr.)

Operstion Notes for October 6, lg8g:
8 hour test, includes startup and shutdown
AP Trigger = lg.O" WC
Puls_ Clesming - 280 psig/O.l sec
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Filter Performance Data
WRTX-9 & 10, October 9. 1989

"' _''1 i .'_, I ' ' ' I '_' ' I ' '_ ' i '_' ' I ' ' ' i ' ' ' I i . i.,
RRer Floe V_orJty - 6 ft/mln

i

a

m

m

a

m

__=o:] ."

ol l
.
m

o_,,,_'" ',b'' ',_='' ',_"' ','o'' ',_'' '='o'' '2_='''!4
Time of Doy (hr.)

Operation Notes for October g, 1989:
Begin week long _est
Startup
AP Trigger = 17.0 t WC
Pulse Cleaning - 280 psig/O.1 sec
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Filter Performance Data
Rltem WRTX-9 & 10. October 10, 1989

'''l' '"'w'''l'''l'''l'''l'''l'''l" 'l'''l"'''l'
Filter Face Velocity - 8 ft/mln

i

06. 'l'"l_'"_'"Ib"'l_ _''' 1_' '1_'"2_"'2_' '

Time of Day (hr.)

Operation Notes :Eor October 10, lg8g:
Trigger = 17.0" WC

Pulse Cleaning - 280 psig/O.1 sec
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Filter Performance Data
RRem WRTX-g & 10, October 11. 1989

!.,,"1 _,., !,,, I,*'T,I,,,I,,, !,, +'1,,,i,,, !,,, !,,, !,,,

Filter Face Volodty - 6 ft/mln

A

0.

i,otrrt[rrrrrrrrrrffl_f,,,,,,,,,,, ,,, ,_
I
I

a

a

°+'"t'"_"'_"'_'""' ' ' ' "2_'"2'2"10 '1_' '1_1,' '1'6' '1_i' ': 1

Time of Day (hr.)

Operstion Notes for October 11, lg8g:
Trigger initizlly 17.0' WC increased to 20' .WC

Pulse Cleaning - 280 psig/O.l sec
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Filter Performance Data
Flltem 'M_X-9 & 10. October 12. 198g

Operation Notes _or October 12, 1989:
Scheduled shutdown
Dust added to vessel
Restart 0 20:00 hr
AP Triter = 20.0" WC
Pulse Cleaning - 280 psig/O.1 sec
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Operation Hotes _or October 13, 1989:
Ap Triuer = 20.0" WC
Pulse Cleaning - 280 psig/O.1 sec
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Filter Performance Data
FUtem WRTX-9 & 10. October 14, 1989

30 , , ,_ ,' '- ' ! ' ' ' I , '1 , ! ' '---g

• Filter Face Velocity - 8 ft/mln
ii

a

m

_ .
20-

e /
g

_ .
=10,
_ -
_ .

_ -
i

u

a

I

a

o_..., , , _ , , ...,.i...,. , _., , ,
Time of Day (hr.)

Operation Notes for October 14, lg8g:
Week long test completion.
Scheduled shutdown
AP Trigger = 20.0 w WC
Pulse Cleaning - 280 psig/O.1 sec
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Filter Performance Data
Flltem WRTX-9 & 10, October 18, 1989

30 , ,"_, ! , , , ! , , , ! , , , ! , , , i i , , I , , i i ; , i

Filter Foce Velocity - 8 ft/min

_.20.

(1.
e

:10.

n.

0 J ....r ' '
'' 'Ib''' 2' ' 'I_I.'' 'Im6' ' 'I_I' ' '2bI *212 .1 'gI ¢

Time of Day (hr.)

Operstion Notes for October 18, 1989:
Week long test startup
AP Triter = 20.0 w WC
Pulse Cleaning - 280 psig/O.1 sec
Spike in cycle 0 2227 is system pressure drop caused by
compressor shutdown, corrected, no flame out.
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Filter Performance Data
Filters WRTX-9 & 10. October 17, 1989

30_/,,,; I ' '_*i ' ' ' ! _''''* i ' ' '_I ' ''_' ! ' ' • ! ,', 'i-, ' ' i-' ' ! '_ ' * I '''_ '.

,.-:,.

20

2

_10-
M ° "

_ - .
_ - o

m m

• w

m el

u e

o-,... t '" _"'i_" '_'' 'lb''" "'123'4'' 'i'6'' '1_'' '2;)'" '_''222 4
Time of Day (hr.)

Operation Notes for October 17, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning -
0000 - 280 psig/O.l sec
0738 - 290 psig/O.lsec
2253 - 285 psig/O.l sec
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O- 4

Time of Day (hr.)

Operation Notes for October 18, lg8g:
AP Trigger = 20.0" WC
Pulse Cleaning - 280 psig/O.1 sec until 0749

290 psig/O.1 sec
Then dust off, dust added to the vessel @Ollg.
Dust on - 0207
1242 erratic dust feed
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0
$

Time of Day (hr.)

Operstion Hotes for October 19, 1989:
Trigger = 20.0" WC

Pulse Cleaning - 290 psig/O.1 sec



FilterPerformance Data
FIItem WRrX-9 & 10, October 20. 1989

30.1,.;I..,!,,.!,._1, ;,!,.; i,;,!..,!,,.!.,.i., _ !.*.
Fllter Face Velocity - 6 ft/mln

?
_2o

__.j', I_l,''l I Iw,lr " J _
M °
_ -

I

Time of Day (hr.)

Operation Notes for October 20, 1989:
h9 Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec

D-17



FilterPerformance Data
M_'X-9 & 10, _ 21, IOM

............ i ........ _"'_': -_' , I , 'i..........* "' , , , , ,i

Filter F'aoeVelocity- a ft/mln

i "Im
/

a. : '

.10"

I

I

• I

I

I

I

o- . ,_ - _ -_
_me of Day (hr.)

Operation Notes for October 21, 198g:
End week long test
Scheduled shutdown
gP Trigger = 20.0" WC
Pulse Cleaning - 2go psig/O.l sec
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Filter Performance Data
WRTX-9 ,k 10, Ootober 23. 1989

•-=20_

1........
' ' _I' ' _'Ib' ' 'l_Z' ' 'I'4' ' '1%' ' 'I_' " '2_' ' _2_,'' '214

Tlme of Day (hi'.)

Operation Notes for October 23, 1989:
Begin week long test
Startup
_P Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
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FilterPerformance Data
Rltere WRTX-9 & 10, G:tober 24, 1989

30- ...i. ,.!,..!'; ; ,/,,.I-,.. I. ,. [',..i.ll i.i", l i,. l,"i.

Filter Faae Veloolty - 8 ft/mln

A

t

"'°d//s t' 't
.__e

Q,
e

=10
Z

ii

°6" ':t' "',l'"il' ' 'll" ',ii"' ',iF' ',:¢",F' ,F ' 'ill'"''iF' 3'4
Time of Day (hr.)

Operation Notes for October 24, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning - 280 psig/O.1 sec
Erratic dust feed:
0001.0059
0400*0530
2140+2230
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Filter Performance Data
FIItemWRTX-9 & 10. October25, 1989

30 ." ' ' ' "|" ' " "I *'F_tgr"l'FG_I''I 'V_0o_'" I ''_ '_i 'i''@ft/mln'I _'' ' i'* ' ' i ' '*'_ I ' ' ' I"' ' *I
el •

el

el

i

_ o

_ .

IJ
Im

Time of Day (hr.)

Operation Notes _or October 25, 1989:
&P Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
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Rlter Performance Data
Rltwl MCtX-9 & 10. October26, 1989

_rbo, ..../...l,..iii,l...i;.i. i,../,,.i.,., i..|,.._ i.,,|.., i

i Flltm'IraeeVeloeJty- 6 ft/mln ,

i

41

11

t /
m

i

I0 •

_ •
O.

'r'_l r"_ -r" 1"-11- --_.

Time of Day (lr,)

Operation Notes for October 26, 1989:
AP Trigger = 20.0 e WC
Pulse Cleaning - 290 psig/O.1 sec
1536 - dust feed off
Dust _dded to dust vessel
1605 - dust feed on
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Filter Performance Data
FIItem WRTX-9 & 10, October 27, 1989

30 '''n'''t'''n'''u'''l""'' 't ' " i
. !''' ''' I''' /'' _ I'''1 ' '

Miter Face Voloelty - 8 ft/mln

?::

_10'
M
M

8
I1.

II

0 =

Time of Doy (hr.)

Operation Notes for October 27, 1989:
AP Triiier: 20.0 e WC
Pulse Cleaning - 290 psig/O.1 sec ._
0537*0800
Erratic dust feed, unable to correct online
Dust off. Dust vessel depressurized, dust stirred.
Repressurised. Dust on 0 0818
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Filter Performance Data

' ' ' l ....._' ' ' I ' '' "_" I" ' ' "II

. Filter Face Velodty - e ft/mln

.i

• a

0t

"

E,o
el

I

I1.

0

Time of Doy (hr.)

Operation Notes _or October 28, 1989:
End week long test
Scheduled shutdown
AP Triter = 20.0 w WC
Pulse Cleaning - 290 psig/O.1 sec
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FilterPerformance Data
FIItem WRTX-9 & 10, October 30, 1989

30 ' * ' 1 ' ' ; !' " ' ' i ; ' ' ! '" ' I '_ "' ! ' '"' !'' ' '_ I ' ' '

. Filter Face Velocity - 8 ft/mln

.

.

eeme

Q.
8

C_

8
=1

Q.

1 1 1 20

Time of Day (hr.)

Operation Notes for October 30, 1989:
Start week long test
Sta_'tup
AP Trigger = 20.0 w WC
Pulse Cleaning - 290 psig/O.l sec
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Operation Notes tot October 31, 1989:
/_P Trigger = 20.0" WC
Pulse Cleauing- 290 psig/O.1 sec
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Filter Performance Data
WRTX-g & 10, Novcm_bf 1, 198g

FreerracwVelodty- a ft/m_

Time of Day (hr.)

Operation Notes _or November 1, lg8g:
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
Unscheduled shutdown 2057
Compressor shutdown due to low recirculsting water pressure.
Problem corrected.
Restart - 2153
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Operation Notes for November 2, 1989:
_P Trigger = 20.0" WC
Pulse Cleanfng - 290 psig/O.1 sec
Erratic dust feed
1834 - dust off, vessel depressurized, dust stirred for even
feedfng
1705 dust on
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FilterPerformanceData
F1Rere WRTX-9 & 10, Novernber 3, 1989

30 '"' I''"i''' !''-;1'"' !''' I''' I'''!'''1''' I'' _l"''.j
FIRer ffo©e Velocity - 8 ft/min

Operation Notes for November 3, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec

D-29



FilterPerformance Data
FIItml WRTX-9 & 10, November 4, 1989

30- -" ......' ..... ' I ' ......' * J ......' ' ' I .... ' ........' '
Filter Face Velocity - 6 ft/min

Z
20'

°, ,, '// , :.-_ / / / :
_ .
=10'
In .
M

q

ii

.

Time of Day (hr,)

Operation Notes _or November 4, lg8g:
End o_ week long test
Scheduled shutdown
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
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Filter Performance Data
FIItere WRTX-9 & 10, November a. 1989

30j , , , I'..... '_"' "'!'* ' _ l"'' "t' * ....' _.......I ' , a 1"_ , "-i ' '-

1

Miter Face Velocity - 8 ft/mln

1 J/J///
_°_1

0_i '" 'I_)" " '1_2' _....'i'4"; 'I_'" 'I_' ' '2b'"" '2_2' ' '

Time of Doy (:hr.)

Operation Notes for November 8, 1989:
Start week long test
Startup
AP Trigger = 20.0 w WC
Pulse Cleaning - 290 psig/O.l sec
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Filter Performance Data
WI_-II & 10, N_I_ 7, 19119

Fa_ ww_ - tl ft/mln

I

11.

I

O-j...a..._..._, . _ .i. • * , . i . ,... , . . i'i , , _ i ."i'. ,'i#-. i • _ . |
O 2 4 6 8 10 12 14 1e 18 20 22 24

Time of Day (hr.)

Operation Notes for November 7, 1989:
Ap Trigger = 20.0" WC
Pulse Cleaning - 290 pslg/O.1 sec
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Filter Performance Data
Rlterz WRTX-9 a 10, November8. 1989

30 .....' " ' i" ' ' I-'-' ' i '-'" I ' ' ' i"' ';""-i-' ' ''"l ' _'' I ' ' ' I_'''_-''_['" '_'; i ' ' ;_
Rltor FaoeVelo©lty- 0 ft/mln

.-C20

Q.
e
0

M o

_ .
I

ql

o- "'t "_''_' '"'_'"" 'd"_",b'"'1_'''i'i'' ' 'i%'"','e"_'='o'"2'2'":,
Time of Doy (hr.)

Operation Notes :_or November 8, 1989:
&P Trigger = 20.0' WC

Pulse Cleaning - 290 psig/O.1 sec
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Filter Performance Data
Flltem WR13(-g & 10, November 9, 1989

Miter Face Velocity - 8 ft/mln

Operation Notes for November 9, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
0B39 dust off
Vessel depressuri=ed; dust _dded to vessel
Repressurized
0702 dust on
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FilterPerformance Data
Fllterm WRTX-9 & 10, November 10, 1989

30. '',I,".'1 i,,i,,,i,, '_ i"'* !';"'i' i.; !';'"!', _!;-;, !'"'.1
. Niter Foce Velocity - 6 ft/mln .
• I

• u

m

_ .

20" *

• A
_ .

i

0-'''I'''_''"_'';_'''1b'''I_'''I"i.*"'1'@ r_;'1_''_ ''' .....''':2'o 2'2 _
Time of Doy (hr.)

Operation Notes for November 10, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.l sec
0227 - dust off

Vepressurized vessel, dust stirred _ added
0300 - dust on
1055 - erratic dust feed - corrected
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Filter Performance Data
Fgtem WRTX-9 & 10, Nov_ 11, 1989

30 ' _ ' ' i i ......_ ...., .... I' ' "_' * i '' _ J * -gl .

. _ ram=v_x_ - e ftlmln .

u •

_' : -q
_o. ..e_m I ,,

m

"ual

i,o: -."m i "
_ .

I_. "
ml

U i

i .
,i o

0" "....... I ....... _i ....... -
Time of Day (hr.)

Operation Notes tot Noyember 11, 1989:
End week long test
Scheduled shutdown
AP Trigger = 20.0 w WC
Pulse Cleaning - 290 psig/O.1 sec
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Filter Performance Data
WRTX-II& 10, _lNr 13, 111811

:liO'j , . . i ''' i-''' i'' ' i' '' |' '' i' '' i "' "i' ''

'_ Rltw F_m Vdodb - II ft/mln

L'1 /1 A /I

i '°
0-_,_ . ,_. , "1_" " '1_' " '1_" " "1_t' ' '1_1" ' '2_1" ' ":L_2"' J24

Time of Doy (hr.)

OperLtion Notes _or November 13, 1989:
Begin week long _est
Stirrup
Ap Trigger = 20.0" WC
Pulse ¢lezminE - 290 psig/0.1 sec
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Filter Performance Data
WI_X-@ & 10, Nowrnb_ 14, 198g

Filter Face Velocity - 6 and 10 ft/mln

Operation Notes _or November 14, 1989:
AP Trigger = 20.0" WC
Pulse Cleaning - 290 psig/O.1 sec
1040 - conditions changed to 10 ft/min; dust feed rate
increased
AP Trigger = 26.01WC
Pulse Cleaning - 290 psig/O.1 sec
1954 - Unscheduled shutdown power loss; heat tape short
Blown fuse, corrected
Restart: 2000
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Filter Performance Data
Filters WRTX-g & 10, November 15, 1989

Filter Face Velocity - 10 ft/min

a

t

Time of Day (hr.)

Operation Notes _or November 15, lg8g:
AP Trigger = 26.0' WC
Pulse Cleaning - 9.g0 psig/O.1 sec
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Filter Performance Data
FI1tem WI_'X-9 & 10, November 19, 1989

3O

2

ml@M

=

i • i I " I • " ,ll ii I

Time of Day (hr.)

Operation Notes for November 18, 1989:
AP Triter = 26.0" WC
Pulse Cleaning - 290 psig/O.1 sec
0234 - dust off
Depressurise vessel, dust added
0311 - dust on
Occasional erratic dust feed
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Filter Performance Data
FIIterll WRTX-9 & 10. Nevember 17. 1989

Operation Notes for November 17, lg8g:
AP Trigger = 25.0" WO
Pulse Cleaning 290 psig/O.1 sec
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Filter Performance Data
Fntem WRrX-9 & 10. November 18_ 1989

30 * ..... ' I ' , .... r ...I ' ' '..... i .... i , ..... _

i F,ter Faee V_ 10 ft/m_ *

.
411

it
• a

'_. . o

_ • °

=o-k ,
Qm • m

• I

_ " .o .,
a .

i

1o:
M ° -

_ .

• ii

0 2 '., _,,.,._.,._.. _..............
Time of Day (hr.)

Operation Notes for Nove=ber 18, 1989:
End of week long test
Scheduled shutdown

AP Trigger = 28.0" WC

Pulse Cleaning - 290 psig/0.1 sec
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Filter Performance Data
F11tamWRTX-g & 10, November 27. 1989

F@terF_e Vel_Ity- 10 ft/mln

I

Time of Day (hr.)

Operation Notes for November 27, lg8g:
Begin week long test
Startup
AP Trigger = 26.0" WC

Pulse Cleaning - 2go psig/0.1 sec
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FilterPerformance Data
FIItem WRY-9 & 10. November 28. 1989

Filter Face Veloe._ - 10 ft/mln

.20.
,__C

E"10-
M
M

8

0

Time of Doy (hr.)

Operstion Notes for November 28, 1989:
Ap Trigger = 26.0" WC
Pulse Cleaning - 290 psig/O.1 sec
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Filter Performance Data
F11tclmWIRI'X-g & 10, N_ 2g, l g8g

Filter Fa©e Velocity - 10 ft/min

E_'

a. "
e "

w

M
M .

:

Time of Day (hr.)

Operation Notes tot November 2g, 1989:
AP Trigger = 28.0 e WC
Pulse Cleaning - 290 psig/O.1 sec
0747 - dust oft, dust added to vessel
0848 - dust on
1400 - err_tlc teed
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FilterPerformance Data
RIters WRrX-9 & 10. November 30, 1989

301..,,,.. ,.-'.'-',""_.'.1* "'_,, "'* ', r".'i.'', '-''i'_'-_', ,'''''_,''''''j
RIter Face Velodty - 10 ft/min

"3'.

Q.
e "I

=10.
m

0..

i

g

0-_
2 :4

Time of Day (hr.)

Operation Notes for November 30, 1989:
AP Trigger . 26.0' WC .
Pulse Cleaning - 290 pslg/O.1 sec
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FilterPerformance Data
Rltem WRTX-9 & 10. December1, lS89

30. ,., i... I. _.'1,.", i_"., i,,, i.,,T-'i .'"",i,,, !. il li'. i'll , i.',_
• Filter Face Velodty - 10 ft/mln.

,,-:,. .
011

.

20:
-

Q.

8 :
.

=10.

,i

I

o ..,_..,_..._..._.,'ib'"'_F'%" '_F",F'"2F''2'2'"'2• 4

Time of Day (hr,)

Operation Notes for December 1, 1989:
AP Trigger = 26.0" WC
Pulse Cleaning - 290 psig/O.1 sec
11:00 dust of_, dust added to vessel
11:37 dust on
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Filter Performance Data
Flltem WRTX-9 & 10. I)ecm_ber 2, 1989

30 , v , I i .... ,-' ,_ ') "_ _-.... _r .... " '_ ' 'i i

: Filter Face Velocity - 10 ft/mln ..

A///i/ " " "_. I ! , ./ "J a

_,20t/ I] !' m ."

e

=10,
M
M

i1. .
J

I

a

a

O= .... _

Time of Day (hr.)

Operation Notes for December 2, lg8g:
End week long test
Scheduled shutdown
&P Trigger = 26.0" WC
Pulse Cleaning - 2go psig/0.1 sec
0424 to 0435 Dust feed off
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FilterPerformance Data
Biters WRTX-@ dk 10, I:)eGember 4, 1989

Filter Fo©e Velocity - 10 it/rain

"_ ,I Ill I

" , II s
.__
V

Q.
2

=1@.

_

10 14 20

Time of Day (hr.)

Operation Notes for December 4, 1989:
Begin week long test
Startup
AP Trigger = 28.0" WC
Pulse Cleaning - 290 psig/O.1 sec
"2400 - Data acquisitionoff
0608 - Unscheduledshutdown- flsaneout
Hot spot at combustor
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Filter Performance Data
nltere W_-9 & 10, _ember 5. 1989

• o , , ,• ' ' ! ' ' " ' I ' ' ' ! ' r , I ' ' " m

Niter Fete Velocity - 10 ft/min
el

a u

- • I /• / /e, ; ,, I.

/ / , ,3 - • I "
20- • _ _ / :. / /

'- : '/ / " / t
'/ ,j

aL " :i / :,_
_ " .• m

I_ .
a

=IO-

Q
L °
_ -

• a

a

i

i

0 _ ____,-_
1_ 20 22 24

Time of Doy (hr.)

Operation Notes for Dece=ber 5, 1989:
Combustor liner replaced
Restart week long test
AP Triter = 26.0 w WC
Pulse Cleaning - 290 psig/O.1 sec
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Operation Notes tot December 8, lg8g:
&P Trigger = 26.0" WC
Pulse Cleaning - 290 psig/O.1 sec
2023 - dust off, dust _dded to vessel
2105 - dust on
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Operation Notes for December 7, 1989:
AP Trigger = 26.0 w WC
Pulse Cleanin8 - 290 psig/O.1 sec
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Filter Performance Data
Filters WRTX-9 & 10, December 8. 1989

3O
m

Filter Face Velocity - 10 ft/mln
i

8

8
M
M

o
Time of Day (hr.)

Operation Notes for December 8, 1989:
AP Triter : 26.0" WC
Pulse Cleanin8 - 290 psi8/O.1 sec
1644 - Dust o_f, dust _dded to vessel
1725 - Unscheduled shutdown - repair dust _eed line
1753 - Retart
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FilterPerformance Data
FIItem YMTX-9 & 10, _ber 9, 1989

_!' " " 'ml='rat,'v,i_-lly', _I'10'fllmln' i ' ' ' ' .'.

,_. .
_ o
3 -

_ 20-
m

I_. .

8
_ .

i

8 -
:310-
M °
M
8 .

I_. .
II m

I
ti

I

o---_,,. _ ..., . _.... .'. _...
Time of Day (hr.)

Operation Notes _or December 9, 1989:
End week long test
Scheduled shutdown
AP Trigger = 26.0" WC
Pulse Clesning - 290 psig/0.1 sec
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Filter Performance Data
Filtera WRTX-9 & 10, Janua.j 31, 1990

30, , , , i , , , i , , , i ,. , , ..! ' ' '_ ! ' ' '

Filter Face Velocity - 10 ft/min

,:;, .
2o.

eqme

a.

c_

_10.
m ! .

o.
• I

g

o . 1 1'6 ' ' 1

Time o a .)

Operation Notes for January 31, 1990:
12 hour test, includes startup snd shutdown
1300 - Lost house sir supply
Shut down
Restarted
AP Tr£gger = 28.0" WC
Pulse Cleauing 290 psig/O.1 sec
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FilterPerformance Data
Filters WRYX-9 & 10, F'ebmary 1. 1990

30', ,, , , ! " • ' ! ' ' ' "! ' _ * I ' ' ' '1 ' ' ;u

. Miter F'oce Velocity - 10 ft/mln

-oi
e

10:
II_ -
18 .
_ .

Q

Ii

i

Operation Notes for February 1, 1990:
12 hour test, includes startup and shutdown
AP Trisger = 26.0 t WC
Pulse Cleaning- 290 psig/O.1 sec
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FilterPerformance Data
30- FIIterll WRlrX-9 & 10. February 2. 1990

Filter F._ Vet_:lty - 10 ft/mln
a

c_
20-

i.mll

O.
8

C)

:= 10
M
M

O.
iii

°i
Time of Day (hr.)

Operation Notes for February 2, 1990:
12 hour test, includes startup and shutdown
1430 Lost cooling water to air compressor
Shutdown k restaxt
AP Triter = 26.01WC
Pulse Clea_ing - 290 psig/O.l sec
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Filter Performance Data
FIItcmm_-9 & 10, F_ruary 5, 1990

,10_ ' ' _' " ! ' ' "' ! ' ' ' "'1 '- "_ '- I- ' - ' ',i

FEter Face Velo©itv - 10 ft/min

n
e

a

=1@
M
M

o
1

Time of Day (hr.)

Operation Notes _or February 5, lggO:
8 hour test, includes startup and shutdown
A1) Trigger = 2@.0" WC
Pulse Cleaning - 2go psig/0.1 sec
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Filter Performance Data
Rltem WRTX-g & 10, February g, 1990

• a

. Rlter Face Velocity - 10 ft/mln .

i a

20._ .

" i
• e

10

• q

I1. "
i

I I

o ,,

o-_,,, ;t"-' '-_""' _=-'_'-" "'"'_', _'6""' _' ' '=
Time of Day (hr.)

Operation Notes for February 9, 1990:
12 hour test, includes startup Lnd shutdown
AP Trigger = 26.0 w WC
Pulse Clea_ing - 290 psfg/O.1 sec
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Operation Notes for February 12, 1990:
12 hour test, includes startup and shutdown
AP Trigger = 28.0" WC
Pulse Cleaning- 290 psig/O.1 sec
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FilterPerformance Data
Flters WRTX-9 & 1O, February 13, 1990

30-:""-+ ....." i-_' ' ' ......i' +_+ I '' ' I ....'-' ' I '' '-l ,' ,:,an

Rltor Faoe Yolo_:Ity - 10 ft/rnln

/i /,
Q, -
e :

_ .
= 1o:= .

: J
Time of Day (hr.)

Operation Notes _or February 13, 1990:
12 hour test, includes startup _nd shutdown
&P Trigger = 26.0" WC
Pulse Clesning- 290 psig/O.1 sec
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m

Time of Day (hr.)

Operation Notes for February 14, lggo:
I2 hour test, includes startup and shutdown
AP Trigger = 28.0" WC
Pulse Cleaning - 290 psig/O.l sec
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Filter Performance Data
Rlter= _-9 & 10 February 10 1990

30- , ", i i ' " ' l--' "-" I ....' ' ''l"'' ' I -_ ' '"

Rlter Face Velocity - 10 ft/mln

Time of Day (hr.)

Operation Notes for February 18, lggO:
12 hour test, includes startup and shutdown
AP Trigger = 2@.0" WC
Pulse Clea_ing - 290 psig/O.1 sec
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Filter Performance Data
Filters WRTX-9 & 10, February 19, 1990

Filter Face Velocity - 10 ft/m|n

0
1 18 24

Time of Doy (hr.)

Operation Notes for February 19, lggo:
StLrt of week long test
1230 Flame out - unscheduled
Restarted
AP Trigger = 26.0 w WC
Pulse Clea_in8 - 290 psig/O.1 sec
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Filter Performance Data
Filters WRTX-@ & 10, February 20, 1990

Niter Face Velocity - 10 ft/m:

2@'

e
a

o"
12 1

Time of Day (hr.)

Operation Notes for February 20, lg90:
1130 Plaae out - unscheduled
1520 Plaae out - unscheduled
Itesta_ted
AP Trigger = 28.0 w WC
Pulse Cleaning - 290 pslg/O.1 sec
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FTlterPerformance Data
Fllteru WRTX-9 & 10, February 21. 1990

3O

Filter Iracn Velo©lty - 10 ft/mln
I

Q. -
2 "I

_ .
=10
M -

_ .
M

I

m

U

O ..._..._,.,_..._,.,1_)...,1_2 '';''''''I''1'4''1w6' '1_'''2_3'* "i,._2 ';,4
Time of Day (hr.)

Operation Notes for February 21, 1990:
0300 Flue out - unscheduled
Restart
1430 Dust Added
Pulse C1ea_ing - 290 psig/0.1 sec
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Filter Performance Data
Filters WRTX-9 & 10, Feb_ary 22, 1990

" Filter Face Velocity - 10 ft/m|n

°C

8
a -

a

_ .
:_I0 -_

'I

12 14 16 18 22 24.

Time of Doy (hr.).

Operation Notes for February 22, lg90:
&P TriEKer = 26.0 = WC
Pulse CleaninE - 290 psig/O.1 sec
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FilterPerformance Data
Filters WRTX-9 & 10. February 23, 1990

m,r Faa,_,,_y - 10 ft/mln

0

Time of Day (hr.)

Operation Notes for February 23, lg90:
0345 Flame out - unscheduled
Restart
1000 Dust Added
1415 - 2200 Multiple Flame outs - unscheduled
Restartedeachtime
AP Trigger = 28.0" WC
Pulse Cleaaing - 290 psig/O.1 sec
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FilterPerformance Data
filters WRYX-9 & 10, February 24, 1990 _

30--'-, .... ,_ ....... .........,' . . ! _""' ' ' i ' "' 'I

Filter Face Velocity - 10 ft/mln

, / //, 1

' / ' / / .320- / " / .- , , /On •

a

n .

2

_10
M " ,m

M -

_ -al

0,. "

o . ....,., ._, . . ,...,_ ,,........... . _....... ....
Time of Day (hr.)

Operation Notes _or February 24, lg90:
End o5 week long test
0700 scheduled shutdown
AP Trisser = 26.0 n WC
Pulse Cleauing- 290 psig/O.1 sec
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Filter Performance Data
FIItem WRTX-g & 10, February 26, 1990

30" ; ;'' | " ; T' I '"_ * I '* ' ' I i ,', I ' ' ' I 'i _ ,
Filter Faae Vel_:Ity - 10 ft/mln

//,/i' /

10'

G.

O"

Time of Doy (hr.)

Operation Notes for February 26, 1990:
Start of week long test
Changed to Cri=ethorpe PFBC flyssh for dust injection
2330 Flame out - unscheduled
Restart

AP Trigger = 28.0" WC
Pulse Cleaning - 290 psig/0.1 sec
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Filter Performance Data
Flltem WRTX-9 & 10, February 27. 1990

Filter Face Velocity - 10 ft/mln

06'' ':_'' '_"" ;'_' " '_' '"'IG'" '1_2'_''1i4'' '1_8'_ "1_1'_''2_'' '22' " '2'4

Time of Day (hr.)

Operation Notes for February 27, lggo:
1100-2145 Multiple Flame outs - unscheduled
Restarted each time
AP Trigger = 26.0' WC
Pulse Cleaning- 290 psig/O.1 sec

D-71



Time of Day (hr.)

Operation Notes for February 28, lg90:
0040 Flame out - unscheduled
Temperature controller m_l_unction - r_paired
Restarted
1515 Dust Added
AP Trigger = 26.0 m WC
Pulse Cleaning - 305 psig/O.1 sec
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Filter Performance Data
Rltem WRTX-9 & 10, March 1, 1990

40'_. , "i * . '"i' ' ' I '" "i _1 '"I' i""*--i'' "I '"' I' '"1'"I J"" i ' I". I '' '._

_ 1 _FooeV.l.lty- 10 and 6 ft/mln 1

1

Time of Doy (hr.)

Operation Notes for Msrch 1, 1990:
0600 Changed AP Trigger to 30.0 'WC
1800 Conditions changed from 10 ft/min to a ft/min
face velocity, AP Trigger changed back to 28.01 WC
Pulse Cleaning - 316 psig/O.1 sec
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0

Time of Day (hr.)

Operation Notes for March 2, 1990:
AP Trigger = 26.0" WC
Pulse Cleaning - 315 psig/O.1 sec
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Filter Performance Data
Flltem WRTX-9 & I0. Morch 12. 1990

...... il i|,i i

30 " _," , "_ ...._i'" ' ' _ "'I " _....'-I ......' " ' I ' ' 'i I _ ' '
g .!

Niter Fa©e Velocity - 8 ft/mln

20!

-
_,' . _

i "
=10" -

'
I

i

In

I

O- _ o • 110 , _' w' 1_ r "_ , 114..... , i _1 1|8 _" r'l-l_ '_' _ " 2_

Time of Doy (hr.)

Operation Notes for i/arch 12, lggO:
Dust out concentration higher than usual
Shutdown for inspection
AP Trigger = 26.0' WC
Pulse Cleaning- 315 psig/O.1 sec
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APPENDIXE

ASSESSKENTOF CROSSFLOWFILTERMOUNTINGDESIGN
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FILTER SYSTEM STATUS

1.0 SUMMARY

Two cross flow filter elements were successfully tested under

simulated PFBC conditions for over 1300 hours, thus representing the

longest successful test campaign on this barrier filter technology. The

filter operation was terminated when the dust loading on the filter

outlet increased up to 100 ppm and the system permeability profiles

suggested that a breach had developed on at least one of the elements.

Post test inspection of the filter system revealed that one of the

elements had developed a longitudinal crack on the ceramic flange, and

the flange corners of both elements were crushed by the metal clamping

plates. Neither filter showed any signs of delamination failure which

had historically plagued the first generation of cross flow filters.

A comprehensive fractographic evaluation and a mechanical design

analysis were undertaken to investigate and correct the cause of this

failure. The flange failure _ttributed to three principal

deficiencies in the current ig apparatus, namely,

• Non-uniform loading of the ceramic flange imparting point or

line stresses which ultimately lead to brittle fracture

failure,

• Relaxation of the filter clamping bolts causing up to 90_

reduction of the seating forces on the filter and gasket

after about 1000 hours of hot testing such that the element

could either vibrate, or in the extreme, levitate during

reverse pulse cleaning,
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• Imposition of differential contraction stresses on the

ceramic flange during shutdown periods caused by the

accumulation of dust in the cavities outside the element

seating area.

A retrofit design has been proposed to eliminate the

deficiencies in the current mounting apparatus. It is recommended that

this retrofit be implemented on the PFBC simulator facility and other

cross flow filter prototypical test facilities to ensure long term

operational reliability of this cleanup system.

2.0 DESCRIPTION OF CURRENTSYSTEM

The PFBC long term durability test rig can accommodate up to

four commercial scale cross flow filter elements which are distributed

on two metal plenum pipes suspended from an uncooled metal tubesheet.

During the 1304 hours of simulated PI_C testing only one active plenum

with two filter elements was used. The second plenum was installed with

blank metal plates covering the filter seating areas of the plenum

fixtures. The following discussion provides background information on

the filter elements and the current assembly procedure.

2.1 Element Ceometry

The two filter elements tested in the PI_C rig, labelled WRTX-9

and _RTX-IO, featured the use of the mid rib bond and radiused flanges

for enhancing the mechanical strength of the ceramic flange and filter

body. Prior to installation these elements were characterized for their

permeability at ambient conditions and found to be within the

Westinghouse acceptance criteria for pressure drop, namely less than

5 in. wc. at a face velocity of 10 fpm. The elements were dimensionally

checked to verify fitup inside the metal fixture. During this

inspection one of the elements was found to be oversized along the

length, causing an interference with the fixture. Therefore a small
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section of the end plate 5 inches wide by 0.5 inch high and 0.2 inch

deep was cut using a diamond saw. Per normal practice the seams between

the individual plates were painted with a ceramic glue as a

precautionary measure _sinst dust infiltration through any gaps left in

the manufacturing process. In _ddition the clean side channel rows on

the two outer edges of the element (near the 12x4 end plates) were

filled with the ceramic cement because these channels are otherwise

blocked by the gasket material.

The flanges of the two elements were inspected to verify that

the rsdiused fillet on each flange met the Westinghouse specification

and that there were no residual sharp edges or corners on the flange and

fillet surface.

2.2 Element Mount Configuration

Figure E.1 is an engineering drawing of s typical element mount

configuration. The element rests on a stainless steel ledge which is

welded to the support fixture. After installation the ceramic flanges

on the element are nearly flush with the upper surface of the fixture.

The filter flanges are clamped to the fixture by means of stainless

steel plates, 13 inches long by 1.25 inches wide and 0.375 inch thick.

Each plate is held by four 0.25 inch 316 stainless steel bolts.

Fi&_re _.2 shows an end view of a fully assembled eidesl I filter

element (i.e., an element that meets all dimensional tolerances). The

clamping plate would rest flat and parallel with the top surface of the

flange with a compliant layer of gasketing material between the metal

and the ceramic. Note also the position of the compressed gasket under

the filter which functions u s dust seal during filtration (forward

flow) periods and s partial gas seal during any pulse cleaning event

(reverse flow).
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Figure E.1 - _'ypical Elemen_ Uount ConfiguraCion



i
//

, _ CLAMPBAR

c_. II
ELEMENT l! !...._. SUPPORT

_,s,_ _ '_
' 0 25" BOLT

Figure E.2 - End View of an "Ideal" Assembled Filter Element
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2.3 Gasketing Haterials

As shown above there are two gasketing materials used for fixing

the ceramic element inside the metal fixture. The top layer is

essentially a compliant pad to fill the asperities on the ceramic flange

surface. The material used for this purpose on the PFBC test rig was a

0.15 inch thick layer of Interam Brand Mat Hount made by the 3M Company.

This material is made of alumina silicate fibers interspersed with an

intumescent or heat expandable layer of vermiculite. While this

material has found commercial use as a gasket on catalytic converters,

the upper temperature limit is only 1300°F. Figure E.3 shows a

photograph of an Interam pad after exposure to a temperature of 1800°F

for 8 hours. Note that the pad completely disintegrates into powder

after exposure to PFBC type conditions, which indicates that the

material has marginal resilient properties and, at best, only provides a

residual granular layer sandwiched between the clamping plate and the

ceramic flange.

The bottom gasket, on which the element rests and which actually

functions as the dust seal, is a Westinghouse assembled pad made of 3M's

commercially available Nextel fabric and a silica-boris-alumina fiber

blanket, shown in Figure E.4. After exposure to the PFBC simulator

conditions for 1304 hours and 2068 pulse cleaning cycles, there was

virtually no damage or distortion sustained by this gasket. The load-

deflection characteristics for the unused and the exposed gasket, as

measured on a standard testing machine, were found to be identical; thus

indicating that the gasket does not experience any long term

deterioration in its resiliency properties.

2.4 Assembly Methods

During assembly the dust seal gasket is first installed on the

metal ledge inside the fixture. The filter is then seated on the dust

seal and loaded with a 400 lbs. weight placed on top of the element,
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Figure E.3 - Intera_ Gasket After Exposure to 1600"F for 8 Hours.
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Figure E.4 - Photograph of Nextel Reinforced Fiber Blanket Pad Used as Dust Seal.
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thereby uniformly compressing the gasket. Two strips of Inters_n pads

are then placed on the ceramic flanges which axe then covered by the

clamping plates. The eight bolts are assembled finger-tight and

subsequently torqued to 15 in-lbs. The weights axe now removed thus

providing a total nominal gasket se_ting force of 2430 Ibs.

Each element is then mounted with side compression plates to

provide precautionary reinforcement against element delamination. These

plates are made of 4 inch by 12 inch by 0.25 inch thick 316 stainless

steel plates, which are assembled using metal tie-rods to provide a

compressive force of approximately 1400 Ibs. Six ceramic rods are then

fitted into corresponding slots on the sides of the parallel plates,

these rods axe held in place by compression collars. After assembling

the ceramic rods the metal rods are removed. Interam pads are used as

cushioning material between the metal end plates and the ceramic side

walls of the filter. Figure E.5 shows a photograph of a typical fully

assembled filter element.

3.0 ASSESS_F_r OF SYSTEM RELIABILITY

The PFBC simulator rig containing the two ceramic filter

elements was operated for a total of 1304 hours. The system was

subjected to 43 warm standby to staxtup cycles and @ cold shutdown to

staxtup cycles. The filter pressure vessel was first disassembled at

the end of the 1304 hours when the dust mass loadings at the exit of the

filter showed a dramatic increase from a nominal 3 ppm to over 100 ppm.

This excursion was diagnosed as a serious breach in at least one of the

filters, hence the testing was thereafter discontinued. The results of

the operational analysis, system inspection and failure analysis axe

reported below.
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3.1 Operational Analysis

The test campaign of 1304 hours represented the longest

successful test exposure of cross flow filters to the high temperature

and high pressure PFBO conditions. During the first 1300 hours of

testing the system operated as a barrier fil_dr releasing trace

quantities of PFBC dust. The system pressu:e drop profiles showed

consistent recovery after each pulse cleaning action, indicating

efficient removal of dust cake. As discussed elsewhere in this report,

the residual or baseline pressure drop sho'ved a normal stabilization

behavior at a value approaching 20_ of the unused filter permeability.

In an attempt to identify the sequence of operational events that may

have triggered the filter failures, the operational behavior of the

filter system was closely examined.

The outlet dust loading profiles for the entire test campaign

are shown in Figure E.6, wherein the test interruptions are marked by

the wSWand wCWsymbols designating the warm startups (from a warm

standby condition at 600*F temperature) and cold startups (from ambient

temperature conditions) respectively. It is interesting to note in this

chart that, with the exception of C7, all other startups were marked by

a I0 ppm spike in the outlet loading (not necessarily dust) which

subsides to less than 1 ppm within a few hours of hot operation.

Figure E.7 shows a typical sequence of dust samples extracted by the

sample probe following an interim shutdown. The initial samples

consistently show a black patch on the filter paper, the samples

subsequently become lighter and after about 10 hours show a faint

smearing of the beige color which is characteristic of the PFBC ash.

This trend in the dust profile indicates that the internal 318 stainless

steel components develop corrosion scale from exposure to the damp

shutdown conditions. After the system has been reheated the black scale

is released. It is concluded that the 10 ppm spikes occurring over the
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PFBC Cross Flow Filter Outlet Loading
F_ters WRTX-9 & 10

C_ = I000 ppm ,,

_ I '"S1_t4 _ 04

_, n , "!i

!, "8 ::
0.1 _

_ _ Qj

4 ID--I ,"1_ , , i, 200'_1-'1! I-I_ I'11 I"1 _I._v ,-i , i I I , | ,|i600 I-I I t 'l_ t i i ilu_,v _ _)_)_),..... ,, .',., r_12.0

Sompling Time (hrs.)

Figure B.6 - Filter Outlet Loading Profiles During PFBC Simulator Test
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Figure E.7 - Progression of Outlet Dust Samples Following Interim Shutdown.



first 1300 hours of testing are, in fact, the corrosion scale released

by the internal steel lining, and the actual PFBC dust penetration

throughout the bulk of the test campaign was less than 1 ppm.

From the dust loading traces in Figure E.8 it appears that the

filter elements developed an initial breach after shutdown C8 (increase

from less than 1 ppm to about 4 ppm) which increased in severity after

shutdown C7 when the loadings exceeded 100 ppm. The overall system

permeability, defined as the reciprocal of the normalized pressure drop,

was analyzed for the post C8 shutdown test periods. As shown in

Figure E.8 the permeability did not show an increase until after

shutdown C7 suuesting that the first stage of failure after C8 was a

small crack which only allowed seepage of dust cake, whereas the second

stage of failure was a large crack which permitted significant bypassing

of dust laden gases into the clean side of the system.

3.2 Inspection and Fractographlc Examination

The tubesheet and plenums were removed from the vessel and first

inspected with a borescope inserted from the top open end of the plenum

pipe. The internal cavities of the two fixtures showed some

accumulation of the beige colored PFBC dust; it appeared that the top

fixture with element V_tTX-IO contained more dust than the lower fixture

withWRTX-9. The compression braces on both elements were found to be

loosely connected, and one of the end plates had actually become

detached from the ceramic rods. The elements were securely seated in

their respective fixture cavities and did not show any outward

indication of breakage or cracking.

The clamping plates on both filters appeared to be tilted such

that the inside edges of the plates actually impinged on the ceramic

flange _,_rface. Cracks emanated from the contact point and appeared to

have propagated into the fillet of the flange.

g-l_



PFBC Relative Permeability
Filter= WRTX-9 & 10

0.30 ............ ,, ,,,,

:-- o,2o-
.Q
O
Q)
E
L

Row Conditions:

13- ; = 70 psig== 1500 - 1600 F

>0.10- V = 6 to 10 ft/min.
:_ C_ = 1000 ppm '"
(D

Q_

0.00 - / = ......... = _ l j i
1350 1450 1550 1650 1750 1850 1950 2050

Cycles

Figure E.8 - Filter Permeability Trends During PFBC Simulator Test
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The side plate of filter WRTX-IO (which was machined prior to

installation) showed cracking and spalling along the bottom face as

shown in Figure E.9. The cracking and spalling may have been caused by

the thinning of the end plate during the machining process.

The flange surfaces were examined after removal of all four

clamping plates. The _lange corners of both filters showed severe

crushing and/or cracking damage, as typified in Figure E.IO. The gaps

between the flanges and the metal fixture were completely filled with

fly ash.

The most significant failure was a longitudinal crack along one

of the flanges on filter WRTX-IO, as shown in Figure E.11. The crack'

appeared to have started at the corners and propagated through the

fillet and caused a separation of the filter body from the flange.

The bottom filter WRTX-9 was wedged firmly into the fixture by

the fly ash and, during disassembly, a part of the flange was sheared

off. Figure E.12 shows a remnant of this flange and the gasket a_ter

removal of the element. The fly ash present on the corners of the

gasket indicates that the corners of the flanges were crushed during

operation, allowing dust penetration.

Figure E.13 describes, in schematic form, the shapes of the

vaxious fractures formed on these filters during operation.

3.3 Failure Mechanisms

• The clamping bars rested partly on the fillets between the

flanges and the body of each filter, and partly on the edges

of the flanges. This caused concentrated pressures on the

filters and bending of the flanges, as well as bending of the

bolts.
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Figure E.9 - End View of Filter WRTX-IO, Shows Cracking and Spalling
in the Area Which Was MachinedPrior to Installation
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Figure B.12 - Remnant of Filter WRTX-g Which Broke During the Element Removal;
Note the Collection of Dust on Corners of Mount Indicating Flange

Cracks During Service

t
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Figure E.13 - Fracture Profiles on WRTX-9 and _TX-IO Filters
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• Grinding of the end walls of the filters prior to the

installation may have contributed to the cracking and

spalling of the lower portions of the end walls.

• The location of the end bolts of the clamping bars next to

the end corners of the flanges may have contributed to the

crushing of the surface of the corners.

• The fractures in the flanges and in the bases of the filters

appear to have always started in the regions of the end

corners of the flanges.

• The holder appears to have exerted considerable loads on each

filter by "pinching" tight its base via fly-ash compressed

between the vertical walls of the holder and the sides of the

filter.

• In general, the cracking of the filters appears to have been

caused by concentrated stresses, some constant, some cyclic

(including thermal fatigue), resulting from the methods of

supporting and clamping the filters. Grinding of the filters

prior to the installation might have been a contributing

factor to some additional spalling.

3.4 Drawbacks of Current Design

Judging from the results of the operational analysis and the

fractographic evaluation, the primary cause of the filter failure

appears to be the design of the filter mounting apparatus and the

assembly procedure. The characteristics of the flange fractures

indicate that the crack initiation occurred primarily on the flange

edges and that the crack growth was accelerated by the imposition of

point and/or line stresses on the interface between the ceramic flange
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and the metal clamping plates. Notably, these fractures did not result

in any filter delaminations, as previously experienced on the first

generation of cross flow filters. The absence of delamination in the

second generation elements is attributed to the use of the radiused

, fillet between the flange and the filter body, the mid-rib bond

structure and the overall improvement made by Coors in the element

fabrication and sintering procedures. Once initiated, these cracks did

not propagate laterally into the filter body as a delamination, but

instead proceeded longitudinally across the flange.

Specific deficiencies in the current mount design are discussed

below.

A. Non-uniform Loading of Filter Flanges

The filter support ledge is recessed inside the metal

fixture so that the clamping plates are normally flat and

horizontal in the assembled state. Such a perfect fitup of

the element is seldom achieved in practice because the

flange dimensions vary by 150 mils in thickness and 30 mils

in flatness. Therefore, after installation, the clamp

becomes tilted and imposes a direct crushing load on the

longitudinal edges and corners of the flanges as shown in

Figure E.14(a). Alternatively, shims are used to raise the

outboard side of the clamping plates to achieve a horizontal

fitup as shown in Figure E.14(b). The end result is that

when the bolts are torqued the compression force only acts

on the shim; the clamp transfers marginal compression to the

ceramic flange again in the form of an edge load or moment.

It is virtually impossible to (a) achieve uniform

distribution of load along the flat surface of the flange,

(b) to preclude any interference of the flange corners and
o
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_! -_ TILTED CLAMPBARCAUSE8--NON-UNIFORMFLANGELOADING
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Figure E.14 - TypicalElement InstallationProblemswith Current
Mount Design
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edges with the clamp plates, and, (c) to reliably translate

the bolt los_isinto an equivalent seating force on the

filter.

B. Bolt Relaxation due,to Creep Effects

As described previously, the filter gasket is preloaded with

an initial seating force of 2430 Ibs. The 0.25 inch 318

stainless steel bolts, however, relax at high temperature

causing a reduction in the effective seating force on the

gasket. Using the isochronous stress-strain curves for 316

stainless steel the gasket seating force was calculated for

various exposure times at 1500"F temperature. As shown in

Figure E.15, the actual seating force deteriorates to about

I0_ of the initial value after i000 hours or about 280 ibs.

Given the non uniform loading characteristics of the clamp

discussed above and the closeness of the residual seating

force to the reverse hydrostatic force generated during

pulse cleaning, it is probable that the elements are

partially lifted and/or severely vibrated during each pulse.

Because the Interam pad placed between the clamp and the

flange crumbles to powder at high temperature there is

virtually no resilient layer to absorb any impact of the

ceramic flange with the metal plate.

C. Lateral Loads due to DUSt Accumulation

Because of the differential thermal expansion between the

ceramic flange and the metal ledge, the 0.125 inch gap is

opened during high temperature operation. After 1000 hours

the creep relaxation behavior of the bolts substantially

reduces the gas sealing characteristics of the gaskets

allowing dust is_iengas to permeate through the gasket and
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Figure E.15 - Effect of Bolt Relaxation on Filter SeatinK (Current Design)
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form a dust cake in the cavities outside the gasket and in

the gaps between the flanges and the metal fixture. Because

this cake is normally thicker than the cake depositing on

the filter walls, it is unlikely to be removed during on-

line pulse cleaning. Upon shutdown when the metal cavity

contracts a residual stress is exerted laterally into the

flange body. The wedging effect of the fines was

particularly visible on the bottom element which had to be

forcibly ejected out of the metal fixture causing a cleavage

of the flange during disassembly. The lateral forces would

principally be manifested during the cold shutdown periods

after about 1000 hours of hot operation when the seating

forces on the gasket have substantially relaxed allowing the

buildup of dust in the cavities.

3.5 Proposed System Retrofit

In an effort to eliminate the deficiencies in the current filter

mounting apparatus a retrofit design has been developed as shown in

Figure E.16. The salient features of this retrofit are now outlined.

1. The Nextel reinforced g_skets are used on the upper and

lower surfaces of the cer_ic flange. Note that the upper

gasket after compression now provides a compliant layer to

smooth out the seating forces imposed by the flange loading

plate and also ensures a resilient shock-absorbing layer to

cushion the vibrational forces generated during pulse

cleaning.

2. The single clamp plate is now substituted by a flange

loading plate and a separate loading bar with a swivel

action. This type of clamping arrangement ensures that,
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regardless of the ceramic flange geometric variations, the

loading plate will remain parallel and horizontal whereas

the loading bar can rotate as necessary without actually

interfering with the edge of the ceramic flange.

3. A metal post is attached to the outside of the existing

fixture such that the loading bar is simply supported on

either side of the bolting axis. Thus the bolting forces

are directly transferred into an equivalent seating force on

the filter, without the use of shims.

4. The eight 316 stainless steel bolts are substituted by 14

bolts made of creep resistant Incoloy 800 alloy. During the

assembly procedure a _70 ibs weight is placed on the element

to pre-compress the bottom gasket. The clamping device is

now mounted and the 14 bolts are sequentially torqued up to

I0 in-lbs. After removal of the 270 Ibs weight, the two

gaskets will be loaded in series to approximately 2700 ibs

of seating force. For the retrofit design Figure E.17 shows

the effect of long duration bolt creep on the seating forces

acting on the filter. Comparing with Figure E.15 it is

clear that the seating forces are held to a relatively

steady value with a substantial margin over the hydrostatic

reverse forces generated during pulse cleaning. Note also

that this high seating force is calculated to prevail over

at least a 4 year operating period.

5. The filter seating area is elevated by the use of a spacer

such that no dust can accumulate between the flange and the

metal fixture. Notwithstanding the rugged gasket seating

properties of the modified design, this feature ensures that

no residual transverse stresses can act on the flange during

shutdown conditions.
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EFFECT OF HIGH TEMPERATURECREEP
RetrofitDesign
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Figure E.17 - Filter Seating Characteristics of Retrofit _ount Design
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Whereas, these modifications can be easily implemented in the

_urrent filter support structure, the retrofit mount blocks off the

bottom two rows of filtering surface, thus reducing the overall

filtration area from 8.4 to approximately 7.0 ft2. This penalty,

however, can be easily eliminated in a "clean sheetH mount design which

incorporates all of the improved features associated with the retrofit

design.

It is recommended that the element mount modifications be

implemented on the long term durability test rigs as well as on pilot

scale filter systems integrated with the Texaco gasifier and the Foster

Wheeler second generation PFBC system. Additionally, it is recommended

that the filter compression braces, which were hitherto used to guard

against delamination, be omitted in future testing. The results of the

1300 hour test campaign have shown significantly improved resistance to

delamination and that delamination may no longer be an operational issue

with cross flow filter elements. It is also clear that these braces

become easily detached during high temperature operation and provide

negligible compressive forces on the element.
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APPENDIXF

PRESSURE DROP AND GAS TEMPERATURETRACES RECORDED DURING
PFBC PLANT THERMAL TRANSIENTTESTING

WRTX-76, WRTX-77,WRTX-78,WRTX-81 (WRTX-80,AND WRTX-84)
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PFBC Filter Performance Data
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PFBC Filter Performance Data
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PFBC Filter Performance Data
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PFBC Filter Performance Data
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PFBC Filter Performance Data
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PFBC Filter Performance Data
Rlter= WRTX-77,78,81,76 November 2, 1990
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PFBC Filter Performance Data
RitePa WRTX-77,78081,76 November 6, !990
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PFBC Filter Performance Data
Rlters WRTX-77,78,81,76 November 7. 1990
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PFBC Filter Performance Data
Rlter= WRTX-77,78,81,76 November 8, 1990
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PFBC Filter Performance Data
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PFBC Filter Performance Data
Rltem WRTX-77,78.81,76 November 10. 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,81,'76 November 12, 1990
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PFBC Filter Performance Data
Rltenl WRTX-77,78,81,76 November 13, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,81,76 November 14 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,81,76 November 15, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,81,76 November 16, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,81,76 November 26, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,81,76 November 27, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,81,76 November 28, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,80,76 December 4, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,80,76 December 5, 1990

4.0... ,_ , _., ,';'l. ' '"' 1 '_" i. '"" ! '' ' i'"""1. , , _ i. _', , .I *"_"J'l ' ' ' .i _ , _

" Filter Face Velocity - 4 ft/min "
a,

== .i

.=

,:/,so- i_. - ,
,i,,

ew_,P .

lw "

a "

::3
CO
ffl

o10 /

L,
13_

I I '1 | "

6 10 12 14 16 18 20 22 24

Time of Day (hr.)

F-25



PFBC Filter Performance Data
Filters WRTX-77,78,80,76 December 6, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,80,76 December 7, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,80,76 December 8, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,80,76 December 10, 1990
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PFBC Filter Performance Data
Riters WRTX-77,78,80,76 December 11, 1990
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PFBC Filter Performance Data
Filters WRTX-77,78,80,76 December 12, 1990
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PFBC Filter Performance Data
Rlters WRTX-77,78,80,76 December 13, 1990
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PFBC Filter Performance Data
Rlter8 WRTX-77,78,80,76 December 14, 1990
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APPEI_IX G

PRESSUREDROPTRACESFROMPFBCSIMULATORF'II,TERTESTS
WRTX-76, _RTX-771 WRY-78 ANDWRTX-21

STEADYSTATE OPERATION

G-I



Cross Flow Filter Performance Data
WRTX77,78,21,76 - September 09, 199120- i

." Filter Face Velocity - 2.5 ft/min ".
w ,d

m ,N

. ,.

'_15-

_'10 2

if)

' _ ' lb' 1_' 1'2' 1_' 1'4' 1'5' 1'8' 1'_'1_' 1_'
Time of Doy (hr'.)

Ope.rotlon Notes for September 09, 1991
delto-P Trigger -- 13 in wc
Pulse Cleonlr_(j- 300 pe|g/0.1 ee¢
0849 Rome On system to temperoture ond pressure
1225 Rome out - Unscheduled
1330 Rome out - Unscheduled
1402 Rome out - Unscheduled
1755 Dust off, dust covering funnel In dust vessel, corrected
1918 ScheduledShutdown
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Cross Flow Filter Performance Data
WRTX77.78,21,76 - September 10, 1991

20_ _, |' 'i "_' , ! i | , I '" ! '_ L i 1 _i ' I " ! _
'. Filter Face Velocity - 2.5-2.8 ft/mln

/
_'10-

UI

_ 5

0 'I r"_ ' lb ' 1'1 ' 112' ' ' .....'..........., ' , , ,,__ k,• 13 1'4 _'s i'8 1_ 1'8 _9 ?o
Time of Day (hr.)

01_ratlon Notes for September 10, 1991
delto-P Trigger - 13 =nwc
Pulse Cleonlrlg- 300 pslg/0.1 sec
0825 Rome On system to temperature and pressure

System

i561555 Pre,,ure lowered to 90 p,lg
System Row raised to 800 PPH

820 Rome out - Unscheduled

1835 System Pressure roiHd to 95 pslg908 3c:heduledShutdown
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Operation Notes for September 11, 1991
delta-P Trigger = 13 in wc
Pulse Clean|rig - 300 psig/0.1 sec
0835 Rams On system to temperature and pressure
1915 Scheduled Shutdown

c-5



Cross Flow Filter Performance Data
WRTX77,78,21,76 - September 12, 1991

20- '-i. i-i _'_ i _-': ! I'"1 ' i _i i-.i i _ i _ i _'-_ "_-
Rlter Face Velocity - 2.8 ft/mln

Operotlon Notes for September 12, 1991
delta-P Trigger = 13 in w¢
Pulse Cleonlng - 300 palg/0.1 =e¢
0820 Rome On system to temperoture ond pressure
1916 ScheduledShutdown
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Cross Flow Filter Performance Data
WRTX 77,78.21,76- September 13, 1991

20 " ! _ I _' .... ! ' ' "'1 " "'t' • .... ! ' !.......r' -
Rlter Foce Velocity - 2.8 R/min

:

_, :
o. !

! 9 10 11 12 13 1_1. 15 16

Time of Day (hr.)

O_on Notes for September 13. 1991
delto-P Trigger = 13 In wc
PUlH Cleon|rig - 300 pllg/0.1 sec
0822 Rome On system to temperature ond pressure
1533 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX77,78,21,76- September 16, 1991

20 ' I i 1 ' ! " 1 i i-- ' i_ i 1 _.......i-' I *: I '-I i

i Filer Face Velocity - 2.8 ft/rnln .

,,=

,=

N

wl

m

'_'15 -

.
& .

o°-10"

(1. -

o-_-._-,_i_, 5_' "_ 'l's' _'6'_i_"_ '21'1 ' i_3 _ _8 ' I_) 0

Time of Day (hr.)

Operation Notes for September 16, 1991
delto-P TdQger = 13 in wc
Pulse Cleonmg- 300 pslg/0.1 sec
0838 Rome On system to temperature and pressure
0920 UncheduledShutdown,main vessel gasket leak, bolts tightened
1000 Rame On
1920 Scheduled Shutdown
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Operotlon Notes for September 17, 1991
delto-P Trlqg;ger= 13 In wc
Pulse Cleon|n9 - 300 psi9/0.1 sec
0737 Rome On system to temperoture end pressure
1915 Scheduled Shlatdown
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Cross Flow Filter Performance Data
WRTX T'/,78,21,76- September 18, 1991

20'. ' i + I " ._1 '- t ' "t ' 1 ' +"t- * i ' 'i t .....l- '_ 1" *
" Fitter Face Velocity - 2.8 ft/m|n .

a.

N

m

15"

Q.
91o
(3

el
_5

L
O" -, ..... , i ,'i , , ............

_J 10 11 I'2 I13' i=,4. '-++r ' ' '+ ' ' ' '';. ++ ;7 _a i_'-- )
Time of Doy {hr.)

Operation Notes for September 18, 1991
delta-P Trigger :, 13 In wc
Pulse Cleanlr_g - 300 psig/0.1 sac
0837 Flame On system to temperature and pressure
1901 Scheduled Shutdown

G-IO



Cross Flow Filter Performance Data
WRTX T7,78,21,76- September 19, 1991

20_.[- I" t- ' I i"t _ "t' ' I ''_ '|' ;' I ' | ' _! _ i-'---
Filter Face Veloclty - 2.8 ft/mln

0
a lo 11 1 14 is is la

Time of Doy (hr.)

Operation Notes for September 19, 1991
delta-P Tdcjger = 15 Tn we
Pulse Clean|ng - 300 p=|g/0,1 =ec
0728 Rome On system to temperature and pressure
0739 Unscheduled Rome Out
0743 Rome On
1902 Scheduled Shutdown

C,-ll



Operot|on Notes for September 23, 1991
delto-P Trigger = !5 In wc
Pulse Cleanir/g- 300 psig/0.1 sec
0951 Rome 0n system to temperature and pressure
1027 UnscheduledFlame Out
1032 Rome On
1918 Scheduled Shutdown"
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Oporotlon Notes for September 24, 1991
d_elto-P Tdgger = 15 In wc
Pulse Cleonlng - 300 psig/0.1 sec
1245 Florae On system to temperetura end pressure
1918 Scheduled Shutdown

G-13



Operation Notes for September 25. 1991
delto--P Trigger =. 15 In wc
Pulse Clean|fig - 300 palg/0.1 see
0829 R=me On system to temperature and pressure
1916 ScheduledShutdown
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O_ratlon Notes for September 28. 1991
delta-P Trigger ,, 15 Tn wc
Pulse CleonTr_(j- 300 psig/0.1 xc
0724 Flome On system to temperuture ond pressure
1906 Scheduled Shutdown

G-15



Cross Flow Filter Performance Data
WRTX77,78,21.76 - September 27. 1991

20_i+-t-i r' 1 .....i'i +':-i --+ i _" t i -[ ' i ' i t '| "'_i "l -+' i _ ' .

1 Filter Foce Velocity - 2.9 ft/mln

ell

el

I

ci,_s.

O_

8

i

r

0
9 lo ;1 12 1 is is t 19 20

Time of Doy (hr.)

Opon]tlon Notes for .September 27, 1991
delta-P Trigger = 15 in wc
Pulse Cleoning- 300 psig[0.1 sec
0725 Rome On wstem to temperoture and pressure
0732 Flome Out, Unscheduled
0736 Rome On
1916 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,78 - September 30, 1991

20. * i ' t t 1 " I" ," |' • ! L' 't ,' | "_ -| , .
Filter Face Velocity - 2.9 ft/min ."

=.

l.

m

el

m

I=

.I
-MN

a.lO8 :
° i
_ -

I

!

- :
m _

Time of Day (hr.)

OpereCdonNote= for September 30, 1991
--,--deltaP Tdgger ,, 15 In we.

PulN Cleanlria- 325 pxig/0.1 see
1020 Rame On watem to temperabJre and pressure
1028 Rame Out,-Unacheduled
1027 Rame On
1918 S©heduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78.21.76 - October 01, 1991

20-_ ,' [ , | , i-_ i _ I ' i ......, 1" ' i"' i r I * 1 ' .
". Filter Foco Velocity- 2.9 ft/mln "

i,
u

i.
ii

i,m
m

i,
m

m
m

m

" m m

w

M

Operotlon Notes for October 01, 1991
delto-P Tri¢jger = 15 in wc
Pulse Cleoning- 330 psig/0.1 sec
0819 Rome On system to temperoture ond pressure
1907 Scheduled Shlutdown

G-18



Cross Flow Filter Performance Data
WRfX 77,78,21,76 - October 02, 1991

20 ' I " '"l *' i ' -i ' I ' t _ ....1 ' I _ t ' 't _' I '
Rlter Face Velocity - 2.8 ft/mln

I

i

u

3

e_

Q.
2_o

(:3

:3

10 11 12 13 14 15 16 1 1B 1
Time of Day (hr.)

OPOration Notes for October 02, 1991
delta-P Trigger = 15 in w¢
Pulse CleanTr19- 330 peig/0.1 sec
0802 Rome On system to temperature and pressure
1337 Pulse Blowback prenure stoblllzing

Initlally low, adjusted - Pulse Cleonln(j at 340 psig/0.1 aec
1917 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 7"/.78,21.76 - October 04, 1991

20_ _' i ' i ' l'''l ' I _......i _'-'' '1 ' "I .....' _t" _ [ ' r ......,'
: Filter Face Velocity - 2.8 ft/mln :
ii ,m

a

a

u

m

c_15:
3 -

a _

I0" ",=

c_5! / :

_ -
i,ii

; .... , .......... , , ,,J

Time of Day (hr.)

Operatlon Notes for October 04, 1991
delto----P Trigger- 15 In wc
Pulse Cleonlrt(i- 330 psig/0.1 sec
0827 Flame On system to temperature ond pressure
1917 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRrX 77,78,2176 - October 07 1991

20-. ' [ * 1 ' i r" I ' ! _ i ' | ' ! ' 1 ' 1 -' -_

._. !i Filter Face Velocity - 2 8 ft/m,n ii

o_151 A /__ / I /

i /'" v i

' _t,' _'_ -...... 20' 1'_' l'a " •
Time of Day (hr.)

dOP_On Notes for O_ober 07, 1991
elta-P Trigger -- 15 In wc

Pulse Cleanlr_g- 300 peig/0.1 se©
0902 Flame On sy_tem to temperature and pressure
1915 Scheduled Shutdown

G-21



Operation Notes for October 08, 1991
delta-P Trigger - 15 In w¢
Pulse Cleaning - 310 peigfO.1 sec
0839 Flame On system to teml)eratum and preseure
1614 Pulse Cleaning - 300 peig/0.1 eec
1701_-1716 Duet feeder speed meet, vibrator on
1916 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78.21,76 - October 09, 1991

20_ ' I ' t ' i' i' ........l_ t ' ....u _ -I' 'i " l ' ....i' I--".
". Filter Face Velocity - 2.8 ft/min "

_15.
3 -

iv

_ :
O_

1
¢_ • ,,

" 1

52
i

,q

" 7o- ,.._._,.,. ,,., .,_.,"_i',,.'_'' 'i'_' '-'-"-"r 9 10 1 12 13 1 16 18 19 20

Time of Day (hr.)

OpenzUonNotes for October 09, 1991
delta-P Trigger :, 15 In wc
Pulx Cleaning- 300 pslg/0.1 sac
0754 Flame On system to temperature and prusure
1920 Scheduled Shutdown
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Cross Flow Filter Performance Data
77,78.21,76 - October 10. 1991

20,!-, J-| I | 'li" | U |-, i-]1-'=| 'll_ l ......., | i | r i i" l ! "J "|' ,j,<
Filter Face VelocRy - 2.8 ft/min

_15
3 _N

,,4

.4-

o_IO.
-I

M

M

13- "

-a
- _

02 -,
7 8 9 10 11 12 1.3 14 15 le 17 18 19 20

Time of Day (hr.)

Operotion Notes for October 10, 1991
delto-P Trigger = 15 in wc
Pulse Cleonlr_g - 315 pslg/0.1 "sec
073 A, Flome On system to temperoture end pressure
1920 Scheduled Shutdown
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Operation Notes for October 11, 1991
delta-P Trigger = 15 Tn.wc
Pulse Cleaning - 320 ping/0.1 sec
0723 Rome On system to temperature and pressure
1301 Dust not feeding due to electrical s,anncedisruption
1911 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 14, 1991

20-._ , 1 '" ! "" t" '"'! ' ! 'i" !......'.......i 'i ! " ! ' ......i ......i ! _ .....
" Filter Face Velocity - 2.8 ft/mln "

c_152

E :
O,_Q .

I_. -
o10"

_ -

ffl -

5- '

O_J "i ('" i I i 1.... I" I I I i 1" = I "l i 'i i i ......i .....i I .... • i,
8 9 10 11 12 13 14. 15 16 17 18 19 20

Time of Dey (hr.)

Operation Notes for October 14, 1991
delto-P Trigger = 15 in wc
Pulse Cleaning - 310 psig/0.1 sec
0849 Flame On system to temperature and pressure
1920 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 15, 1991

. Rlter Face Velocity- 2.7 ft/min

==

=,

m

_ .
010

L. :
if)
ffl
_ 5
L -

i

0-- , I i i 1 I ' l I i w I _ ' I • 'i-- i I I ' I .....i I i'"
8 g 10 11 12 13 1¢ 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for October 14, 1991
delta-P Trigger = 15 in wc
Pulse Cleaning - 320 psig/0.1 sec
08,35 Flame On system to temperature and pressure
1320 Flame Out, Unscheduled
1323 Flame On
1346 Flame Out, Unscheduled, Fire Eye Cleaned
1¢02 Flame On
1915 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRT_ 77,78,21,76 - October 16, 1991

20_--, i '"'1" ' "'|' +' ! ' 1' ' ....lr -_ 1-_ '+.....1.....+ J....,'" ! "i t" _ ! ' -
Filter Face Velocity - 2.7 ft/min

==

E
el=,= ,-

/
,,=

O.
010

C_

t,..

I "

EL ==

=,,

1 "
O----i -1 t i '= I i" i i I = ' 1 =L i 1 I '"l i =' I- "i 1- -I 1 'i

7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time of Doy (hr.)

Operation Notes for October 16, 1991
delte-P Tricjger = 15 in wc
Pulse Cleaning - 318 paig/0.1 sec
0756 Flame On system to temperature and pressure
0801 Flame Out, Unscheduled
0803 Rame On
1258 Dust Feed increased to 2000 ppm Concentration In
1910 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 17, 1991

20 - ,_i ....' 1'" • .......l _ ' ......i '_ i _'' 1'' 'i-" i ' t ' ! ' 'i _......I -'
" Filter Face Velocity - 2.7 ft/min

Operotion Notes for October"17, 1991
deita-P Trtgger= 15 in wc
Pulse Cleanin9- 320 psig/O.1 sec
0732 Rams On system to temperature and pressure
1526 Rome Out, Unscheduled
1530 Rome On
1716 Dust not feeding properly
1920 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 7"7,78,21,76- October 21, 1991

20,, ' ' ! ' I ' ! ' l ' l ' ! "_ ! ' I ' '.

Filter Face Velocity- 2.7 ft/min
m

N

==

3 -

ewe,

o10
L -

I:_ "

tU -

3 -

ffl "
_ 5

II. ",m

0
11 12 1:3 14 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for October 21, 1991
delta-P Tricjger -- 15 in wc
Pulse Cleaning - 320 psig/0.1 sec
1114. Flame On system to temperature and pressure
1129 Flame Out. Unscheduled, over pressure
1132 Flame On
1920 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 22, 1991_A

zu.' , i ' ! '""L i 1 ' I ' L ' ""I J l"' .' , I. ' 1 ' ! '_
." Rlter Face Velocity- 2.7 ft/min
. -_

 ,15-

Ou_B, ,,- ,,_

o10

q

ffl " "_

i1. "
- 1
,_ ,,q

. ._
a ,,=1

O-- , I ' l '' I i | , I ' I ' ' I | ! ' I I" I ' I ' I , 'I
7 8 9 10 11 12 13 14. 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for October 22, 1991
delto-P THgger = 15 in wc
Pulse Cleaning- 320 psig/0.1 sec
0758 Flame On system to. temperature and pressure
1633--1800 Dust not feeding properly
1918 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 23, 1991

20- ' "1 ' i ' i " L ' _ ' 1 ' ! '" ! ' | " I ' _/
Rlter Face Velocity - 2.7 ft/min

1
3

E

_ -
010

Ii_ -
t_ .

_ -

_ 5-
h -

II. "
t

9 10 11 12 1:3 14 is 18 17 18 19 20
Time of Day (hr.)

Operation Notes for October 23, 1991
delto-P THqger = 15 In wc
Pulse Cleaning- 320 psig/0.1 sec
0930 Rome On system to temperature and pressure
1919 Scheduled Shutdown
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Cross Flow Filter Performance Data
WR_ 77,78,21,76 - October 24, 1991

20i ' I ! ' t i ! '''_ !
' ' ! ' I , , i , i , ! , ' 't I

Fliter Face Velocity - 2.7 ft/min

."15-

_10 2

0- i I -_ '_ ' I ' I ' I ' I ' I_--' I '7 a 9 10 11 12 I_ 14 Is 18 17 18 19 2o
Time of Day (hr.)

Operation Notes for October 24, 1991
delta-P Tricjger -- 15 in wc
Pulse Cleaning- 330 psig/0.1 sec
0735 Flame On system to temperature and pressure
1334 Dust Concentration in increased to 3000 ppm
1450 Dust not feeding properly
1920 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 25, 1991

20' * t ' 1 ' I ' ' .......I" ' 1" i ! .... '"' t "' ! "i
Filter Face Velocity - 2.7 ft/min

Operation Notes for October 25, 1991
delta--P THgger = 15 in we
Pulse Cleaning- 320 psig/0.1 sec
0724 Rome On system to temperature and pressure
1550 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 28, 1991

20 ' i ' I ' ....I ' 1 ' I ' 1 ' | .....' i ' [ ' t ' ....I- j'
Filter Face Velocity - 2.7 ft/min

_

8 9 10 11 12 13 14 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for October 28, 1991
deito-P THcjger = 15 in wc
Pulse Cleanmcj- 320 psig/0.1 sec
0858 Rome On system to temperature and pressure
0903 Rome Out, Unscheduled
0905 Rome On
1835 Dust not feeding properly
1915 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 29, 1991

20. ' ....l ' i ' ....l _ ! ' | i I ' t J ! '''_ I '" ! ' '[ ' i "--
" Niter Face Velocity- 2.7 ft/min ."
== ==
i
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a ==
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: 10-- , I _ l-r I S I ' I -t' I ' I ' 'i ' I' , I -5 I ' I '
7 8 9 10 11 12 13 14. 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for October 29, 1991
delta-P THcjger = 15 in wc
Pulse Cleaning- 320 pslg/0.1 sec
0759 Rame On system to temperature and pressure
0810 Flame Out, Unscheduled
0813 Rame On
1920 Scheduled Shutdown
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Operation Notes for October 30, 1991
delto-P THcjger = 15 in wc
Pulse Cleomng - 325 psig/0.1 sec
0816 Rome On system to temperature and pressure
0821 Rome Out, Unscheduled
0823 Rome On
1630 Dust not feeding properly
1916 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - October 31, 1991

20 , | , 1 ' t ' 1 ' ! '...._ ' [ ' 1 ' ....! ' t ' l '
" Filter Face Velocity- 2.7 ft/mln "
=, .=

== =,

=, ,m

m ,I

/
/ //_Io I "

0
a 9 10 11 12 1_ 14 is is 17 18 19 20

Time of Doy (hr.)

Operation Notes for October 31, 1991
deita-P Trigger = 15 in wc
Pulse Cleaning- 328 psig/0.1 aec
0831 Rome On system to temperature and pressure
1916 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - November 01, 1991

2O

Rlter Face Velocity - 2.7 ft/min

=,

.=

.=

_ls.

.o / i

8. 9 10 11 12 13 14 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for November 01, 1991
delto-P Trigger = 15 zn wc
Pulse Cleaning - 330 psig/0.1 sec
0826 Rome On system to temperature and pressure
1920 Scheduled Shutdown
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Cross Flow Filter Perform,,ance Data
WRTX 77,78,21,76 - Novembr,r 05, 1991

204 ' | ' ......|" ' I" ' 1 ' 1 ' 1 ' I -T-I ' ....i.... ' i ' 1 '

Filter Face Velocity - 2.7 f:/mln
i

./ t

I i I I l i I
8 9 10 11 12 13 14. 15 16 17 18 19 20

Time of Day (hr.)

Operation Notee for November 05, 1991
delto-P THgger = 15 in wc
Pulse Cleaning- 305 pslg/0.1 sac
0803 Rome On =yszqrstemto temperature and pressure

feedir1813 Dust not lg properly
1855 Dust not feeding properly
1913 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX ?'7,78,21.76 - November 06, 1991

20 ' t....' I ' i ' I ' I ' I ' ! ' i _ [ ' I ' | ....' i '
Rlter Face Veloclty- 2.7 ft/mln

6,15.
.
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0 -_ i I' ' .....i ' I ' '"I ' I ' I 'I' '"" i " 'I" ' I ' I'"' i' '" i '
8 9 10 11 12 13 14 15 16 17 18 19 20

T_me of Doy (hr.)

Operation Notes for November 06, 1991
delto-P TriQger = 15 in wc

ulse Cleaning- 305 paig/0.1 sac
0755 Flame On system to temperature and pressure
1922 Scheduled Shutdown

G-42



Operation Notes for November 07, 1991
delta--P Tngger = 15 in wc
Pules Cleaning - 317 pslg/0.1 =e¢
0818 Rams On system to temperature and pressure
1551 - 1913 Dust not feeding properly
1917 Scheduled Shutdown
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Pressure Drop (in. wg.)
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Cross Flow Filter Performance Data
WR_ 77,78,21,76 - Novembei- 15, 1991

20_' 1, l"'' l, t ',-i _ l, 1.... ,' | , ! , 1 , | , l

Rlter Foce Velocity- 2.7 ft/mln
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= , /
_o_o / /

W

D..

8 9 10 11 12 13 14 15 16 17 18 19 20

Time of DQy (hr.)

Operotlon Notes for November 15, 1991
delto-P Tricjger = 15 in w¢
Pulse Cleaning - 305 pslg/0.1 sec
0832 Rome On system to temperature ond pressure
1550 Dust not feedlng properly
1912 Scheduled Shutdown '
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9 10 11 12 13 14 15 16 17 18 19 20

Time of Day (hr.)

Operation Notes for November 18, 1991
delta-P Trigger = 15 in wc
Pulse Cleaning - 305 psig/0.1 sec
0916 Flame On system to temperature and pressure
0935 Flame Out, Unscheduled
0938 Flame On
1916 Scheduled Shutdown
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Cross Flow Filter Performance Data
WRTX 77,78,21,76 - November 19, 1991

20_j ' I ' 1 ' ......1'_4_ I ' ! " I ' ....I _ I = ....t- ' t _.....I '-.
.: Rlter Face Velocity - 2,7 R/min :
== i=

m m

,= ==
m

i=

=

"'_"15-

/A/ , -
f -

" // l
_ -
010
t_ "

I:_ "

ID -
L .

_ 5"
L

II.

: t
0--- i I I 'l '!' ' ' i " ' I "1' I _ u I =-'1 ' 1 , .....| l [ | -

8 9 10 11 12 13 14 15 16 17 18 I9 20

Time of Day (hr.)

Operation Notes for November 19, 1991
delta-P Trigger = 15 in wc
Pulse Cleaning - 305 psig/0.1 sec
0842 Flame On system to temperature and pressure
0852 Rome Out, Unschedul 3d
0855 Flame On
1630 Blow back tank pressure increased to 320 psig
1736 Plenum selector switch did not completely engage
1916 Scheduled Shutdown
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Operation Notes for November 20, 1991
delta-P Tricjger = 15 in wc
Pulse Cleaning- 320 p=ig/0.1 sec
1014 Rarne On system to temperature and pressure
1018 Flame Out, Unscheduled
1020 Flame On
1920 Scheduled Shutdown
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APPENDIXH

FILTER PRESSURE DROP TRACES FROM SELECTED
TEST PERIODS DURING GASIFIERSIMULATORTESTING
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FilterPerformance Data
Rltem WRTX-20 & 21, February 14, 1990

30- ' ' ' -1 * ' ' !..... ' _ ' .....I t ....._...... ,
Filter Face Velocity - 3 ft/mln

i

6, -
20. -

u

S
a

:_10-
_ o .

01_2 ' ' ' ' lW4 '...... ' .....* 1'6 ' ' '' 1_1 ' ' '....
Time of Day (hr.)

Operation Notes for February 14, lggO:

Start ot testing in recirculating gas test loop

Dust - Texaco Char

Pulse Cleaning - 200 psig/O.1 sec
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FilterPerformance Data
Filters WR13(-20 & 21. February 19. 1990

30,j , . * I +,, . '"'1 +,,k i I ' t ' '! ;' *'1 i ' _' L ' '"_
j

. Fllter Face Velocity - 3 ft/mln .,
._
.

: -_ °

_ _ :
20"

O_

e

M
I@

_ .
I_. "

" L,u

o-+,,,I:) ,2'''' ',4'+'' ' ' i'o''' 1'n''" ',,+,','".., ' ',+','.. " "2+
Time of Day (hr.)

Operation Notes for February 19, 1990:

Start o_ week long test

AP Trigger = 12.0 w WC

Pulse Cleaning - 198 psig/O.1 sec
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Filter Performance Data
Filters WRTX-20 & 21, February 20, 1990

30_. ,,, l, _, 1,, _ i,,, I, _,! _,, 1, r,l'l, i !,,, 1,, , lr',, i,i_ , J
. Filter Face Veloclty - 3 it/rain ._

. ._

2o

2

o "' ' '"'2 _"' ...._' ' 'A'' '_'o''''''_2'1'4'' '1'6"'i'8'''2'o'''2'2"'2_
Time of Doy (hr.)

Operation Notes _or February 20, lggo:
0600 Dust, Added

AP Trigger = 12.0" WC

Pulse Cleaning - 195 psig/0.1 sec

H-5



Filter Performance Data
Rltenz WRTX-20 & 21. February 21. 1990

30-. , ,"w'l', , , ! _ ' '"""l_ ' ' ! ' ' ' i ' I , !'t t , 1"; ' "!-' ' ' I '-' r_i " '-"_i--'_i-'_
. F'ilte_ Foce Velocity - 3 ft/mln

i

I

I_ -

20"

0

i

o ..,__''_,''"A" 'd" 'lb'''''''''''' _'' 'l'a'''2b'""' "_12 14 16 22 24

Time of Day (hr.)

Operation Notes for February 21, lggO:
0340 Dust Feed off

0430 Dust Feed on

AP Trigger = 12.0 w WC

Pulse Cleaning - 198 psig/O.1 sec
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Filter Performance Data
Filters WRTX-20 & 21, February 22, 1990

30- ,,, !-'' ' !' li !"*"' !'*''l'"'i-'' _'i'''' i _*_'' li , _ i'' ' I'' i_
m ,.

. Niter Face Velocity - 3 ft/min .
m

q ,,,i

_ .
_ .

20-
_ -

a

i_ ,

::)10
I¢1 °
_ .

L

- /m

m

q

o- ,..-_.,. _..._,6,_.6,, '_b'"'i_'"W_''_' '"_'8' "io' '-_'2'2'' '24
Time of Day (hr.)

Operation Notes for February 22, lggO:
0830 Dust Added

1530 Dust Feed _otor failure

AP Trigger -- 19..0 w WC

Pulse Clesuing - 195 psig/O.1 sec
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Niter Performance Data
Rltem WRYX-20 & 21, February 23, 1990

30 ''"i' _'''! '_''l*''i' '_'`l*''t';'l'''l'_'l'''!*_**''
Filter Face Velocity - 3 ft/mJn

c_
20"

O.
8

C_

_10.
M

n

0
¢

Time of Day (hr.)

Operation Notes for February 23, lggo:
0130 Dust feed restarted

AP Trigger = 12.0" WC

Pulse Cle_ning - 195 psig/O.l sec
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Filter Performance Data
Filters WRIX-20 & 21. February 24, 1990

30 _" , ', ; ! ' ;.... ' -i i ," i' ! ' ' _--' .....
. Filter Face Velocity - 3 ft/min .

a

,i

J

20,
Omm.

Q.
2
C_

I0

m _c_dul_d
I_. _huT 1_o_N

o! +_ tnm 1 ,

, . , _ . .., _..... , _ . _..... ....
Time of Day (hr.)

Operation Notes for February 24, lggo:

0615 End of week long test scheduled shut down

AP Trigger = 12.0 w WC

Pulse Cleaning- 195 psig/O.1 sec
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i

0 2 4, B B 10 12 14 1B 18 20 22 24

Time of Day (hr.)

Operation Notes for February 28, lggO:
0345 Loaded dust

1530 Dust Feed Motor Failure

2215 Restarted Dust Feed

AP TriEEer = 12.0 w WC

Pulse Cleaning - 200 psig/O.1 sec
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FilterPerformance Data
Fllbml WRTX-20 & 21, Uarch 1, 1990

_

30 '.'..'i".,,i ''_'*i'_;i*'''l'' •Ir''l';';'l*'';ii'_''l'''i-'''_

. Filter Face Vekx_y - 3 ft/mln .

_ " .

10 "

Time of Doy (hr.)

Operation Notes for March 1, 1900:
0000 Load Dust

1400-1900 Pressure fluctuations

AP Trigger = 12.0" WC

Pulse Cleaning - 200 psig/0.1sec
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Filter Performance Data
Filters WRTX-2O & 21, Morch 2. 1990

30

'."=o_

M

Time of Doy (hr.)

Operstion Notes for g_rch 2, 1990:
0900 Dust loaded

AP Trigger = 12.0 t WC

Pulse Cleaning - 200 psig/O.1 sec
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Filter Performance Data
Rlters WRTX-20 & 21, Apdl 3. 1990

_lO'_ ,',, !,, . !,, , |,,, !, _ _'"1,,, i,, , ! ,,, L,,, 1,*",|, , , |, , ,"

.' RIter Face Velocity - 3 ft/min .
u •

a

m

m

_ .

2o-.
I_, "

m

8 "ii
a .

-,.._,.._.. ,_..._... F..1,2...1,4..,_...,., .2,o,..2,2...1 16 18 24
Time of Day (hr.)

Operation Notes for April 3, 1990:

Trigger = 12 w wc

Pulse Cleaning - 200 psig/O.l sec
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Filter Performance Data
Flltert WRTX-20 & 21, April 4, 1990

30 ml i i_''' I''' !'+"!'''1'''1'''!'''1 ''1'''!'''!'''|'''

Filter Voce Velocity - 3 ft/min

Q.
8 .

1::3 .
u

.i,o-
I1.

O" II !i I I I |

:_ ,X'"-" 2 2+
Time of Day (hr.)

Operation Notes for April 4, lggo:

0700 Load Dust

2030 Dust feeder failed

AP Trigger= 12" wc

Pulse Cleaning - 200 psig/0.1sec
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:

10 1

Time of Doy (hr.)

Operation Notes for April 5, lggO

2153 Changed Process Gausmake-up to N2
AP Trigger = 12" wc

Pulse Cleaning - 200 psig/O.1 sec
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Filter Performance Data
3O

I

,., l.,,"l, I, , !'.,. !... i,, , ! _"., !, ,. i,_,, !, , _,i , , , ! , , ,.
FIRm"F'a_ Veloclty- :3 ff/mln

14

Time of Day (hr.)

Operation Notes for April 8, lggO:

1500 Lo_d dust

&P TrigEer = 12" wc

Pulse CleLuing - 9.00 psig/O.1 sec

It-16



Recirc Filter Performance Data
Filters WRTX-20 & 21, September 25, 1990

_0' , , .... , i " ' ' I _ i , t ,' , , "', . ,

Filter Fcce Velocity- 1.91 ft/min

6,
20

0

!.

gl

tD

a_

8 10 12 14 16

Time of Dcy (hr.)

Operation Notes for September 24, lggO:

8 hour test

I_P TriKKer = 6' wc

Pulse Cleaning - 300 psig/O.l sec
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Recirc Filter Performance Data
Filters WRTX-20 & 21, September 26, 1990

30, ....' " ' I ' ' , .i t , , 'l. ' " ' ' ' ' ! ' ' _"'

- Rlter Face Velocity - 1.91 ft/min

H:
20-

E -
_,m=

0 "
L

Q

&.
_10

L.

0 . , = i" ' I '" I ."' = ' ' I ....I , , I , ' , i I "i ' ,' 'i"
8 10 12 14 16 18 20

Time of Day (hr.)

Operation Notes for September 26, lggO:

12 hour test

AP TriKger = 6' wc

Pulse OleaninK - 300 psiK/O.l sec
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Recirc Filter PerformGnce DGto
Filters WRTX-20 & 21, February 27, 1991

30 ._ , i , I , j , I ' ", I , "
Filter Face Velocity - 3.3 ft/min

5_

20

Q_

Q..
0 -
t

_ _

t -

_10
03
03
OJ

Q..

0 , I t '1 ........ I I
0 11 12 13 14 15 10

Time of Doy (hr.)

Operation Notes for February 27, 1991
1500 Ib/hr. flow, 132 pslg system pressure
Texaco char

delta-P Trigger = 6 in. wc
Pulse Cleaning - 300 psig/O.1 sec
1550 Scheduled Shutdown
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Recirc Filter Performance Data
Riters WRTX-20 & 21, March 13, 1991

30, ,g,l,l,!, !'*]-' !''l'l'l'l' !" i' !' l"t' !'l'!'l'_ _""t'l'-,_
F'iiter Face Velocity - 3.3 ft/mln !

20-

1
CL
0 "_

! a ,

_l) .m
:_10
03 " =
r/) ., .,

-

0 0_-_____-_- 10-- 12 14 6 18 20 22 24

Time of Day (hr.)

Operation Notes for March 13, 1991
delta-P Tngger= 6 In wc
Pulse Cleonlng - 300 psig/0.1 sec
2127 Pulse Cleaning changed - 310 psicj/0.1 sec
0430 - 0450 Char loaded
0940 - 1100 Char loaded
1850 - 1920 Char loaded
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Recirc Filter Performance Data
Rlters WRTX-20 & 21, March 14, 1991

._o_j, l' l' l, _'l' l' I ' l' I '7 '!' l' l' !'i' _' !' i, ! ':' :' l' l'_Jq
NIter Face Velocity - 3.3 ft/min

M

--:,. ._

20-
_ -

O,_m i m

? -I_. "
0

a -

_ -
_10

• = ..

_ - .

,m

J

0 = i i i I ' ' i !" ' ' I ' i , I t 'I u i i i , I ' l'i I ' i ' I ' ' ' I I ,"'i I it'", i I u , ,
2 4 6 8 10 12 14 16 18 20 22 24

Time of Day (hr.)

Operation Notes for March 14, 1991
delta-P Trigger- 8 In wc
Pulse Cleaning - 310 pmlg/0.1 sec
034<) - 0404 Char loaded
1236 - 1314 Char loaded
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Recirc Filter Performance Data
Rlters W_-20 & 21, March 15, 1991

- Filter Face Velocity - 3.3 ft/min .

2o-
e_

i

e

L.
_10.

0)

o_-'' ":_'' 'J,'' '_' '"'-_"'1'o'........ ' -_...............
Time of Day (hr.)

OperatJonNotes for March 15, 1991
delta-P Trigger -- 8 in wc
Pulse Cleaning - 31 /0.1 sec
0022 - 0107 Char Io
0900 - 0928 Char loaded
1722 - 1741 Char loaded
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Recirc Filter Performance Data
Filters WRTX-20 & 21, March 19, 1991

30 i ' ' ' ..... l ' ' ' -_ lNiter Face Velocity - 3.3 ft/mln

20. -

0 "

u

_10

O ....... .., ,, , • , - i| _ ............ _ -- --........ i ........ I i-- " '| , I _=i- "
12 13 14 15 16

Time of Day (hr.)

Operation Notes for March 19, 1991
delto-P Trigger - 6 in wc
Pulse Cleonlng - 310 palg/O.1 xc

H-23



Recirc Filter Performance Data
Filters WRTX-20 & 21, March 20, 1991

I

IcJ
0'1 -

_ .

"___-I ' _----9 lb';'1 ';'2';'3'1'+'1'5'_6 ;_ 18 19
Time of Day (hr.)

Ope.ration Notes for March 20, 1991
delto-P Trigger -, 6 In wc
Pulse Cleanlr_g - 310 psl(j/O.1 sac
1839 - 1908 Char loaded
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Recirc Filter Performance Data
Rlters WRTX-20 & 21, March 21, 1991

30" ' ' ' ! _ ' i I ' ' ' ! ' ' ' ! ' ' t 1 ' 'u

- Filter Face Velocity - 4.5 ft/mln
q=

l=

i

_ .
3 -

20-
_ -

#mm i=

n "

e "
1:::3 .

i=

L
_10
ffl -
ffl .

0--
13 14 15 18 17 18 19 20

Time of Day (hr.)

Operatl_on Notes for March 21, 1991
4.5 ft/mln face velocity
delta-P Tdgger - 7 In wc
PulH Cleanlng - 170 pslg/0.1 =ec
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Recirc Filter Performance Data
Rlters WRTX-20 & 21, March 22, 1991

30 ' '- ' 1 ' _ '' ! ' ' " ! ' ' ' 1
. Niter Face Velocity - 4.5 ft/mln
m

m

m

==

_ .
3 -

20-

m

e,J "

u

:_ 10-
0'1 "

Q. -
m

M

m

a

0"- ' _' I ' I I ' I ' I ' I '9 10 11 12 1_ 14 15 18
Time of Doy (hr.)

Operation Notes for March 22, 1991
delto-P Trigger - 7 In wc
Pulse Cleonlng - 170 pelg/0.1 sea
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Recirc Filter Performance Data
Filters WRTX-20 & 21, March 25, 1991

30-

Niter Face Velocity - 4.5 ft/mln " -
u

m

m

a

m

20'

ei

e ,
a "m

e i "_10
_ -

0-_
9 10 11 12 13 14. 15 18

Time of Day (hr.)

Operation Notes for March 25, 1991
delta-P Trigger - 7 In wc
Pulse Cleaning - 170 pslg/0.1 sec
I000 -I I00 Char loaded
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Recirc Filter Performance Data
Rltere WRTX-20 & 21, March 28, 1991

3O
==

Rlter Face Velocib] - 4.5 ft/mln .

m

,u

_ -
3 .

20 .

2 :

Iu
L

_10
if}

j__.//1___//l/W'//0
8 9 10 11 12 13 14 15 16

Time of Day (hr.)

Operation Notes for March 26, 1991dta-P Trigger = 7 in wc
Pulse Cleaning - 170 pslg/0.1 sec
1018 -1115 Char loaded
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Recirc Filter Performance Data
Filters WRTX-20 & 21, March 27, 1991

30 .....b' I ' "" I....' ....I........i I ' i i ......I ....' I ' I _ ....._-

Filter Face Velocity - 4.5 ft/mln

3
20.

Oi

Q.

e

:_10_
01 '
01 .

_. -
m

i

,,H

O- ,' I _ i , i , i , i ', | ,
10 11 12 13 14 15 16

Time of Day (hr.)

Operatlon Notes for March 27, 1991
delta-P Trigger - 7 In wc
Pulse Cleaning- 170 pslg/0.1 sec
1245 - 1330 Char not feeding properly
1515 - 1538 Char not feeding properly
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Recirc Filter Performance Data
Filters WRTX-20 & 21, April 01, 1991

- U

. Niter Face Velocity- 4.5 ft/mln .
el l=

m m

l= l=

m

20- -
_ - .

glwNI m _

u _

¢'_ . .
_ m

_I0

.
a

i

qll

0 -J =I I ' I ..... I ' w i ' I I .......... / ....
1 ) 11 1_2 13 14 15 18

Time of Day (hr.)

Operation Notes for April 01, 1991
delto-P Tdgger - 7 In we
Pulse Cleaning - 170 psig/0.1 see
0800 -1400 Char loaded qnd system to pressure and temperature
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Recirc Filter Performance Data
Flltera WRTX-20 & 21, April 02, 1991

30. _ l ' i ' ! ' l ' l ' I '_' l _' i '- j
. Niter Face Velocity - 4.5 ft/mln

N

20, -

g_ al

2 "
a

i

_ .
=10.
01 -
I¢1 -

•
O- ' _ , I , "1 ' _ "l ' , 'I , I ' ....I ' ......|9 10 11 12 13 14 15 16

Time of Day (hr.)

Operatlon Notes for April 02, 1991
delta-P THgger - 7 in we.
Pulse Cleaning - 170 peig/0.1 sec
0?22 - 0925 system to temperature
1132 - 1149 Char not feeding properly
1245 - 1315 Char not feeding properly
1420,- 1445 Char not feedlng property
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Recirc Filter Performance Data
Filters WRl"X-20 & 21, April 03, 1991

30 !-' I i 1.... '-I'Filter Facei_i Iveloclty' t' '_ 4.51'ft/mlnl' [ i ! " *' 'l .....i t" ' j
a.

i,

i.

i.

_ .
3 -

20. -
_ -

m

I:1. "
_ .

I:_ .

_10.

'4 " '7 ' bO- i _ , I ' ' i ....i -i _ '- i' ' ' / * i .... I _" , i' 9 lb 11 12 13 1 15 le 1 1_ 1 )

Time of Day (hr.)

Operation Notes for April 03, 1991
delta-P Trigger - 7 In wc
Pulse Cleanlr_g- 170 pslg/0.1 uc
0728 - 0935 Char added, system to temperature
1405 - 1433 Char not feeding properly
1539 - 1555 Char not feeding properly
1812 - 1902 Out of Char
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Recirc Filter Performance Data
Fllters WRTX-20 & 21, .April 04. 1991

30-j ' I '_ I _'I '.... I _- I' i " I' I'....i '_;-i ' I il -'_a
F11terFa©e Veloolty - 4.5 ft/mln

e_

l

el

_ .
20-

_ -
Ii m

I_. "
e "el

a - o

. .

_ .
:_10-
W -
0"_ el .

a. -

_" ' I 11 "11 " 'l I II 11 II

Time of Day (hr.)

OperafJon Notes for April 04, 1991
delta-P Tdgger - 7 in w©
Pulse Cleenlng - 170 pelg/0.1 seo
0738 - 0931 Char added, syutem to temperature
1645 - 1815 Char not feeding properly
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Recirc Filter Performance Data
Filters WRTX-20 & 21, April 08, 1991

30L J' ]_ l ' .... I *' " I ...... ]_ I ' 11 ...... I ' I ;_i I : I ..... I i i i I ....... I i '

Filter Face Velocity - 4.5 ft/mln

]I
20.

e ! :
1::3 - .

_o"

O- *' _I"' i' _" , ' "' ' ' ' I_5 18 17 18 19 I:)10 11 12 13 1'4 ' ,- i'-, i" _ w_, , '*'

Time of Day (hr.)

Opero_tlonNotes for April 08, 1991delta P Trigger - 7 in to
PulN Cleaning - 170 p=Ig/0.1 eeo
0835 - 1110 Char added, system to temperature

feedln1300 - 1330 Char not g properly
1500 - 1530 Char not feed!ng proped,y
1810 - 1840 Char not feedlng property
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Recirc Filter Performance Data
Rltem WR13(-20 & 21, April 10, 1991

30. i I"'i"'I" ' "'I....._ i i" ! ......'_i '......|- i_ i _' _J
. Miter Face Veloe|ty - 4.5 ft/mln
m

i

m

m

_ .
_ .

20-
__ .• m

m

I:1. "
8 :

_ .

e o2=1

0"_ , i ...... , ..... , i , i ' _.... ,.... _r_--1 1'2 1'_ ¢4 15 _'6 1_ 1_ _s 20
Time of Day (hr.)

OwaUon Note= for April 10, lggl
delta-P Trigger -, 7 In we_
Pulse Cleanlrlg - 170 pelg/0.1 see
0730 - 1140 m/stem empUed, refilled and repreuurized
1140 - 1300 system to temperature
1510 - 1540 Char not feeding properly
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Recirc Filter Performance Data
Rlter_ WR/X-20 & 21, April 11, 1991

30_ ....._.....1- ' .... I ' i ....r.....i " I ' I ' i _i _" l.... _' 'i '_-.....! '
Rlter Fo(:e Velocity - 4.5 ft/mln

i

m

_ .
20-

_ -
em _

m

12. -
8 -o

a .

e "J_10-

_ .
_ .

......... -- .......

' ...... ' ' l l .....|' ' 1' | ' - I ' 'o_ '1'o 1'1 1'2 1_ ¢4 l's 16 1'7'1e 1_ 20
Time of Day (hr.)

Operation Notes for April 11, 1991
delta-P Tdqglger- 7 In wc
Pul,, Clean]ng - 170 p,19/0.1 ,,=
0857-._ 0911 =y=tem m mmperature1300 1500 Ch_ar not feeding properly
1530 - 1917 Char not feeding properly
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Recirc FilterPerformance Data
Rltere WRTX-20 & 21, April15, 1991

30j , I ' l '.....i ' l ' ! _ I ' _ _i '_ 1' ' |-...._ _j
". Filter Face Velocity - 4.5 ft/mln .J

_ ,
20- -_

md "
im m u

¢_ ,, =

_10

m

O_ • , ' , 'I i i _' ' i i i -' , ' .....9 ib 'i'1.....12 1_ 1'4 l's 16 -1_ l'a _-_o
Time of Day (hr.)

Operation Notes for Apfll 15, 1991
delto-P Td,_iger- 71n we
Pulse Cleanlno - 170 p819/0.1 INI©

0910 - 1230 Char loaded, system to prexure and temperature
1918 Scheduled Shutdown
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Recirc Filter Performance Data
Flltem WRTX-20 & 21, April 16, 1991

30"_-'+_1 "_ i ' i-'- I ' I i' I i' 1 "i .... ! -,- _1 i + |--, i ' .
, Filter Foce Velocity - 4.5 ft/min .
_ -
i i

_ .
3 -

20 -
_ -

I_. "
e :

_ .
_10.

= -I

_ .

u

• _. .... _.,, + ..... .

0" ' _/' lb, '+i_-+ 1_'-1'3' l'+"_;'s'+'16' 1'_' ;'a' 1'."2o
Time of Doy (hr.)

operotlon Notes for April 18, 1991
delto-P Trigger =, 7 In wc
Pulse Cleonlrlg - 170 peiQ/O.1 sec
0745 - 1013 Chor Iooded, system to preseure ond temperoture
1913 Scheduled Shutdown
Plotemu= In delto-P Indlcote duet feed molfun©tlon
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Recirc Filter Performance Data
30 Filters WRTX-20 & 21, April 17, 1991

RIter Face Velocity - 4.5 ft/min " " "

6_
2O

e ,=-,_

Q.
0
L.

ulO
ol
o3
oJ
!=.

Q.

0 8

14 is 16 17 18 19
Time of Day (hr.) 20

Operation Notes for April 17, 1991
eita-P Trigger = 7 =n w.c

Pulse Cleaning - 170 ps= /0.1 sec

0830 - 1340 Char loade_, system to pressure and temperature1910 Scheduled Shutdown

Plateau in delta-P indicates dust feed malfunction
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Recirc Filter Performance Data
Rlters WRTX-20 & 21, April 19, 1991

30] , 1 ' I ' ! ' ! * 1 ' ! ' '! _ 'l ....+ i ' i ' 1 ' '
Filter Face Velocity - 4.5 ft/min

0" - , " ' ' I "_' i i i' _ ' +, ';'o I'I 12 I'3 I+ ;',+';6' ' i'+'' ;8
Time of Day (hr.)

Operation Notes for April 19, 1991
dslta-P Trigger =, 7 in we.
Pulse Cleanlrig - 170 psig/0.1 ssc
0734 - 0834 System to pressure and temperature
0922 - 1010 Char loaded
1713 Scheduled Shutdown
Plateaus In delta-P due to Incons|stent dust feed
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Recirc Filter Performance Data
Fllteru WRTX-20 & 21, April 23, 1991
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Time of Day (hr.)

Operation Notes for April 23, 1991
delta--P Trigger =, 7 In we
Pulse Cleanlrig - 170 pelg/0.1 ac
0730 - 0930 System to preeeure and temperature
1227 - 1400 Char loaded
1928 Scheduled Shutdown
Plateaue in delta-P dub to Inconsistent duet feed
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Recirc Filter Performance Data
Fllters WRT'X-20 & 21, April 24, 1991
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Operation Notes for April 24. 1991
delto-P Trigger -, 7 In we_
Pulse Cleaning - 170 pelg/0.1 see
0730 - 0918 Char loaded, system to pressure and temperature
1603 Scheduled Shutdown
Plateaus In delto-P due to Inconsistent dust feed
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Recirc Filter Performance Data
Flltem WRTX-20 & 21, April 25, 1991

30,,,,j , I _' I "' ! * I ' 'l ' I _' '1 ' 'l' '" / ' I ' _ '
._. Filter Face Velocity - 4.5 ft/min
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Time of DQy (hr.)

Operation Notes for April 25, 1991
delta-P Trigger - 7 In wc
Pulse Cleaning - 170 pelg/0.1 sec
0810 - 0930 Char loaded, system to pressure and temperature
1910 Scheduled Shutdown
Plateaus in delta-P due to inconsistent dust feed, or low char level
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Recirc Filter Performance Data
Filters WRTX-20 k 21, April 28, 1991
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Time of Day (hr.)

Operation Notes for April 28, 1991
delta-P Trigger -, 7 In wc
Pulse Cleanlr_g- 170 pslg/0.1 see
0831 - 0950 Chor Ioeded. system to pressure end temperoture
1911 Scheduled Shutdown
Plateous In delto-P due to Inconsistentdust feed, or low chef level
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Recirc Filter Performance Data
Rlters WRl"X-20 & 21, May 02, 1991
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Ol:_rotlon Notes for May 02, 1991
delta-P Trigger - 7 In wc
Pulse Cleaning - 170 pslg/0.1 =ec
0850 - 1015 Char loaded, system to pressu:e and temperature
1857 Scheduled Shutdown
Plateaus In delto-P due to Inconsistent dust feed, or low char level
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Recirc Filter Performance Data
Fllters WRTX-20 & 21, May I0, 1991
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Operation Notes for May 10, 1991
delta--P Trigger -, 7 in wc

0729PulseClean]o9_og- 170 psig/O.1 see- Char loaded, system to pressure and temperature
1532 ScheduledShutdown
Plateaus In delta-I = due to Inconsistent duet feed, or low char level
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Recirc Filter Performance Data
Filter8 WRTX-20 & 21, May 16, 1991
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Operotlon Notes for Moy 16, 1991
delto-P Trigger = 7 In wc
Pulse Cleoning - 170 pslg/0.1 sec
0930 - 1027 Char loaded, system to pressure and temperature
1923 Scheduled Shutdown
Ploteous In delto-P due to Inconsistent dust feed, or low char level
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Recirc Filter Performance Data
Fillers WRTX-20 & 21, May 20-21, 1991

30_ i" ' "' I ...._ ' 'I_ ' "'I' i I ' __ "I ' ....

Fllter Face Velocity - 4,5 ft/m!n

0

1 lo Day2 (hr. 2:3Time of )

Olin'arian Notee for May 20-21, 1991
delta-P Tdcjger - 7 In we

Pulse £1eanlrig - 170 pel9/0.1 ee©1739 2040 Char loaded,, eyotem to pr_nure and temperature
0353 Scheduled Shutdown (May 21, 1991)
Plateaue In delta-P due to |noanoletent dust feed, or low char level

H-48



Recirc Filter Performance Data
Filters WRl"X-20 & 21, May 20-21, 1991
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' I ' _ ! ' ! ' 1Filter Face Velocity - 4.5 ft/mln
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Operation Notee for May 20-21. 1991

delta-P Trigger.- 7 In waPulse Cleanlng 170 pslg/0.1 x©
1739 - 2040 Char loaded, system to p_smure and temperature
0353 Scheduled Shutdown (May 21. 1991)
Plateaus In delta-P due to In©onslstent dust feed. or low ghar level
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Recirc Filter Performance Data
Filters WRTX-20 & 21, May 21-22, 1991

30 ' I ' I ' "' i ......." "I " "'I i..... I ' ' I- 'm m

- Filter Face Veloclty - 4.5 ft/mln
.=

a

i m

s=

_ = .
20- -

I:1. "
m a

L_ _, =

m m

_ - .
=10-

.

- j.O-- . , ' I" ' I ' I ' ' I ' '' I •
18 1_7 l'a 19 20 21 22 23

Time of Day (hr.)

Operatlon Notes for May 21-22. 1991
delta-P Trigger - 7 In w©
Pulx Cleaning - 170 pelg/0.1 sea
1852 - 1725 Char loaded,, system to pmnure and temperature
0347 Scheduled Shutdown (May 22, 1991)
Plateaus In delta-P due to Inconsistent dust feed, or low char level
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Recirc Filter Performance Data
Flltera WRTX-20 & 21, May 21-22, 1991
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Operation Note: for May 21-22, 1991
delta-P Trigger - 7 In wc.

Pulixt Cleaning - 170 pelg/0.1 sec1852 1725 Char loaded,, system to p_uure and temperature

0347 Scheduled _Shutdown (May 22, 1991)Plateaus In delta P due to inconsletent duet feed, or low char level
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Recirc Filter Performance Data
F11temWRI3(-20 & 21, MOY 22-23, 1991
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Operotlon Notem for )joy 22-23, 1991
delta-P Trigger ,, 7 in wc
Pule Cleonlri9 - 170 p=i9/0.1 uc
1607 - 1730 Char Iooded,. system to prusure ond ternperoture
0349 Scheduled Shutdown ()Joy 23, 1991)
Ploteoum In delto-P due to Inconsistent dust feed, or low char level
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Recirc Filter Performance Data
Flitarll WRTX-20 & 21. Moy 22-23, 1991

30.[ _ . .... , . t -, ' , ' .i

o.

Time of Day (hr.)

Op4ro_Uon Notes for May 22-23, 1991delta P Trigger - 7 In wc,

Pulse Cleanlng - 170 pdQ/0.1 xc1607 1730 Char Iooded,, system to p_ssure end tamperoture

0349 Scheduled _Shutdown (May 23. 1991)Plotaous In delto P due to Incondstent dust feed, or low chor level
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,Recirc Filter Performance Data
Rlter= WRTX-20 i 21, June 03, 1991
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OporaUon Notee for June 03, 1991
delta-P Trigger ,, 7 In w©
Pulse Cle=nlng - 170 p=ig/0.1 see
0730 - 1050 Char Ioadedi Sy=t;emto preliure and temperature
1920 Scheduled Shutdown
Plate=us In delta-P due to lnoonslstent dust feed, or low char level
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Recirc Filter Performance Data.
Filters WRTX-20 & 21, June 04, 1991
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Operotlon Notes for June 04, 1991
delto-P Trigger - 7 In wc
Pulse Cleonlng - 170 psig/0.1 =ec
0730 - 0850 Chor Iooded, System to pressure ond temperature
1926 Scheduled Shutdown
Ploteous In delto-P due to inconsistent dust feed, or low thor level
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Recirc Filter Performance Data
Filterl WRTX-20 &. 21, June 05, 1991
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Operstlon Notes for June 05, 1991
delta-P Trigger ,, 7 In we.
PulN Cleonlr_g - 170 p=lg/0.1 =ec
0730 -- 0850 System to prsuure and ternperoture
1112 - 1200 Char Iooded
1927 Scheduled shutdown
Ploteaus In delto-P due to Inconsistent dust feed, or low thor level
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Recirc Filter Performance Data
F11temWRrX-2O & 21, June 08. 1991
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0peraUon Notes for June 06, 1991
delta-P Trigger - 7 In we
PulN Cleonlr_g - 170 pslg/0.1 see
0841 - 1027 Char loaded, System to pressure and temperature
1923 Scheduled Shutdown
Plateaus In delto-P due to Inconsistent dust feed, or low char level
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APPENDIXI

I. CHARACTERIZATIONOF THE ASH AND CHAR FINES USED
IN SIMULATORTESTING

2. CHARACTERIZATIONOF ALUMINA/MULLITEFILTERSEXPOSED
IN THE WESTINGHOUSEPFBC DURABILITYTEST FACILITY
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I. MORPHOLOGYAND SIZE VARIATION OF PROCESS FINES

The morphology of the ash and char fines which were generated at

the Exxon and Grimethorpe pressurized fluidized bed combustion (PFBC)

facilities, Kellogg Rust-Westinghouse (KRW) fluid bed gasifier, and

Texaco entrained bed gasifier are shown in Figures 1.1.1 and 1.1.2. All

fines with the exception of the Exxon ash were collected by ceramic

barrier filter systems. Since the Exxon ash was collected by cyclones,

the material was pulverized prior to use in the W-HTHP long-term

durability test facility. The small particle size distribution was

considered to more closely represent fines that would have been carried

over and collected by ceramic barrier filters.

The cenosphere formations shown in Figure I.l.1 are typical of

ash formed under combustion gas environments. The 10-20 9m cenospheres

contain micron and submicron fines which frequently are released during

processing. Interdispersed in the Exxon ash are irregularly shaped

particles, agglomerates, and infrequently larger (>20 9m) particles. As

determined by coulter counter analysis, the 50_ mass mean diameter of

the pulverized Exxon fines and Grimethorpe filter catch fines is 8.1 and

5_m, respectively (Figure 1.1.3).

In contrast with the spherical ash formations are the jagged and

irregularly shaped char particles formed in the I(RWfluidized bed

gasifier (Figure 1.1.2). Greater than 97S of the rather nondescript,

mottled KRW fines are less than 20 pm. As identified by coulter counter

analysis, the 50_ mass mean diameter of the KRW filter catch char is

4 _m. Cascade impactor data for fines carried to the filter during

testing at I(RWwere identified to have a drag equivalent diameter of

0.46 @m. Unfortunately we are not able to identify whether the coulter

counter sample material is representative of the cascade impactor

material.
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Exxon

Grhnethorpe

Figure I.l.1 - Scanning Electron Micrographs o_ the Exxon and
Grimethorpe PFBC Ash Fines
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KRW

Texaco

Figure 1.1.2 - Scanning Electron Micrographs of the KRWFluid Bed and
Texaco Entrained Bed Gasifier Char Fines.
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Porticle" Size Distribution of
Exxon PFBC Flyosh
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Figure I.l.3s - Ash and Char Particle Size Distribution.
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Particle Size Distribution of
Orimethorpe PFBC Flyash
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FiKure I.l.3b - Ash and Char Particle Size Distribution.
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Particle Size Distribution of
KRW GGsifier ChGr
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Figure I.l.3c - Ash and Char Particle Size Distribution.
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Particle Size Distribution of
Texaco Gasifier Char
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Figure I.l.3d - Ash and Char P_rticleSize Distribution.
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Unlike the KRWgasifier fines, the char formation which results

during entrained bed gasification at Texaco is morphologically similar

to the ash fines formed under PFBC conditions. Cenosphere formations

and agglomerates can be identified in the Texaco fines, as well as

submicron fines and particles which exceed 20 _m in disaeter. The 50_

mass mean diameter of the Texaco filter catch material is 5.3 _m. Again

the mass mean disJneter is based on coulter counter analysis.
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2. CHARACTERIZATIONOF ALUKINA/_ULLITE FILTERS

EXPOSED IN THE WESTINGHOUSEPFBC DURABILITY TEST FACILITY

Sections from an alumina/mullite filter (WRTX-1) which had been

exposed for 386 hours in the Westinghouse HTHP (high temperature, high

pressure) durability test facility were removed for characterization.

This filter had experienced temperatures of 815-84YC (1500-1550"F),

pressures of 50-150 psi, and 1500-4400 ppm loadings of Exxon ash,

simulating pressurized fluidised bed combustion conditions (6_ 02, 73_

N2, 14_ H20 , 7_ C02). Testing of this filter was terminated when a

crack developed horizontally, near the thick mid-ribbed bond support

section. An uneven crack line resulted, traversing all of the clean and

dirty gas channels.

Sections were also removed from an alunina/mullite filter (WRTX-

i0) which had been exposed for approximately 1300 hours in the

Westinghouse HTHP durability test facility. This filter had experienced

temperatures of 815-870*C (1800-1600*F), pressures of 70 psi, and 1000

ppm loadings of dust fines. Exxon ash fines were used during the first

1188 hours of filtration, while Crimethorpe ash was used during the

later part of the test. Testing of this filter was terminated when dust

outlet loadinKs exceeded 149 ppm. Although the filter had not

delaminated during operation, a break was evident across the entire

length of the flange section.

Figures 1.2.1 and 1.2.2 illustrate the cross-sectional

morphology of the alumina/mullite filter matrix near the dirty gas

channel surface. Neither accumulation of fines within the surface

pores, nor significant penetratio_ of fines which fill or 'plug'

internal pores or interconnecting channels are evident in either of

these filters. Since both filters had been fabricated in the same
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Westinghouse PFBC Test Facility

Filter WRTX-1- 366 Hours

SEM

Figure 1.2.1 - Scanning Electron Micrograph Illustrating Depth of Fines
Penetration Along the Dirty Gas Channel of an Alumina/
Mullite Filter Which Had Experienced 388 Hours of Operation
in the Westinghouse PFBC Durability Test Facility
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Westinghouse PFBC Test Facility

Filter WRTX-10- 1300 Hours

SEM

Figure 1.2.2 - Scanning Electron Micrograph Illustrating Depth of Fines
Penetration Along the Dirty Gas Channel of an Alu=ina/
Uullite Filter Which Had Experienced 1300 Hours of
Operation in the Westinghouse PFBC Durability Test Facility
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filter lot, porosity appears to be relatively similar. Both filters

appear to contain a uniform pore size, and do not contain large (i.e.,

300-500_m) voids. The relatively high conditioned permeability of both

filters (WRTX-1 = 27_; WRTX-IO = 27_) reflects the absence of fines and

subsequently negligible surface pore closure after 366 or 1300 hours of

exposure to simulated PFBC test conditions.

An alternate scanning electron microscope was used to more

clearly identify the morphology of the alumina/mullite filter matrix

after 366 and 1300 hours of exposure in the simulated PFBC environment,

as well as the possible location for adherence of fines. Figure 1.2.3

illustrates the cross-sectioned morphology of the 366 hour filter plate,

near the dirty channel surface, while Figure 1.2.4 illustrates the

morphology of the 1300 hour filter plate. Intermittent in both

materials are mullite rod-like formations embedded in the "amorphous"

phase. Fines in both filter matrices adhere to the "amorphous n pore

cavity wall. Pore plugging was not observed in either filter. Fines

are identified to contain silicon, calcium, magnesium, and iron.

The actual surface of the alumina/mullite dirty gas channel from

the 1300 hour exposed filter was characterized, and is shown in

Figure 1.2.5. Note the relative abundance of Wblunted" crystals which

are considered to be the ends of the mullite rods which are embedded in

the Wamorphouse phase. After 1300 hours in the simulated PFBC

environment, the dirty channel surface "amorphous w phase is retained,

while mullite appears to be surfacing.

After 1300 hours of exposure in the simulated PFBC test

environment, the majority of the edges alone the dirty gas filter

channels, close to where the Eremco paint is applied at the seams,

appear to have been removed. One last analysis was attempted along

these regions to identify possible changes in the filter matrix which

may have attributed to cracking or erosion of the matrix. The matrix
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Figure 1.2.3a - ScanningElectron MicrographsIllustratingthe Morphology
of the Alumina/MulliteFilter Matrix After 386 Hours of
Exposure in the WestinghouseFFBO DurabilityTest Facility
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Figure 1.2.3b - Scsnning Electron Micrograph Illustrating the Morphology of
the Alumina/_ullite Filter _atrix A_ter 386 Hours o_
Exposure in the Westinghouse FFBC Durability Test Facility
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Figure 1.2.4s - ScanningElectronMicrographsIllustrstingthe Morphology
of the Alumina/MulliteFilter Matrix After 1300 Hours of
Exposure in the WestinghousePFBC DursbilityTest Facility
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Figure 1.2.4b - Scanning Electron Micrographs Illustrating the Morphology
of the Alumina/Mullite Filter Matrix After 1300 Hours ot
Exposure in the Westinghouse PFBC Durability Test Facility
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Figure 1.2.4c - Scanning Electron Micrograph Illustrating the _orphology of
the Alumina/Mullite Filter _atrix After 1300 Hours of
Exposure in the Westinghouse PFBC Durability Test Facility
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Figure 1.2.5 - Surface Morphology of the 1300 Hour PFBCExposed
Alumina/Mullite Filter Dirty Gas Channel
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morphology is comparable with that of sections removed from various

locations within the filter. At this time we feel that either cracking

of the Aremco paint has occurred, pulling with it a portion of the

underlying matrix, or that after long term exposure to dust fines,

erosion at the sharp corners of the dirty channels may have occurred.

Further effort will be necessary to resolve this issue.

Additional characterization of the 1300 hour exposed

alumina/mullite filter will include strength testing along both the

filter flange, as well as within the webbed section, similar to the work

conducted by Argonne on the Texaco exposed filters. Data will be

compared with u-fabricated material strength.
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APPENDIXJ

DESCRIPTIONOF CROSSFLOWFILTERDURABILITY
DURINGPFBC SIMULATORTHERMALTRANSIENTTESTING
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THERMALTRANSIENTTESTS

The existing gas-firedHTHP (high temperature, high pressure)

pressurized fluidized bed combustor (PFBC) simulator filter test loop

was used in this series of tests to demonstrate whether cross flow

filter elements can withstand heat-up and cool-down system transients,

similar to those projected for a PFBC plant. In the first thermal

transient test, four cross flow filters (WRTX-48 and WRY-53 were

fabricated in April 1990, and had been used in prior durability testing;

WRTX-66 and WltTX-70 were fabricated in September 1990, and were only

used in this segment of testing) were subjected to g00 lb/hr gas flow,

165 psia pressure, and temperatures of 1550"F. Simulated turbine trip

transients were accomplished by:

• Turning off the fuel flow to the combustor

• Dropping the pressure from 165 psia to 15 psia

• Increasing the gas flow to 1100 lb/hr.

Cross flow filters WRTX-48and WRTX-53acquired a total of 335

hours of testing with 472 pulse cycles, two mild and one severe

transient, using Grimethorpe dust a (see Appendix B) prior to detection

of a 25 ppm dust outlet lo_ding. Alternatelycross flow filtersnTX-66

and WRTX-70acquired a total of 38 hours of testing, 3 pulse cleaning

cycles, prior to detection of the dust outlet loading increase. Based

on the outlet dust loadings throughout the test, all four cross flow

filterswere consideredto be intact up to the time of the severe

a. Two different @_imethorpe duet eonpositions were umed in the initial
turbine trip tro_mient teat. The eonpem_tional differeneem of the
dust KmnerallF lnelude va_iation in the _ron _nd 8orbmnt content, as
related to the proeemain@ eonditiona (ioe., eoal feed sued 8orben_
used) 6t @rimethorpe. In the geeond turbine trip teetj am well am
the heat-up tr_ng_ent te8_ the lower iron eon_ent G_imethorpe aah
wag umed. The lower iron eontmnt ash Is representative of the dust
previouely umed in the long-te_m du_abll£t¥ mtudiem_ where 1800
hourm of operatinK life wam demonmtrated _or two e_omm flow fil_er
elemen_m. Theee _wo erome flow £_ltera were £_b_ioated 8t _he
yonder cite in February 1989. A Gompa_mon of _he v_rioum
Grime_horpe duet eompoe_tion8_ _nd their ingluenae on fil_er
Qle_ninK will be provided in the next Quarterly leport.
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transient event. A_ter system shutdown and removal of the filters, all

four filters were observed to have developed partial or complete

delamination cracks. A description of each filter after testing,

including the location of the w_rious cracks or delaminations, and their

relation to filter position within the HTHP vessel are provided in

Section 1.

After a step-wise (Runge-Kutta method) dynmnic mass and energy

balance was performed to project the temperature versus time profile of

the gas in the filter vessel during the simulated turbine trip

transient, we concluded that the initial four cross flow filters were

subjected to more severe conditions than those projected to occur at a

PFBC plant (Figure J.1). In an attempt to subject the cross flow

filters to a more representative set of test conditions, four new cross

flow filters were selected and installed in the Westinghouse HTHP test

facility (WRTX-76, WRTX-77, WRTX-7@, and WRTX-81; October 1990

fabrication lot). Test conditions again included exposure of the cross

flow filters to 900 lb/hr gas _!ow, 165 psia, and temperatures of

1550"F. In this test turbi sients were simulated by:

* Turning off the _low to the combustor

• _mmediately reducing the gms flow to 400 lb/hr

* RLmping pressure from 165 psia to 110 psia over the first

100 sec

• At t = 100 sec, reducing flow to 300 lb/hr

• Ramping pressure from 110 to 55 psia over the next 100 sec

• At t = 200 sec, reducing flow to 100 lb/hr

• Ramping pressure to 20 psia over the next 400 sec.

After 320 hours of testing, including 10 simulated turbine trip

transients (Appendix E), approximately 11 ppm of the Crimethorpe dust

wms detected in the outlet gms lo_ding. Inspection of the filters after

cool-down of the system indicated that three of the four cross flow

filters remained intact, and only one filter (WRTX-81) hs_ developed

both a partiaI and complete delamination crack. A description of the

location of these cracks within the filter, ms well as the position of

the filter within the HTHP vessel are provided in Section 2.
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Once again, after review of the actual gas temperature versus

time profile that resulted in the filter vessel during this test, we

concluded that the cross flow filters were again subjected to more

severe turbine trip transient conditions in the HTHP facility than would

be projected to occur for a PFBC plant.

A third test was performed in the HTHP test facility to simulate

the filter heat-up cycle that is anticipated at a PFBC plant. The three

intact cross flow filters from the second turbine trip transient test,

and one new filter (WRTX-80; October fabrication lot) were subjected to

1100 lb/hr gas flow, @9 psia pressure, and temperatures of 950°F. The

simulated heat-up transients consisted of ramping the combustor

temperature 90 times, such that the inlet temperature rises to 1250°F in

150 sec (Appendix D). Under these conditions, the vessel temperature

was expected to reach 1050°F, as expected at a PFBC plant (Figure J.2).

After 191 hours of testing, includfng 90 heat-up cycles, a dust leak of

approximately 14 ppm was detected. Inspection of the filters after

cool-down indicated that again, the original three filters (WRTX-7@,

WRTX-77, and WRTX-78) which survived the second turbine trip transient

series remained intact during the course of heat-up testing, and only

one filter (WRTX-80), which was most recently installed, developed a

partial delamination crack. A description of the location of the

partial delamination within the filter, as well as the position of the

filter within the HTHP vessel are provided in Section 3.

Table J.1 provides an abbreviated summary of these three system

transient tests, and the status of each cross flow filter as described

above.
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TABLE J. 1

SUMMARY OF THERMALTRANSIENT TESTING

Test Simulation Filter Designation Fabrication Comment
Conditions Location Lot Date

I Turbine Trip: WRTX-48 PIT April 90 Partial Delam
2 Mild; I Severe WRTX-53 PIB April 90 Partial Delam
Transient; 335 Complete Velam
Hrs For WRTX-48 WRTX-70 P2T Sept 90 Hairline Crack
k UTX-53; Side Wall Crack
38 Hrs For WRTX-66 P2B Sept 90 Horizontal
WR'rX-70 k wR'rx-66 Crack

2 Turbine Trip: WRTX-77 P1T Oct 90 Intact
320 Hrs; 10 WRTX-78 P1B Oct 90 Intact

Transients WRTX-81 P2T Oct 90 2 Complete
Delsa

wR'rX-T@ P2B Oct 90 Intact

3 Heat-Up Cycles: _TX-77 PIT Oct 90 Intact
191 Hrs; 90 Heat- WRTX-78 P1B Oct 90 Intact
Up Transients WRTX-80 P2T Oct 90 Partial Crack

%1_TX-76 P2B Oct 90 Intact
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1. SEVERE TURBINE TRIP TRANSXENTTEST

Cross Flow Filter WRTX-48, Figures J.3 and J.4

The cross flow filter designated as WRTX-48 was located in the

top holder of plenum #1 during the initial simulated turbine trip

transient test. After 335 hours of testing at 1550"F with 472 pulse

cycles, 2 mild transients, and 1 severe transient, a dirty gas channel

delamination crack occurred in WRTX-48. The delamination crack was

located at the 12th dirty gas channel (Figure 5.3), farthest from the

plenum. The twelfth and thirteenth channels were not identically

matched along the mid-rib bond, particularly at the top closed section

of the filter element. The fourteenth through eighteenth dirty channels

had Wheat perfect w alignment between mid-rib bonds.

The delamination crack which may have started at the top closed

section of the filter appeared to have traveled along the mid-rib bond

section of the dirty channels until it reached the thicker central bond

section. At that point, the crack cut through the dirty channel wall

(not through the thicker central bond section), and ran along the clean-

to-clean channel seam for approximately two inches. The delamination

crack appeared to have stopped at approximately three dirty channels

above the flange area, initially keeping the entire filter body intact.

These comments describe the delamination crack that ran along the filter

face that was opposite from the baffle plate which separated the two

filter plenums (Side A). Due to the thick ARF_CO paint along the face

of the filter which was closest to the baffle plate, several areas of

the crack path could not be followed (Side B).

The delamination crack along Side A was identified to have

occurred in the portion of the filter element which contained wider

dirty channels. Wider dirty gas channels are considered to represent

the top section of the filter plate stack, adjacent to where weights are

applied during filter element production. Alternately, the delami_nation

crack along Side B appeared to have occurred in the tighter dirty
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channels. Tighter dirty gas channels are considered to represent the

section of the filter which had been at the bottom of the stack of

filter plates during firing. This apparent discrepancy between which

end of the filter was at the bottom or top during firing, may be the

result of an uneven distribution of weight applied during filter element

firing.

The location of the delamination crack along the closed top

section of the filter, was noticed to be along a slight arc or "bowed n

section of the filter faces. Both faces were parallel, but not

perfectly flat. In relation to the bolt pattern on the filter clamp,

the delamination crack appeared to be located between the mid bolt

(No. 4) and the first bolt (No. 5) in the subsequent series of three

bolts.

A "rusty-colored" haze was evident along the bottom (underside)

of the filter where the clean gas channels were located. The haze

appeared to extend along the entire four inch width of the filter (from

flange edge-to-flange edge as shown in Figure J.4). The section of the

filter that was closer to the plenum appeared to have a "darker" and

wider hazy band £n comparison to the section of the filter that was

located farthest from the plenum. A clean _ap was evident between these

two bands. A similar hazy band coloration is evidenced on the top

filter surface. All of the clean channels appeared to be free of fines.
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Figure J.4 - Dust Track Pattern Along the Clean Gas Channels
in Cross Flow Filter _TX-48
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Cross Flow Filter WRTX-53, Figures J.5 through J.9

The cross flow filter designated as WRTX-53 was located in the

bottom holder of plenum #I. After 335 hours of testing at 1550°F with

482 pulse cycles, 2 mild transients, and 1 severe transient, a dirty gas

channel delamination crack which ran completely through the filter, and

a partial dirty gas channel delamination crack resulted (Figure J.5).

Initially an open seam had been identified in the top closed

section of the filter prior to use, and was patched with Nextel cloth

and AR_CO paint. After testing, sections of the cloth were no longer

attached to the filter, and debonding along the dirty gas chaunel mid-

ribs occurred, resulting in the formation of a partial delamination

(Figure J.@). The partial delamination or crack appeared to have

started alone the top closed section of the filter in dirty gas channel

No. 14. The crack extended through the dirty channel mid-rib bonds in

the upper section of the filter. The last dirty channel above the

thicker central rib was the location where the crack cut through the

plate, and then ran down the clean-to-clean channel seam. The crack did

not appear to travel completely through the flange section. The crack

path was evident along the opposite face of the filter which had been

adjacent to the baffle plate. The location of this crack appeared to be

at bolt No. 5. of the clamp. The patched crack appeared to be located

in the tighter dirty gas channel portion of the filter. This section

was considered to have been at the bottom of the stacked plates during

_iring and manufacturing of the filter body. Neither the partial

delamination crack nor fines were evident along the bottom (underside)

of the filter flange (Figure J.7).

A complete delamination crack was evident along the 9th dirty

channel (Figure 3.8). Initially the mid-rib bonds in this channel were

well matched and bonded. The del_nination was slightly to the left of

the central bolt (No. 4). Caked fines were readily evident along the

del_ninated dirty gas channel. The mid-ribs along this section were

also covered with a "greyish" perhaps Wwetn mat of fines.
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Figure J.B - Patched Cracked Area of Cross Flow Filter WRTX-53
After Durability and TransientTesting
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Figure J.7 - Absence of Dust Along the Clean Cas Channel Surface of
Cross Flow Filter WRTX-53
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Figure J.8 - Debonding of the Mid-Rib Bonds in Cross Flow Filter WRTX-S3
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Cross Flow Filter WRTX-68, Figures J.lO through J.13

The cross flow filter designated as WRTX-66 was located in the

bottom holder of plenum _2. After 38 hours of testing at 1550"F with 3

pulse cycles, 2 mild transients, and i severe transient, a complete

horizontal crack was observed through the upper section of the filter

body (Figure J.lO). The crack appeared to have originated along the

side of the filter that was directly opposite from the plenum. Again

this section of the filter contained the tighter dirty gas channels,

indicating the side of the filter which had been at the bottom of the

stack of plates during firing and production of the filter element body.

The horizontal crack ran from the bottom of the 5th dirty gas

channel located at the side of the _ilter that was opposite of the

plenum, to the top of the 5th dirty gas channel located at the side of

the filter that was closest to the plenum.

Fines were not generally observed in the clean gas channels

along the horizontal crack, except possibly in the last two clean

channels (No. 17 and No. 18) farthest from the plenum (Figure J.ll).

Along the mid section of the horizontal crack, the clean channels appear

to be free of fines. There was no apparent evidence of fines traveling

to the bottom of the clean gas channels at the base of the flange

(Figure J.12).

No reference is made to the position of the bolt holes, since

the crack occurred horizontally. However, it should be noted that this

filter was mounted with the redesigned clamping arrangement

(Figure J. 13).
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Figure J.lO - HorizontalCrack FormationThroughCross Flow Filter
WRTX-80 ResultingDuring ThermalTransientTesting
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Figure J.12 - Absence Of Dust Along the Clean Gas Channel Surface
Of Cross Flow Filter WRTX-66
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Figure J.13 - Redesigned Clamping Arrangement
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Cross Flow Filter WRTX-70, Figure J.14

The cross flow filter designated as WRTX-70 was located in the

top holder of plenum,b After 38 hours of testing at 1550"F with 3

pulse cycles, 2 mild transients, and 1 severe transient, a hairline

crack was evident along the bottom (underside) of the flange, as well as

along the closed side wall plate of the filter (Figure 14). The crack

appeared to have originated in the 6th clean channel from the plenum

side. The crack cut through the plate, and ran through the clean-to-

clean aid-rib bond seam. The crack extended through the flange section

and then crossed through the last plate of the dirty gas channel which

was adjacent to the flange, and then into the center of the dirty gas

channel. The crack path appeared to have stopped at this location.

After 38 hours of testing, the clean gas channels appeared to be free of

fines.

In relation to the bolt pattern, the crack appeared to have

occurred at approximately the same location as bolt No. 3 of the filter

clamp. As with cross flow filter WRTX-68, WRTX-70 was also mounted with

the redesigned clamping arrangement (as Figure J.13).

A second minor crack formation was also evident along the closed

side wall plate of this filter. The location of this crack is again at

the 5th row of dirty gas channels, similar to the position of the

horizontal crack which formed in cross flow filter WRTX-66. Unlike

WRTX-68, the crack in WRTX-70 did not "cut" completely through the

filter matrix.

Similar to the other three filter in this test series (WRTX-48,

WRTX-53, and WRTX-66), the tighter dirty gas channels of filter WRTX-70

were located farthest from the plenum.

, ,,

b. WRTX-70 w,b, -ub,equentl¥ u,ed at We,tinghou,e _or. optieal ,,ca,mot
testing by VPI peneonnel. Senmonm ancl bonding medla are mhown in
_he _op pox.tt.on o_ Ft.gux_e J'.140
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2. MODERATE TURBINE TRIP TRANSIENT TEST

Cross Flow Filter WRTX-81, Figures J.15 through J.17

The cross flow filter designated as WRTX-81 was located in the

top holder of plenum #2. In contrast with the two previous cross flow

filter fabrication lots which had 18 columns of dirty gas channels,

WRTX-81 had only 17 columns of dirty gas channels. After 320 hours of

transient testing, a complete delamination resulted along the mid-rib

bond of dirty gas channel No. 5, as well as a partial delamination crack

along dirty gas channel No. 15 (Figures J.15-J.17). After testing, the

delamination crack located at dirty gas channel No. 15 was seen to be

partially held together at the flange. The delamination crack was

observed to diverge at the top closed section of the filter, leaving an

approximate I/8 inch gap between filter plates. Debonding occurred

primarily along the mid-rib bonds. Along the top closed section, as

well as along the flange area, a segment of the filter plate material

was also removed (i.e., as opposed to merely debonding along the seam).

A "better" bond is speculated to have been formed in these sections

(i.e., top closed section and flange area) in comparison to the mid-

ribbed bonds. Fines were observed along the delaminated mid-ribbed

bonds after testing.

No visible identification could be made relative to which side

of the filter had been weighted during filter fabrication. What was

evident, however, was that the position of delamination along dirty gas

channel No. 15 corresponded to the position of bolt No. 3. The

delamination crack which formed along dirty gas channel No. 15 was

located between bolt No. 5 and No. 6.
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Figure J.15 - Delamination Along Dirty Gas Channel Column No. 5
Which Resulted in Cross Flow Filter _TX-81 after
Turbine Trip Transient TestinK
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Figure J.16 - DelsJ0inationAlong Dirty Gas Channel Column No. 15
Which Resulted in Cross Flow Filter _TX-81 After

Turbine Trip Transient Testing
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3. HEAT-UP CYCLETRANSIENT TEST

Cross Flow Filter WRTX-80, Figure J.18

The cross flow filter designated as WRTX-80 was located in top

holder of plenum #2 during the heat-up transient tests. After 191 hours

of testing, including 90 heat-up cycles, s dust leak of approximately 14

ppm was detected. An initial inspection Of the filter as it remained

mounted in the filter vessel indicated that an obvious "dust seam'

formed along the filter face. The "dust seam s appeared to run along the

clean channel seam, between dirty gas channel No. 3 and No. 4. Further

inspection of WRTX-80 after removal from the vessel and subsequent

cleaning, indicated that a crack had formed in the filter flange, in

approximately the same area as the clean plate "dust seam w

(Figure J.18). The crack appeared to form within a filter plate (not on

clean or dirty gas channel seam), which then crossed over into the

clean g_s channel seam, near the last row of dirty gas channels. The

distance that the crack traveled from the flange towards the top closed

section of the filter could not be discerned due to the relatively wide

WsmileW formations along the plate edges of the clean gas channel seam.

The crack had initiated in the area of the filter that was

mounted closest to the plenum, and was located between bolt No. 2 and

No. 3. An attempt was made to try and identify which end of the filter

was located at the top or bottom of the stack of filter plates during

firing. We believe that the tighter gas channels, indicative of the

bottom set of plates in the stack, were positioned opposite of the

plenum.

When viewing the filter along the open clean gas channel

surface, the crack was observed to run through the plate (not between

clean or dirty gas channel seams), and then into the "outer-most" clean

gas channel. The crack did not appear to travel completely across the
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clean gas channel seam that runs along the underside o_ the filter. The

crack wu, however, apparent between the opposite "outer-most" clean gas

channel and the edge of the flange. Dust fines were evident along the

two Wouter-mostI clean gas channels that contained the crack formations.
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COMMENT

In the thermal transient test series, Westinghouse has attempted

to subject cross flow filters to conditions that may represent turbine

trip and heat-up cycles similar to what may be expected in a PFBC plant.

The thermal transient conditions are generally considered to be more

severe than the "steady state" conditions achieved in our durability

test program, where our major accomplishment was the successful

demonstration of approximately 1300 hours of operational life for two

cross flow filter elements (WRTX-9 and WRTX-IO).

All filters that were used in the thermal transient tests were

fabricated with the same type of pore former, and were considered to

have experienced the same filter plate stacking assembly and firing

temperature profile. WRTX-48 and WRTX-53 were produced in April 1990,

while WR_X-@6 and WRTX-70 were produced in September 1990. Both WRTX-80

and WRYX-81 were produced in October 1990. The April 1990 batch lot was

identified to have a strength of 3.204 ksi (4-pt bend), while the

September and October 1990 batch lots were identified to have strengths

ranging from 2.99-3.07 ksi (4-pt bend).

In contrast with these filters are the durability test filters,

WR_L-9 and WRTX-IO. These filters which were fabricated in February
c

1989, were manufactured using a different pore former, as well as

filter plate stacking sequence during production. The February 1989

fabrication lot had an apparently higher initial material strength, as

reflected by the vendor's 3-pt bend strength data of 4.06 ksid (ANL

reported a 4-pt bend strength of 3.11 ksi for a filter element from this

production batch). (1)

a. The di_ePent pore _ormere ueed in _sb_iQat_n| the QrooJ _low
_l_ePe m_ T h_ve momm,wh_t ahm.nKed the po_oe_ty mnd po_e o_me
d_e_P_bu_on w_h_n _he oe_em_Q met_aee. Th£m _e _one_de_ed _m a
remul_ o_ possibly d_e_en_ £n_t_l po_e _o_ne_ pJ_l.le m_oe
d_e_bu_onm_ mud pooo_bl¥ _he d_f_e_mnt Wbu_n-ou_W ps_te_ne o_ the
pore _oz,,me_m_ wh£eJ:s _ould l_d _o c_e.nSem _n _he _n%e_oonneQt_ns
po_m c_ennel Keome_¥.

d. C_ut_on mhould be exe_=_eed when _tempt_nK to =empire 8-p_ at,nd 4-pt
bend etrens_h data. Theme vJluee are no_ upeoted to be directly
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The fact that the durability cross flow filters may have had an

initially higher material strength, and were subjected to less severe

"steady state" conditions, are perhaps criteria which directly relate to

their 1300 hours of operating life in comparison to the 38 to 335 hours

of filter life achieved under thermal transient test conditions.

Further efforts should be directed to verifying the extent of possible

variation in material strength by testing at least one as-fabricated,

untested filter from each filter lot, using the same bend bar test

geometry (i.e., 4-pt bend, 1/4 flexure). Similarly, data are also

needed which reflect mid-rib and plate seam bond strength for both

filter lots, as well as fracture toughness, porosity, pore size

distribution, density, and phase composition. This information may

provide insight into some of the currently considered reliability

aspects of the cross flow filter from a production point of view.

The possibility also exists that the HTHP test facility may

artificially induce localized stresses as a result of either system

operation or design modifications. Minor modifications that were made

either to the HTHP system (i.e., clamping design, blowback system, dust

type) or to the individual cross flow filter elements (i.e., ABY_CO

painting of the seams) during the last long-term durability test and the

thermal transient test series are summarized in Table J.2.

With respect to the Westinghouse HTHP filter vessel, several

observations have been identified in an attempt to determine why cross

flow filters delaminate or form cracks at what seems to be reoccurring

locations. These include

• The most severe failures in the initial turbine transient

test (four filters) occurred in the filters located in the

bottom holders (WRTX-53: complete delamination and

delamination crack; WRTX-66: complete horizontal

delamination). This may be related to a thermal effect

(i.e.,_either the pulse gas is colder at this location, and
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TABLB J.2

SUM]IARYOF W HTHP SYSTEMMODIFICATIONS

Filter
Filter Maximum No. Plenums/ Type of Plate Flange Plenum

No. Life,Hrs No. Filters Ash Feed Seams Clamping Blowback Positions

Durability Testing WRTX-9 ~1300 1/2 d e Original Original P2B
WRTX-IO ~1300 P2T

Severe Thermal WRTX-48 335 2/4 b e Original Segmented P1T
Transient WRTX-53 335 b e Original Segmented P1B
Test No. 1 WRTX-70 38 b,c As-Fabricated Rocker Original P2T

WRTX-88 38 b,c As-Fabricated Rocker Original P2B
!

Thermal Transient WRTX-77 a(320), 2/4 d As-Fabricated Rocker Original PIT
Test No. 2 WRTX-78 a(320), d As-Fabricated Rocker Original PIB

WRTX-81 320 d As-Fabricated Rocker Original P2T
WRTX-76 a(320), d As-Fabricated Rocker Original P2B

Thermal Transient WRTX-77 a(191). 2/4 d As-Fabricated Rocker Original P1T
Test No. 3 WRTX-78 a(191), d As-Fabricated Rocker Original P1B

WRTX-80 191 d As-Fabricated Rocker Original P2T
WRTX-7@ a(191), d As-Fabricated Rocker Original P2B

a - Intact

• - Hours during specific test

b - Mixture of both high and low iron content Grimethorpe dust
c - Majority of operational hours with higE iron content Grimethorpe dust
d - Low iron content Grimethorpe dust
e - AKEMCOpaint along gas channel seams



is directed to the clean gas channels farthest from the

plenum, or is a combination of cold pulse gases within

perhaps a hotter section of the filter vessel).

• Crack formation in the initial series of thermal transient

tests appeared to result in the area of the cross flow

filter farthest from the plenum. The question which arises

is whether this has any relationship to either the HTHP

system design (i.e., gas flow pattern, etc.), or to its

operation. Perhaps the plenum provides nprotectionn which

is not afforded to the side of the filter that is directly

in the gas passage.

• In the initial thermal transient test series, the tighter

channels of each filter appeared to be positioned at the

location farthest from the plenum. The tighter channels

represent the bottom set of plates during weighting and high

firing of each filter element. This area may have

experienced a higher stress under load, and therefore may be

more vulnerable to failure.

* Bolt patterns may still induce crack formation, particularly

in bolt positions No. 3 and No. 5, and possibly No. 4.

Perhaps this region may have experienced the "coldest"

portion of the pulse gas during blowback.

Although in the first turbine trip transient test, the relative

strengths of the Plenum #2 (top: WRTX-70; bottom: WRTX-66) filters in

the initial thermal transient test series were somewhat lower than the

Plenum #1 (top: WRTX-48; bottom: WRTX-53) filters, these filters had not

experienced the extensive number of hours of testing as the filters

located in Plenum #i. Perhaps, during initial testing, the filters in

Plenum #1 had experienced a reduction in strength, leaving them with a
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resulting strength cumparable to the filters in Plenum #2. If this were

so, then due to the severity of the transient, both sets of filters

would be expected to perform in a similar manner, forming cracking and

delaminating. Alternately the "severity" of the initial turbine trip

test may have been such that even the "strongest, most reliablew ceramic

cross flow filter would delaminate or form cracks.

The more moderate turbine trip transient test conducted in this

series certainly demonstrated the long-term "survivability" of the cross

flow filters to "non-steady state" conditions, since only one filter

failed under the more representative transient test conditions, as

opposed to all fourfilters suffering a partial or complete delsmination

crack under the "less realistic" severe set of transient conditions.

Questions which arise are:

• If the October Iggo filter lot had an initially higher

material strength, would filter life for WRTX-81 have

increased?

• Was WRTX-81 nperfectly" fabricated?

Since, however, three out of the four filters survived the moderate

turbine trip test, and were subsequently subjected to heat-up cycle

transients and survived an additional 191 hours of testing, the question

which then arises is whether there is an issue with the HTHP system

which induces failure in a filter that is placed in the top holder of

the second plenum. Alternate systems issues which may provide insight

into cross flow reliability include:

• Identifying whether similar blowback pulse durations were

used in the durability and thermal transient test series, as

well as tracking the time interval between pulsing.
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* Identifying the change in temperature throughout an entire

filter during blow back pulse delivery. Identifying whether

each filter element experiences the same temperature profile

per pulse.

These and other fabrication and systems issues will continued to be

reviewed during the next quarter. A Taguchi approach is planned to

assess the relevance of all possible fabrication and HTHP system

contributing parameters.
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FILTER _ATERIAL PROPERTYCHARACTERIZATION

Strength data are presented for an as-fabricated, untested

alumina/mullite cross flow filter, and for the filter which experienced

1300 hours of operation in the Westinghouse high temperature, high

pressure (HTHP) test facility. Under simulated pressurized fluidized-

bed combustion (PFBC) conditions, the 1300 hour cross flow filter

experienced temperatures of 1600"F, pressures of 150 psig, and

2088 pulse cleaninE cycles. During filter operation, inlet mass

loadinEs were 1000 ppm, while outlet mass loadings of 1 ppm were

achieved. Testing was terminated when the filter experienced

lonEitudinal cracks in the flanEe used to attach the filter to the clean

gas plenum. Both filters were produced from the same fabrication lot in

February 1989. Bend bar samples were prepared from the top (closed) and

web (core) o_ both filters. Bend bars were also prepared from the

flange section of the 1300 hour filter. Since the flange section of the

as-fabricated, untested filter had been removed prior to shipment by the

manufacturer, it was not avail_ble for strength analysis.

1. MATERIALPROPERTY CHAP_CTERIZATIONTECHNIQUES

Room temperature strength testing was performed on the

alumina/mullite filter that had been exposed for approximately

1300 hours in the Westinghouse HTHP test facility in an attempt to

determine whether changes had occurred in the physical properties of t_e

filter during long-term operation. Four point bend strength testing was

conducted at room temperature using 1/4-point flexure, with upper and

lower spans of 20 and 40 mm, respectively. The crosshead speed was

0.02 cm/min.
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Initially the 1300 hour cross flow filter was divided into four

sections (Figure K.I). From each 6x6x4 inch web (core) section, twelve

bend bars (48 in total that were 0.08 in. thick) were prepared for room

temperature strength testing (4-point bend, I/4-flexure). From the

flange section of the filter, twenty-two 0.08 inch thick, and fifteen

0.12 inch thick bend bars were prepared. From the top (closed) section

of the filter, twenty-six 0.08 inch thick, and twenty-three 0.12 inch

thick bend bars were prepared.

In an attempt to identify whether a change in material strength

has resulted after 1300 hours of filter operation, an as-received,

untested filter from the same fabrication lot was sectioned for room

temperature strength characterization. Thirty-three 0.08 inch thick

bend bars were prepared from the top (closed) section of the filter,

while thirty 0.08 inch thick bend bars were prepared from the web (core)

section. Since the flange section of the as-received, untested filter

h_ previously been removed by the manufacturer, it was not available

for strength analysis. Figure K.2 identifies the location where bend

bars were removed from the filters at Westinghouse.

In addition, an attempt was made to determine whether bend bar

thickness had an effect on the resulting strength data. This issue was

raised by ANL in a similar effort which characterized an as-fabricated

alumina/mullite filter, and a filter which had operated for 77 hours in

the Texaco entrained-bed gasification facility. (I) In the ANL effort,

the flange material was actually a combination of samples which had been

removed from the flange, as well as from the top (closed) section of the

filter. ANL detected an apparent difference in strength between bend

bars removed from the flange areas and the web (core) section. Even

though the flange samples were thicker than the web (core) samples, the

flange samples were identified to have a higher strength in comparison

to the web (core) samples. The thicker the test sample is, the larger

the volume of material under stress. Normally, the larger the volume of
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sample under test, the lower the resulting strength, since the flaw

population is also considered to increase, and therefore the probability

of larger flaws is increased. Figure K.3 identifies the location where

bend bars were removed from the filters at ANL.

2. STATISTICAL ANALYSES

Analysis of variance (ANOVA) techniques were used to determine

if the strength differences observed between bend bar samples taken from

different filter locations, or the differences that were observed

between the 1300 hour tested filter and the as-fabricated, untested

filter material were larger than what would be expected from chance or

random variation. If the differences do not result from random

variation, then there is an effect of the tested variable (i.e., either

filter location or filter condition) on the filter material strength.

The strength distribution for the given variable (i.e., filter location

or filter condition) then is representative of the strength of the

material for that variable.

The Weibull statistical fracture theory is widely used in

ceramic material applications. This theory predicts that the strength

of a ceramic material decreases with increasing sample size (i.e.,area).

The most used parameter of this theory is the Weibull modulus (m), which

is an index of ceramic material strength reproducibility. The higher

the m value, the more reliable (i.e., predictable) the material is,

since there is a lower scatter in fracture strength.

An important consideration in determining the Weibull modulus is

the sample size (i.e., number). The uncertainty in the m value

decreases, as sample size increases. This uncertainty, or error, is

shown in Figure K.4 (2) as a function of sample size for a 90 percent

confidence interval. For example, a sample size of 40 gives an

approximate error of 122_ for the calculated Weibull modulus.
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3. RESULTS AND DISCUSSION

Table K.I summarizes the Westinghouse room temperature 4-point

bend strength and Weibull modulus results for the as-fabricated filter

material and the 1300 hour HTHP PFBC exposed filter. The strength data

for all 198 bend bars are presented at the back of this appendix

beginning with Table K.8. The average bend bar height and width are

also shown in Table K.1. The length of the bend bar under test is the

same as the lower span length (1.57 inches) of the test fixture, while

the actual bend bar length used in this effort was 1.8 inches. The

sample size was kept as consistent as possible to minimize the effect of

sample volume variation on material strength. The height of the bend

bars was limited to the thickness of the web (core) section material.

For consistency, the top (closed) and flange section samples were

machined to approximately the same thickness as in the web (core). Two

sets of bend bars were prepared from the 1300 hour filter with a larger

thickness, but a smaller width. The material strength results that are

shown in Table K.1, as well as conclusions generated in the ANOYA

analyses are discussed in the following sections.

3.1 As-Fabricated Filter Material

!

Table K.1 indicates that there is a difference in material

strength between the top (closed) and web (core) sections of the as-

fabricated, untested filter. The ANOVA results presented in Table K.2

indicate that the strength differenc_ is based on where the bend bars

are taken from (i.e., either the top (closed) or web (core) section),

and that this difference is not a result of random variation. The

strength distributions from the top (closed) and web (core) sections are

therefore considered to be significantly different, and are not from the

same parent distribution. This is shown more clearly by the 95 percent

confidence intervals for the top (closed) and web (core) section group

means in the nGroup Summaries _ portion of Table K.2.
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TABLE K.1

MATERIAL STRENGTH AND WEIBULL VALUES FOR THE
AS-FABRICATED UNTESTED ALUMINA/MULLITE FILTER

AND THE 1300 HOUR HTHP PFBC TESTED FILTER

As-Fabricated 1300 Hour Filter

Top* Top**
Number of Samples 33 26 23
4-Point Strength, psi 35291222 2668+168_ 26531220
Weibull Modulus, m 19.2 19.1 14.3
Height, inch 0.08210.005 0.083+0.003 0.120!0.001
Width, inch 0.19010.005 0.200+0.002 0.160+0.005

Web* Web

Number o_ Samples 3"-_ 4"-8
4-Point Strength, psi 31481388 23771354
Weibull Modulus, m 8.2 7.0

Height, inch 0.073+0.008 0.070+0.003
Width, inch 0.198+0.004 0.19870.005m

Flanze Flanze**
Number o_ Samples 22 15
4-Point Strength, psi 23541169 24951258
Weibull Modulus, m 16.2 11.4
Height, inch 0.078+0.003 0.115+0.006
Width, inch 0.197+-0.001 0.18070.001

• Top_e_ _.
• * Thicker Bend Baxs.
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TABLE K. 2

ANOVA AND GROUP SUMMARIES COMPARISON OF MATERIAL STRENGTH FOR
THE TOP AND WEB SECTIONS OF THE
AS-FABRICATED UNTESTED FILTER

ANALYSIS OF VARIANCE TABLE

DF SS MS=SS/DF F VALUE SIG LEVEL

FACTOR 1 2273053.111688 2273053 111688 25.21 0
ERROR 61 5499273.745455 90152.028614
TOTAL 62 7772326.857143

The null hypothesis that the samples come from populations with
equal means can be rejected (p = 0).

Group Summaries

Group N Mean Stdev
Name
artop 33 3528. 727273 222. 112341
arweb 30 3148. 400000 367. 685642

Group 3011.1 3607.48
Name + +

artop ...... X......
arweb X

Error bars represent non-simultaneous 05 percent confidence
intervals for the group means.
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The resulting" difference in material strength is considered to

be related to the critical flaw size in the porous ceramic matrix.

Critical flaws are most likely considered to result from large pores or

interconnected porosity in the alumina/mullite matrix. Consequently,

the strength differences between the as-fabricated untested filter top

(closed) and web (core) sections are probably related to differences in

the average pore size, and the pore size distribution of each section.

As shown in Table K.1, the Weibull modulus for the top (closed)

section is more than twice that of the web (core) section. This

indicates that there is a larger degree of scatter in the web (core)

section strength data, and therefore less predictability (i.e., lower

reliability) in the results. Weibull values greater than 10 are

considered to be very good for ceramic materials. Weibull plots for all

materials analyzed are presented in Appendix C.

3.2 LonE-Term Durability Filter

Material strength and Weibull modulus comparisons were made for

the HTHP PFBC 1300 hour filter based on sample location and thickness.

These data are also presented in Table K.1. Similar to the as-

fabricated untested cross flow filter, the top (closed) section of the

HTIIP PFBC 1300 hour filter appears to be stronger than its web (core)

section. The flange section of the 1300 hour filter, however, appears

to have a resulting strength that is similar to that of its web (core)

section. Note that the apparent lower material strength in the 1300

hour filter flange area, tends to coincide with the location of filter

failure.

The ANOVAresults shown in Table K.3 for top (closed), web

(core), and flange sections indicates that a difference in strength

results depending on where the bend bar is taken from, and that this

difference is not a result of random variation. The "Group Summaries n

portion of Table 3 indicates th:Lt the web (core) and flange sections have

similar means and 95 percent confidence intervals, whereas, the top
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(closed) section mean and confidence interval differs significantly from

the web (core) and flange sections. Figure K.5 graphically illustrates

a comparison of the three filter sections.

From the web (core) section, an equal number of bend bars were

prepared with tensile surfaces from the dirty and clean gas channels.

This was done in an attempt to determine if the strength of the dirty

channel surfaces was affected by direct contact with ash fines during

the 1300 hours of filter operation. Most of the strength test bend bar

failures were seen to be initiated at or near the outer surface, which

is in tension. Table K.4 shows the ANOYA results and the "Group

Summariesw data for the dirty and clean surfaces in the web (core)

section. Since there are no apparent differences between the dirty

(2381 i 320 psi) and clean (2373 i 392 psi) channel surfaces, these data

axe grouped together simply as web (core) section data.

The Weibull moduli for the top (closed), web (core), and flange

sections are shown in Table K.1. The top (closed) and flange sections

have high m values (19.1 and 16.2, respectively). The web (core)

section has an m value of 7.0, which indicates considerably more scatter

in the web (core) fracture strength values in comparison to the top

(closed) and flange sections.

As previously discussed, the ANL data indicated that the thicker

bend bar samples from the flange and top (closed) sections were as a

group, stronger than the thinner samples from the web (core) section.

ANL proposed that due to the high porosity of the alumina/mullite

material, the large flaws, if present in the thin web (core) section,

may lower the resulting material strength. This would not be expected

if the web (core) bend bars were prepared with a thickness that was

comparable to that of the thicker flange and top (closed) sections. A

similar effort was undertaken at Westinghouse using the 1300 hour

alumina/mullite filter.
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TABLE K.4

_J4OVAAND GROUP SU_fl_JLRIESCOMPARISONOF MATERIALSTRENGTHFOR
DIRTY AND CLEAN SIDE SURFACES IN T_ WEBSECTION

OF THE 1300 HOURHTHPPFBC FILTER

ANALYSIS OF VARIANCE TABLE

DF SS MS=SS/DF F VALUE SIG LEVEL

FACTOR 1 736.333333 736.333333 0.01 0.94
ERROR 46 5896712.666867 128189.405797
TOTAL 47 5897449.000000

There is insufficient evidence to reject the null hypothesis that
samples come from populations with equal means (p = o.g4).

Group Summaries

Group N Mean Stdev
Name
clean 24 2372. 833333 392. 052755
dirty 24 2380. 666667 320. 426980

Group 2207.28 2538.38
Name +
clean ><
dirty -X ---

Error bars represent non-simultaneous 95 percent confidence
intervals for the group means.
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The intent of preparing the additional 4-point bend suples from

the flange and top (closed) sections of the 1300 hour filter was that

these samples would be 50 percent thicker than the web (core) bend bar

thickness, but they would maintain the same width. These samples would

therefore have a 80 percent larger volume than the original bend bar

samples, and they would be expected to show a lower average 4-point bend

strength as a result of the increased volume of material under test.

However, the thicker bend bar samples were inadvertently prepared with a

smaller width which resulted in only a slight increase in sample volume

under test. As such, no difference in strength would be expected from

the thicker samples when compared to the normal height samples. This

conclusion was verified by the results in Table K.1. The flange and top

(closed) section 4-point bend strength results were therefore not

affected by test sample thickness for similar volume samples.

The Weibull _ values do, however, indicate differences between

the IthinnerW and WthickerW flange and top (closed) section bend bars.

The Weibull m value for the thicker bend bar samples are generally less

than those of the thinner bend bars. These differences may be

attributed to the large errors (Figure K.4) that could result when using

relatively small sample sizes.

3.3 Comparison of the As-Fabricated and Long-Term Durability

Filter _aterials

Since flange data are not available for the as-fabricated,

untested alumina/mullite filter material, a comparison will be made only

between the top (closed) and web (core) sections of the as-fabricated

and 1300 hour filter materials. This comparison will not include the

thicker bend bar sample data.

There is an apparent 24 percent decrease in strength between the

as-fabricated, untested alumina/mullite filter matrix and the matrix

material after 1300 hours of operation in the Westinghouse HTHPPFBC
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test facility. This decrease is consistent for both the top (closed)

and web (core) sections of the filters. Because the strength

differences between the as-fabricated, untested and 1300 hour filter are

large, an ANOVA is not required to confirm that the decrease in strength

is related to 1300 hours of filter operation. However, an ANOVA was

performed using the as-fabricated, untested and 1300 hour filter web

(core) section data. These results along with the "Group Summaries" are

shown in Table K.5.
i

There is no apparent change in the Weibull m values for the as-

fabricated, untested and 1300 hour filter top (closed) and web (core)

sections. The m values for the top (closed) sections of the as-

fabricated, untested and 1300 hour filters are 19.2 and 19.1,

respectively, and for the web (core) sections, 8.2 and 7.0,

respectively. The web (core) section continues to have a much higher

degree of scatter in the material strength values.

In contrast with the Westinghouse as-fabricated, untested and

the 1300 hour filter web (core) Weibull modulus data are the ANL data.

The ANL data shown a definite change in the flaw population of the 77

hour Texaco tested web (core) material in comparison with the.original

material (14 versus 9, respectively). Further efforts are needed to

generate a substantially larger material's properties data base, prior

to concluding whether the variation between the Westinghouse and ANL

Weibull modulus data reflect filter material variation within a given

fabrication lot, or simply procedural and evaluation techniques.

If we assume that initially the strength of the 1300 hour filter

flange was equivalent to that of its top (closed) section (i.e., 3529

psi) as in the ANL effort, then an apparent 33 percent decrease (i.e.,

3529 to 2354 psi) in the flange material strength is expected to have

occurred during the 1300 hours of filter operation. In the current

filter failure mechanism, a reduction in material strength (maximum
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TABLE K.5

ANOVAAND GROUP SUMMARIESCOMPARISONOF MATERIALSTRENGTHFOR
THE AS-FABRICATED UNTESTEDAND 1300 HOURFILTER WEB SECTIONS

ANALYSIS OF VARIANCE TABLE

DF SS MS=SS/DF F VALUE

FACTOR 1 10992807. 184615 10992807. 184615 85.09
ERROR 76 9818038. 200000 129184. 713158
TOTAL 77 20810845.384615

SIG LEVEL

FACTOR 0
ERROR
TOTAL

The null hypothesis that the samples come from populations with
equal means can be rejected (p = 0).

Group Summaries

Group N Mean Stdev
Name
Web 48 2376.75 354. 228229
arweb 30 3148.40 367. 685642

Group 2273.89 3285.7
Name _ +
Web .... >< ....

arweb ...... ><

Error bars represent non-simultaneous 95 percent confidence
intervals for the group means.
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limit to be determined) coincides with failure in the ceramic component.

Therefore over time, the entire filter body may lose strength, and when

the maximum change in material strength results or a lower tolerance

limit is achieved, failure occurs.

3.4 Summary

Table K.6 summarizes the room temperature strength data

generated at _estinghouse for the as-fabricated, untested and 1300 hour

filter materials. These data indicate that:

• As expected, for a constant volume of material, bend bar

thickness does not influence the resulting room temperature

strength.

• The top (closed) section from both the as-fabricated, untested

and 1300 hour filters appears to be stronger than the web

(core) section.

• Material strength in the web (core) and flange sections of the

1300 hour filter appears to he nearly equivalent.

• An apparent 24 percent loss in material strength results after

1300 hours of exposure to PFBC ash at 1600°F (870°C), 150

psig, and 2068 pulse cleaning cycles.

The loss of material strength data reflects only an apparent

change in the properties of the filter plates, or within the thicker top

or flange sections. These data do not reflect any change in bond

strength which may have resulted along the mid-ribbed bond.

The apparent loss of material strength after 1300 hours of

exposure in the HTHP PFBC test rig is considered to have resulted from

the thermal cycling (and/or vibration) which the filter experienced
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TABLE K. 6

ROOMTEMPERATURESTRENGTHDATA
FOR THE 1300 HOURWESTINGHOUSEPFBO HTHP FILTER MATER_LS

-Alumins/Mullite -

Materisl Location MOR, Bend Bar Weibu11
in Filter psi Thickness, in.

As-Received Top (a) 3529+222(33) * 0.082+0.005 19.2
1300 Hr. Filter Top 2666+168(26) 0.083+0.003 19.1

l 1300 Hr. Filter Top 2653+220(23) 0.120+0.001 14.3
!

As-Received _eb (b) 3148_+368 (30) O. 073+_0.008 8.2
1300 Hr. Filter Web 2377_+354(48) 0.070+0.003 7.0

1300 Hr. Filter Flauge 2354_+169(22) 0.078+_0.003 18.2
1300 Hr. Filter Fl_nge 2495_+258(15) 0.115+_0.006 11.4

* 0 Indicate The Number Of Bend Bars Used In Determining Bend
Strength.

(_) Top (Closed) Section Of The Filter.
(b) Web Or Core Section Of The Filter Body.
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during testing. In the HTHP simulator test rig, the gas phase (73_ N2,

14_ H20 , 7S C02, and 6_ 02; no gas phase sulfur or alkali species) and
the Grimethorpe or Exxon fly ash particulates are not considered to

react with the alumina/mullite matrix. What is considered at this time

to have occurred, is a phase change which results in the surfacing of

the mullite rods. (3) Additional efforts are needed to identify whether

the extended time at filter operating temperature and/or thermal cycling

induces further mullitization within the alumina/mullite filter matrix.

Comparison of the Westinghouse data presented in Table K.6 can

be made with the ANL data shown in Table K.7. Note that both the as-

fabricated, untested filter materials that were tested at Westinghouse

and ANL, as well as the 1300 hour and Texaco exposed filters were

fabricated from the same lot in February 1989.

Generally the flange and/or top closed sections have a higher

Weibull value (m) in comparison with the web (core) section. This

suggests that the material strength in the flange and/or top (closed)

sections is relatively homogeneous, and not as widely scattered or

variable as in the web (core) section.

Secondly, for the ANL data, the Weibull value for the web (core)

section changes from 14 to 9 indicating a change in the flaw population

when the filter material is exposed to the Texaco gasifier environment.

For the Westinghouse 1300 hour simulated PFBC filter, no apparent change

in the Weibull value is evident. This may imply that the Westinghouse

simulated PFBC HTHP test facility which contains ash and no gas phase

sulfur or alkali, is not as chemically reactive with the filter matrix,

as possibly an actual process gas environment. Alternately, the Weibull

variation may be attributed to variation between filters within a given

fabrication lot.
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TABLE K.7

ROOMTEMPERATURESTRENGTHDATA
FOR THE TEXACOEXPOSEDFILTER MATERIALS

-Alumina/Mullite -

Material* Location MOR,** Weibull
in Filter psi

As-Received Web(a) 3234+334 14
m

Texaco Exposed Web 3089+334 9sam

As-Received Flange (b) 3930+290 18
Texaco Exposed Flange 40991278 18

* Bend Bars: 5 cm x 0.6 cm x 0.3 cm; 60 Samples/Area.
** 4-Point Bend Mode: Outer Span = 4.45 cm; Inner Span = 0,925 cm;

Cross Head Speed = 0.05 cm/min.
(a) Web or Core Section of the Filter Body.
(b) Flange Consists Of Both Top (Closed) Section Of The Filter And

Actual Flange Area.
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In contrast with the Westinghouse data, ANL indicates that for

the Texaco gasifier filter, the flexural strength of the flange is

consistently higher than in the web (core) section. Note that the

flange data reported by ANL is a combination of both the flange and top

(closed) sections of the filter. Perhaps the flange and top (closed)

sections are initially stronger than the web (core) section due to

better sintering between flat plates during manufacturing, and that with

time (i.e., 187 hours at Texaco versus 1300 hours in the Westinghouse

HTHP rig), the flange area is weakened due to vibration and/or thermal

cycling during pulse cleaning, such that the strength in the flange

section approaches (i.e., is equivalent or possibly even less than)the

strength of the web (core) section. Further effort is obviously needed

to more fully understand the effect that operating time, gas phase

chemistry, and temperature have on changes which may be occurring in the

alumina/mullite material properties during actual filter operation.
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FOUR-POINT BEND STRENGTH DATA

TABLE K. 8
TOP AND WEB SECTIONS OF THE AS-FABRICATED

UNTESTED ALUKINA/MULLITE FILTER MATERIAL

Specimen RT Stress Height Width Filter

m (psi) (in) (in) Location

"I-I 3119 0.076 0.195 top
T-2 3512 0.077 0.194 top
T-3 3417 0.086 0.187 top
T-4 3403 0.085 0.182 top
'1"-5 $820 0.076 0.195 top
T-6 S822 0.084 0.185 top
T-7 3388 0.086 0.188 top
T-8 S558 0.078 0.195 top
T-9 3559 0.076 0.196 top
T-10 3728 0.078 0.195 top
T-I1 3477 0.087 0.181 top
T-12 3547 0.087 0.185 top
T-I$ 3468 0.086 0.187 top
T-14 3873 0.076 0.195 top
T-15 3575 0.086 0.189 top
"1"-16 3707 0.077 0.196 top
T-17 3505 0.078 0.196 top
T-18 3072 0.077 0.196 top
T-19 3471 0.077 0.196 top
T-20 3631 0.088 0.189 top
T-21 3872 0.076 0.195 top
T-22 3799 0.076 0.195 top

T-23 3314 0.085 0.187 top
"1"-24 3112 0.091 0.183 top
T-25 3451 0.086 0.187 top
T-26 3499 0.086 0.188 top

T.27 3622 0.087 0.187 top
T-28 3840 0.077 0.196 top

I"-29 3553 0.077 0.196 top
T-S0 3175 0.085 0.186 top

T-31 3811 0.087 0.183 top
T-32 3454 0.076 0.196 top
T-33 3496 0.085 0.181 top
W-I 2713 0.082 0.201 web

W-2 3332 0.072 0.193 web
W-3 3010 0.073 0.192 web
W-4 3217 0.082 0.197 web
W-5 3366 0.073 0.193 web
W-6 2998 0.081 0.198 web
W-7 3438 0.072 0.193 web
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TABLE K.8 (continued)

W-8 3132 0.072 0.193 web

W-9 3019 0.071 0.194 web

W-IO 3456 0.071 0.192 web

W-II 3454 0.083 0.195 web
W-12 3003 0.084 0.198 web
W-13 3195 0.08 0.201 web

W-14 2994 0.074 0.192 web
W-15 3040 0.083 0.201 web
W-16 3251 0.073 0.193 web

W-17 3503 0.079 0.194 web
W-18 3014 0.075 0.188 web

W-19 3286 0.075 0.196 web
W-20 3053 0.063 0.197 web
W-21 3836 0.08 0.196 web
W-23 3458 0.081 0.192 web
W-24 1708 0.078 0.196 web
W-25 2501 0.06 0.201 web
W-26 3364 0.059 0.202 web

W-27 3297 0.06 0.202 web
W-28 3216 0.06 0.203 web
W-29 8246 0.059 0.2 web

W-SO $024 0.083 0.197 web
W-S1 3548 0,078 0.195 web
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TABLEK. 9

WEBSECTIONOF THE 1300 HOURHTHPPFBC TESTEDFILTER

Specimen RT Stress Height Width Filter

' ID (psi) (in) (in) Location

CIAI 2378 0.071 0.202 clean
CIA2 25S6 0.07 0.201 clean
CIBI 1510 0.07 0.198 clean
CIB2 1522 0.07 0.201 clean
CIC1 2608 0.071 0.201 clean
CIC2 2780 0.071 0.201 clean
C2A1 2687 0.066 0.194 clean
C2A2 2164 0.069 0.194 clean
C2B1 2466 0.066 0.193 clean
C2B2 2785 0.066 0.192 clean
C2C1 2705 0.07 0.197 clean
C2C2 2778 0.071 0.196 clean
C$A1 2668 0.07 0.192 clean
C$A2 2768 0.07 0.192 clean
C$B1 2187 0.072 0.203 clean
C$B2 2411 0.072 0.203 clean

C$C1 2894 0.068 0.195 clean
C$C2 2118 0.067 0.196 clean
C4A1 2410 0.073 0.202 clean
C4A2 2549 0.072 0.201 clean

C4BI 2444 0.068 0.201 clean
C4B2 2572 0.07 0.2 clean
C4CI 2245 0.075 0.203 clean
C4C2 1470 0.071 0.203 clean

D1AI 2425 0.077 0.192 dirty

DIA2 2695 0.076 0.193 dirty
DIBI 2700 0.072 0.2 dirty
DIB2 2642 0.072 0.199 dirty

D1C1 2465 0.075 0.19 dirty
DIC2 2668 0.075 0.194 dirty
D2AI 2640 0.066 0.192 dirty

D2A2 2495 0.072 0.199 dirty
D2BI 2332 0.072 0.198 dirty
D2B2 1527 0.075 0.197 dirty
D2C1 2452 0.071 0.195 dirty
D2C2 2458 0.065 0.191 dirty
DSAI 2577 0.073 0.203 dirty
DSA2 2467 0.072 0.202 dirty
DSB1 1964 0.071 0.204 dirty
DSB2 2523 0.072 0.203 dirty
D8C1 2112 0.066 0.189 dirty
D$C2 2246 0.067 0.181 dirty
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TABLE K.9 (continued)

D4AI 2591 0.069 0.2 dirty
D4A2 2420 0.067 0.2 dirty
D4BI 2255 0.066 0.204 dirty
D4B2 1766 0.067 0.201 dirty
D4CI 2597 0.066 0.203 dirty
D4C2 2525 0.067 0.199 dirty
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TABLE K. i0

FLANGE SECTION OF THE 1300 HOUR HTHP PFBC TESTED FILTER

Specimen RT Stress Height Width Filter

ID (psi) (in) (in) Location

1FL-I 2555 0.081 0.198 Flange
1FL-2 2515 0.082 O.198 Flange
IFL-3 2273 0.081 0.198 Flange
IFL-4 2301 0.081 0.197 Flange
1FL-5 2273 0.081 0.198 Flange
IFL-6 2515 0.08 0.197 Flange
IFL-7 2549 0.08 0.198 Flange
IFL-8 2444 0.082 0.198 Flange
2FL- 1 2215 0.076 0.197 Flange

2FL-2 2596 0.074 0.198 Flange
2FL-8 2222 0.077 0.196 Flange
2FL-4 2509 0.077 0.195 Flange

2FL-5 1862 0.074 0.197 Flange
2FL-6 2291 0.075 0.195 Flange

2FL-7 2445 0.077 0.197 Flange
2FL-8 2406 0.076 0.198 Flange
2FL-9 2301 0.075 0.196 Flange

2FL-10 2355 0.076 0.196 Flange
2FL- 11 2453 0.078 0.198 Flange
2FL-12 2525 0.074 0.194 Flange
2FL-15 2304 0.076 O.198 Flange

2FL-14 2093 0.076 0.196 Flange
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TABLE K. 11

TOP SECTION OF THE 1300 HOUR HTHP PFBC TESTED FILTER

Specimen RT Stress Height Width Filter
ID (psi) (in) (in) Location

3T-1 2693 0.086 0.202 Top

3T-2 2826 0.086 0.202 Top
3T-3 2810 0.085 0.203 Top
3T-4 2634 0.086 0.201 Top
3T-5 2865 0.086 0.203 Top

3'1"-6 2610 0.087 0.202 Top
3T-7 2865 0.086 0.202 Top
3T-8 2960 0.086 0.204 Top
3T-9 2810 0.086 0.203 Top
3T-10 2826 0.085 0.201 Top

3T-11 2647 0.085 0.201 Top
3T-12 2952 0.086 0.203 Top
47-1 2480 0.079 0.198 Top

47-2 2401 0.08 0.198 Top
47-3 2591 0.082 0.201 Top
47-4 2646 0.085 0.2 Top
4T-5 2791 0.082 0.2 Top
47-6 2505 0.082 0.2 Top
47-7 2705 0.085 0.198 Top
4T-8 2518 0.081 0.199 Top
4T-9 2728 0.082 0.198 Top
47-10 2611 0.076 0.198 Top
4T-11 2494 0.08 0.198 Top
4T-12 2527 0.081 0.198 Top
47-15 2465 0.085 0.198 Top
41"-14 2574 0.079 0.198 Top
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TABLEK.12

FLANGESECTIONOF THE1300 HOURHTIIPPFBC TESTEDFTLTER
- THI_KERBENDBARDATA-

Specimen RT Stress Height Width Filter

ID (psi) (in) (in) Location

TIFL-I 2154 0.122 0.161 ThFl_nge
T1FL-2 1919 0.121 0.16 ThFlange
T1FL-3 2712 0.124 0.161 ThFlange
TIFL-4 2742 O.122 O.16 ThFlange
TI FL-5 2426 0.124 0.161 ThFlange
TIFL-6 2464 0.124 0.161 ThFlange
T2FL- 1 2728 0.11 0.159 ThFleal ge
T2FL- 2 2941 0.11 0.161 ThFlan ge
T2FL-3 2S06 0.11 0.159 ThFlange
T2FL-4 2545 0.111 0.16 ThFlan ge
T2FL-5 2575 0.109 0.158 ThFlange

T2FL-6 2435 0.11 0.159 ThFlange
T2FL- 7 2420 0.109 0.159 ThFlange
T2FL-8 2675 0.111 0.159 ThFlan ge
T2FL-9 2591 0.111 0.158 ThFlange
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TABLE K.13

TOP SECTION OF THE 1300 HOUR HTHP PFBC TESTED FILTER
- THICKER BEND BAR DATA -

Specimen RT Stress Height Width Filter

ID (psi) (in) (in) Location

T3T-1 2381 0.121 0.156 ThTop

T3T-2 3035 0.12 0.157 ThTop

T3T-3 2695 0.121 0.154 ThTop

T3T-4 2944 0.121 0.153 ThTop
T3T-5 3012 0.121 0.153 ThTop

T3T-6 2976 0.121 0.156 ThTop
T3T-7 2917 0.12 0.153 ThTop
T3T-8 2878 0.12 0.157 ThTop
T3T-9 2402 0.121 0.153 ThTop
TST-10 2764 0.121 0.157 ThTop
T4T- 1 2649 0.121 0.164 ThTop
T4T-2 2605 0.12 0.163 ThTop
T4T-3 2526 0.121 0.165 ThTop
T4T-4 2381 0.119 0.162 ThTop
T4T-5 2709 0.12 0.166 ThTop
T4T-6 2666 0.12 0.164 ThTop
T4T-7 2479 0.121 0.162 ThTop
T4T-8 2550 0.12 0.163 ThTop
T4T-9 2507 0.118 0.167 ThTop
.T4T- 10 2565 0.12 0.164 ThTop
T4T-11 2414 0.12 0.166 ThTop
T4T- 12 2628 0.12 0.165 ThTop
T4T- 13 2331 0.12 0.168 ThTop
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WEIBULLPLOTS

--41, : I I I I t I I I I I t
8.02 8.04 8.06 8.08 8.10 8.12 8.14 8.16 8.18 8.20 8.'m 8.24 8.26 8.28

Ln Stress (psi)

19.193271.X -157.315064

Figure K.6 - Weibull Probability of Failure For the Top (Closed) Section
of the As-FabricatedUntested Alumina/MulliteFilter Material
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Figure K.11 _ Weibull Probability of Failure For Thicker Bend Bar Samples
Prepared From the Top Section of the 1300 Hour HTHP PFBC
Filter

K-39



",4," .........

b,

I-...4O) _.
_1""0 0"
O) ¢:

_ 0

o_- _.g

I I I I I i I I tt_lr0
c_ r,/J



APPENDIXL

HOTSTRENGTHC_CTERIZATION OF THE 1300 HOUR,
HTHPTESTED CERAMICCROSSFLOWFILTER
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HOT STRENGTH CHARACTERIZATION OF THE 1,300 HOURS

HIGH TEMPERATURE, HIGH PRESSURE TESTED

CERAMIC CROSS FLOWFILTER

In order to develop the alkali kinetics and material life model

for the alumina/mullite filter material in advanced coal fired

processes, data have been generated at 870"C for material that has been

exposed to:

* Gas phase alkali at 870"C for 100-1580 hours

* Gas phase alkali at 870"C for 100-1560 hours with pulse

cycling

* 870"C for 1500 hours without gas phase alkali or pulse

cycling.

As a result of this effort, we have demonstrated that the P-IOOA

alumina/mullite matrix undergoes a conversion of the amorphous phase

that is present in the material to anorthite at temperatures of 870"C in

the presence of gas phase alkali. An increase in the hot strength of

the material occurs as a result of anorthite formation (Figure L.1). As

the period of exposure time to gas phase alkali increases, anorthite is

converted into tridymite, leading to a reduction in the hot strength of

the material.

When the alkali exposed alumina/mullite matrix is subjected to

thermal cycling, simulating pulse cleaning, a somewhat reduced hot

strength of the matrix results. We currently suspect that this results

primarily from microcrack formations within the structure. Although we

have not attempted to differentiate between the various phases or phase

concentration through the thickness of the alkali exposed disc, the
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TIME, Hrs.

Figure h.1 - Influence of In-Servlce Paraaeters on the Hot Strength of
the Altmina/Mullite Filter Mxtrix _s L Function of Time
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possibility exists that an additional or alternate phase may have formed

along the pulsed surface, or that the concentration of tridymite is

higher along the pulsed surface versus the alkali exposed surface.

A shown in Figure L.1, the alkali/steaJn/air environment tends to

accelerate the increase in hot strength of the alumina/mullite matrix

over that of the matrix that was simply subjected to long-term, high

temperature exposure. Again we suspect that the amorphous phase is

being converted into anorthite, however, as a slower rate.

In addition data have been generated _or material removed from

an alumina/muillte cross _low filter that operated lor 1,300 hours at

880"0, _iltering pressurized fluidized-bed combustion (PFBC) ash fines

in one of Westinghouse's high temperature, high pressure (HTHP) test

_acilities. I_ alkali were present in the HTHP system, it was generated

via the coal processed _ines that were _iltered during HTKP testing. No

attempt w_s made to further introduce alkali into the system which would

represent possible gu pha_e concentrations at actual process
0 •

conditions.

Characterization o_ the 1,300 hour tested filter material

consisted of room temperature strength analysis of the _lange, web, and

top closed sections o_ the _ilter, as well as x-ray diffraction

analyses. As shown in Table L.1, post-test analysis room temperature

_lexural strength analysis o_ the matrix indicates that a 258 loss of

strength had occurred uniformly throughout the entire cross flow filter

element body. X-ray di_raction analyses o_ the ~1300 hour HTHP filter

matrix identified the conversion o_ ~508 o_ the amorphous phase

contained within the matrix to that of the crystallized anorthite phase.

As shown in Table L.2 hot strength data generated for the 1,300

hour HTHP tested _ilter indicate nearly comparable strengths along the

clean and dirty gu channels (i.e., 32781389 and 3362+521 psi,

respectively). Note that the resulting hot strength of the filter
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TABLEL.I

ROOMTEMPERATURESTRENGTHDATAFOR THE
1,300HOURWESTINGHOUSEPFBCHTHPTESTEDFILTER E_TERIAL

-Alumina/Mullite-

Material Location MOR, Bend Bar Weibull
in Filter psi Thickness,in.

As-Received Top* 359.9+222(33)** 0. OS2+_.O.005 19.2
1300 Hr. Filter Top 2666+168(26) 0.08310.003 19.I
1300 Hr. Filter Top 2653+_220(23) 0.120.0 .001 14.3

As-Received Web 3148+_368(30) 0.073+0.008 8.2
1300 Hr. Filter Web 2377+_354(48) 0.070_0.003 7.0

1300 Hr. Filter Flange 2354+_169(22) 0.078+0.003 16.2
1300 Hr. Filter Flange 2495+-258(15) 0.115+0.008 11.4

* Closed Section At The Top O! the Filter
** 0 Indicate The Number 05 Bend Bars Used In Determining Bend Strength

Chart Speed: 5 c_/min.
Upper Span: 20 mm
Lower Span: 40 mm
4 Pt; 1/4 Flexure
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TABLE L.2

HOT STRENGTH DATA FOR THE

1,300 HOURWESTINGHOUSEPFBC HTHP TESTED FILTER MATERIAL !

-Alumina/Mullite -

Test Sample Temp., Cross Head Width, Height, Loads, Strength,
No. "C Speed, in. in. Ibs. psi

cm/min

Clean Gas Ch_ne_s
1 870 0.02 0.249 0.084 2.97 3429
2 870 0.02 0.248 0.063 2.88 3208
3 870 0.02 0.255 0.086 3.54 3753
4 870 0.02 0.248 0.067 3.53 3734
5 870 0.02 0.250 0.069 2.93 2899
6 870 0.02 0.249 0.069 3.30 3278
7 870 0.02 0.250 0.070 3.47 3335
8 870 0.02 0.249 0.066 3.35 3637
9 870 0.02 0.249 0.062 2.80 3445

10 870 0.02 0.256 0.067 2.84 2910
11 270 0.02 0.249 0.070 3.25 3137
12 870 0.02 0.249 0.066 2.37 2573

Dirty Gas Channels .........
I 870 0.02 0.249 0.071 3.38 3171
2 870 0.02 0.249 0.071 2.83 2655
3 870 0.02 0.249 0.068 3.11 3181
4 870 0.02 0.249 0.074 3.48 2988
5 870 0.02 0.250 0.077 5.02 3g88
8 870 0.02 0.249 0.073 4.20 3727
7 870 0.02 0.250 0.074 5.20 4473
8 870 0.02 0.250 0.074 4.65 4000
9 870 0.02 0.248 0.061 2.50 3190
I0 870 0.02 0.249 0.062 2.64 3248
11 870 0.02 0.250 0.067 2.88 3022
12 870 0.02 0.250 0.066 2.85 3082
13 870 0.02 0.249 0.060 2.27 2982

As-Fabricated Average Hot Strength:

Clean Gas Channel Average Hot Strength: 32781359 (12)
Dirty Gas Channel Average Hot Strength: 33621521 (13)

Average Hot Strength (All Channels): 33211443 (25)

Chart Speed: 5 cm/mln.
Upper Span: 20 mm
Lower Span: 40 m
4 Pt; 1/4 Flexure
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material appears to be greater than than of its corresponding room

temperature strength. To date we have not generated the hot strength

characteristics of the ms-fabricated matrix. During May we tentatively

plan to recharacterize the room temperature and hot strength of a

ceramic cross flow filter that was produced in the same fabrication lot

as the 1,300 hour HTHP tested filter. Since we have demonstrated

conversion of the amorphous to anorthite phase occurred during HTHP

testing, we believe that the initial as-fabricated untested matrix will

have a lower initial hot strength in comparison to the 1,300 hour HTHP

filter hot strength, as well _s a lower as-fabricated hot strength in

comparison to its ms-fabricated room temperature strength.

The as-fabricated amorphous content in the P-IOOA structure was

apparently sufficient for the filter to survive the stresses induced by

the filter mount and pulse ELm cleaning cycles during the 1,300 hours of

HTHP testing. As a result of these data, a reevaluation needs to be

performed to determine the validity of the concept that is currently

accepted which indicates that UallW porous ceramic filter materials

experience a loss of strength during hot gas filtration. We are

recommending that post-test evaluation of filters include hot strength

testing at process temperatures, as well as a comparison of these data

with the hot strength data generated for an ms-fabricated filter from

the same _abrication lot. In addition we need to determine whether the

maximum stress levels at the critical stress areas in the filter (i.e.,

flange, channels, etc.) are the same at process operating temperature as

at room temperature.

¢,U.S. GOVERNMENT PRINTING OFFICE: 1994-550-16_-o0o16

L-8




