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EXECUTTVE SUMMARY

This first annual report summarizes the work accomplished over the period

October 1989 through October 1990 for DOECooperative Agreement No. DE-FCO5-

90CE40893. The overall project objective is to field test an energy-

efficient, innovative black liquor recovery system at a significant industrial

scale. This is intended to demonstrate the maturity of the technology in an

industrial environment and serve as an example to the industry of the safer

and more energy-efficient processing technique.

The project structure is comprised of three primary activities: process

characterizationtesting, scale-up hardware development,and field testing.

The objective of the processcharacterizationtesting is to resolve key

technical issues regardingthe black liquor recovery process that were

identifiedduring earlier laboratory verificationtests. This will provide a

sound engineeringdata base for the design, constructionand testing of a

nominal 1.0-TPHmill integrated,black liquor recovery gasifier.

The objectiveof the scale-up hardwaredevelopment effort is to ensure

that key hardware components,in particular the pulse heater module, will

perform reliably and safely in the field.

Finally, the objectiveof the field test is to develop an industrialdata

base suffici_,,tto demonstratethe capabilitiesand performance of the op-

erating system with respect to thermal efficiency,product quality, fuel

handling, system control, reliabilityand cost. These tests are to provide

long-term and continuous operatingdata at a capacity unattainablein the

• bench-scaleapparatus.

• The results of the process characterizationwork, completed this year,

establisheddefinitive performancedata for the thermochemicalreactor

includingproduct gas quality, carbon conversion efficiency,and theoretical

system thermal efficiency. Modificationsand enhancementsof the laboratory
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verificationunit were made under the current program to include the critical

downstream equipment componentsneeded to evaluate integrated system perform-

ance which is vital to establishthe engineeringdesign criteria for

constructionof a field test unit.

Key additions to the test rig included"

I

• Incorporationof a recirculationcyclone to increase solids residence
time and enhance carbon conversion efficiency.

• Improved catch cyclone design for enhanced particulate removal
efficiency.

• An isokinetic probe to allow characterizationof solids carry-over.

• A quench scrubber and heat removal system for production of dry,
particulate-freeproduct gases.

• Cartridge filters for total recovery of unconvertedcarbon in the
quench loop.

• A sulfur recovery column to allow characterizationof green liquor
regenerationpotential.

• Improvedcombustor tube design allowing higher throughput.

• A gas chromatographwith enhanced sulfur characterizationcapability.

m Direct and indirect (tracermethods) measurementsof dry gas product
flow rates enabling more complete material balance closure.

• A recirculationcompressor for investigatinguse of recycle gas as a
fluidizationmedia.

Two separate Kraft black liquor feedstocks and one Neutral Sulfite

Semichemical (NSSC) liquor feedstockwere utilized during the current test

program. The first Kraft feedstockcomprises a liquor supplied from

Weyerhaeuser'sEverett, Washington mill. The second Kraft feedstockcomprises

a liquor supplied from Weyerhaeuser'sLongview,Washington cross recovery

.mill. The NSSC feedstock comprises a liquor supplied from Weyerhaeuser's

North Bend, Oregon mill.
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In the integratedcommercial recovery system, a portion of the gasifier

product gas is returned to the pulse combustors to provide the energy

requirementsof the reactor. In the earlierwork, natural gas and simulated

product gas were tested in a pulse combustor to ensure that the unit is

" capable of operatingon a gas that was characteristicof that generated from

the gasifier. Under normal laboratoryconditions,the product gases were

, combusted in an incineratorusing a significantpilot support flame. In order

to ensure the flammabilityof the productgases during unsupportedcombustion

and prior to testing in a pulse combustor, the incineratorsupport flame was

shut off and the continued combustion intensitywithin the incinerator

indicated that the fuel gas was suitablefor testing in the pulse unit. The

fuel gas was then ignited in a pulse combustor firing at a rate of approxi-

mately 80,000 Btu/hr. The pulse combustor lighted off without difficulty and

operated with excellent turndown performance. This test confirmed the ability

to operate the pulse combustor in a self-sustainingmanner using fuel gas

generated from the gasifier reactor.

In the MTCI recovery process, black liquor is _prayeddirectly onto a bed

of sodium carbonate solids which is fluidized by steam. Direct contact of the

black liquor with hot bed solids promotes high rates of heating and pyrolysis.

Residual carbon, which forms as a deposit on the particle surface, is then

gasified by reaction with steam. Heat for the endothermicpyrolysis and

steam-gasificationreactions is supplied from pulse combustor resonancetubes

which are immersed within the fluid bed.

The gasifier operating conditions are maintained at temperaturesbelow

that at which smelt can form. In this dry recovery process, oxidized sulfur

species are partially reduced by reactionwith the gasifier products,

principallycarbon monoxide and hydrogen. The reduced sulfur form is unstable

in the gasifier environment,decomposingto solid sodium carbonate and gaseous

hydrogen sulfide (H2S). Sodium values are recovered by discharging a dry

sodium carbonate product from the gasifier.
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MTCI's indirectlyheated gasificationtechnology for black liquor

recovery also relies on the scrubbingof H2S from product gases to regenerate

green liquor for reuse in the mill circuit. Due to concerns relative to the

efficiency of sulfur recovery in the MTCI integratedprocess, an experimental

investigationwas undertakento establishperformance and design data for this

portion of the system.

Operating data for tests conductedat the different scrubber column

heights are summarized in Table ES-]. Test data is shown only for test runs

where both gas and liquid analyses were available. For each case, the column

height, liquid and gas flow rate, H2S concentrationat column exit as measured

by gas chromatograph,and the calculated sulfur recovery efficiency are shown.

All tests were conducted utilizing a single batch of premixed sodium carbonate

solution with a concentrationof 145 g/L as Na2CO3 (84.5 g/l as Na20). While

the gas and liquid flow rates were varied in the test matrix, the sulfur-to-

sodium ratios entering the column in the gas and liquid phases were held

approximatelyconstant, and reflectedvalues typical of a mill circuit

operating at a sulfidityof approximately30 percent (with sulfidity defined

as Na2S/TTA as Na20).

Liquid samplesof the rich solutionwere collected at the column exit for

each of the test points shown in Table ES-I. These liquid sampleswere sent

to Weyerhaeuser'slaboratoriesfor'analysis. The results of these analyses

are shown in Table ES-2 and include sodium, total sulfur and total carbonate.

The calculated sulfidity is also shown. Note that it is assumed that all of

the sulfur is present in reduced form since oxidation of the sulfur species

can only occur due to incidentalair exposure during sampling or analysis.
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TABLEES-l: OPERATING DATA FOR SCRUBBING TESTS

SULFUR

PACKING LIQUID* GAS** H2S @ RECOVERY
SAMPLE HEIGHT FLOW RATE FLOW RATE COLUMN EXIT EFFICIENCY

DESIGNATION (FT) (LPM) (SCFM) (PPMV) _%)

MTCI-7-11-1000 10.000 0.210 3.667 50.000 99.750

. MTCI-7-11-I015 10.000 0.330 5.040 271.000 98.645

MTCI-7-12-1145 5.000 0.296 5.040 763.000 96.185

MTCI-7-12-1152 5.000 0.296 5.040 713.000 96.435

MTCI-7-13-I022 15.000 0.296 5.040 140.000 99.300

MTCI-7-13-I030 15.000 0.137 2.330 447.000 97.765

NOTE: Column was operated at I atm exit pressure and ambient temperature.

*Scrubbing liquid consisted of aqueousmixture of sodium carbonate at
concentrationof 145 g/L as Na2CO3 (84.8 g/L as Na20).

**Simulatedgas contained 20% CO2, 2.0% H2S, and balance nitrogen.

TABLEES-:): ANALYSIS OF LIOUID SAMPLES FROM SCRUBBER BOTTOMS

SODIUM SULFUR CARBONATE
SAMPLE Na S COB SULFIDITY*

DESIGNATION (%) (%) (%_ (%)_

MTCI-7-11-1000 5.64 1.20 8.43 30.59

MTCI-7-11-I015 5.45 1.13 7.75 29.81

MTCI-7-12-1145 5.66 1.06 7.96 26.92

MTCI-7-12-1152 5.53 1.07 7.56 27.81

MTCI-7-13-I022 5.52 1.12 7.73 29.17

MTCI-7-13-I030 5.51 1.03 7.92 26.87
e

*Sulfidity is calculated as total sulfur as

Na20 divided by total sodium as Na20.
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As seen in Table ES-2, the desired rich solution (green liquor) sulfidity

range (25-35%) is achievablewhile maintaininglow sulfur breakthroughin the

gas phase. These results provided confirming evidence that green liquor can

be regeneratedat a high efficiency using the simple alkaline scrubbing

technique developed for the MTCI integratedrecovery process.

Ten black liquor tests were done during this year. The seven for which •

the data analysis were completed are reported here. Samples from the last

test were not yet analyzed by WeyerhaeuserResearch Center. However, the

results for one Kraft liquor,one cross recovery liquor, and one neutral

sulfite semichemical (NSSC)liquor were analyzed and are summarized in

Table ES-3.

TABLEES-3 :
SUMMARY OF BLACK LIOUOR TESTS

SULFUR CARBON
LIQUOR GASIFIER TEST WET FEED DRY FEED STEAM GASIF. GASIF.
FEED TEMP. DURATION RATE RATE RATE EFFIC. EFFIC.

TEST DATE TYPE (°F) (hours) (Ibs/hr) (Ibs/hr) (Ibs/hr) (%) (%)

1/24/90 Kraft 1138 2 18 10 35 ....

1/24/90 Kraft 1130 5 23 13 35 ....

1/24/90 Kraft 1050 2.5 40 23 35 ....

2/23/901 Cross- 1145 8 19.3 12.7 38.2 91.2 88.2
Recovery

3/07/902 Kraft 1150 7.5 27.1 15.3 33.7 90.5 83.3

3/21/902 Kraft 1143 7.5 29.3 16.6 37.8 88.3 84.9

3/27/903 Kraft 1160 6 28.8 16.3 24.10 81.4 79.5

9/18/90 NSSC 1130 8 21.5 8 36 84.5 83.1

9/24/90 NSSC 1150 5.5 26.8 10 38 85.2 84.9

IScrubbed productgas fired in pulse combustor.

2Gas scrubbing.

3Gas recycle for fluidization.

These tests demonstratedthat the MTCI indirectgasificationprocess

works well for any type of black liquor, separating sulfur as H2S from the

sodium which forms mainly Na2CO_ and producing a consistent high-quality
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hydrogen-rich,medium-Btu gas. This process enables pulp and paper mills to

recover chemicals and energy without smelt formation from Kraft, sulfite (NSSC

or BCTMP) or combination (cross recovery)liquors. This process offers great

flexibility in selectingpulping method to meet market demand.

The tests completed to date have demonstratedthat in the temperature

' range of approximately1150°F (625°C),carbon gasificationefficienciesof up

to 88 percent and sulfur gasificationefficienciesof dp to 89 percent are

achievable. Significant sulfate reduction is also achieved, 60 percent for

NSSC liquor and 88 percent for Kraft liquor, without employingcarbon or char

recycle, lt is possible that the sulfate reductionmay be improvedby char

recycle.

The present investigationhas confirmedthat high sulfur recovery

efficienciesexceeding99 percent, can be achieved under the anticipated

operating conditions of MTCI's integratedrecovery process using a simple,

single column, alkaline scrubbing technique. The formationof sulfur gases

other than H2S has been found to be negligible,usually less than 10 ppm.

Overall, sulfur recovery is expected to be over 99 percent and sodium re-

covery, over 99.9 percent. Further process optimizationto improvethe net

gas yield and reduce the gas fired as fuel is being planned for testing in

early next year. These results suggestthat there exists no major technical

barriers to regeneratinga high sulfiditygreen liquor in the MTCI process.

Furthermore,the results indicate that the MTCI process has a potential for

reducing emissions of SOz from energy recovery equipment compared to the

conventionalKraft recovery boiler.

In addition to the process characterizationactivities,the design and

- developmentof the scaled-up system was partially completed. The Engineering

Design for the Black Liquor GasificationField Test Unit has been consolidated

. into a single Bid Package separated into three volumes: I) Commercial,

2) Technical, and 3) Plans and Drawings. The purpose of the Bid Package is to

form the Commercial and Technical basis for quotationon a turnkey Black

Liquor GasificationField Test Pilot Plant to be located at a Host Paper Mill.

The Bid Package covers specificationsand requirementsfor detailed engineer-
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ing, procurement,fabrication,assembly,transportation,field erection,

precommissioningand permitting as pertaining to the recovery plant.

Computer simulationsof material and energy balances have also been

prepared for black liquor solid feedstocks. The field test unit is being

designed to handle two extreme operati_g conditions,as follows.

e

m I ton/hr Black Liquor Solids at 33% solids by weight, and

• 2 ton/hr Black Liquor Solids at 65% solids by weight.

At the 65 percent solids level, the products from gasificationof black

liquor solids include chemical recovery of pulping chemicals in the form of

green liquor (11323 Ib/hr), a clean medium Btu fuel gas (293 Btu/SCF) rich in

hydrogen, export steam from waste heat recovery (1134 Ib/hr), and insoluble

carbon filter dregs (53.5 Ib/hr).

The "Break-even" point for product gas production occurs at approximately

the 33 percent solids level. At this minimum concentration there is just

enough process gas produced to fire the combustors at a rate to support the

gasification reaction. The largest utility is cooling water (276,000 Ib/hr)

for removing steam and condensible hydrocarbons from the product gas. The

cooling water load is reduced and the overall thermal efficiency is increased

substantially if the fluidizing gas is a mixture of recycled product gas and

steam instead of steam alone. Use of recycle gas will also be investigated
during the field tests.
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SECTIOH I.0

INTRODUCTION

This report summarizestechnical achievementsaccomplishedover thev

period from October 1989 throughOctober 1990, relevant to the developmentof

a Pulsed Combustion Process for Black Liquor Gasification. Extensive bench-

scale experimentaltesting was conductedto firmly establishcritical design

data needed for scaling the technology to a nominal I-TPH field test unit.

This data was employed in the preparationof process and mechanical designs

for an integratedblack liquor recovery facility to be installed and field

tested at Weyerhaeuser'sNew Bern, North Carolina Kraft pulp mill. Fabri-

cation of the field test unit is scheduledto being in early 1991. The

objectiveof the field tests is to verify gasifier performanceat a

significant industrialscale thereby providing a fast-track introductionof

this innovative energy recovery technology in the pulp and paper industry.

The Pulsed Combustion Process for Black Liquor Recovery comprises a

pulse-enhanced,indirectlyheated, fluidizedbed reactor using the principle

of steam gasificationwhich effects the recovery of inorganicsodium chemicals

and energy from the organic matter containedwithin the black liquor. The

integrated system results in the productionof a green liquor product stream

that is recycled to the pulping process as well as a high-qualitymedium-Btu

gas that is used to supplement and/or reduce purchased fuel requirements

within the mill.

The MTCI thermochemicalrecovery technology is differentiatedfrom

existing combustion-basedrecovery methods by an avoidanceof a sodium smelt

formation that routinely results in fouling of heat exchange surfaces and
Q

corrosion of boiler components. The molten smelt also poses serious safety

problems due to smelt-waterexplosions. Also, the gasificationtechnology

" converts organic matter to fuel gas, as opposed to combustion-basedprocesses

which generate steam as the sole energy product. This is advantageoussince

the fuel gas can be combusted in a gas turbine combined cycle system offering

higher electric conversion efficienciescompared to simple steam cycles.
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Finally, the Pulsed Combustion Process for Black Liquor Gasification

offers the singularlyunique ability to separate sulfur from sodium regardless

of the chemical nature of the starting liquor. This is significantsince it

offers an economic and efficientmeans of recovering a broad range of

feedstocks ranging from Kraft through sulfiteliquors. A more detailed

description of the integratedgasificationprocess and its benefit_ can be

found in "Testingof an Advanced ThermochemicalConversionReactor System,"

January 1990, DOE Contract No. DE-ACO6-76RL01830.

In Section 2.0 of this report,key program objectives are highlighted. A

detailed listing of project work tasks are found in Section 3.0. Section 4.0

provides a descriptionof experimentalhardware utilized in bench-scale

testing. Section 5.0 discusses the analyticalmethods for treatment of

experimentaldata. Section 6.0 presents results from extensive bench-scale

testing and relates this data to process design criteria for the field test

unit. Scale-up hardware and control developmenttesting is described in

Section 7.0. Details of the field test system engineeringdesign are

presented in Section8.0. And, finally,conclusions and plans for the next

period are disct,ssed in Section 9.0.
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SECTION 2.0

PRO3ECT OB3ECTIVES

" The overall project objective is to field test an energy-efficient,

innovativeblack liquor recovery system _t a significantindustrial scale.

• This is intended to demonstratethe maturity of the technology at a scale that

will prompt the industryto take advantageof the more energy-efficient

processing technique.

The project structure is comprised of three primary activities: process

characterizationtesting, scale-up hardware development,and field testing.

The objective of the process characterizationtesting is to resolve key

technical issues regarding the black liquor recovery process that were

identifiedduring prior feasibilitytests conductedDOE Contract No. DE-ACO6-

76RL01830. This will provide a sound engineeringdata base for the design,

constructionand testing of a nominal 1.0-TPH integrated,black liquor

recovery gasifier.

The objective of the scale-up hardware development effort is to ensure

that key hardware components,in particular the pulse heater module, will

perform reliably and safely in the field.

Finally, the objectiveof the field test is to develop an operational

data base sufficient to assess the capabilitiesand performanceof the system

with respect to thermal efficiency,product quality, fuel handling, system

control, reliability and cost. These tests are to provide long-termand

continuous operating data at a capacity scale unattainablein bench-scale

• apparatus.
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SECTION 3.0

WORK TASK DESCRIPTION

The following section summarizes the work task description for Phase I

and Phase II activities under DOEContract DE-FCO5-90CE40893. Phase I tasks

have focused on the collection of process design verification data from bench-

scale test equipment, and the translation of this data to the engineering

design of a nominal 1.0-TPH field test unit, Phase I tasks have been completed

in full at the time of this report. A summary of Phase I results and

accomplishmentsare found in Section 6.0, "ExperimentalTest Results," and

Section 8.0, "EngineeringDesign of a Field Test Unit."

Phase II tasks comprise a set of activities leading to operational

testing of a nominal 1.0-TPH field test gasification system. These activities

include key hardware and control development, detailed plant engineering, test

plan preparation, equipment procurement, construction and installation, and

finally shakedown and field testing. A portion of the Phase II hardware and

control development testing has been completed at the time of this report.

The results of these Phase II accomplishments are discussed in Section 7.0,

"Development Testing."

A detailed description of Phase I and Phase II work tasks follows here.

3.1 PHASE I - PROCESS DESIGN VERIFICATION

3.1.1 TASK I. 1: GASIFTER RECOMMISSION_ZNG

The 8-inch process design verification gasification system, laboratory

feasibility unit, will be recommissioned. The effort will include modifi-

cation of the black liquor feed subsystem, fabrication and installation of a

' gasifier slip-stream scrubber facility, modification of the gas analysis

sampling train, and gas chromatograph to extend the range of detectable gas

components to include sulfur species and upgrading of the systems controls.
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3.1._ TASK1.2: PROCESS DESIGN VERIFICATION TESTS

The unit will be operated to collect critical design data that will be

needed for scaling to the field-test unit.

A. SUBTASK 1.2.1: GAS PHASE SULFUR D!STRIBUTION

Steady-stategasificationtest will be conducted to establish the

identity and quantity of sulfur-containingconstituentsin the product gas

stream. A specializedgas chromatographcapable of differentiatinga broad

spectrum of sulfur species will be employed to accomplish this work. Analysis

will be made to quantify the sulfur species contained in the solid products

from the gasifier. An overall sulfur elemental balance will then be

calculated from both solid phase and gas phase analysis.

B. SUBTASK 1.2.2: SCRUBBER VERIFICATIONTESTS

A sample gas scrubber subsystemwill be constructed and installed. The

scrubber will be employed to verify the recovery of green liquor by absorption

of H2S f,'oma product gas slip-stream. The scrubbing solution will consist of

an aqueous sodium carbonate solutionthat simulatesthe solids dissolution

product from the gasifier. The H2S concentrationat the exit of the scrubber

will be analyzed to obtain estimatesof achievable scrubbingefficiencies, lr,

addition, the srrubbing solution will be analyzed for relevant sulfur

compound_. This subtaskwill provide essent'al informationregarding the

basic chemistry of the scrubbingoperation, and in particular, the nature of

trace sulfur species that may be absorbed in the green liquor solution. In

addition, solid samples from the gasifier will be dissolved in a tank and its

propertieswill be characterized. This solutlun, being representativeof the

scrubbing solution to be used in the integrated field-test unit, will allow

meaningful analysis of the process requirementsfor handling this stream.

Particular attention will be given to the treatmentand filtering of carbon •
from the solution.

I

C. SUBTASK 1.2.3: COMBUSTION OF SIMULATED PRODUCT GAS

Commercial gasificatio'_systemsmay utilize part of the product gas as

the pulse combustor fuel source. In contrast, prior laboratory tests have
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employed natural gas fuels. Since the combustion properties of these fuels

differ, tests are necessary to verify pulse combustor operation on fuel gases

with chemical compositions and energy densities similar to that of the product

gas.

" D. SUBTASK 1.2.4: EVALUATION OF EFFECT OF RECYCLE GAS

Commercial gasificationsystems will utilize recycle gas to assist in bed
y

fluidizationand enhance system thermal efficiency by reducing the amount of

steam to the minimum required by the gasificationprocess. In coqtrast, prior

laboratory tests have been conductedwithout recycle gas by using steam as the

sole fluidizationmedium. The primary difference in these cases relates to

the steam partial pressure within the gasifier that impacts the gasification

rate and the product gas yield distribution. Thus, a set of tests will be

specificallydesigned to evaluate the effect of steam partial pressure on the

gasifier performance.

3.1.3 TASKI. 3: DATA REDUCTIONAND ANALYSIS

The data collected during Phase I testing will be reduced and summarized.

This work will include development of correlations, graphs, plots, and design

equations as necessary for scaling to the field test, complete recovery train

unit.

3.1.4 TASK 1.4: ENGINEERINGDESIGN

At the conclusion of the experimental portion of Phase I, an engineering

design will be prepared for the 1.0-TPJ_ field-test unit. The engineering

design will be guided by this data obtained from the experimentalprogram and

will include the following preliminaryengineeringdocuments:

• • Process Flow Diagram

• Heat and Material Balance

• Pl ot Pl an

• Piping Diagram

• Process Equipment Drawings and Specifications
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In addition, a budget estimate for the proposed field-test plant will be

prepared.

3.2 PHASEII - FIELD UNIT DESIGN, CONSTRUCTION
(SHAKEDOWNAND TEST)

3.2.1 TASK II. 1: ESTABLISHPERFORMANCE
AND CONTROLS DEVELOPMENT

Objectives for system design, performance and operation will be

established. Performance and design objectives will be specified for each

system and feed to be tested and will include:

• Air/fuel ratio,

• Fuel feed rate,

• Steam injectionrates,

m Energy production rate (in millions of Btu/hr) to be
achieved at a specific air/fuel ratio, fuel feed rate, and
steam injectionrate,

• Producer gas production rate and energy content (Btu per
standard cubic foot),

• The concentration (ppmv)and distributionof low to high
molecular weight hydrocarbonsin the producer gas,

• Producer gas particulatematter concentrationand size
distribution,and

• Char or ash production rate.

A single module heater bundle of the size that will be used in the field-

test unit will be constructed and evaluated. Fhis shall consist of multiple

resonancetubes of about sixty. The mechanical design criteria with respect -

to the differential thermal expansion of the tubes, relationshipbetween tube

packing pattern, fluidizing velocity and heat transfer from tubes to the bed,

and pulse burner safety controls will be established.
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An overall control scheme for the process will be establishedand a

control system will be constructedand tested at the laboratory scale. In the

single module heater test rig, sand of different size ranges shall be used for

achievingdifferent bed conditions;air shall be employed as fluidizing medium

, and water shall be used (in place of black liquor) for heat load. Hot

operatingconditions that are expected in the field-test units between 1100°F

to 1200"F shall be establishedand controlled using the firing rate of the

pulse combustor and the feed liquor (water)rate. The control protocol shall

be establishedfrom these tests for the field-test unit.

3.2.2 TASK II.2: SYSTEM DESIGN

During Phase II, designs will be prepared for the 1.0-TPH black liquor

recovery gasifier. The design will includemass and energy balances for the

system. In addition, chemical kineticcalculations,subsystem performance

sensitivityanalysis, environmentalimpact analysis, safety analysis,and

critical materials analysis will be conducted for the overall system and each

of the followingsubsystems:

• System instrumentationand control,

• Fuel feed system,

• Air and stream injection systems,

• Pulse combustor,

• Ash and/or char handling system,and

• Air pollutioncontrol system.

3.2.3 TASK II. 3: TEST PLAN

A test plan for system testing and evaluation will be evaluated. The

plan will describe overall objectives of each major phase of testing, and for

. each of the subsystems, lt will includeperformance testing over the full

operational range of the system. The plan will include a description of each

.. fuel to be tested, each test performed,a protocol for conducting the test,

equipment necessary, and data to be obtained.
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3.2.4 TASK II. 4: FINAL DESIGN

Based on the work ,completedin Phase I and Phase II, a set of final

designs will be developed includingmaterials selection, for the combustor and

other support subsystems. A set of working final designs of the system will

be prepared that will include the following:

m Blueprintsor detailed drawings of the overall system,

• Individualblueprints and materials specificationsfor each
of the major subsystems,and

• Estimated bills of materials for all major subsystems.

3.2.5 TASK II.5: EGUIPMENT PROCUREMENT.
CONSTRUCTION AND INSTALLATION

During Phase II, a modular 1.0-TPH integrated black liquor recovery plant

will be constructed. The unit will be skid-mountedin transportablepallets

for shipment to the mill test site. lt will be interfaced in the mill as

required. Documentationshowing all required local, state, and federal

permits, if any, will be obtained for the project.

The gasifier hot section with necessarycyclones and venturi scrubber

shall be in one group of skids and the balance of plant consisting of scrubber

equipment for sulfur gases shall be in another group of skids.

3.2.6 TAsK II. 6: SHAKEDOWNTESTING -
1.0-TPH BLACK LIOUOR RECOVERY UNITS

Shakedown testing of the gasifier will be performed in order to establish

mechanical integrity and operationalreliabilityof the gasifier on start-ups

and shutdowns.

3.2.7 TASK II. 7: MANAGEMENTAND REPORTING

This task is devoted to the program'stechnicaldirection, in order to "

maintain the program hardware oriented, and to support reporting functions

required by the DOE Uniform Contract ReportingSystem. Reports will include

monthly, quarterly, and annual reports as well as Management Plans and the

annual update of such plans, includingmanpower and other resource
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requirements. All projects in the program will be included in the reporting

function in addition to the specific requirements of the DOE-sponsored

projects.

3.2.8 TASK II.8: HOVEAND INSTALL
" GASIFIER IN PULP HILL SITE

The test unit will be transported to the host mill site and installed

" including interconnection of all required utility piping.

3.2.9 TASK 11.9: FIELD TESTS

Gasification tests with black liquor will be performed in the I.O-TPH

unit. This effort includes the performance and documentation of all tests

necessary to ensure that all components of the facility can and will be

operated in a safe and responsible manner prior to achievement of full

operational status. An operational test of 24 hours per day, 7 days a week

for a mutually agreed upon term (not less than I week) will be required in

this phase.

This effort includes a planned approach to fully assessing the

performance capabilities of the system in accordance with the stated

objectives, including (but not limited to) efficiency assessments, process

chemistry analysis, system fuel handling, overall system operational

flexibility, cost performance, system reliability, and all other information

necessary to demonstrate the potential for commercial gasification of black

liquor. The participants and DOEwill negotiate a mutually agreeable

operational schedule for this phase.

3.2.10 TASK II.10: REMOVE FIELD TEST
UNIT AND RESTORE HOST SITE

At the successful conclusion of the field-test operation, the Participant

shall remove the gasifier facility and restore the host site to as close to
b

the original condition as possible to meet with the host mill manager's
satisfaction.
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SECTION 4.0

EXPERIMENTAL TEST RIG DESIGN

• A bench-scalegasificationtest rig was previously constructed and tested

(1987-1989)under funding from the United States Department of Energy

(ContractNo. DE-ACO6-76RL01830)and the California Energy Commission ETAP

program (ContractNo. 500-86-012). This prior work was undertaken to develop

process design verificationdata for an indirectly heated, thermochemical,

fluid-bed reactor capable of processing renewable sources of energy (such as

biomass) and industrial by-products(such as sludge waste and black liquor)

into useful product gas.

The results of this work establisheddefinitive performancedata for the

thermochemicalreactor includingproduct gas quality, carbon conversion

efficiency, and theoretical system thermal efficiency. However, the prior

experimentaltest rig was constructedprimarily to collect data on gasifier

hot section and did not includecritical downstream equipment components

needed to evaluate integratedsystem performance. Since integrated system

testing is vital to establishingengineeringdesign criteria for construction

of a field test unit, modificationsand enhancementsof the existing test rig

were made under the current contract.

Key additions to the test rig included"

[] Incorporation of a recirculation cyclone to increase solids residence
time and enhance carbon conversion efficiency.

[] Improved catch cyclone design for enhanced particulate removal
efficiency.

w

• An isokinetic probe to allow characterization of solids carry-over.

• [] A quench scrubber and heat removal system for production of dry,
particulate-free product gases.

• Cartridge filters for total recovery of unconverted carbon in the
quench loop.
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m A sulfur recovery column to allow characterization of green liquor
regeneration potential.

• Improved combustor tube design allowing higher throughput.

a A gas chromatograph with enhanced sulfur characterization capability.

• Direct and indirect (tracer methods) measurements of dry gas product
flow rates enabling more complete material balance closure.

• A recirculation compressor for investigating use of recycle gas as a
fluidization media.

The primary objective of these equipment modifications was to allow

bench-scale system operation in a fashion closely representative of the

anticipated field test configuration and to enhance system performance and

data collection capability. In this way, a significant reduction in risk

associated with scale-up of the bench-scale equipment could be realized.

A detailed description of the integrated bench-scale test rig as

constructed under the current contract is provided in the following section.

4.1 PROCESSFLOWDIAGRAM

A flow diagram for the bench-scale plant is shown in Figure 4-I.

I00 psig saturated steam generated in boiler H-I is reduced in pressure to

60 psig and conveyed in an electrically heated line prior to flow measurement

in an orifice meter. The steam is then directed to an electric preheater

(X-I) where it is superheated to approximately 800°F. The steam is introduced

into the base of the gasifier (R-I) through a series of sparge tubes. This

steam serves as the primary fluidization media for the reactor bed.

Black liquor is stored in a steam-jacketed vessel (V-I) where it is

heated to approximately 180°F. Black liquor is intermittently withdrawn from

V-I to a weigh tank (not shown) which rests on a platform scale. A diaphragm

metering pump (P-I) is used to feed a controlled rate of black liquor to the

gasifier. The metering pump is manually calibrated; however, precise

measurement of cumulative flow rate is determined by weight loss from the

weigh tank/platform-scale system. The black liquor is injected approximately
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2 feet above the gasifier base utilizinga single coaxial injector containing

steam assist in the outer annulus.

The gasifier is heated by means of indirect fire tubes which are immersed

within the fluid bed and which are in direct communicationwith a pulsating

combustor. The pulsating combustor is fired using natural gas fuel and a

forced draft fan (F-I) is utilized to deliver combustion air to the combustor

air plenum.

Product gases emanating form the fluid-bedreactor are directed to two

cyclones in series. The first cyclone (V-2) functions in a complete recycle

mode. Here, coarse particleswhich are recoveredenter the cyclone dip leg

and are redirected to the top of the bed via a steam eductor nozzle (not

shown). The recirculationcyclone (V-2) serves primarilyto increase

residencetime of particulatewithin the hot reactor environment to enhance

conversion efficiency.

The product gases then enter a second fines catch cyclone (V-3). Here,

fine particulate is captured and collected in a drum (V-4). The catch drum

(V-4) is intermittentlyemptied and weighed to determine the fines collection

rate.

The product gases, containing small fractionsof fines carry-over

material, enter a venturi scrubber system. The venturi scrubber (X-2) serves

to provide high momentum contact between a circulatingwater stream and the

product gas. This promotes the removal of fine particulatewhile simul-

taneously achieving cooling of the gas and condensationof steam contained

therein. The circulationwater is separated in scrubber collection drum (V-5)

and the product gases exit in a saturated state at approximately 120°F.

The heat of cooling and condensation is rejected in scrubber cooler

(E-I). This is accomplished by circulating the 120°F scrubber tank water

using pump (P-3) through cooler (E-I). The scrubber water is circulated on

the tube side of E-I where it is cooled to approximately IO0°F or less. City

water flows countercurrently on the exchanger shell side.
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Also, scrubber tank water is circulated in an independentloop through

parallel filters (V-6 A/B) using pump (P-2). The filters serve to remove

accumulated solids within the tank and to provide a quantitativemeasure of

insolubles (primarilyunconvertedcarbon) collected during the test run. The

filter flow rate is selected to reduce steady-statesolids levels in the

scrubber to typically less than 1.0 wt.%. This assists in preventing fouling

in the heat rejectionexchanger and plugging in the venturi quench loop.

The product gases then enter the base of a packed scrubbingcolumn where

they are countercurrentlycontacted against an alkaline solution composed of

sodium carbonate and water. The alkaline scrubbing solution is batch mixed in

tank (V-8) and conveyed to the top of the packed column (C-1) via pump (P-4).

The packed column (C-I) serves to remove H2S contained within the product

gases. The alkaline solution formed from this contacting process comprises a

solution of sodium carbonate and sodium sulfide, referred to as "green

liquor." The green liquor is collected in drum (V-7).

The clean product gas exits the top of column C-I and is combusted in a

continuouslypiloted incinerator(not shown). The incineratedgases are

quenched and scrubbed further in a packed column (not shown) containing a

circulating sodium carbonate solution. The scrubbed flue gases are then

vented to the atmosphere.

4.2 BLACK LIQUOR FEED SYSTEM

The black liquor Feed system consists of an 80-gallon storage tank, a

21-gallon metering tank, a recirculationpump, a black liquor feed pump, a

temperature control system, a weigh scale, and an agitator.

The stainlesssteel storage tank is steam jacketed and insulated. Heat

input is thermostaticallycontrolledby regulation of a solenoid valve on the
Q

steam inlet line. Condensate discharge is controlled by a steam trap at the

exit of the steam jacket. A 3/4 HP Teel pump with 10 feet head capacity at

3450 rpm recycles the black liquor to ensure uniform liquor temperatureand
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consistency. In addition, the storagetank is agitated by an air-driven

mixer.

Black liquor from the storage tank is intermittentlydischarged to the

21-gallonmetering tank. The transfer line is heat traced to keep the black

liquor from solidifyingduring intermittentuse. The rate of black liquor

feed to the gasifier is controlled by a 1½-HP Yorkway Cyclo/Phrampositive

displacementmetering pump model #0712-26-3431. This pu-,dphas a maximum

capacity of 21.7 gph. The black liquor feed rate is measured with an Arlyn

digital scale with a capacity of 200 Ibs. The weight of the tank and contents

are measured with the Arlyn scale and recorded periodically(every 10 to 20

minutes). The tank is insulatedand has a steam coil and thermocoupleto

maintain a constant temperature. During initial testing, the black liquor

metering pump was operated by manual adjustmentof the diaphragm stroke volume

(varidrive). The pump was later retrofittedwith a Honeywell Actionator Motor

#M940AI067 and a HoneywellMotor Positioner#R7195AI031. This allowed the

gasifier temperature to be controlledat a fixed firing rate by automatic

adjustment of the black liquor feed rate. An Omega model #6071A auto-tuning

controller with 2 alarm relays and a 4-20mA controlled output was used to

supervise control the HoneywellMotor Positioner in conjunctionwith a

thermocouplein the gasifier bed.

4.3 GASIFIER HOT SECTION

The gasifier hot section consists of the gasifier shell, steam

distributor nozzles, liquor injectors, pulse combustor module with integral

immersed fire tubes, recirculation cyclone and polishing cyclone. The

gasifier shell comprises an 8-inch lower portion and a 12-inch upper

(freeboard) section. The expanded fluid bed height is approximately 6 feet.

Steam distribution to the base of the gasifier is accomplished by means

of six sparge tubes. Liquor is injected directly into the fluid bed using a

single coaxial steam-assisted nozzle.

The hot product gases exit the gasifier to a recycle cyclone. This

functions to capture entrained particulatefor return to the bed. A second
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cyclone is utilized in series to remove the bulk of the remaining particulate

contained in the product gases.

The pulse combustormodule is mounted at the base of the gasifier. The

, pulse combustor has a nominal firing rate of approximately200,000 Btu/hr.

The pulse combustor is connectedto two independentfire tubes which are

immersedwithin the fluid bed. The fire tubes serve to indirectly transfer

heat to the bed to support the endothermicgasificationreactions. The fire

tubes are fashioned in a U-tube arrangement.

4.4 SCRUBBER AND HEAT REJECTION HEAT EXCHANGER

The product gases are scrubbed of most remaining particulatesand cooled

to remove sensible and latent heat of the steam and hydrocarbons. Condensa-

tion of steam is required to facilitatedata collection via gas chromatography

and to allow efficient H2S removal in the green liquor recovery column. The

heat rejection is accomplishedby circulating6 gpm of water using an

Ingersol-Rand2-HP, 3450-rpm pump through a single-passheat exchanger,

14 feet long and containing approximately75 ftz of heat transfer surface

area. The scrubber water exits the heat exchanger at IO0°F and is sprayed

into a venturi scrubber at 4 points using 3/8-inch diameter stainless steel

tubing. The water impinges upon the venturi wall cooling the gas stream to

approximately120°F and condensing the water vapor into the scrubber tank.

4.5 CARTRIDGE FILTERS

The solids scrubbed from the product gases are collected in the scrubber

tank. A cumulative calculationof the solids in the product gases is

determined by recyclingthe scrubber tank contents continuouslythrough

two Harmsco IndustrialCartridge pressure filters with five micron screens.

- A material balance is then calculated based on knowledge of the total mass

accumulated on the filters.

The Harmsco filters each include seven cartridges and are enclosed in a

stainless steel vessel. The recycle of the scrubber tank through the filters

is accomplishedby a 3/4-HP Teel pump rated at approximately30 psi

differentialpressure.
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4.6 HYDROGEN SULFIDE SCRUBBING SYSTEM

The hydrogen sulfide scrubbing system was employed to reclaim green

liquor by absorption of sulfur species contained in the gasifier product

gases. The system comprised an alkaline feed tank, a packed scrubbing column,

and a receiving drum.

An alkaline scrubbing solution (14.5 wt.% Na2C03) was batch mixed in the

alkaline feed tank. This solution was then pumped to the top of the scrubbing

column at a controlled rate. Here, the upward flowing product gases were

counter-currently contacted with the downward flowing solution.

The scrubbing solution was fed to the column by a I/4-inch SS tubing.

The solution was Jistributed evenly throughout the column cross-sectional area

by a distribution plate. The liquid distribution plate consisted of a 3" OD x

I/4" thick SS plate with 25" x I/4" drill-thru holes. Also, baffles were

incorporated inside the column to redirect the gas and liquid flow. The

baffles were made from 3-inch SS washers with a 2-inch concentric hole. The

scrubbing solution flowed down through the packed section and was collected in

a drum where it was neutralized by adding a metered quantity of sodium

hydroxide. A sample valve was incorporated on the drum line where liquid

samples were collected after the scrubber.

The scrubbing column consisted of a 3" x 21" SS 304 tube. The column was

fabricated in four sections (5, 7, 6, and 3 feet sections), enabling ease of

assembly and disassembly and allowing flexibility to vary packed column

height. Sections were attached to one another by SS 304 lap joints and carbon

steel slip-on flanges. A U-shaped standing pipe was incorporated to maintain

a 6-inch liquid pool at the bottom of the column and to prevent column

siphoning. Thermocouple and pressure gauge ports were incornorated at various

sections of the column. The column was insulated with a l-inch thick

fiberglass insulating material.
Q

i
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The column was packed with 10 mm long, ceramic berl-saddlepacking rings.

the column packingswere obtained from Jaeger Products, Inc., Spring, Texas.

The height of the packing could be increasedor decreased by adding or dis-

charging packing rings.

m

4.7 RECYCLECOMPRESSOR

A recycle compressor was provided to allow recirculationof product gases

to the fluid bed. Recirculationof productgases allows a reduction of steam

flow to the gasifier, particularlyduring turndown, and improves cverall

system thermal efficiency. The compressor is rated for 3 SCFM at 30 psig

discharge v,ressure.

4.8 INCINERATOR/SCRUBBER

After passing through the sulfur recovery column, the product gases are

incineratedand vented through a polishing scrubber. The incinerator is

supported by a coptinuous natural gas pilot flame. The scrubber serves to

simultaneouslycool and scrub gases of residual sulfur dioxide before release

into the atmosphere.

4.9 GAS ANALYSIS EOUIPMENT

The instrumentsused for gas analysis included two _'_IM-200 gas

chromatographs,one Tracor 540 gas chromatograph,one Teledyne MAX-5

efficiency monitor, and two Horiba PIR-2000 gas analyzers.

The M-200 gas chromatographswere used for detailed quantitativeanalyses

of the gasifier product gases. Currently, they are configured to measur_ the

concentrationsof Hz, N2, 02, CO, and CO2, methane, ethane, ethylene, propane,

propylene, butane, iso-butane,H2S , and methyl mercaptan.
B

To complement the data provided by the gas chromatograph,three

• continuous monitors were employed. The Teledyne MAX-5 efficiency monitor

measures the concentrationsof oxygen, carbon dioxide, carbon _onoxide, and

total combustiblegases, lt also calculatesthe combustion efficiency. The

Horiba PIR-2000 gas analyzers are used for continuous monitoring of a single

specifiedgas component each. One of the units is configured to monitor
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nitric oxide (NO), another is configuredto monitor sulfur dioxide (S02)only.

The continuous analyzerswere used primarily to monitor combustion products

from the pulse combustor and incineratorunits.

A third gas chromatographwas purchasedduring the course of testing.

The Model 540 GC from Tracor Instrumentswas equipped with a capillary column

and a FPD with FID output. The purchase of this GC was necessary to meet the

requirement of separatingand detectingdifferent sulfur compounds to an

extent unattainablein the M-200 model.

Two IBM-AT compatiblecomputers were equipped for data collection and

control of the GCs. The M-200 GC is controlled using EZ Chrom200 software

From MCI. A Spectra Physics SP4270 integratorwas used to record chromato-

grams from the M-2OOs. A Linseis L-6012 dual channel chart recorderwas also

used for real-time recordingof chromatogramson a hard copy for M-200.

4.9.1 M-200 (;AS CHROIqATOGRJtPHS

Each M-200 has two channels which have separate chromatographiccolumns

and detectors. By combiningdifferent types of column, carrier gas and

operation conditions (temperatureand column pressure) the range of detectable

compounds can be optimized. Table 4-1 summarizesthe configurationof two of

the M-2OOs and the compounds they can detect.

TABLE4-1: CONFIGURATION SUMMARY OF TWO MCI M-200s

GC CHANNEL CARRIER COLUMN DETECTOR TEMP. PRESSURE COMPOUNDS
GAS (°C) (psi)

#I A Ar MolecularSieve 5A TC 60 10.5 H2, 02, N2, CH4, CO

B Ar HayeSep A TC 40 ]5.5 CH4, CO2, ethylene,ethane -
,,:

• propane, SO2 and H20 (co-
elute) iso-butane,n-butane,A He DB-5 TC 35 16.5
methyl mercaptan and HC

#2 higher than C4
...... ,

CO_, ethylene, ethane, H2S,B He HayeSepA TC 70 18.0 CO_, propylene, SO2, and H20
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Channel A of GC #I is equipped with a Molecular Sieve 5A column. This

channel is configured to detect the so-called permanent gases: H2, 02, N2,

CO, and CH4. In some instances moisture and carbon dioxide in the sample gas

is retained on the column after repeated sample injections, resulting in a

deterioration of column separation efficiency. When this situation occurs,

the column needs to be heated to an elevated temperature to re-condition it.

As re-conditioning may interrupt data acquisition, two parallel molecular

sieve columns were later installed. With two molecular sieve columns

installed in the #I GC, gas analysis could be conducted on one column while

re-conditioning another column.

Channel B of GC #I is equipped with a HayeSep A column and uses argon as

the carrier gas. The compounds that can be detected in this channel i_Iclude

methane, carbon dioxide, ethylene and ethane. Because these components can

also be detected on other columns, it was later replaced with another

molecular sieve column, as previously discussed.

Channel A of GC #2 is equipped with a DB-5 column and uses helium as the

carrier gas. This channel detects heavier hydrocarbons such as propane, iso-

butane and normal-butane. Hydrocarbons heavier than C4 can also be detected

on this column at varying levels of accuracy.

Two sulfur compounds, SO2 and CH3SH, can also be detected on this column.

Unfortunately, both of them are interfered by other compounds. SO2 co-elutes

with H20 while CH3SH has r.etention times quite similar to that of normal

butane. This co-elution effect caused difficulties in detecting these sulfur

compounds during black liquor gasification tests. However, this problem was

resolved using the sulfur specific detector (FPD) provided with the Tracor gas

chromatograph.

Channel B of GC #2 has a HayeSep A column and uses helium as the carrier

o gas. This channel detects CO2, ethylene, ethane, hydrogen sulfide, carbonyl

sulfide, propylene and sulfur dioxide. Again, the sulfur compounds are

interfered by other components co-eluting on the column. The most serious

interference is between water and SO2. Again, the Tracor gas chromatograph

was useful in overcoming these sulfur detection limitations.
,'
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4.9.2 TELEDYNE MAX-5 EFFICIENCY MONITOR

The MAX-5 efficiency monitor measures the oxygen, carbon monoxide and

total combustiblecompounds directly, lt calculates the carbon dioxide and

combustion efficiency based on pre-programmedfuel properties. This

instrument provides accurate measurementof oxygen and low concentration

carbon monoxide (<1000 ppm) in the test gas.

4.9.3 HORIBA PIR-2000 GAS ANALYZER

The PIR-2000 gas analyzer determines the concentrationsof a given

component by measuring the infraredabsorption specific to the component of

interest. The two PIR-2000 gas analyzers are specificallyconfigured to

measure NO and SO2 concentrationsin the sample gas stream, respectively. The

gas analyzer uses solid filters to eliminate possible interferencefrom other

componentswhich have absorption spectra partially overlappingthe absorption

peak of the monitored component.
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SECTION5.0

ANALYTICALMETHODS

le

The gasification test rig was furnished with sufficient sampling means to

provide rigorous material balances for both carbon and sulfur. The primary

sample collection points for the gasification test rig are illustrated in

Figure 5-I. Key test data collected for each run as needed for preparation of

material balances is summarized below.

5.1 BLACKLIQUORFEED RATE

Black liquor feed rate was recorded utilizing a weight loss method

employing a feed tank and a digital platform scale. Cumulative feed was

recorded approximately each 20 minutes and translated to an average mass rate

over the period. During the course of the run, a feedstock sample was

withdrawn from the feed tank and analyzed by an outside laboratory for

elemental analysis. The mass feed rate and elemental analysis allowed

calculation of the influx of each relevant element to the gasifier.

5.2 DRYGAS PRODUCTIONRATE

The dry gas production rate was monitored utilizing two separate methods.

In the first method, an orifice meter was utilized to provide a direct

measurement of the dry gas flow rate at the exit of the venturi scrubber.

However, due to pressure fluctuations emanating from the bubbling fluid bed,

precise determination of the orifice pressure drop was difficult. Therefore,

the orifice-based reading was used primarily only as an approximate real-time

indicator of the dry gas flow rate.

A second dry gas flow rate measurement technique was used based on the

• tracer gas method. Here, a carefully controlled quantity of nitrogen was

metered to the gasifier using a mass flow meter. A dry gas sample was

withdrawn for analysis in the gas chromatograph which provided a direct ratio

of nitrogen to the balance of the dry gas species. With this knowledge, and
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information on the inlet nitrogen flow rate to the gasifier, the actual dry

gas flow rate could be calculated as follows"

FD : FN (7. Xi - XN - Xo)

XN - 79/21 Xo

where FD : Dry Gas Flow Rate (SCFM),

FN : Inlet Nitrogen Tracer Flow Rate (SCFM),

Xi : Dry Gas Composition (vol.%),

XN : Nitrogen Concentration (vol.%), and

Xo : Oxygen Concentration (vol.%).

Note that the value 79/21 Xo represents a correction factor to account for any

air which might leak into the vacuum dry gas sample line. In general, this

air leakage was negligible.

5.3 GAS CHROMATOGRAPHDATA

Gas chromatograph sample ports were furnished in three separate

locations: the cyclone exit, the venturi scrubber exit, and the sulfur

recovery column exit. During the course of a typical test run, samples were

intermittently withdrawn and analyzed from each location. The sample at the

cyclone exit provided direct measure of gases emanating from the gasifier and

was utilized for calculating elemental material balances. The sample at the

venturi scrubber exit provided evidence for determining absorption of specific

components during the scrubbing stage. Finally, the sample at the sulfur

recovery column exit provided information on the sulfur recovery efficiency of

- the packed column.

. In each case, the gas samples were withdrawn utilizing a vacuum pump.

The gas sample was cooled in a refrigerated coil to condense any steam

contained therein prior to delivery to the gas chromatograph. In the case of

the cyclone exit sample, a hot filter (5 micron) was employed to remove
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particulate from the gas stream. All sample lines were purged for

approximately10 minutes prior to injection in the gas chromatograph.

The gas chromatographwas capable of separating and identifyingfixed

gases, hydrocarbons (through butanes),and several sulfur species (H2S, COS,

CH3SH, CH3SCH3, S02). A thermal conductivitydetector-based(TCD) gas

chromatographwas employed for several test runs. However, it was found that

definitive separationof certain sulfur species from the hydrocarbon matrix

was difficult in this system leading to potentially significanterrors in the

sulfur balance. Later, a flame photometricdetector-based(FPD) gas chroma-

tograph was procured to allow more precise and reliable characterizationof

sulfur components. A more detailed discussion of the gas chromatograph

equipment and difficulties is found in other sections of this report.

In conjunctionwith the measured dry gas flow rate, the compositional

data from the gas chromatographwas utilized to calculate quantitativecarbon

and sulfur mass rates emanating from the gasifier.

5.4 TAR/OIL SAMPLE

A metered quantity of gas was withdrawn from the cyclone exit and

condensed and the condensate was collected in a knock-out pot. The dry gas

sample rate was measured using a wet test meter or rotameter. The knock-out

pot was evacuated and the condensatewas weighed and sent to an outside

laboratory for analysis of total petroleumhydrocarbon (TPH). Based on

knowledgeof the total gasifier dry gas flow rate, the sample gas flow rate,

the total condensate collectedover the sample period and the condensate TPH,

the total yield of condensiblehydrocarboncould be calculated as follows:

MTpH = XTpH MC FD
F
s

where MTpH = Mass Flow Rate of Condensate TPH (Ib/hr),

Mc = vondensate Flow Rate (lh/ht),

XTpH = TPH in Condensate (mass fraction),

FD = Dry Gas Flow Rate (SCFM),and

Fs = Sample Gas Rate (SCFM).
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5.5 CYCLONE CATCH SOLIDS

Cyclone catch solids were collected in a drum which was emptied and

weighed at regular intervals to calculate the average catch rate. Solid

samples were withdrawn and sent to an outside laboratory for elemental

analysis. This information was then used to calculate the efflux of specific

elements in the solid product.

5.6 ISOKINETIC PROBESOLIDS (ELUTRIATE)

An isokinetic probe was fabricated in-house to calculate the entrained

solids rate at the exit of the cyclone. A metered quantity of gas was

withdrawn through a metal filter which collected the entrained solids.

Knowledge of the entrained solids collection rate, the sample gas rate, and

the total dry gas rate allowed calc,_lation of the total entrained solids as

shown here-

ME Ms FD= T-s

where ME = Total Entrained Solids (Ib/hr),

Ms = Entrained Solids Sample (Ib/hr),

FD = Total Gas Flow Rate (SCFM), and

Fs = Sample Gas Flow Rate (SCFM).

The entrained solids sample was sent to an outside laboratory for

analysis. This information was used to calculate the efflux of specific

elements in the entrained solids.

5.7 BED SOLIDS

Bed solids were withdrawn from the reactor at regular intervals using a

screw valve. The solids were sent to an outside laboratory for elemental
o

analysis. This information was used to determine the steady-state concen-

tration of specific elements within the gasifier and to confirm achievement of

steady-state operation. In addition, the bed composition was utilized in

closing the sodium material balance as described in later sections.
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5.8 SAMPLE ANALYSIS SUMMARY

Solid, gaseous, and liquid flow streams were sampleJ and analyzed to

provide sufficient data for calculation of elemental material balances.

Primary attention was focused on determination of carbon and sulfur balances.

Table 5-I summarizes the typical sample analyses performed for each sample
stream.

5.9 MATERIAL BALANCE

Material balances were performed using measured data on input and output

stream mass flow rates and compositions. Material balances were calculated

for total carbon, organic carbon, total sulfur and sulfate as the available

data allowed. Organic carbon was defined as total carbon minus carbonate

carbon and was calculated as follows"

Corganic = Ctota I - 12/60 (C03)

As previously mentioned, product solids are represented in the material

collected from both the cyclone catch and the isokinetic probe filter

(elutriate). However, in general, some product solids tend also to accumulate

in the fluid bed itself. This is due to the fact that the experimental

gasifier is operated in a batch mode with respect to bed solids, lt should be

noted that a commercial reactor would be furnished with a continuous overflow

port which, when operating over long periods, would prevent the net accumula-

tion of bed material and avoid the inventory effects described above.

Determination of the quantity of product solids which have accumulated in

the bed over the entire test run could be accomplished by measuring the

difference between the initial and final bed mass. However, since discharge

of the bed for each test run is cumbersome and inevitably involves some

material losses, this method was not considered for material balance purposes.

Rather, the determination of accumulated solids was based on an indirect

calculation method which assumed a 100 percent mass balance for sodium. In

this method, the influx of sodium in the black liquor was compared with the

efflux of sodium in the cyclone catch and isokinetic solids stream. Any
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deficit in effluent sodium was assumed to be accounted for by accumulation in

the bed. Also, since the bed composition was measured, the associated

accumulation of all other relevant elements could be calculated based on their

ratio to sodium in the bed.

i

The calculation method is described below.

i xBLSMNa : MBLS Na

o xCC .,IKS
MNa = MCC Na + MIKS ^Na

oM a : MNa - MNa

MA M_a XBi : i / X_a

where MNai = Mass Influx of Sodium (Ib/hr)

o : Mass Efflux of Sodium (Ib/hr),MNa

MAa : Mass Accumulation of Sodium (Ib/hr),

MBLs = Total Mass Influx of Black Liquor Solids (Ib/hr),

MCC : Total Mass Efflux of Cyclone Catch Solids (Ib/hr),

MIKS = Total Mass Efflux of Isokinetic Filter Solids (Ib/hr),

xBLS Mass Fraction of Sodium in BLSNa =

XCC Mass Fraction of Sodium in Cyclone CatchNa =

xlKS Mass Fraction of Sodium in Isokinetic Filter Solids,Na =
i

MA : Mass Accumulation of i th Element (Ib/hr)1

B
XNa = Mass Fraction of Sodium in Bed, and

XB = Mass Fraction of i th Element in Bed.
1
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5.10 NATERIAL BALANCE ACCURACY

Calculation of material balances for the gasificationsystem depends on

accurate measurementof numerous input and output stream flow rates and

compositions. The combinationof errors associatedwith each independent

' measurementdictates the accuracy of the material balance. In most instances,

the carbon material balances for the test runs conducted under this program

• ranged between 100 to 120 percent (definedas output divided by input). This

level of accuracy is consideredto be quite satisfactorygiven the complex

nature of the effluent stream analyses.

Initialtesting relied on use of thermal conductivitydetector-basedgas

chromatographyfor analysis of gas product streams. During the course of

testing, it was recognized that complete separationof certain sulfur

compounds was difficult using the existing equipment. Since the gas phase

sulfur compounds are present in concentrationsof less than a few percent,

interferencefrom even small quantitiesof higher hydrocarbonisomers may have

a significant impact on measurement accuracy. For this reason, sulfur

balances during early testing deviated substantiallyfrom 100 percent closure

and ranged from 82 percent to as high as 173 percent. In later tests,

improved gas chromatographprocedures and the addition of a flame photometric

detector-basedgas chromatographicunit significantlyresolved inaccuraciesin

the sulfur material balances.

While difficultieswere encounteredin closing sulfur balances for some

test runs, solid phase sulfur analyses are considered to be reliable. There-

fore, the calculationof sulfur gasificationefficiency based on measurement

of residual sulfur concentrationsin the product solids is anticipated to

yield accurate results, despite uncertaintieswhich may exist in the measure-

ment of gas phase sulfur concentrationsfor some runs.
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5.11 PERFORMANCE PARAMETERS

Key performanceparameters for the black liquor gasifier are organic

carbon gasificationefficiency and sulfur gasificationefficiency. Organic

carbon gasificationefficiency (OCGE) is defined as follows"
t

7--M_c
OCGE : I00 x (I - .BLS)

mOC

where MOC : Mass Organic Carbon in BLS, and

MOCi = Mass Organic Carbon in ith Solid Effluent

lt should be mentioned that the theoreticalgasificationlimit (100%)

will still result in carbon in the product solids due to the formationof

sodium carbonate (Na2C03). Therefore, it is not appropriateto define

gasificationefficiency by calculatingthe ratio of carbon in the product

gases to carbon in the liquor feed. Instead,measurement of organic carbon

remaining in all solid products should be used as the basis for calculating

gasificationefficiency, such as in the method described above.

In addition, a normalized organic carbon gasificationefficiency (NOCGE)

is calculated by normalizingthe organic carbon material balance to

100 percent as follows"

2Moc/Foc
NOCGE = 100 x (I - BLS )

MOC

where FOC = Ratio Of Organic Carbon In All Effluent StreamsTo That In Feed Stream.



Sulfur gasification efficiencies were calculated, where app, icable, along

similar lines as shown"

SGE : 100 x (I - )

, M_LS
and

NSGE : 100 x (I - BLS)
MS

where SGE = Sulfur Gasification Efficiency, and

NSGE = Normalized Sulfur Gasification Efficiency.

N,,te that when material balance closure is in the range of 80 to

120 percent, the difference between the normalized and unnormalized efficiency

parameters is typically less than 2 to 3 percent.



SECTIOH6.0

EXPERIMENTALTEST RESULTS

The following section provides a comprehensive summary of experimental
b

test runs cnnducted during the current program. In Section 6.1, the spent

liquor feedstocks employed in the test runs are described. In Section 6.2,

reduced data for each sequential test run is presented. In Section 6.3,

results from scrubber verification tests are discussed in detail. And, in

Section 6.4, gasifier and system performance is summarized with respect to the

intended objectives of the overall test program.

6.1 FEEDSTOCK

Two separate Kraft black liquor feedstocks and one Neutral Sulfite

Semichemical (NSSC) liquor feedstock were utilized during the current test

program. The first Kraft feedstock comprises a liquor supplied from

Weyerhaeuser's Everett, Washington mill. The second Kraft feedstock comprises

a liquor supplied from Weyerhaeuser's Longview, Washington cross recovery

mill. The NSSCfeedstock comprises a liquor supplied from Weyerhaeuser's

North Bend, Oregon mill. Elemental analysis for each liquor is provided in

Table 6-1.

TABLE 6-1: SPENT LTOUOR ANALYSES

SOLIDS, Wt.% 56.6 65.4 36.6
HHV, Btu/Ib SOLIDS 6374 6647 5450

ELEMENT(Wt.% O.D Basis) EVERETT LONGVlEW NORTHBEND
(Kraft) (Cross Recovery) (NSSC)

Sodium 18.89 17.40 17.60
Potassium 0.62 1.90 0.52
Carbon 38.08 38.40 32.15
Hydrogen 4.02 3 99 4. I0
Nitrogen 0.07 0 11 0.40

• Sul fur 3.60 4 50 8.17
Chloride 0.35 0 58 0.11
Oxygen (By Diff.) 34.38 33 I0 36.95
Sulfate, SO4 1.74 0 54 7.58
Sulfide, S 0.49 I O0 0.00

Carbonate, CO3 4.66 3 18 1.64

c 1 l'Dr_l A')A _
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For each separate liquor type, samples were withdrawn directly from the

liquor feed tank during the course of a test run. Note that the solids

content of the Everett Kraft liquor (56.6%) and the North Bend NSSC liquor

(36.6%)appear to be low compared to typical mill run specifications(67.4%

and 42.5%, respectively). Since liquor samples are collected from the surface
m

of the liquor storage tank, it is possible that segregationof solids to the

lower portions of the tank might explain the discrepanciesin measured solids

content, compa_-edto mill run liquor. Also, in the case of the Kraft liquors,

heated dilution water is added to the metering tank during start-up in order

to preheat feed lines and prevent plugging. This dilution water may have

contributedto the lower solids content for the sampled liquor.

lt should also be noted that the material balances presented in the

following sections typically reflect output values in excess of 100 percent of

input. This tends to corroboratethe hypothesis that the sampled liquor

solids content is artificiallylow compared to the true mean solids content of

the bulk liquor as fed to the gasifier. In fact, in most cases, the

discrepancy in solids content accounts quite closely for deviations in the

total carbon elemental balance. For this reason, normalizationof the

experimentalresults accordingto the me_thodsdescribed in Section 5.11
b

appears to be justified for accurate and meaningful reduction of the data.

6.2 TEST DATA

Data from sequential gasificationtests performed to date are described

below.

6.2.1 KRAFT TEST RUN (1/24/90)

Gasificationtests were conducted using Everett Kraft liquor on January

24, 1990. The gasifier was operated for a period of approximately9 hours

during which time a total of 264 pounds of liquor (wet basis) was fed. The

.liquorfeed rate was approximately18 Ib/hr from 12"00 to 14"00, increasedto

23 Ib/hr from 14"00 to 19"00, and further increasedto over 40 Ib/hr from

19"00 to 21"30, after which the run was terminated. The fluidization steam

rate was maintained at an approximatelyconstant level of 35 Ib/hr throughout

the run. The average gasifier temperaturewas 1130°F for the first two feed
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rates over the first seven hours and I050°F for the remaining two hours.

Table 6-2 summarizes the average feed and effluent flow rates during the

period from 14"00 to 19"00.

TABLE 6-2: MATERZAL FLOW SUMMARY FOR 1/24/90 TEST RUN

INPUT"

Black Liquor Feed (Ib/hr Wet) 23.0
Black Liquor Feed (Ib/hr Dry) 13.0
Steam Feed (Ib/hr) 35.0

OUTPUT'

Cyclone Catch (Ib/hr) 3.0
Elutriate (Ib/hr) 0.40
Product Gas (SCFM) 4.29

Elemental analyses for solid samples collected during the course of the

test run are summarized in Table 5-3. As seen in the table, carbon and sulfur

concentrations in the bed and cyclone catch material increased monotonically

during the test run suggesting that steady-state operation was not fully

established. The dynamic behavior of the fluid bed was consistent with the

fact that the feed rate was incrementally increased throughout the test

period.

While the lack of steady-state data prevents meaningful evaluation of

gasifier material balances, the test run provided verification of gasifier

reliability over a wide range of capacity.

Typical gas analyses for the test run are summarized in Table 6-4. The

product gas exhibits a high concentration of hydrogen (64-68%) and only modest

• quantities of methane, carbon monoxide and higher hydrocarbons. Gas analyses

indicate that sulfur is released primarily as hydrogen sulfide (1.2-1.8%).

. Only trace quantities of carbonyl sulfide and methyl mercaptan were observed.

Note that initial analysis suggested the potential presence of unexpectedly

high levels of SOz. However, later investigations revealed that separation of

SO2 from C4+ isomers and water vapor was imperfect, leading to misrepre-

sentation of the SO2 peak. Based on more precise measurement of sulfur gas
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TABLE 6-3: ELEMENTAL ANALYS][S OF SOLZDS FOR 1/24/90 TEST RUN

(AS REC'D -->)
BL FEED TOTAL ORGANIC TOTAL
RATE CARBON CARBONATECARBON SODIUM SULFUR

SAMPLEDESIGNATION (Ib/hr) C% C03%___ C% Na% %

BED SOLIDS:

012490-W-EV-I-1355-BS 18 12.00 55.53 0.89 41.40 0.12

012490-W-EV-I-1500-BS 23 12.40 55.38 1.32 41.40 0.16 '

OI2490-W-EV-I-1730-BS 23 13.70 54.96 2.71 39.90 0.23

012490-W-EV-I-1830-BS 23 14.70 54.89 3.72 38.95 0.27

OI2490-W-EV-I-2130-BS 40 19.90 48.57 10.19 37.10 0.54

CYCLONESOLIDS:

012490-W-EV-I-1304-CL 18 12.90 57.52 1.40 38.70 0.12

OI2490-W-EV-I-1700-CL 23 13.90 56.49 2.60 38.70 0.22

012490-W-EV-I-1820-CL 23 18.]0 50,74 7.95 36.60 0.68

OI2490-W-EV-I-2030-CL 40 23.00 48.39 13.32 35.30 0.86

TABLE 6-4" GAS ANALYSES FOR 1/24/90 TEST RUN

Time 16"15 16"42 17"18 17"25 18"11 18"44 19"05
Gasifier Temp. (°F) 1116 1127 1135 1134 1132 1130 1129

Components (Vol.%)

H2 64.618 65.598 66.546 66.879 66.212 67.529 67.542

CH4 2.116 1.849 1.498 1.507 1.500 1.595 1.450

CO 2.099 2.086 1.820 1,756 1.690 1.766 1.684

CO2 27.820 26.367 26.962 26.565 26.444 25.704 26.081

Ethane 0.175 0.000 0.000 0.000 0.425 0.000 0.000

Ethylene 0.108 1 007 0.077 0.000 0.368 0.355 0.165

Propane 0.119 0 132 0 144 0.120 0.230 0.248 0.256

Propylene 0.177 0 190 0 175 0.234 0 229 0.253 0.274

l-Butane 0.148 0 145 0 142 0,154 0 185 0.188 0.193

H2S 1.726 1 669 1 690 1.798 I 655 1,215 1.200

COS 0.000 0 013 0 000 0.000 0 013 0.000 0.000

CH3SH 0,010 0 013 0 012 0.014 0 000 0.015 0.014

C4+/H20 0.885 0 933 0 934 0.973 1 051 1.132 1.141

TOTAL 100.000 100.000 I00.000 I00.000 100.000 I00.000 100.000



release from similar liquors in subsequent runs using a FPD-based gas

chromatograph, it was quite conclusively determined that SO2 is not present in

gas products from Kraft liquors in any appreciable quantity. For this reason,

SO2 was assumed to be absent in the co-eluted peak and therefore did not
contribute to the sulfur material balance.

4

6.2.2 KRAFT TEST RUN (2/23/90)

Gasification tests were conducted using Longview spent liquor on February

23, 1990. The gasifier was operated for a period of approximately 8 hours

during which time a total of 167.8 pounds of spent liquor (wet basis) was fed.

The average liquor feed rate during the steady-state period was 19.3 Ib/hr

(wet) and the fluidization steam rate was approximately constant at

38.2 Ib/hr. The average gasifier temperature was 1145°F.

A material flow summary during steady-state conditions is shown in
Table 6-5.

TABLE 6-5" MATERZAL FLOW SUMMARY FOR 2123/90 TEST RUN

INPUT:

Black Liquor Feed (Ib/hr Wet) 19.30
Black Liquor Feed (Ib/hr Dry) 12.66
Steam Feed (Ib/hr) 38.20

OUTPUT:

Cyclone Catch (Ib/hr) 2.60
El utriate (I b/hr) 0.19
Product Gas (SCFM) 4.90

Elemental analyses for solid samples collected during the course of the

• test run are summarized in Table 6-6. As seen in the table, carbon, total

sulfur, and sulfate concentrations in the bed solids and cyclone catch exhibit

constant or asymptoting values indicative of steady-state operation. This is

further illustrated in Figures 6-I and 6-2. Note that the elutriate sample

was insufficient in size to allow a complete solids analysis.



TABLE 6-6: ELEMENTAL ANALYSTS OF SOLIDS FOR 2/23/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATE CARBON SODIUM SULFUR SULFATE SULFIDE

SAMPLEDESIGNATION % C% C03%___ C% Na% % S04%_ S% 1

BED SOLIDS-

0222390-W-LV-I-1340-BS 99.59 13.77 55.14 2.74 37.30 0.15 0.11 N/A

0222390-W-IV-I-1700-BS 99.64 15.87 53.85 5.10 35.20 0.17 0.11 N/A

0222390-W-LV-I-1800-BS 99.49 16.32 54.46 5.43 35.10 0.27 0.11 N/A

0222390-W-LV-I-1855-BS 99.60 16.31 52.02 5.91 36.30 0.29 0.11 N/A

0222390-W-LV-I-2000-BS 99.64 17.04 52.28 6.58 37.40 0.29 0.11 N/A

CYCLONESOLIDS"

0222390-W-LV-I-1433-CL 89.84 20.25 40.03 12.24 31.00 1.07 2.12 N/A

0222390-W-LV-I-1603-CL 88.99 20.94 41.06 12.73 31.40 1.38 2.48 N/A

0222390-W-LV-I-1800-CL 85.13 21.54 36.87 14.17 30.30 1.70 3.25 N/A

0222390-W-LV-I-1900-CL 81.21 21.83 36.78 14.47 27.70 1.52 2.76 N/A

0222390-W-LV-I-2000-CL 83.30 21.59 37.95 14.00 28.90 1.53 2.82 N/A
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Table 6-7 summarizes the average elemental concentration for solids taken

during the steady-state period. The steady-state period was defined as the

operating time between 17:00 and 20:00. These values were utilized in

calculation of gasifier material balances.

TABLE 6-7: AVERAGE SOLIDS CONCENTRATZON DURING

STEADY-STATE PERIOD FOR 2/23/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
CARBON CARBONATECARBON SODIUM SULFUR SULFATE SULFIDE
% C % C03m % C % Na % % SO4_ % S

BEDSOLIDS 16.56 52.92 5.97 36.27 0.28 0.11 N/A

CYCLONE 21.65 37.20 14.21 28.97 1.58 2.94 N/A

ELUTRIATE N/A N/A N/A N/A N/A N/A N/A

Table 6-8 summarizes gas analyses collected during the steady-state

period. These gas analyses were collected at the hot cyclone exit prior to

product gas quenching and scrubbing. The gas analyses again confirm the pres-

ence of high concentrations of hydrogen (55-60 vol.%) and modest quantities of

methane (approximately 2.0 wt.%), carbon monoxide (approximately 3.0 vol.%),

and higher hydrocarbons (less than 2.0 vol.% total). The average gas yield

during steady-state was 4.90 SCFM.

The gas analyses further support the conclusion that reduced sulfur

species other than H2S are present in negligible quantities. Hydrogen sulfide

concentrations ranged from 1.2 to 1.6 vol.% and represented the primary

gaseous sulfur product. As previously discussed, the TCD-based gas chromate-

- graph utilized during this test run was incapable of differentiating

individual components of the co-eluted S02/C4+/H20 peak. Also as discussed,

subsequent test runs confirmed that SO2 is not present in the co-eluted peak

in any appreciable quantity and therefore can be ignored in calculating sulfur
material balances.
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TABLE 6-8: (;AS ANALYSES FOR 21231g0 TEST RUN (CYCLONE EXIT)

o

Time 17"11 17"24 17"34 17"55 18"04 19-18 19"26
Gasifier Temp. (°F) 1142.0 1141.0 1144.0 1145.0 1146.0 1146.0 1148.0
Gas Rate (SCFM) 4.730 4.943 4.569 4.731 4.927 4.934 5.300

Components (Vol.%)

H2 56.191 55.662 59 746 58.785 57.622 58.735 59.343

CH4 1.945 2.080 2 159 2.006 1.850 1.860 1.746

CO 2.815 2.880 3 060 2.928 2.832 2.950 2.873

CO2 33.733 34.278 29 331 30.309 31.692 29.931 29.923

Ethane 0.488 0.657 0 533 0.541 0.507 0.546 0.609

Ethylene 0.276 0.291 0 323 0.324 0.273 0.375 0.305

Propane 1.558 1.375 1.666 1.748 1.789 1.974 1.850

Propylene 0.752 0.602 0.782 0.802 0.828 0.892 0.731

I-Butane 0.693 0.644 0.737 0.845 0.847 0.753 0.713

H2S 1.149 1.165 1.309 1.362 1.430 1.639 1.607

COS 0.025 0.000 0.034 0.046 0.000 0.043 0.000

CH3SH 0.000 O.QO0 0.000 0.000 0.000 0.000 0.000

C4+/H20 0.377 0.366 0.321 0.304 0.332 0.302 0.300

TOTAL 100.000 100.000 100.000 100.000 100.000 100.000 100.000

1 h rn_ 1 Aria _r
v-Iv L_UO-_C_._



The absence of higher hydrocarbons in any significant quantity in the gas

product suggest that the productiun of heavier tars and oils is negligible.

To confirm this, samples of the gasifier product condensate were analyzed for

total petroleum hydrocarbon. The results verified that extremely low levels

of hydrocarbons (8 mg/L) were present in the condensate stream. This result

is somewhat striking considering that gasification of biomass materials, such

as wood chips, commonly yield TPH levels in excess of several thousand parts

° per million (mg/L). The low tar/oil yield from spent liquor is believed to be

due, in part, to the highly catalytic nature of the sodium salts contained

within the spent liquor which promotes steam cracking and gasification. Due

to the extremely low tar/oil yield resulting from gasification of spent

liquor, unconverted carbon in the tar/oil product can be ignored during

preparation of material balances without impact on material balance accuracy.

Based on the available data, a detailed material balance was calculated

as shown in Table 6-9 using methods described in Section 5.0. Recall that the

material balance methodology includes bed accumulation/depletion effects based

on the criterion of 100 percent sodium recovery. As seen in Table 6-9, the

organic carbon material balance is quite excellent at 109 percent. The total

sulfur material balance is calculated to be 82 percent.

Also note that due to the absence of elemental analysis for the

elutriate, the contribution of this effluent is not included in the material

balance. However, based on typical elemental analyses for elutriate from

other test runs, the net contribution of this stream to the organic carbon

material balance is anticipated to be less than 2 to 3 percent.

Also shown in Table 6-9 are the performance parameters for the gasifier.

The unnormalized gasification efficiency is shown to be 87.2 percent. The

" normalized organic carbon efficiency is 88.2 percent. The unnormalized sulfur

gasification efficiency is calculated to be 91.2 percent. The normalized

sulfur gasificatien efficiency is 89.3 percent.
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TABLE 6-9: MATERIAL BALANCE SUMMARY FOR 2123190 TEST RUN

TOTAL ORGANIC TOTAL SULFATE

CARBON CARBON SODIUM SULFUR (S04) "
_lb/hr) (Ib/hr) (Ib/hr) (lb/hr) (1b/hr)

Liquor Feed 4.86 4.78 2.20 0.57 0.07

Cyclone Catch 0.56 0.37 0.75 0.04 0.08

Elutriate N/A N/A N/A N/A N/A

Bed ACC/DEP 0.66 0.24 1.45 0.01 0.00

TOTAL SOLIDS 1.22 0.61 2.20 0.05 0.08

Gas Product 4.58 4.58 0.00 0.42 0.00

TOTAL GAS PLUS SOLID 5.80 5.19 2.20 0.47 0.08

Out/Input 1.20 1.09 1.00 0.82 1.14

PERFORMANCEPARAMETERS (SOLIDSBASIS):
UNNORMALIZED NORMALIZED

Organic Carbon GasificationEfficiency (%) 87.2 88.2

Sulfur GasificationEfficiency (%) 91.2 89.3



Note that the material balance for the Longview liquor test run suggests

that no appreciable direct reduction of sulfate contained in the initial

feedstock occurred. However, it should be recognized that due to the very low

concentration of sulfate in the liquor feed (0.54% accounting for only 4% of

• total sulfur), accurate evaluation of the sulfate reduction potential in the

gasifier is impossible. Later tests conducted using liquor feedstocks

containing higher initial sulfate levels, particularly the NSSCliquors, do

support the occurrence of direct sulfate reduction.

GAS RECYCLE TO PULSE COMBUSTOR

In the integrated commercial recovery system, a portion of the gasifier

product gas is returned to the pulse combustors to self-satisfythe heat

demand of the reactor. However, until the current test, the bench-scalepulse

combustor module has been fired only on natural gas.

Under the initial scope of work for this contract, simulated gas was to

be tested in a pulse combustor to ensure that the unit is capable of operating

on gas characteristic of that generated from the gasifier. However, since it

was felt that a more convincing demonstration would involve combustion of

actual product gas emanating from the experimental reactor, this approach was
selected.

Under normal circumstances, the product gases are combusted in an

incinerator using a significant pilot support flame. In order to ensure the

flammability of the product gases during unsupported combustion prior to

testing in a pulse combustor, the incinerator support flame was shut off.

Continued combustion intensity within the incinerator was observed indicating

that the fuel gas was suitable for testing in the pulse unit.

The fuel gas was then ignited in a pulse combustor firing at a rate of

approximately 80,000 Btu/hr. The pulse combustor lighted off without

difficulty and operated with excellent turndown performance. This test

confirmed the ability to ope,_ate the pulse combustor in a self-sustaining

manner using fuel gas generated from the gasifier reactor.
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6.Z.3 KRAFTTEST RUN (3/7/90)

Gasificationtests were conducted using Everett Kraft liquor on March 7,

1990. The gasifier was operated for a period of approximately7.5 hours

during which time a total of 188.4 pounds of liquor (wet) was fed. The liquor

feed and steam rate were 27.1 Ib/hr and 33.7 Ib/hr, respectively,during the

steady-stateperiod. The averagegasifier temperaturewas 1150°F.

A material flow summary for the steady-stateperiod is shown in

Table 6-10.

TABLE6-10: MATERIAL FLOW SUMMARY FOR 3/7/90 TEST, RUN

INPUT"

Black Liquor Feed (Ib/hr Wet) 27.1
Black Liquor Feed (Ib/hr Dry) 15.3
Steam Feed (Ib/hr) 33.7

OUTPUT"
; ;

Cyclone Catch (Ib/hr) 2.27
Elutviace (lb/hr) 0.46
ProductGas (SCFM) 5.59

Elementalanalyses for solid samples collectedduring the test run are

summarized in Table 6-11. As seen in the table, in most instances, the

elemental compositionsindicate definitive attainment of a steady-state

condition, with organic carbon in the bed solids appearing to be the only

exception. Figures 6-3 and 6-4 illustratethe product solid composition as a

function of run time. Based on these figures, the operating period between

15"00 and 17"30 gives an excellent characterizationof the steady-state
i.

performanceunder the selected gasifier conditions. Average product solid

compositionsused for calculationof material balances during the steady-state

period are shown in Table 6-12. lt is interestingto note that virtually no

sulfides were observed in any of the solid products. This result is

consistent with thermodynamicpredictions as well as with prior data collected

on similar liquors (MTCI, "Testingof An Advanced ThermochemicalReactor").
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• TABLE 6-11: ELEMENTAL ANALYSTS OF SOLTDS FOR 3/7/90 TEST RUN

Q

(AS REC'D-->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATE CARBON SODIUM SULFUR SULFATE SULFIDE

SAMPLEDESIGNATION % C% C03%____ C% Na% % S04%___ S%

BEDSOLIDS:

030790-W-EV-I-1300-BS 13.18 53.73 2.43 41,20 0.31 0.16 0.06

030790-W-EV-I-15OO-BS 14.44 53.25 3.79 39.60 0.41 0.18 0.06

030790-W-EV-I-1700-BS 15.93 52.34 5.46 39.40 0.31 0.19 0.07

CYCLONESOLIDS:

030790-W-EV-I-1530-CL 88.49 24.67 35.19 17.64 27.10 2.50 7.16 0.01

030790-W-EV-I-1630-CL 89.41 25.21 35.25 18.16 28.40 2.43 6.68 0.01

030790-W-EV-I-1730-CL 86.97 23.95 35.58 16.84 26.40 2.54 6.83 0.00

ISO PROBEFILTER SOLIDS:

030790-W-EV-I-1730-IKS 71.70 5.99 70.50 6.81 2.83 1.53 0.00

H2s SCRUBBERLIQUID:

030790-W-EV-I-1745-SCL 8.83 6.04 0.62 0.33 0.53
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TABLE6-12: AVERAGE SOLIDS CONCENTRATION DURING
STEADY-STATE PERTOD FOR 3/7/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
CARBON CARBONATE CARBON SODIUM SULFUR SULFATE SULFIDE

% C % C03__ % C % Na % % SO4_ % S

BED SOLIDS 15.18 52.80 4.63 39.50 0.36 0.19 0.07 .

CYCLONE 24.61 35.34 17.55 27.30 2.49 6.89 0.01

ELUTRIATE 71.70 5.99 70.50 6.81 2.83 1.53 0

lt is interestingto note that the elutriatematerial has a very high

organic carbon content (70.5%). In fact, the ratio of organic carbon to

sodium is almost five times higher than the original black liquor feed

material. This trend is reproduced in several of the test runs as reported in

the following sections.

The elutriate material represents the finest sized solids which are not

easily captured in the cyclone, lt was originally thought that these fine

solids resulted from natural attrition processes occurring between carbonate

particles containedwithin the fluid bed. If this were the case, then the

elutriate particles should tend to have lower carbon to sodium ratios than the

liquor feed, since attritionwould rando_ly occur after some finite level of

: gasification.

However, the enrichment of carbon in these solids suggest some potential

mechanism of hydrocarboncondensationor soot formation. Under this

hypothesis, small nucleation centers entrainedwithin the product gases might

serve as catalytic substrates for hydrocarboncracking, thereby explaining the

enrichment phenomena.

A second explanation might simply be due to the elutriate sampling

method. Recall that the elutriate is collected using an isokiaetic probe

attached to a sintered metal filter. As gas is drawn through the filter,

collected particles, having significant residence time on the filter surface,
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may accumulate condensible tars and oils. In contrast, under normal operating

conditions, these particles would pass through the hot reactor system

(including cyclones and transfer lines) in a matter of only several seconds

before being quenched in the venturi scrubber. In this case, tars and oils

would primarily be collected in the condensate. However, from a material
m

balance perspective, it is irrelevant to distinguish tars and oils collected

in the condensate from tars and oils collected on the elutriates material.

Gas analyses for samples drawn from the cyclone exit are summarized in

Table 6-13. The gas analyses are generally similar in nature to those

recorded for the Everett liquor gasification run on January 24, 1990. Minor

differences in gas composition for the March 7, 1990 test run include a

somewhat reduced hydrogen yield and slightly increased higher hydrocarbon

yield.

In addition, hydrogen sulfide concentrations during the steady-state

period ranged from 2.5 to 3.5 vol.%. This compares with values of only 1.2 to

1.8 vol.% for the prior test run on January 24, 1990. Theoretical cal-

culations of gasifier material balances indicate that the total sulfur

concentration in the dry gas should be approximately 2 vol.%. Therefore, the

unusually high concentrations of H2S measured during this test appears to be

due to a calibration error, interference with other hydrocarbon gases, or some

other currently unexplained reason. For this reason, as seen in the following

section, material balance closure for sulfur based on gas phase data is quite

poor for this test run.

Table 6-14 summarizes the material balances for the March 7, 1990 test

run. Material balance closure for organic carbon is excellent at 104 percent.

However, as previously discussed, significant discrepancies occur for sulfur

- material balances (173%). Unnormalized and normalized organic carbon

gasification efficiencies are 82.6 percent and 83.3 percent, respectively.

_ Sulfur gasification efficiency is found to be 83.6 percent and 90.5 percent,

respectively. Recall that this value is independent from the suspect gas

phase analyses.
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TABLE 6-14: MATERIAL BALANCE SUMMARY FOR 3/7/90 TEST RUN

. TOTAL ORGANIC TOTAL SULFATE
CARBON CARBON SODIUM SULFUR (SO4)
(Ib/hr) (Ib/hr) (Ib/hr) (Ib/hr) !Ib/hr)

Liquor Feed 5.78 5.64 2.87 0.55 0.26

Cyclone Catch 0.56 0.40 0.62 0.06 0.16

Elutriate 0.33 0.32 0.03 0.01 0.01

Bed ACC/DEP 0.85 0.26 2.22 0.02 0.01

TOTAL SOLIDS 1.74 0.98 2.87 0.09 0.18

Gas Product 4.89 4.89 0.00 0.86 0.00

TOTAL GAS PLUS SOLID 6.63 5.87 2.87 0.95 0.18

Out/Input I. 15 1.04 1.00 1.73 0.69

PERFORMANCEPARAMETERS(SOLIDS BASlS):
UNNORMALI ZED NORMALI ZED

Organic Carbon Gasification Efficiency (%) 82.6 83.3

Sulfur Gasification Efficiency (%) 83.6 90.5
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Note that only 69 percent of the feed liquor sulfate could be accounted

for by the gasifier solid effluents. This result suggests that 31 percent of

the feed sulfate was directly reduced to sulfur containing product gas

species.

_H2SRECLAIMING IN GREEN LIQUOR

The gas analyses exhibited in Table 6-14 represent samples withdrawn

directly from the hot cyclone exit. Table 6-]5 summarizes gas samples

collected at the exit of the static mixer first and H2S reclamationcolumn

later. Recall that the H2S reclamationcolumn is an integral part of the

overall recovery process. This column serves to contact product gas with an

alkaline scrubbingliquid to remove H2S from the gas phase and to recover

sulfur in the form of green liquor. Efficientscrubbing is vital to the

overall sulfur recovery efficiency of the process.

As seen in Table 6-15, H2S at the column exit is negligible, typically

ranging from 30 to 70 ppm corresponding to scrubbing efficiency of about 99.8

to 99.9 percent. No other gas phase sulfur compounds were detected. This

result is consistent with simulated scrubber testing which indicated that

effluent H2S concentrations as low as 50 ppm were achievable. Note that this

"clean" fuel gas product would ultimately be combusted in a commercial system

to yield a flue gas containing less than 10 ppm SO2. This low level of SO2

emissions exceeds performance of most modern Tomlinson recovery boilers

currently in use.

A static mixer made by Koch (I/2" dia. x 9" long) was used for 4 hours to

scrub the H2S. Typical results from the single-stage static mixer is also

given in Table 6-15. The H2S scrubbing efficiency for the static mixer was

about 80 to 84 percent in only about 10 milliseconds contact time. By using

multi-stage static mixers, we can achieve nearly the same H2S-scrubbing

efficiency without CO2 absorption. CO2 absorption is detrimental to the

economics. CO2 absorption forms bicarbonate which causes plugging of the
column. This will be eliminated if we use static mixers.
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TABLE 6-15: GAS ANALYSE_ AFTER H2SSCRUBBING. /7/90 TEST RUN
,t

STATIC MIXER 10 ft., 3" DIA. PACKED COLUMN

Time 12:57 13:02 13:06 17:44 17:49 17:54
Gasifier Temp. (°F) 1132 1132 1132 1150 1150 1150

Normalized Conc. (%)

H2 62.091 62.334 62.231 63.190 62.540 62.627

CH4 3.258 2.702 2.626 2.127 2.093 2.092

CO 3.685 3.264 3.344 3.216 3.195 3.203

CO2 27.786 28.478 28.550 29.522 30.134 30.000

Ethane 0.427 0.423 0.444 0.372 0.406 0.441

Ethylene 0.333 0.320 0.312 0.357 0.351 0.473

Propane 0.668 0.685 0.663 0.690 0.672 0.635

Propylene 0.450 0.446 0.437 0.376 0.450 0.383

i-Butane 0.125 0.160 0.216 0.145 0.153 0.142

H2S 0.487 0.461 0.404 0.006 0.006 0.002

COS 0.000 0.000 0.000 0.000 _.000 0.000

CH3SH 0.000 0.000 0.000 0.000 0.000 0.000

C4+/H20 0.689 0.726 0.773 0.000 0.000 0.000

TOTAL 100.000 100.000 100.000 100.00 100.000 100.000
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6.2.4 KRAFT TEST RUN (3/21/90)

Gasificationtests were conducted using an Everett Kraft liquor on

March 21, 1990. The gasifier was operated for a period of approximately

7.5 hours during which time a total of 221 pounds of liquor (wet) was fed.

The average liquor feed rate was 29.3 Ib/hr and the average fluidizationsteam ..

rate was 37.8 Ib/hr. Average gasifier temperaturewas 1143°F.

A material flow summary is provided in Table 6-16.

TABLE 6-16: _LekTER][ALFLOW SUHHARY FOR 3/21/90 TEST RUN

INPUT:

Black Liquor Feed (Ib/hrWet) 29.3
Black Liquor Feed (Ib/hr Dry) 16.6
Steam Feed (Ib/hr) 37.8

OUTPUT:

Cyclone Catch (Ib/hr) 4.61
Elutriate (lb/hr) 0.11
Product Gas (SCFM) N/A

Note that the measurement of product gas flow rate was not available for

this run due to mechanical difficultieswith the nitrogen tracer gas mass flow

meter.

Elemental analyses for product solids collected during the test run are

shown in Table 6-17. As illustratedin Fiqure 6-5, solids collected at 14:03

and 15:07 exhibit a typical asymptotic steady-statebehavior which would be

anticipatedto project along the depicted dotted line. However, the final

sal,;plecollected at 16:08 appears to deviate significantlyfrom this trend for

all of the measured species. The reason for this aberrationmay simply be due
i,

to statistical sampling error, or possibly due to a gasifier upset condition.

For the purposes of calculatingmaterial balances, the composite average of

all three sample points was used. This would tend to increase the carbon

gasificationefficiency and reduce the sulfur gasificationefficiency compared
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TABLE 6-17: ELEMENTAL ANALYSIS OF SOLIDS FOR 3121190 TEST RUN

(AS REC'D-->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATE CARBON SODIUM SULF_tR SULFATE SULFIDE

SAMPLEDESI GNATI ON % C% C03%____ C% Na% % S04%__. S%
BEDSOLIDS:

032190-W-EV- I- 1345-BS 15,43 52,35 4.96 39,40 0,35 0,25 0,04

032190-W-EV- I - 1445-BS 15,88 51,43 5,59 40,60 0,40 0,51 0,06

CYCLONESOLIDS:

032190-W-EV- I- 1403-CL 97,56 25,12 41.37 16,85 36,10 0,92 1,63 0,00

032190-W-EV- I- 1507-CL 92,70 24,42 41.89 16,04 35,00 0,75 1,42 0,02

032190-W-EV- I- 1608-CL 92.30 18.87 40,86 10,70 33,70 1,35 3,15 0,01

ISO PROBEFILTER SOLIDS:

032190-W-EV- I- 1315- IKS 57,05 9,85 55,08 9,06 4,07 3,04 0,01

H2S SCRUBBERLIQUID"

032190-W- EV-I- 1205-SCL 7.76 5.24 0,79 0,18 0,57

032190-W-EV- I- 1502-SCL 7.41 4.71 0,69 0,38 0,39
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to data consistent with the projectedsteady-statetrend. The average product

solid compositionsare summarized in Table 6-]8.

Product gas analyses collected at the hot cyclone exit are shown in

Table 6-19. Hydrogen sulfideconcentrationtypically ranges between 1.7 to

1.8 percent as expected. Only traces of other sulfur-containinggases were

observed. Yield patterns for major gas species are similar to prior test

runs.

In order to verify accuracy of in-housegas chromatographicanalyses, a

gas bottle sample was withdrawn at 14:20 and sent to an outside laboratory for

analysis of fixed gases and hydrocarbons. Table 6-20 compares the results of

this gas analysis with in-housedata measured by gas chromatography. As seen

in Table 6-20, the accuracy of the gas chromatographicanalysis is well

corroboratedfor most species. The only significantdeviation observed for

major species is for CO2 (22.7% vs. 29.36%). Hydrogen was used as a carrier

gas for the outside analysis; therefore,hydrogen could not be detected

directly, but was calculated by difference.

The material balance for the March 21, 1990 test run is shown in

Table 6-2]. Note that a nitrogen shut-off valve connected to the gasifier was

found to leak during post-test inspection. Due to this problem, accurate gas

flow calculationsusing the nitrogen tracer method could not be performed and

a material balance closure is not available.

As seen in the table, based on solid analysis,the organic carbon

gasificationefficiency is 84.9 percent and the sulfur gasificationefficiency

is 88.3 percent. Also note that only 38 percent of the feed liquor sulfate

could be accounted for by solid effluents. This result suggests a Jirect

• sulfate reduction of 62 percent.

- _H2SGAS SCRUBBINGAND SULFATE REDUCTION EFFICIENCY

Gas analyseswere also collected from the green liquor reclamationcolumn

(H2S scrubber) and are presented in Table 6-22. As seen in the table, the H_S

concentrationat the exit ranged from 40 to 70 ppm. This represents a gas
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TABLE 6-18: AVEilP,GE SOLIDS COMPOSITION FOR 3/21/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
CARBON CARBONATE CARBON SODIUM SULFUR SULFATE SULFIDE

% C % CO3 % C % Na % % SO4_ % S ,

BED SOLIDS 15.66 51.89 5.27 40.00 0.37 0.38 0.05

CYCLONE 22.80 41.37 14.53 34.93 1.01 2.07 0.01 •

ELUTRIATE 57.05 9.85 55.08 9.06 4.07 3.04 0.01

TABLE 6-19: GAS ANALYSES FOR SAMPLES COLLECTED AT
CYCLONE EXIT DURING 3121/90 TEST RUN

Time 10:34 10:44 12:55 13:05 14:00 16:28
Gasifier Temp. (°F) 1136.0 1136.0 1135.0 1135.0 1146.0 1142.0

Components (Vol.%)

H2 67.373 66.973 68.393 68.326 69.199 70.867

CH4 2.413 2.493 2.476 2.498 2.517 2.317

CO 2.974 2.955 3.219 3.296 3.331 2.934

CO2 23.926 24.371 22.871 22.911 22.701 21.069
Ethane 0.063 0.074 0.051 0.051 0.050 0.072

Ethylene 0.170 0.159 0.049 0.049 0.048 0.053

Propane 0.600 0.513 0.494 0.559 0.507 0.482

Propylene 0.334 0.325 0.312 0.285 0.310 0.365

I-Butane 0.104 0.142 0.197 0.107 0.114 0.132

H2S 1.801 1.745 1.701 1.682 1.216 1,698

COS 0.000 0.008 0.011 0.012 0.007 0 _I0 "

CH3SH 0.000 0.000 0.000 0.000 0.000 0.000

CA+/H20 0.243 0.243 0.226 0.223 - -

TOTAL 100.000 100.000 100.000 100.000 100.000 100.000
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TABLE6-20: COMPARISON OF IN-HOUSE GAS CHROMATOGRAPHIC
ANALYSIS WITH RESULTS FOR OUTSIDE LABORATORY

(Vol. %)

IN-HOUSE OUTSIDE
COMPONENT ANALYSIS LABORATORY

H2 69.20 63.85

. CH4 2.52 2.65
CO 3.33 3.70

CO2 22.70 29.36
Ethane 0.05 0.13

Propane 0.51 0.20

Butanes 0.11 0.11

TABLE 6-21: MATERIAL BALANCE SUMMARY FOR 3/21/90 TEST RUN

TOTAL ORGANIC TOTAL SULFATE

CARBON CARBON SODIUM SULFUR (SO4)
(Ib/hr) (Ib/hr) _.!b/hr) (Ib/hr) (I b/hr)

Liquor Feed 6.31 6.17 3.13 0.60 0.29

Cyclone Catch 1.05 0.67 1.61 0.05 0.10

Elutriate 0.06 0.06 0.01 0.01 0.00

Bed ACC/DEP 0.59 0.20 1.51 0.01 0.01

TOTAL SOLIDS 1.70 0.93 3.13 0.07 0.11

Gas Product N/A N/A N/A N/A N/A

TOTAL GAS PLUSSOLID N/A N/A N/A N/A N/A

Out/Input N/A N/A N/A N/A N/A
e

PERFORMANCEPARAMETERS(SOLIDS BASIS):
. UNNORMALIZED NORMALIZED

Organic Carbon Gasification Efficiency (%) 84.9 N/A

Sulfur Gasification Efficiency (%) 88.3 N/A
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TABLE 6-22: GAS ANALYSES FOR SAMPLES COLLECTED AT H2S
SCRUBBER EXIT DUR'rNG 3/21/90 TEST RUb_

Time 12:36 12:37 13:37 13:47 15:10 15:20
Gasifier Temp. (°F) 1138 1138 1143 1143 1142 1142

b

Normalized Conc.

H2 68.789 69.123 68.473 68.527 71.143 71.239 .

CH4 2.601 2.593 2.639 2.553 2.421 2.302

CO 3.499 3.499 3.508 3.465 3.457 3.042

CO2 23.769 23.413 24.055 23.921 21.556 21.971

Ethane 0.053 0.053 0.054 0.053 0.047 0.061

Ethylene 0.051 0.05! 0.052 0.051 0.044 0.054

Propane 0.573 0.556 0.515 0.741 0.591 0.610

Propylene 0.201 0.287 0.299 0.283 0.343 0.314

I-Butane 0.195 0.155 0.144 0.132 0.126 0.138

H2S 0.004 0.006 0.004 0.005 0.007 0.007
COS 0.000 0.000 0.000 0.005 0.000 0.000

CH3SH 0.000 0.000 0.000 0.000 0.000 0.000

C4+/H20 0.265 0.264 0.259 0.264 0.281 0.264

TOTAL 100.000 100.000 100.000 100.000 100.000 100.000

phase sulfur recovery of 99.7 percent, again confirming the excellent sulfur

recovery potential of the integrated system.

lt should be mentioned at this point that the reduction efficiency for

the integratedgasificationprocess can be calculatedby multiplying the

sulfur gasification efficiencybythe scrubber H2S removal efficiency. This

assumes that all gas products are in reduced form. lt also assumes negligible "

oxidation of the scrubber liquid product (green liquor). For instance, for

the test run on March 21, 1990, the sulfur reduction efficiency would be

calculated as follows (i.e., amount of total sulfur reporting as sulfide in

green liquor):

Sulfur Reduction Efficiency = (.883 x .997) x 100 : 88.0%
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This reduction efficiency is comparable to commercial recovery boilers

which typicallyoperate in the range from 85 to 95 percent.

Referring back to Table 6-17, analyses were also made of green liquor

product from the scrubber bottoms. The molar ratio of sulfur to sodium is

0.11. This translates to a sulfidity (molar S to molar Na2) of 22 perce,it.

Note that the sulfidity of the liquor depends not only on the HzS scrubbing

efficiency but also the metered flow rate of alkaline solution sent to the

scrubbing column. For the experimentaltests, the alkaline flow rate was

independentlycontrolled. In this way, virtually any sulfiditycould be

achieved within practical equilibriumconstraints. In contrast, for the

integratedcommercial plant, the total alkaline solution available for

scrubbing is directly tied to the operating black liquor capacity. This is

due to the fact that the alkaline solution is formed in situ by dissolutionof

product salts. Under these conditions,the theoretical sulfidityof the green

liquor productwill by and large reflect the typical operating sulfidity of

the mill circuit (25-35%). Note that controlled scrubber simulationtests

(described in later sections) verified that sulfiditiesof 30 percent were

achievable even while maintaining scrubbingefficiency at 99.7 percent.

6.2.5 KRAFT TEST RUN (3/;'7/90)

Gasification tests were conducted using Everett Kraft liquor on March 27,

1990. The gasifier was operated for a periqd of approximately 6 hours during

which time a total of 175.5 Ib/hr of liquor was fed. The average liquor feed

rate was ?8.8 Ib/hr (wet). The average gasifier temperature was approximately
_160°F.

GAS RECYCLE FOR FLUIDIZATION

• During the initial several hours of testing, the gasifier was operated

utilizing only steam as a fluidizingmedia (33.9 Ib/hr). During the latter

stages of the test run, a recycle gas compressor was utilized to supplement

the fluidizationsteam. The recycle gas was withdrawn from the venturi

scrubber exit. Under this condition, approximately30 percent of the

fluidizationflow rate was attributedto recycle gas.
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The use of recycle gas was considered for two reasons. First, it

provides additional flexibilityfor control of fluidizationvelocity during

turndown. And second, by reducing the required steam load, overall thermal

efficiency of the gasifier plant is improved. No operating problems were

encounteredduring the recycle portion of the test run.

A material flow summary is provided in Table 6-23.

TABLE 6-23: MATERIAL FLOW SUMMARY FOR 3/27/90 TEST RUN

INPUT:

Black Liquor Feed (Ib/hrWet) 28.8
Black Liquor Feed (Ib/hrDry) 16.3
Steam/RecycleGas (Ib/hr) 24.7/10.0

OUTPUT:

Cyclone Catch (Ib/hr) 2.95
Elutriate (lb/hr) 0.59
Product Gas (SCFM) N/A

Elemental analyses of product solids are summarized in Table 6-24. As

seen in the table, bed organic carbon, total sulfur, and sulfate are

relatively constant. Cyclone catch total sulfur and sulfate are also

relatively constant; however, the organic carbon value shows some significant

variation.

Average elemental compositions for the solid samples used in material

balance calculations are shown in Table 6-25.

During the test run, a circuit board in the gas chromatograph mal-

functioned preventing collection of gas analysis data. Based on solids

analysis only, a material balance for the test run is summarized in

Table 6-26.
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TABLE 6-24: ELEMENTAL ANALYSIS OF SOLIDS FOR 3/27/90 TEST RUN

(AS REC_D--->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATECARBON SODIUM SULFUR SULFATESULFIDE

-SAMPLE DESIGNATION % C% C03%____ C% Na% % S04% S%

BED SOLIDS"

032790-W-EV-I-1500-BS 17.89 50.19 7.85 40.40 0.43 0.34 0.06

032790-W-EV-1-1600-BS 17.29 49.56 7.38 37.10 0.50 0.28 0.05

CYCLONESOLIDS"

032790-W-EV-1-1330-CL 95.52 22.48 43.10 13.86 33.90 2.02 3.63 0.01

032790-W-EV-1-1415-CL 94.58 27.06 38.53 19.35 30.30 2.01 4.20 0.01

ISO PROBEFILTER SOLIDS"

032790-W-EV-I-1515-1KS 65.65 11.78 63.29 9.34 4.03 2.54 0.01

H2s SCRUBBERLIQUID"
032790-W-EV-1-1316-SCL 8.16 5.24 0.82 0.16 0.53

TABLE 6-25: AVERAGE SOLIDS COMPOSITION FOR 3/27/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
CARBON CARBONATECARBON SODIUM SULFUR SULFATE SULFIDE

• % C % CO3 % C % Na % % SO4_ % S

BEDSOLIDS 17.59 49.88 7,62 38.75 0.47 0.31 0.05

CYCLONE 24.77 40.82 16,61 32.10 2.01 3.92 0.01

ELUTRIATE 65.65 11.78 63.29 9.34 4.03 2.54 0.01
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TABLE6-26: MATER'rAL BALANCE SUMMARY FOR 3/27/90 TEST RU.u

TOTAL ORGANIC TOTAL SULFATE
CARBON CARBON SODIUM SULFUR _S04)
(Ib/hr) (Ib/hr) (Ib/hr) (Ib/hr) (ib/hr)

Liquor Feed 6.21 6.06 3.08 0.59 0.28

Cyclone Catch 0.73 0.49 0.95 0.06 0.12

Elutriate 0.36 0.34 0,05 0.02 0.01

Bed ACC/DEP 0.95 0.41 2.08 0.03 0.02

TOTAL SOLIDS 2.04 1.24 3.08 O.11 O.15

Gas Product N/A N/A N/A N/A N/A

TOTAL GAS PLUS SOLID N/A N/A N/A N/A N/A

Out/Input N/A N/A N/A N/A N/A

PERFORMANCEPARAMETERS(SOLIDS BASIS):
UNNORMALI ZED NORMALI ZED

Organic Carbon Gasification Efficiency (%) 79.5 N/A

Sulfur Gasification Efficiency (%) 81.4 N/A
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As seen in Table 6-26, organic carbon gasification efficiency is

79.5 percent while sulfur gasification efficiency is 81.4 percent. The

somewhat lower gasification efficiency for this test run compared to several

prior tests may be due, in part, to the reduced steam partial pressure

resulting from use of recycle gas. The results also suggest a direct sulfate

reduction efficiency of 46 percent•

6.2.6 SULFZTETEST RUN (9/18/90)

Gasification tests were conducted using North Bend NSSCspent liquor on

September 18, 1990. The gasifier was operated for a period of approximately

8 hours during which time a total of 170.4 pounds of spent liquor (wet) was

fed. The average liquor feed rate during the steady-state period was

21.5 Ib/hr (wet) and the fluidization steam rate _Jas approximately 36.0 Ib/hr.

The average gasifier temperature was 1130°F.

A material flow summary during steady-state conditions is shown in

Table 6-27.

TABLE 6-27: MATERlrAL FLOW SUMMARY FOR 9118/90 TEST RUN

INPUT:

Black Liquor Feed (Ib/hr Wet) 21.46
Black Liquor Feed (!b/hr Dry) 7.85
Steam Feed (Ib/hr) 36.00

OUTPUT:

Cyclone Catch (Ib/hr) 2.23
Elutriate (I b/hr) 0.36

• Product Gas (SCFM) 3.64
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Elemental analyses for solid samples collected during the course of the

test run are summarized in Table 6-28. As seen in Table 6-28 and Fiqures 6-6

and 6-7, carbon, sulfur, and sulfate concentrations in both the bed and

cyclone catch solids are relatively constant t)_roughout the test period from

14:00 to 18:00, suggesting that the results are representative of steady-state
Q

operation.

Table 6-29 summarizes the average elemental concentrations for solids

collected during the steady-state period. These values were utilized in

calculation of gasifier material balances.

Gas analyses for the test run are summarized in Table 6-30. lt _s

interesting to note that the gas composition using NSSCfeedstock is quite

similar to that generated during the gasification of Kraft liquors; the only

significant difference being the higher concentration of H2S for NSSCliquors

(2.8%-3.3% vs. 1.5%-1.8%). lt is also significant to note that the NSSC

liquors do not release any measurable quantity of SO2 into the gas phase.

Since these measurements were made using the Tracor 540 flame photometric

detector (FPD), the accuracy of these results are considered to be quite good.

A comparison of the H2S concentrations _easured using the Tracor 540 and the

MTCI M-200 gas chromatographs is shown in lable 6-31. As seen in the com-

parison, the independent gas chromatographs provide excellent corroboration of

the data accuracy.

The material balance for the September 18, 1990 NSSCtest run is

summarized in Table 6-32. Material balance closure for organic carbon and

sulfur are 123 percent and 111 percent, respectively. As previously

discussed, material balance closure in excess of 100 percent appears to be

related to the use of a low value for the solids content of the feed liquor.

The unnormalized and normalized organic carbon gasification efficiencies

are calculated as 79.2 percent and 83.1 percent, respectively. The un-

normalized and normalized sulfur gasification efficiencies are 82.8 percent

and 84.5 percent, respectively. In Kraft liquor tests it was noted that the
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TABL_ 6-28: ELEMENTAL ANALYSIS OF SOLIDS FOR 9/18/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATE CARBON SODIUM SULFUR SULFATE SULFIDE

.SAMPLE DESIGNATION % C% C03% C% Na% % S04%___ S%
BED SOLIDS:

091890-W-NSSC-14OO-BS 13.20 52,65 2.67 41.90 0.56 0.93 N/A

091890-W-NSSC-16OO-BS 12.37 53.80 1.61 44.60 0.53 0.89 N/A

091890-W-NSSC-18OO-BS 12.07 51.50 1.77 45.20 0.57 1.00 N/A

CYCLONESOLIDS:

091890-W-NSSC-14OO-CL 27.41 31.20 21.17 31.50 4.51 9.88 N/A

091890-W-NSSC-1600-CL 26.36 33.70 19.62 33.60 3.99 8.33 N/A

091890-W-NSSC-18OO-CL 24.38 34.70 17.44 33.50 3.77 8.51 N/A

PROBEFILTER SOLIDS:

091890-W-NSSC-18OO-PF 27.59 32.10 21.35 31.20 3.77 8.11 N/A

TABLE6-29: AVERAGE SOLIDS CONCENTRATION DURING
STEADY-STATE PERIOD FOR 9/18/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC JOTAL
CARBON CARBONATE C_RBON SODIUM SULFUR SULPATE

% C % C03_ % C % Na % % S04_

BED SOLIDS 12.55 52.65 2.02 43.90 0.56 0.94

CYCLONE 26.04 33.20 19.41 32.90 4.09 8.91

ELUTRIATE 27.59 32.10 21.17 31.20 3.77 8.11
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TABLE 6-30: GAS ANALYSES FOR 9/18/90 TEST RUN

(CYCLONE EXIT)

Time 13:14 14:14 15:15 16:14 17:16 18:15
Gasifier Temp. (°F) 1120 1120 1126 1133 1129 1125
Gas Rate (SCFM) 2.486 3.604 3.890 3.773 4.422 3.646

Components (Vol.%)

H2 60.120 59.865 61.668 60.263 60.328 61.431

CO2 34.422 33.9(.)2 32.158 33.253 32.882 31.865 "

CO 1.406 1._3 !.456 1.525 1.693 1.507

CH4 1.485 1.509 1.419 1.491 1.438 1.591

C2H4 0.000 0.000 0.000 0.000 0.000 0.000

C2H6 0.193 0.200 0.188 0.195 0.187 0.216

C3H6 0.230 0.247 0.221 0.246 0.253 0.086

C3H8 0.000 0.000 0.000 0.000 0.000 0.000

I-Butane 0.001 0.026 0.001 0.008 0.000 0.002

n-Butane 0.001 0.017 0.015 0.020 0.015 0.019

Pentane 0.001 0.011 0.007 0.012 0.010 0.005

Hexane 0.000 0.000 0.000 0.000 0.000 0.000

H2S 2.107 2.848 2.853 2.971 3.179 3.253

COS 0.000 0.000 0.000 0.000 0.000 0.000

CH3SH 0.011 0.017 0.013 0.015 0.013 0.022

SO2 0.000 0.000 0.000 0.000 0.000 0.000

;OTAL 100.000 100.000 100.000 100.000 100.000 100.000

TABLE6-31: COMPAR/SON OF H2S CONCENTRATION MEASURED
TN TWO TNDEPENDENT GAS CHROMATOGRAPHS

(H2S Vol. %)

TIME TRACOR 540 MTI M-200

15:03 2.97 2.72

16:07 2.97 2.71

17:08 3.08 3.09

18:13 3.24 3.24

18:48 3.02 2.94
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sulfur gasificationefficiencywas typically 2-4 percentage points higher than

the carbon gasificationefficiency. This relation also appears to be

exhibited by NSSC liquors.

• Based on total sulfate in the solid products, it is estimated that

60 percent of the feed liquor sulfate is directly reduced within the gasifier.

TABLE 6-32: MATERIAL BALANCE SUMMARY FOR 9/18/90 TEST RUN

TOTAL ORGANIC TOTAL SULFATE

CARBON CARBON SODIUM SULFUR (S04)
(Ib/hr) (Ib/hr) (Ib/hr) (Ib/hr) LIb/hr)

Liquor Feed 2.53 2.50 1.38 0.64 0.60

Cyclone Catch 0.58 0.43 0.73 0 09 0.20

Elutriate 0.09 0.06 0.10 0 01 0.03

Bed #CC/DEP 0.16 0.03 0.55 0 01 0.01

TOTAL SOLIDS 2.83 0.52 1.38 0 11 0.24

Gas Product 2.56 2.56 0.00 0 60 0.00

TOTAL GAS PLUS SOLID 3.39 3.08 1.38 0 71 0.24

Out/Input 1.34 1.23 1.00 1 11 0.40

PERFORMANCEPARAMETERS (SOLIDSBASIS):
UNNORMALIZED NORMALIZED

Organic Carbon GasificationEfficiency (%) 79.2 83.1
Sulfur GasificationEfficiency (%) 82.8 84.5

6.2.7 SULFITE TEST RUN (9/24//90)

A second gasificationtrial was conducted using North Bend NSSC spent

" liquor on September 24, 1990. The gasifier was operated for a period of

approximately 5.5 hours during which time a total of 147.6 pounds of spent

" liquor (wet) was fed. The average liquor feed rate during the trial was

26.8 Ib/hr (wet) and the fluidization steam rate was approximately 38 Ib/hr.

The average gar_fier temperature was 1150°F.

A material flow summary for the trial is shown in Table 6-33.
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TABLE 6-33: MATERIAL FLOE/ SUMMARY FOR 9/24/90 TEST RUN

INPUT"

Black Liquor Feed (Ib/hr Wet) 26.80
Black Liquor Feed (Ib/hr Dry) 9.81
Steam Feed (Ib/hr) 38.00 "

OUTPUT"

Cyclone Catch (Ib/hr) 3.20
Elutriate (Ib/hr) 0.26
Product Gas (SCFM) 4.38

Elemental analyses for solid samples collected during the course of the

test run are summarized in Table 6-34. As seen in Figures 6-8 and 6-___9g,

carbon, sulfur and sulfate concentrationsin both the bed solids and cyclone

solids exhibit behavior indicativeof approach to steady-state.

TABLE 6-34: ELEMENTAL ANALYSIS OF SOLIDS FOR 9/24/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
SOLIDS CARBON CARBONATE CARBON SODIUM SULFUR SULFATE

SAMPLE DESIGNATION % C% C03% C% Na% % S04%___
BED SOLIDS:

092490-W-NSSC-1600 11.67 54.10 0.85 45.60 0.61 1.12

092490-W-NSSC-1800 11.50 54.30 0.64 45.50 0.62 1.13

092490-W-NSSC-1900 11.58 54.00 0.78 45.20 0.69 1.26

CYCLONE SOLIDS:

092490-W-NSSC-1600 22.75 36.60 15.43 35.70 3.32 8.16 "

092490-W-NSSC-1800 22.10 36.90 14.72 36.20 3.43 8.42

092490-W-NSSC-1900 22.32 36.80 14.96 35.10 3.88 9.26 "

PROBE FILTER SOLIDS:

092490-W-NSSC-1800 33.67 23.70 28.93 30.40 4.66 9.98
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Table 6-35 summarizes the average elementalconcentrationsfor solids

collected during the test period. These values were utilized in subsequent

material balance calculations.

TABLE6-35: AVERAGE SOLIDS CONCENTRATION DURING
STEADY-STATE PERIOD FOR 9/24/90 TEST RUN

(AS REC'D -->)

TOTAL ORGANIC TOTAL
CARBON CARBONATE CARBON SODIUM SULFUR SULFATE

% C % CO3 % C % Na % % S04_

BED SOLIDS 11.59 54.13 0.76 45.46 0.64 1.17

CYCLONE 22.39 36.77 15.03 35.66 3.54 8.61

ELUTRIATE 33.67 23.70 28.93 30.40 4.66 9.98

Gas analyses for the test run are listed in Table 3-36. As seen in

Table 6-36, gas yield was quite constant for most of the test run period

(4.2-4.7 SCFM). The hydrogen concentration ranged from 61 - 63 volume

percent. Carbon dioxide ranged from 30 - 31 volume percent with methane and

carbon monoxide levels both at approximately 1.7 volume percent.

The hydrogen sulfide concentrationwas typically 2.9 - 3.4 volume

percent, lt was noted that the H2S concentrationappears to be increasing

slowly during the course of the test run. This trend was also observed for

the 9/18/90 NSSC trial. Although the increasedH2S release rate does not

appear to be correlated with any significantbuild-up of total sulfur or

sulfate (S04)within the bed, it may be related to accumulationof partially

reduced sulfur species which are more prone to decomposingto H2S. lt is also

significantto note that no appreciablequantity of SO2 could be detected in

i_heproduct gases. This appears to further verify that both NSSC and Kraft

liquors release sulfur only in reduced form under the gasifier conditions.
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TABLE 6-36: GAS ANALYSES FOR 9/24/90 TEST RUN
(CYCLONE EXIT)

Time 15:18 16:18 17:19 18:19 18:55
Gasifier Temp. (°F) 1150 1150 1150 1145 1150
Gas Rate (SCFM) 4.29 4.28 4.38 4.24 4.24

Components (Vol.%)

H2 63.134 61.899 62.468 61.361 61.073

CO2 30.435 31.185 30.477 31.125 30.877

CO 1.732 1.665 1.730 1.702 1.840

CH4 1.726 1.670 1.709 1.779 2.039

C2H4 0.085 0.074 0.084 0.082 0.051

C2H6 0.245 0.227 0.243 0.250 0.301

C3H6 0.288 0.293 0.294 0.305 0.343

C3H8 0.000 0.000 0.000 0.000 0.000
I-Butane 0.006 0.001 0.001 0.000 0.001

n-Butane 0.028 0.022 0.027 0.028 0.030

Pentane 0.013 0.016 0.015 0.013 0.013

Hexane 0.000 0.000 0.000 0.000 0.000

H2S 2.287 2.922 2.928 3.325 3.400

COS 0.000 0.000 0.000 0.000 0.000

CH3SH 0.020 0.022 0.024 0.030 0.032

SO2 0.000 0.000 0.000 0.000 0.000

TOTAL 100.000 100.000 100.000 100.000 100.000

Material balances for the 9/24/90 test run are summarized in Table 6-37.

Material balance closure for organic carbon and sulfur are 121 percent and

110 percent, respectively.

The unnormalizedorganic carbon and sulfur gasificationefficienciesare

calculated as 81.8 percent and 83.8 percent. Normalized gasificationeffi-

ciencies are 84.9 percent and 85.2 percent. These latter results are quite

similar to that of the 9/18/90 test which exhibitednormalized gasification

efficienciesof 82.8 percent and 84.5 percent. These results confirm the
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reproducibilityof performancedata for gasificationtests conducted under

relatively similar conditions.

TABLE 6-37: MATERIAL BALANCE SUMMARY FOR 9/24/90 TEST RUN

TOTAL ORGANIC TOTAL SULFATE

CARBON CARBON SODIUM SULFUR (SO4)
(Ib/hr) (Ib/hr) (Ib/hr) (Ib/hr) (Ib/hr)

Liquor Feed 3.16 3.13 1.73 0.80 0.74

Cyclone Catch 0.72 0.48 1.14 0.11 0.28

Elutriate 0.09 0.08 0.08 0.01 0.02

Bed ACC/DEP 0.13 0.01 0.51 0.01 0.01

TOTAL SOLIDS 0.94 0.57 1.73 0.13 0.31

Gas Product 3.21 3.21 0.00 0.75 0.00

TOTAL GAS PLUS SOLID 4.15 3.78 1.73 0.88 0.31

Out/Input 1.31 1.21 1.00 1.10 0.42

PERFORMANCEPARAMETERS (SOLIDS BASIS):
UNNORMALIZED NORMALIZED

Organic Carbon GasificationEfficiency (%) 81.8 84.9
Sulfur GasificationEfficiency (%) 83.8 85.2

6.3 SCRUBBER VERIFICATION TESTS

MTCI's indirectlyheated gasificationtechnology for black liquor

recovery relies on the scrubbingof H2S from product gases to regenerate green

liquor for reuse in the mill circuit. Due to concerns relative to the

efficiency of sulfur recovery in the MTCI integratedprocess, an experimental

investigationwas undertaken to establishperformance and design data for this

system.

A 3-inch diameter by 20-feet high scrubbing column was constructed for

the experimentaltest program. Scrubbing liquor and gas mixtures were

formulatedto simulate th( conditions of the MTCI integratedrecovery process.
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Test runs were conducted at three differentcolumn packing heights, and

absorption rate coefficientsand selectivitieswere calculated. The results

of the simulated scrubber tests are reported here.

6.3.1 INTRODUCTION

In the MTCI recovery process, black liquor is sprayed directly onto a bed

of sodium carbonate solids which is fluidizedby steam. Direct contact of the

black liquor with hot bed solids promotes high rates of heating and pyrolysis.

Residual carbon, which forms as a deposit on the particle surface, is then

gasified by reaction with steam. Heat for the endothermicpyrolysis and

steam-gasificationreactions is supplied from pulse combustor resonancetubes

which are immersedwith the fluid bed.

The gasifier operating conditions are maintained at temperaturesbelow

which smelt can form. In this dry recovery process, oxidized sulfur species

are partially reduced by reaction with the gasifier products, principally

carbon monoxide and hydrogen. The reduced sulfur form is unstable in the

gasifier environment,decomposing to solid sodium carbonate and gaseous

hydrogen sulfide (H2S). Sodi_Jmvalues are recovered by discharginga dry

sodium carbonate product from the gasifier.

Since the sulfur constituentscontainedwithin the black liquor feed are

released as H2S and are thereby mixed with the gasifier products, it is

necessary to recovery these sulfur values in order to regenerate the desired

green liquor product stream. This is envisionedto involve scrubbingof the

product gas with an alkaline solution formed by dissolution of the sodium

carbonate product salts.

While the recovery process described above is quite straightforward,it

was determined that investigationswere needed to fully verify the potential

for high sulfur recovery efficiency,as this may significantlyimpact

operating economicsand environmentalemissions for the process. Furthermore,

additional scrubber design supportdata was needed for scale-up for the

integrated recovery process.
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Therefore, it was the objectiveof this present program to experimentally

characterizethe sulfur recovery performancefor the alkaline scrubber under

cor,ditions simulating those of the integratedprocess and to develop design

data for scale-up purposes.

6.3.2 BACKGROUND

Aqueous sodium carbonate has been employed in some of the earliest acid

gas scrubbing systems for the removal of H2S and CO2. In most cases of

industrialsignificance,these systems utilized two separate columns: an

absorber and a stripper. Gases containingacid constituentswere fed to the

bottom of a counter-currentabsorptioncolumn which may be operated under

pressure. Purified product gases were then collected at the top of the

absorption column, and the acid gas-enrichedsolutionwas pumped to the top of

a stripper column. Here, acid gas vapors were flashed off by a combinationof

heating (reboiling/steamstripping)and pressure reduction (or vacuum

stripping).

Since the objective of these systems was to remove acid gases to low

levels, the sodium carbonate solution circulationrates, and thus sulfur

loading of the rich solution,could be independentlyadjusted as needed to

achieve the desired performance. However, in the MTCI recovery process, the

objective is to produce a rich solution, i.e., green liquor product,

possessing a specific alkalinity and sulfidity level.

Therefore, the ratio of H2S in the product gas phase to sodium contained

in the circulating sodium carbonatesolution phase cannot be independently

varied. Because of this lack of flexibility,special considerationmust be

given to the design of the absorber column to simultaneouslyachieve high

sulfur loading (sulfidity)in the rich green liquor product stream and low

sulfur breakthroughin the gas product steam.

" Although the absorption rates of CO 2 and H2S in alkaline solutions have

been well studied in the industrialsector, much of the data remains pro-

prietary, and fundamentalrate data which does exist in the public domain must

be extrapolatedto the specific conditions of the MTCI recovery process. As
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extrapolationof absorption data can lead to significanterrors, the present

investigationwas devised to provide valuable process data collected under

conditions specific to the MTCI recoveryenvironment.

A primary interest in this investigationinvolvedcharacterizingthe

selective absorption behavior of H2S relative to CO2. Since CO2 is a stronger

acid gas than H2S, equilibriumpredicts that CO2 will be absorbed to a greater

extent than H2S. Also, since the ratio of CO2 to H2S in.thegasifier product

stream is approximately10:1, a strong equilibrium driving force exists for

the preferentialabsorptionof CO2 relative to H2S. However, the absorption

of CO2 is highly undesirable since it limits the ability of the solution to

achieve a high sulfidityand it p_,acesan increasedburden on the causticizing

circuit.

Fortunately,the kinetic rate of CO2 absorption is quite slow compared to

that of H2S. This is due to the fact that CO2 absorption requires a chemical

hydration reaction,while H2S is absorbed by a simple ionic dissociationstep

as shown below:

C02 + OH --> HCO3 (I)

H2S --> H+ + HS- (2)

#,,Iso,since CO2 absorption involves an activated chemical reaction, its rate

is highly sensitive to temperature. This is in cohtrast to H2S absorption

which is only modestly affected by temperature. Therefore, increasedselect-

ivity for H2S absorption can be achieved at lower temperatures.

The ability to achieve the sulfur recovery and energy efficiency goals

for the MTCI process requires that the H2S absorption selectivity be

maximized. The absorption rate for each species is characterizedby a global

absorption rate parameter, Kg a, which is defined as:

(Kg a)i = ni/(LcAc LMPDi) (3)
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Where, ni is the rate of absorption of species (i) in gmole/min; Lc and

Ac are the column height and cross sectional area; LMPDis the log mean

pressure driving force, and Kg a is the rate constant in gmole/min/ft3/atm.

The LMPDis defined as:

LMPD= (Pg in PI* Pgout ) - out PI*. , - , , - ,in))/ (4)

LOGe ((Pg,in - PI ,out)/(Pg,out - P1*,in ) )

where Pg,in and Pg,out are the gas phase partial pressures at the column
inlet and outlet and P*

' l,out and Pl,in are the equilibrium partial pressures
above the liquid at the outlet and inlet.

The equilibrium partial pressure of CO2 and H2S in the liquid phase are

calculated based on liquid species concentration as follows:

PCO2 (atm) = 1.65 x 102 f2/(l-f) CI"362 EXP(-2729/T) (5)

PH2s (atm) = 9 746 x 10 .4 .125. PCO2 C [NaHS]/[NaC03] EXP(2275/T) (6)

where f = [NaHCO3]/([NaHC03] + 2 [Na2C03]), C is the sodium normality, and T

is the solution temperature (°K).

Calculation of the absorption rate constants for the experiments

conducted in this investigation followed the guidelines and definition

described above.

6.3.3 EXPERTMENTALSYSTEM

" A. TEST RIG

Schematic diagram of the experimental scrubber test rig is shown in

Figure 6-]0. A 14.5 wt.% solution of sodium carbonate is pumped from the feed

drum to the scrubber column via a rotary gear pump. A bypass line is
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installed on the feed system to allow excess flow to return to the sodium

carbonate feed drum. The solutions feed rate to the column is metered by a

high accuracy rotameter. The sodium carbonate solution is continuously

agitated inside the feed drum by a stirrer.

The scrubbing solution is fed to the column by a I/4-inch SS tubing. The

solution is distributed evenly throughout the column cross-sectional area by a
4

distribution plate, shown in Figure 6-11. The liquid distribution plate

consists of a 3" OD x I/4" thick SS plate with 25" x I/4" drill-thru holes.

Also, baffles were incorporated inside the column to redirect the gas and

liquid flow. The baffles were made from 3-inch SS washers with a 2-inch con-

centric hole. The scrubbing solution flows down through the packed section

and is collected in a drum where it is neutralized by adding a metered

quantity of sodium hydroxide. A sample valve is incorporated on the drum

line, where liquid samples are collected after the scrubber.

A premixed gas mixture (containing 2% HzS, 20% CO2, and 78% N2) is

injected at the bottom of the column. The gas flow rate is metered using a

high accuracy rotameter. The gas mixture exiting the scrubber is sent to the

incinerator. Gas samples are pumped to the GC room for continuous gas

analysis.

B. ABSORPTION COLUMN

Figure 6-12 shows a schematicdiagram of the scrubber. The column

consists of a 3" x 21' SS 304 tubing. The column is fabricated in four

sections (5, 7, 6, and 3 feet sections),enabling ease of assembly and

disassembly. Sections are attached to one another by SS 304 lap joints, and

carbon steel slip-on-flanges. A U-shaped standing pipe is incorporatedto

maintain a 6-inch liquid pool at the bottom of the column, and to prevent

column siphoning. Thermocouple,and pressure gauge ports are incorporatedat

various sectionsof the column. The column is insulatedwith a ].-inchthick

fiberglass insulatingmaterial. The column is clamped to two angle-iron

beams, which are bolted to the floor and roof.
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The column was packed with 10 mm long, ceramic berl-saddlepacking rings.

The column packings were obtained from Jaeger Products, Inc., Spring, Texas.

The height of the packing could be increasedor decreased by adding or

discharging packing rings.

6.3.4 DESIGN BASIS

Prior tests using the indirectlyheated black liquor gasifier indicated

that the CO2 concentrationin the dry gas productwas typically in the range

of 25 - 30 volume percent. As these tests were conductedat high steam-to-

black liquor feed ratios, increasedconcentrationsof CO2 and hydrogen rela-

tive to CO are expected to be found ip the product gas due to the influenceof

the water-gas shift reaction as shown below:

CO + H20--> CO2 + H2 (7)

In the commercialgasifier, however, lower steam-to-blackliquor ratios

will be employed. Based on equilibriumconsiderations,CO2 concentrations

from the commercial unit are anticipatedto be in the range of 15 - 20 volume

percent• Furthermore,material balance calculationsindicate the expected H2S

concentrationis approximately2.0 volume percent, assuming a high level of

sulfur release.

Based on this data, the simulatedgas mixture selected for testing in the

scrubbingcolumn was formulatedas shown below"

Nitrogen 78%

CO2 20%

H2S 2%

Note that the substitutionof nitrogen for other species expected to

appear in the actual gasifier products, i.e., H2, CO, CH4, etc., is not

anticipatedto substantiallyinfluencethe scrubbingresults.

6-56 ERDJ-42A.06



6.3.5 EXPERIMENTALRESULTS

Scrubbing tests were conducted for packed column heights of 5, 10, and

15 feet. Each of the tests were conducted at I atm pressure (column exit) and

ambient temperature, utilizing a simulated product gas containing 2.0 volume

. percent H2S (20,000 ppmv).

. Operating data for tests conducted at the different column heights are

summarized in Table 6-38. Test data is shown only for test runs where both

gas and liquid analyses were available. For each case, the column height,

liquid and gas flow rate, H2S concentration at column exit as measured by gas

chromatograph, and the calculated sulfur recovery efficiency are shown. Ali

tests were conducted utilizing a single batch of premixed sodium carbonate

solution with a concentration of 145 g/L as Na2CO3 (84.5 g/l as NazO) . While

the gas and liquid flow rates were varied in the test matrix, the sulfur-to-

sodium ratios entering the column in the gas and liquid phases were held

approximately constant, and reflected values typical of a mill circuit

operating at a sulfidity of approximately 30 percent (with sulfidity defined

as Na2S/TTA as Na20).

TABLE6-38: 0PERATING DATA FOR SCRUBBING TESTS

SULFUR
PACKING LIQUID* GAS** H2S @ RECOVERY

SAMPLE HEIGHT FLOWRATE FLOWRATE COLUMNEXIT EFFICIENCY
DESIGNATION (FT) __(LPM) (SCFM) (PPMV) (%)

MTCI-7-11-I000 10.000 0.210 3.667 50.000 99.750

MTCI-7-11-I015 10.000 0.330 5.040 271.000 98.645

MTCI-7-12-1145 5.000 0.296 5.040 763.000 96.185

MTCI-7-12-1152 5.000 0.296 5.040 713.000 96.435

MTCI - 7-13-1022 15. 000 O.296 5. 040 140. 000 99. 300

MTCI-7-13-1030 15.000 0.137 2.330 447.000 97.765

" NOTE: Column was operated at I atm exit pressure and ambient temperature.

*Scrubbing liquid consisted of aqueous mixture of sodium carbonate at
concentration of 145 g/L as Na2CO3 (84.8 g/L as Na20).

**Simulated gas contained 20% CO2, 2.0% H2S, and balance nitrogen.
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As seen in Table 6-38, high sulfur recovery was achieved at all test

conditions, varying from 96.2 to 99.75 percent. H2S concentrations in the

simulated gas at the column exit ranged from 50 to 763 ppm. In a commercial

integrated system, where the fuel gas is combusted to generate steam, this

would translate to stack SO2 e,_,issions in the range of 12 to 190 ppmv. These

low emission values represent a significant improvement compared to typical

Kraft recovery boilers.

Liquid samples of the rich solution were collected at the column exit for

each of the test points shown in Table 6-38. These liquid samples were sent

, to Weyerhaeuser's laboratories for analysis. The results of these analyses

are shown in Table 6-39 and include sodium, total sulfur and total carbonate.

The calculated sulfidity is also shown. Note that it is assumed that all of

the sulfur is present in reduced form since oxidation of the sulfur species

can only occur due to incidental air exposure during sampling or analysis.

TABLE6-39: ANALYSIS OF LIQUID SAMPLES FROM SCRUBBER BOTTOMS

SODIUM SULFUR CARBONATE
SAMPLE Na S COR SULFIDITY*

DESIGNATION (%) (%) (%_ (%)

MTCI-7-11-1000 5.64 1.20 8.43 30.59

MTCI-7-11-I015 5.45 1.13 7.75 29.81

MTCI-7-12-1145 5.66 1.06 7.96 26.92

MTCI-7-12-1152 5.53 1.07 7.56 27.81

MTCI-7-13-I022 5.52 1.12 7.73 29.17

MTCI-7-13-I030 5.51 1.03 7.92 26.87

*Sulfidity is calculated as total sulfur as
Na20 divided by total sodium as Na20.

As seen in Table 6-39, the desired rich solution (green liquor) sulfidity

range (25-35%) is achievable while maintaining low sulfur breakthrough in the

gas phase. These results provide confirming evidence that green liquor can be
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6

regenerated at high efficiency using the simple alkaline scrubbing technique

proposed in the MTCI integrated recovery process.

Table 6-40 shows the results of material balances for the gas and liquid

phase samples. The H2S scrubbing rate is determined for the liquid phase

based on the ratio of sulfur to sodium at the column inlet and outlet, and the

known liquid flow rate and sodium concentration of the inlet as shown below:
a

NI,H2 s (gmole/h) : L (LPM) x 145 (g/l as Na2 C03) x 2/106 (8)
x S(%)/Na(%) x 23/32

where S and Na are the sulfur and sodium concentrations of the sample liquid

(rich solution) in weight percent, and L is the liquid flow rate in liters per
minute.

TABLE6-40: MATERIAL BALANCES FOR SCRUBBER TESTS

H2S SCRUBBINGRATE
(gmole/min)

C02"* CALCULATEDMEASURED
BASEDON* BASEDON** GAS/ SCRUBBING CO2 AT CO2 AT

SAMPLE LIQUID GAS LIQUID RATE EXIT EXIT
DESIGNATION SAMPLE SAMPLE DEVIATION (gmole/min) (Vol.%) (Vol.%)

MTCI-7-11-I000 0.088 0.088 0.000 0 042 19.040 19.020

MTCI-7-II-I015 0.135 0.119 -11.900 0 041 19.320 19.910

MTCI-7-12-1145 0.109 0.116 6.400 0 032 19.470 19.620

MTCI-7-12-1152 0.113 0.116 2.600 0 020 19.670 19.610

MTCI-7-13-I022 0.118 0.120 1.700 0 030 19.510 19.770

MTCI-7-13-I030 0.050 0.054 8.000 0 020 19.280 18.700

. *Calculated based on difference in total sulfur in liquid
from inlet to outlet of column.

• **Calculated based on difference in total sulfur in gas
from inlet to outlet of column.

***Calculated based on difference in total carbonate in
liquid from inlet to outlet of column.
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Similarly, the H2S scrubbingrate is independentlydetermined based on

the gas flow rates, known H2S concentrationat the inlet, and measured H2S

concentrationat the exit. By comparisonof the independentvalues calculated

from liquid and gas samples (columnstwo and three of Table 6-40), it is seen

that two measurements are relatively consistent,with material balance

deviations of typically less than 10 percent. These deviations are of the

order anticipated for rotameterreadings of the liquid and gas flow rates.

The CO2 scrubbing rate is shown in column five of Table 6-40. The CO2

scrubbing rate is calculated using only the_liquid data. While the H2S

concentrationin the gas phase changes from inlet to outlet by a factor of

almost 99 percent, the CO2 concentrationvaries by only 2.5 - 5.0 relative

percent. Since this is of the order of accuracy for the gas chromatograph,

reliable CO2 scrubbing rates cannot be obtained from gas data. However,

absorption of CO2 in the liquid phase results in a significantchange in the

ratio of total carbonate to sodium which can be used as an accurate measure of

the CO2 scrubbing rate as follows:

NI,CO2 : L(LMP) x 145(g/I as N2C03)/I06 x (2 - R)/R (w)

Where R is given by:

R = Na(%)/CO3 (%) x 60/23 (I0)

lt should be noted that most of the liquid samples collected from the

scrubber bottom contained a precipitatedmaterial. Analysis of this

precipitate identified it as primarily sodium bicarbonate. The precipitate,
_3

which apparently forms as a result of supersaturatingthe solution due to the

absorption of CO2, was typically found to be of the order of 5 g/l. Since the

calculationmethod discussed above, which considersonly liquid data, does not

account for precipitatelosses, the calculated CO2 absorption rate is

anticipatedto error on the low side. However, magnitude of this error is

estimated to be only about 20 percent for most cases.

Based on the CO2 scrubbing rate as determined using the above equations,

the CO2 concentration at the column exit can be calculated as shown in column
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six of Fable 6-40. These are compared with the actual measured values in

column seven of Table 6-40.

Table 6-4] presents a summaryof results pertaining to the calculationof

absorption rate constants for H2S and CO2 in the alkaline solution. The basis

for these calculationswere described in the prior section; however, some

additionalnotes are made here.

TABLE 6-41: ABSORPTION RAT_ CONSTANTS AND SELECTIVITY

H2S* C02"
ABSORPTION ABSORPTION H2S** C02"* H2S/CO2

SAMPLE RATE RATE LMPD LMPD H2S*** C02"** SELECT-
DESIGNATION (q/mole/min) (q/mole/min) ATM ATM Kq a Kq a IVITY

MTCI-7-11-1000 0.088 0.042 0.0018 0.1911 99.61 0.448 222

MTCI-7-11-I015 0.127 0.041 0.0027 0.1935 94.71 0.432 219

MTCI-7-12-1145 0.113 0.032 0.0041 0.1947 119.11 0.671 178

MTCI-7-12-1152 0.114 0.02 0.0039 0.1961 119.81 0.416 288

MTCI-7-13-I022 0.119 0.03 0.0024 0.1948 66.85 0.209 319

MTCI-7-13-I030 0.052 0.02 0.0034 0.1934 20.96 0.141 149

*H2S absorption rate based on average of values calculated from
both gas and liquid sample data. CO2 absorption rate based on
liquid sample only.

**LMPD is the log mean pressure driving force.

***Kq_a has units of gmole/min/ft3/atmand is defined as the
absorption rate divided by product of LMPD and column volume.

" First, in order to calculate the equilibriumpartial pressures of CO2 and

H2S above the scrubber bottoms liquid, the concentrationsof NazCO3, NaHCO3,

' and NaHS are needed. However, since these constituentswere not measured

directly, they must be calculated based on an elemental balance approach.
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That is, the three speciesmust satisfythe measured constrcintswith respect

to sodium, total sulfur, and total carbonateas follows:

Sulfur balance:

NaHS(gmole/l) : S(%)/Na(%) x 23/32 x 145(g/I as Na2C03) (11)

x 2/106

Total carbonate balance:

Na2CO3(gmole/l) + NaHCO3(gmole/l) (12)

: C03(%)/Na(%) x 23/60 x 145(g/I as Nac03) x 2/106

and, Total sodium balance:

2 x Na2CO3(gmole/l) + NaHCO3(gmole/1) + NaHS(gmole/1) (13)

= 145(g/Ias Na2C03) x 2/106

Solution of the above three simultaneousequations yield values for

Na2CO3, NaHCO3 and NaHS which can then be substitutedinto the appropriate

expressions for calculatingliquid equilibriumpartial pressures. Note that

these calculationsassume that the concentrationof NazS is negligible, lt

can be shown, for the measured pH range of the scrubber bottoms, that this

approximation is quite accurate.

As seen in Table 6-41, the pressure driving force for CO2 is relatively

constant for all runs. This is due to the fact that the gas phase CO2 con-

centration change is small over the entire column and the typical equilibrium

concentrationof CO2 above the liquid at the scrubber bottom is only 0.5 -

0.8 volume percent (at I atm).

In contrast, the driving force for H2S is largely dictated by the partial

pressure at the column exit, i.e., the pinch point is at the column exit.

However, examinationof the H_S equilibriumconcentrationabove the scrubber

bottom liquid shows that this value begins to approach the gas phase H2S inlet

concentration in some cases. Note that the equilibriumpartial pressure of
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H2S is a strong function of the bicarbonate concentration, which is influenced

by the quantity of CO2 absorbed over the column. This point is significant

since an improperly sized absorption column can result in excessive levels of

CO2 absorption leading to an equilibrium pinch point at the column bottom,

thus limiting the achievable sulfur scrubbing efficiency.I

The seventh and eight columns of Table 6-41 summarizes the calculated

Kg a values for H2S and CO2 for each run. Note that the values of Kg a are

relatively constant, with the exception of run No. MTCI-7-13-1030. The

consistency of these values indicates that the simplified column model is

valid over the limited test conditions. The low Kg a values for the last run

in Table 6-30 is believed to be due to insufficient column wetting resulting

from the low liquid and gas rates used in this test.

The absorption selectivity of H2S relative to CO2 (on gmole/ft3/atm) is
seen to be of the order of 200:1. Note that these values can be used for

design purposes only when similar column packings and operating conditions are

employed.

An in-line static mixer, I/2" diameter by 9" in length, was tested as an

alternative to the packed column. The scrubbing efficiency was approximately

80 to 84 percent in less than 10 milliseconds. A two-stage in-line static

mixer or a static mixer followed by a short packed column is predicted to

absorb 99.9 percent of the H2S with very little or no absorption of CO2. This

will be experimentally verified during the next phase. There is evidence in

the literature that CO2 absorption was slower than the H2S absorption rate and

that CO2 absorption has an induction time of over 20 milliseconds. Thus,

short contact time static mixers avoid CO2 absorption (Ref.: R.W. Hohfeld,

Dow Chemical, "Selective Absorption of H2S from Syngas," SPE 7972, April 18-

• 20, 1979, Ventura, CA).

I lt is important to note that all tests were run at relatively low

temperatures (70°F). As previously mentioned, low temperatures favor high H2S

selectively. In actual commercial systems, where the process gas must be
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cooled prior to scrubbing, operationat such low temperaturesmay be im-

practical. Thus, additional tests are needed to characterizethe scrubbing

performance at higher temperaturesin the range of 100 - 140°F.

6.4 SUMHARY AND CONCLUSIONS
P

Ten black liquor tests were done during this year - seven of which are

reported here for which the data analysis were completed. Samples from the

last test were not yet analyzed by WeyerhaeuserResearch Center. Two other

tests were sponsored by private clients on their liquors and data are reported

because of confidentiality. One of the latter cases used liquor from a soda

pulp mill having no sulfur and the other from a bleached chemi thermo-

mechanical (BCTMP) pulp mill. The results from one Kraft liquor, one cross

recovery liquor, and one neutral sulfite semichemical(NSSC) liquor were

analyzed and are reported here. The results are summarized in Table 6-42.

TABLE 6-42 :

SUMMARY OF BLACK LIOUOR TESTS

SULFUR CARBON
LIQUOR GASIFIER TEST WET FEED DRY FEED STEAM GASIF. GASIF.
FEED TEMP. DURATION RATE RATE RATE EFFIC. EFFIC.

TEST DATE TYPE (°F) (hours) (Ibs/hr) (Ibs/hr) (Ibs/hr) (%) (%)

1/24/90 Kraft 1138 2 18 10 35 ....

1/24/90 Kraft 1130 5 23 13 35 ....

1/24/90 Kraft 1050 2.5 40 23 35 ....

2/23/901 Cross- 1145 8 19.3 12.7 38.2 91.2 88.2
Recovery

3/07/902 Kraft 1150 7.5 27.1 15.3 33.7 90.5 83.3

3/21/902 Kraft 1143 7.5 29.3 16.6 37.8 88.3 84.9

3/27/903 Kraft 1160 6 28.8 16.3 24.10 81.4 79.5 •

9/18/90 NSSC 1130 8 21.5 8 36 84.5 83.1

9/24/90 NSSC 1150 5.5 26.8 10 38 85.2 84.9

IScrubbedproduct gas fired in pulse combustor.

2Gas scrubbing.

3Gas recycle for fluidizatior,.
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These tests proved that the MTCI indirect gasification process _e:_ks well

for any type of black liquor, separating sulfur as H2S from the sodium, which

reports mai_,ly as Na2CO3, producing consistent quality hydrogen-rich, medium-

Btu gas. This process enables pulp and paper mills to recover chemicals and

energy without smelt formation from Kraft, sulfite (NSSC or BCTMP)or com-

bination (cross recovery) liquors. This process offers great flexibility in

selecting pulping method to meet market demand.

The tests done so far have shown that in the temperature range of

approximately 1150°F (625°C), carbon gasification efficiencies of up to

88 percent and sulfur gasification efficiencies of up to 89 percent were

achievable. Significant sulfate reduction is achieved 60 percent for NSSC

liquor and 88 percent for Kraft liquor, without employing carbon or char

recycle, lt is possible that the sulfate reduction may be improved by char

recycle.

Gas recycle for fluidization has been shown to work weil. Using product

gas in the pulse combustor firing has been demonstrated here. For Kraft

application, the H2S gas is scrubbed with sodium carbonate solution producing

green liquor. This has been demonstrated very convincingly. The formation of

sulfur gases other than H2S has been found to be negligible, usually less than

10 ppm. Overall, sulfur recovery is expected to be over 99 percent and sodium

recovery, over 99.9 percent. Further process optimization to improve the net

gas yield and reduce the gas fired as fuel is being planned for testing in

early next year.

The present investigation has confirmed that high sulfur recovery

efficiencies exceeding 99 percent, can be achieved under the anticipated

operating conditions of MTCI's integrated recovery process using a simple,

° single column, alkaline scrubbing technique. These results suggest that there

exists no major technical barriers to regenerating a high sulfidity green

• liquor in the MTCI process. Furthermore, the results indicate that the MTCI

process has a potential for reducing emissions of SO2 from energy recovery

equipment compared to the conventional Kraft recovery boiler.
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SECTION 7.0

DEVELOPMENT TESTING

- The bench-scaletesting described in Section 6.0 provided a significant

data base regarding the process chemistryand performanceparameters for the

indirect black liquor gasifier. This informationprovided essential input to

the preparationof a rational processdesign for the scale-up field test unit

as discussed in Section 8.0.

In a parallel effort, developmentwork was undertakento construct and

test a full-scale pulse heater module. The objectiveof this work was to

ensure that key hardware componentswould perform reliably in field service.

In the following section, this hardware developmentwork is highlighted.

This includes discussion of cold flow fluidizationtests, combustor

development,and hot fluidizationtests.

7.1 COLD FLOW FLUIDIZATION TESTS

The promotionof good solid circulationand effective heat transfer is

key to the successful operationof the indirect fluid-bedgasifier. Suffici-

ent solid circulation isneeded to ensure the uniform distributionof heat and

reactant throughout the bed. Effectiveheat transfer is vital in order to

protect overheating of the fire-tubewall surfaces and prevent melting of the

bed material.

While conventionalfluid beds containing little or no immersed tube

surfaces are known for excellentcirculationand heat transfer character-

. istics, few studies have been conductedto establishthe properties of fluid

beds containing closely spaced tube bundles. For this reason, cold flow

, fluidizationtests were performedto assess the fluidizationcharacteristics

of a bed containing an array of closely spaced tubes.
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The full-scale prototype pulse heater module is constructedof 61

triangular-pitchfire tubes (1½" nominal pipe) spaced on 3-inch centers. The

fire tubes are approximately9 feet in length. The cold flow model was

constructed at a one-third scale of the prototype pulse heater module. The

model tube bundle was constructedfrom 61 ½-inch O.D. acrylic tubes spaced on

l-inch centers. The 3 feet long tube bundle was inserted into a 3' x I' fluid

bed. The upper portion of the fluid bed was constructedfrom acrylic plate

allowing visual inspectionof the bed. Photographsof the tube bundle and

test bed are shown in Figures 7-I and 7-___22.

A primary objective of the cold flow model tests was to determine if

fluid bed-side heat transfer coefficientswere diminished by the presence of

the tube bundle. In order to accomplishthis, a heat transfer probe was

constructedusing a standard electric cartridge heater. The cartridge heater

(OMEGAmodel CAR-3025) consistedof a I/2-inchO.D. by 2 3/8-inch long metal

cartridge which was internallyheated by an electric resistance coil. An

integralthermocouplewas welded to the inside wall of the cartridge.

The cartridge heater supplied a constant heat flux of 26 watt/in2

(12,767 Btu/ft2/hr)to the metal surface. This heat flux is similar to the

actual heat flux for the prototype pulse heater module (8,000 - 10,000

Btu/ft2/hr). Since the cartridgeheat flux is fixed, the relative fluid bed

heat transfer coefficient is directly related to the cartridgewa]l surface

temperatureas described below:

q = hB (TW - TB)

where q is the cartridge heat flux, hB is the bed side heat transfer

coefficient,TW is the measured cartridgewall ,_,emperature,and TB is the bed

temperature (ambient).

Using the cartridge heater as a heat transfer probe, relative bed heat

transfer coefficientswere measured in the fluid bed both with and without the

tube bundle inserted. When the tube bundle was removed, the cartridge wall

temperaturewas approximately206°F and 178°F for fluidizationvelocities of

1.5 ft/sec and 2.0 ft/sec, respectively. The tube bundle was then placed in
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FIGURE 7-1: TUBE BUNDLE
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FIGURE 7-2: TEST BED
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the bed and the heat flux probe was inserted approximatelymid-way into the

bundle. The steady-statecartridgewall temperatureswere observed to be

virtually unchanged from the previous test at similar fluidizationvelocities.

This indicatedthat the presence of the tube bundle had little or no effect on

the average_bulk fluid-bedheat transfer coefficient.

lt is important to note that while the average bulk heat transfer

coefficientmay be similar, significantlocal variations in the solids to wall

heat transfer coefficientmay occur around the circumferenceof the tubes.

Studies have shown that a relative dead zone can occur on the leeward side of

a horizontal heat transfer tube. In some cases, measured differences in heat

transfer coefficientsbetween the sides of the tube, where interstitial

velocities are high, and the leeward side of the tube, where relative dead

zones may exist, of several fold have been reported.

For this reason, it is vital that full-scalehot testing be performed to

assess the performanceof the pulse heater module under simulated gasifier

conditions. Progress in this area is discussed in the following section.

7.2 COMBUSTOR DEVELOPMENT

A program was initiatedto construct a prototypepulsating heater module

with a nominal firing rate of 5 x I0B Btu/hr and capable of processing I/2 TPH

of black liquor solids. The I TPH field test unit would be furnishedwith two

of these combustor modules to allow increasedflexibilityand turndown.

Based on heat transfer data collected at the bench-scale,a tube bundle

was designed to incorporate61, 1½-inchdiameter, partially shielded tubes

arranged in a hexagonal staggeredarray and spaced on 3-inch centers. The

tube bundle included severalvertical baffles and longitudinaltie rod

supports. The tube bundle was fabricated by REPCO Engineeringand is shown in

Figure 7-3. This tube bundle forms the resonant member for the pulsating heat

module and is fully immersed in the fluid bed under operating conditions.
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FIGURE 7-3: FULL-SCALE PULSE HEATER NODULE
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An exploded view of the pulse heater module is shown in Figure 7-4. The

pulse heater module comprises four main elements: an air inlet plenum, pulse

combustor, tube bundle, and flue gas exit plenum. Air is supplied to the air

inlet plenum from a forced draft fan. The air is then aspirated into the

pulse combustor through four separate aerovalves. Fuel is injected into the

pulse combustor through a series of distributednozzles surroundingthe

aerovalve. The combustionproducts then enter the tube bundle where heat is

released to the fluid bed. The cooled combustiongases are collected in a

flue gas plenum and vented through a muffled stack.

A schematicof the pulse combustor and the tube sheet acting as an

interfacewith the tube bundle is shown in Figure 7-5.

The combustion chamber is insulatedwith Shamrock 881 plastic refractory

2-2.5 inches thick and hammered onto approximately1000 studs on l-inch

centers with a rubber-tippedbench rammer. The studs are 3/8" x 1.5" 304 SS

bolts welded into place. The refractory is cured in an oven to a final

temperature of IO00°F after air drying for 8 hours. This takes approximately

24 hours. The shell of the combustor is water jacketed and requires a cooling

water flow of 2 gpm. The water jacket is equipped with a pressure relief

valve set to open at 240°F. The combustionchamber is 27.5 inches diameter

and 12 inches deep. Figure 7-6 shows the pulse combustor under different

stages of construction. In order to promote uniform fuel/air mixing within

the pulsating combustion chamber the unit has been furnishedwith four

aerovalves. Note that the use of multiple aerovalves represents a nc;wadvance

in MTCI's pulse combustor technology. A photograph of the installedpulse

combustorwith the air plenum removed is shown in Figure 7-7. The four

aerovalves are readily visible.

" The pulse combustor is also Furnishedwith a pre-mixed pilot and flame

supervision system. A Fire Eye UV flame sensor is used to monitor flame

• status and de-energize fuel solenoid valves in the case of a flame Failure.
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FIGURE 7-6: PULSE COMBUSTORDURING CONSTRUCTION
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FIGURE 7-7: FULL-SCALE PULSE COMBUSTORMODULE
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A significant effort was expended to develop a reliable flame shield for

the tube sheet which is directly exposed to the high-temperatureenvironment

of the pulsating combustor. The flame shield serves to protect the metal tube

sheet from flame impingementand to limit the heat flux through the tube sheet

so as to avoid over temperatureconditions which would lead to bed

agglomeration.

A removable thin gauge metal radiation shield was initiallytested

(Figure7-8); however, severe thermal warping of the metal shield resulted in

a misalignmentwith the tube sheet holes thereby restricting the outflow of

combustion products. In a second design, a ]/2-inch metal flame shield was

constructedwith a refractory lining attached to the inner surface

(Fiqure7-9). Metal sleeves were employed inside the refractory portion of

the shield to assist in alignment of the flame shield holes with the main tube

sheet. However, the metal sleeves, being thermally isolated, rapidly corroded

by high temperature oxidation. In addition,thermal warpage of the metal

shield plate resulted in refractorydamage.

In a final configuration (Figure7-10), plastic refractory was air

hammered directly onto studs covering the tube sheet itself. PVC tubes were

inserted into the fire tubes to provide a template for the flame shield holes.

These tubes were later removed after air drying the refractory. Initialtests

have indicatedreliable performancefor this design approach.

7.3 HOT FLUIDIZATION TESTS

A fluidized bed test rig was constructed in order to assess the

performanceof the prototype pulse heater module. The fluid bed test rig

comprises several main components includingthe fluid-bed reactor with

contained pulse heater module, an air blower for supplying fluidizationair, a

bucket elevator for discharging bed solids, and a storage hopper to receive

bed solids. A photograph of the hot fluidization test rig is shown in

Fiqure 7-11. A schematic of the system with each component identified is

shown in Figure 7-12.
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FIGURE 7-8: HETAL RADIATION SHIELD
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FIGURE 7-9: REFRACTORY-LINEDRADIATION SHIELD
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FIGURE 7-10: INTEGRAL RADIATION SHIELD
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FIGURE 7-11: HOT FLUIDIZATION TEST RIG
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FIGURE 7-12: SCHEMATICOF HOT TEST RIG
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7.3.1 FLUID BED

The fluid bed is constructed from a lower portion consisting of a carbon

steel tank lined with Pyro Engineering, Tnc. ThermoTek block insulation. The

upper freeboard region of the fluid bed is formed from an uninsulated

stainless steel tank.

The base of the fluid bed contains a series of sparge tubes to uniformly

distribute the fluidization air. Each sparge tube contains seven risers which

are terminated with a cap containing four nozzle holes. Air is supplied to

the sparge tube distribution manifold using a Sutorbilt Model 721 rotary lobe

blower capable of 3046 CFMat a maximumblower RPMof 2440. The blower prime

mover consists of an eight-cylinder automotive engine capable of 125 HP at

3600 engine RPM. Figure 7-13 shows a photograph of the inside of the empty

fluid bed as seen through the pulse combustor attachment nozzle. Figure 7-14

shows a view of the sparge distribution manifold with the bed being fluidized

in a partially filled condition. A close-up of the fluidized bed is shown in

Figure 7-15.

7.3.2 PULSEMODULE

The pulse heater module is inserted through a 36-inch nozzle port on one

side of the fluid bed. The tube sheet and pulse combustor is bolted to the

fluid bed by means of a 150# flange. A side view of the inserted pulse module

at the combustor end is shown in Figure 7-]6. The exit plenum of the pulse

heater module is attached to the opposite end of the fluid bed by means of a

flanged expansion bellows shown in Figure 7-17. The expansion bellows is

required to accommodate thermal expansion during hot operation. The travel of

the bellows from cold start to full operating temperature is approximately

2 inches. The bellows are precompressed during installation so that the

stress is relieved during expansion at full temperature. The bellows include

an internal sleeve with a purge port to prevent interference of movement due

to intruding bed particles.

The flue gases exiting Lhe pulse module are vented through a muffled

stack. The stack is supported on a roller assembly to allow free movement

during bellows expansion.
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FIGURE 7-13: FLUID BED INTERNALS
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FIGURE 7-14: SPARGEDISTRIBUTION MANIFOLD SYSTEM
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FIGURE7-15: BEDUNDERFLUIDIZATIONCONDITIONS
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FIGURE 7-16: SIDE VIEW OF FULL-SCALEPULSECOMBUSTOR
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FIGURE 7-17- PULSE MODULE EXPANSION JOINT
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7.3.3 MONITORING INSTRUMENTATION

A primary objective of the hot fluidizationtests was to monitor and

characterizethe combustion and heat transfer performanceof the module

includingmeasurementof temperatureprofiles along the pulse heater tube

bundle. Type K ungrounded thermocoupleswere used to measure temperaturesat

12 separate locations. A schematicof the temperaturemeasurement locations

are shown in Fiqure 7-]8.

The pulse combustor chamber temperaturewas monitored to characterize

combustor performance. Thermocoupleswere placed at several locations to

monitor the fluid bed temperature. A uniform bed temperature is highly

desirable since local variations in bed temperaturecould be indicativeof

insufficientsolids circulationdue to the presence of the tube bundle.

Finally,tube skin thermocoupleswere welded to tube surfaces at several

locations. This included thermocouplepads mounted at different circum-

ferentialorientations (leewardor top and side-mounted). This was done to

monitor the potential for developingtube-skin hot spots due to the existence

of de-fluidizeddead zones.

Also, a Teledyne MAX 5 stack gas analyzer was furnished to monitor

combustion efficiency. Parameters recorded included% 0_, ppm CO, and %

combustibles. A Horiba analyzer was used to measure NOX emissions. Combustor

pulsation performancewas monitored by means of a pressure transducer and

oscilloscopeto characterizepulsation frequencyand intensity.

In the following section, results of hot fluidizationtests on the

prototype pulse heater module are discussed.
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7.3.4 TEST RESULTS

The prototype pulse heater module was operated over a range of firing

conditions to assess its thermal and combustion performance. A summary of

these tests is provided in Table 7-I.

As seen in Table 7-I, test firing rates ranged from 2.8 x I0B Btu/hr up

to 5.1 X I0B Btu/hr. An orifice plate was placed in the flue gas stack to

simulate the back pressure anticipatedfor actual operation with waste heat

recovery equipment. The orifice plate maintained a back pressure of

4.0 inches water column at the lower firing range and about 7.5 incheswater

column at the higher firing range.

The air stoichiometry(excess air) was varied by adjusting air plenum

pressure via a fan damper. Air plenum pressureswere varied from 8 - 12

inches water column.

The test was operated at a nominal bed temperatureof 850°F. This was

the maximum safe long-termoperating temperatureof the hot test vessel. This

temperature is sufficientlyclose to the gasifier design operating temperature

(1150°F) to yield combustion and heat transfer data which can be accurately

projected.

The tubeskin thermocouples,designated I-6, are as depicted in

Figure 7-18. As seen in Table 7-I, tubeskin temperaturesnever exceeded 200°F

above the bed temperature. Since heat fluxes will diminish somewhat at higher

bed temperatures,this maximum temperaturedifference will also be reduced

slightly during actu_! gasifier operation. Note that MTCI's simulationmodels

predict a maximum tubeskin temperatureof about 150°F above the bed tempera-

ture. This should be sufficientto avoid bed agglomeration.

However, it was noted that the tubesheet temperatureexceeded the bed

temperature by over 400°F in some cases. The tubesheetwas insulatedwith

2 inches of refractory, lt is apparent that increasedrefractory thickness

will be required to prevent overheatingnear the tubesheet surface.
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The combustion performance is summarized in Figures 7-19 and /-20. In

Figure 7-19, NOX (at 3% 02) is plotted versus excess air. As seen in the

figure, NOX emissions increase as excess air approaches zero as expected.

This is due to the increasedflame temperatureand thermal NOX production

which results as excess air is reduced. Note that even the highest NOX value

of 31 ppm is considered quite good compared to conventionalburners. Further-

more, NOX values of 20 ppm appear achievable at reasonableexcess air levels

(20-40%). lt should be noted that these tests were performedusing natural

gas fuel. When synthesisgas containing hydrogen is combusted, such as in

actual gasifier operation, significantlylower NOX emissions are expected.

Furthermore,NOX values of 20 ppm appear achievable at reasonable excess

air levels (20-40%). lt should be noted that these tests were performed using

natural gas fuel. When synthesisgas con_,aininghydrogen is combusted, such

as in actual gasifier operation, significantlylower NOX emissions are

expected.

Figure 7-20 shows combustibleemissions as a function of excess air.

Note that the MAX-5 gas analyzer only resolves combustibles in incrementsof

0.1 percent. As seen in the figure, combustiblesreach a minimum of excess

air levels in the range of 20 to 45 percent. As excess air reduces below

10 percent, a significant increase in combustiblesarises due to insufficient

oxygen and reduced mixing intensity. As combustion air exceeds 60 percent,

reduced flame temperatureand combustorresidencetime probably contribute to

the increasedcombustibleemissions.

For the demonstration plant, a design excess air level of 20 percent is

selected. This appears to offer conditions allowing good combustion

performance and low NOX.

Carbon monoxide emissions were recorded from 200 ppm to "off-scale." The -

maximum CO range for the MAX-5 was 1000 ppm. lt should be noted that gas

chromatograph analysis of the flue gas showed zero CO concentration and did

not corroborate the relatively high CO readings by MAX-5. In any case, when

combusting synthesis gas in the pulse heater operating at higher bed

temperatures, CO emissions are not expected to pose a problem.
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A long-term steady-state test was conducted to confirm the thermal

balance for the pulse heater at a defined operating conditions and to compare

these results with computer simulation model predictions.

The pulse heater was fired at approximately 4.65 x 106 Btu/hr. The

combustor was operated at 10 percent excess air and the fluid bed was main-

tained at 875°F. The fluid bed temperature was controlled by injecting water.

The bed heat load includes the heat to vaporize the injected water and the

sensible heat required to heat the fluidization air and the water vapor to the

bed temperaturE_.

The flue gas exit temperature was recorded as 1498°F. Based ont his exit

temn'rature, a calculated heat release to the bed of 2,613,000 Rtu/hr was

calculated. A heat balance for the test is shown in Table /-2. As seen in

the table, the heat load for heating the fluidization air and vaporizing the

injected water (2,696,305 Btu/hr) closely matches the calculated absorbed duty

(2,613,085 Btu/hr). The calculated heater thermal efficiency is 56.2 percent

(HHV basis).

TABLE 7-2: HOT FLUI"DI"ZATZON TEST HEAT BALANCE

CONDITIONS:

FUEL FIRED: 4,650,000 Btu/hr
EXCESSAIR: 10%
FLUE TEMPERATURE: 1498
ABSORBEDDUTY: 2,613,085 Btu/hr

HEAT LOAD:

FLUIDIZATION AIR: 807,681
VAPORIZEDWATER: 1,888,624

• TOTAL 2,696,305 Btu/hr

MTCI's pulse heater computer simulation model was run to compare

predictions of heater efficiency with those calculated from experimental data.

The model predicted a pulse heater efficiency of approximately 60 percent,

which is reasonably close to the measured value of 56.2 percent. These tests
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confirm the validity of the simulationmodel for design and performance

predictionsof the pulse heater.

7.4 CONTROLSYSTEMSDEVELOPMENT

Bench-scaletestingwas performedusing primarily manual control

instrumentation. Manual control is essentialduring early stages of develop-

ment since system response parameters are either unknown or ill-defined.

However, manual control of the gasificationplant requires the special

attentionof highly trained operatorswho are well-versed with the necessary

control actions for each condition.

The MTCI indirect gasificationplant represents a new technology for the

commercial mill industry. While modern mills employ staff skilled in the

operation of conventionalrecovery systems, they will be faced with a host of

new operating and control protocol for the gasificationplant. Therefore, to

enhance acceptance of the gasificationtechnology and to reduce the burden on

mill operators, it was determined that the modular gasificationplant will be

furnishedwith a highly automated control system. The following section

highlights some of the control systems developmentwork undertaken toward this

objective.

7.4.1 COMBUSTOR CONTROL AND SUPERVISION

While supervisionand control of combustor systemsdoes not itself

constitute a new art, specialconsiderationmust be given to the control of

pulsating combustors. Therefore, in order to establish the reliable operation

of a pulsatingcombustor in a manner compatiblewith the commercial environ-

ment, a burner supervisionsystem was designed, fabricated and tested using

the prototype combustor described in the prior sections.
I

The burner supervision system was housed in a weatherproofcontrol panel

as shown in Figure 7-21. The system was designed for maximum flexibilityand

included manually adjustable timer elements to allow variation in the time

constants for the interlock permissives.
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FIGURE 7-21: PULSE COMBUSTORBURNER CONTROL SYSTEM
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The supervisor control system incorporates the following logic

capability:

• An air plenum pressure switch is monitored to verify operation of
combustor fan. A minimum purge time is required before light-off
sequence can be initiated.

• During initial light-off, a spark ignitor is energized along with the
pilot air and fuel solenoid valves. .

• An ultra-violet flame sensor verifies presence of pilot flame. If
pilot flame is not verified after a predetermined time, the spark
ignitor and pilot fuel and air solenoid valves are de-energized.

• If the pilot flame is proven, the main gas solenoid valve is ener-
gized. The pilot is then de-energized after a defined time delay.
Flame failure actuates an immediate de-energization of the main fuel
valve.

• A pulsation intensity sensor is incorporated as a secondary
permissive. Loss of pulsation, constituting failure of the pulse
module, also act _ates a shut-down response.

Initial testing of the combustor supervision system revealed that the

forced draft fan deflected the pilot flame out of the viewing range of the UV-

flame sensor, thereby preventing proper light-off. This was overcome by

modifying the respective orientations of the pilot flame and UV sensor. Final

system adjustments are underway to ensure reliable and repeatable light-offs.

Also, testing of the pulsation detection circuit is being initiated.

7.4. Z TEMPERATURECONTROL

Automatic control of the gasifier operating temperature can be

accomplished through adjustment of the pulse combustor firing rate or the

black liquor feed rate. Adjustments in the combustor firing rate are

reflected by a changing heat load to the gasifier. Conversely, adjustments in

the black liquor feed rate are reflected by a changing cooling load to the

gasifier. The gasifier temperature stabilizes when the heat load equals the

cooling load at the specified condition.
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Initial bench-scale testing relied on close operator supervision of the

combustor firing rate and black liquor feed rate to maintain the desired

operating temperature. However, to reduce the need for operator intervention,

an automatic control logic is required.

For this reason, the black liquor feed pump was outfitted with an

electric actuator supervised by an Omegatemperature controller. Direct
Q

control of the cooling load was selected for several reasons. First, the

commercial gasifier is anticipated to employ several independent pulse

combustor modules. Therefore, if control was dependent on adjustment of the

firing rate, then each pulse combustor fuel train must be integrated with a

master controller. This would increase system complexity and reduce the

flexibility to independently determine the combustor module firing pattern.

Second, since the pulse combustor represents a new technology, supervised

control of the combustor operating range is considered to be more essential

than that of the liquor feed pump. Thus, by manual setting of the combustor

firing range, only a single control loop is needed for automatic adjustment of

the liquor feed pump output.

Tests on the bench-scale gasifier have indicated that stable operation

can be achieved by suitable PID control of the cooling load via adjustment of

the liquor pump output. However, it was noted that careful selection of the

controller parameters is needed to prevent excessive cycling of the feed pump

output during the "settling" period. These large variations can be detri-

mental to the maintenance of proper fluidization characteristics and can

negatively impact the stable operation of downstream control elements.

7.4.3 AUTOMATED START-UP

Strict control of bed parameters during start-up is essential to avoid

potential operating difficulties including bed agglomeration, excessive

elutriation, etc. In order to prevent mishaps during start-up through
G

operator error, it was determined that the start-up control sequence should be
fully automated.
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The anticipated start-up control logic is highlightedhere"

• If gasifier temperature is less than 400°F, then the start-upwill be
initiated by fluidizationwith preheated air.

• When gasifier temperatureis greater than 400°F but less than IO00°F,
then the preheated fluidizationair will be replaced with steam,
followed by automatic ignition of pulse heaters. The steam flow rate
will be metered in a manner conformingto a control schedule based on
gasifier temperature. As the gasifier temperature increases,the
steam flow rate will be reducedto m_in.taina constant fluidization
velocity of 1.5 ft/sec at all times.

• When gasifier temperatureexceeds IO00°F,the black liquor feed pump
will be actuated; its output being dictated by a PID temperature
controller.

An assessment is being made to determinethe feasibilityof testing

start-up control logic using the bench-scalegasifier.



SECTION 8.0

ENGINEERING DESIGN OF FIELD TEST UNIT

8.I INTRODUCTION

The following paragraphs summarize the current status of the Engineering8

Design for the Black Liquor Gasltlcation Field Test Unit. The engineering

design has been consolidated into a single Bid Package separated into three

volumes" 1) Commercial, 2) Technical, and 3) Plans and Drawings. The purpose

of the Bid Package is to form the Commercial and Technical basis for quotation

on a turnkey Black Liquor Gasification Field Test Pilot Plant to be located at

a Host Paper Mill. The Bid Package covers specifications and requirements for

detailed engineering, procurement, Fabrication, assembly, transportation,

Field erection, precommissioning and permitting as pertaining to the recovery

plant. A summary of key elements of the Engineering Design is provided here.

8.2 MATERIAL BALANCES

Computer simulations of material and energy balances have been prepared

for black liquor solid feedstocks. The field test unit is being designed to

handle two extreme operating conditions, as Follows"

• I ton/hr Black Liquor Solids at 33% solids by weight, and

• 2 ton/hr Black Liquor Solids at 65% solids by weight.

A summary of material balances for each case is given in Tables 8-I

and 8-____22.The black liquor solids feedstock analysis For the material balance

contains by dry weight percent (C=38.3%, H=4.1%, 0=32.6%, N=1.0%, S=4.4%,

Na=19.1%, CI=0.5%).
f

At the 65 percent solids level, the products from gasification of black

liquor solids include chemical recovery of pulping chemicals in the form of

green liquor (11323 Ib/hr), a clean medium Btu fuel gas (293 Btu/SCF) rich in

hydrogen, export steam from waste heat recovery (1134 Ib/hr), and insoluble

carbon filter dregs (53.5 ID/hr).
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TABLE 8-1- MATERIAL BALANCEI
LIQUOR SOLIDSI

I 2 3 4 5 6
SUPERHEATED

- BLACK LIQUOR STEAM &/or GAS PROOUCT GAS PRODUCT SALTS PRODUCT GAS PRODUCT GAS :

COMPONENT FEEDSTOCK :,, RECYCLE TO E-3 TO V-3 TO X-I TO C-I PI

[b/Hr .... >

02 0.00 0.00 0.00 0.00 0.00 0.00

N2 0.00 0.00 0.00 0.00 0.00 0.00

CH4 0.00 0.00 54.12 0.00 54.12 54.12

C2H6 0.00 0.00 5,41 0.00 5.41 5.41

C2H4 0.00 0.00 9.47 0.00 9.47 9.47

C3H8 0.00 0.00 3.97 0.00 3.97 3.97

C3H6 0.00 0.00 5.68 0.00 5.68 5.68

C4 0.00 0.00 5.23 0.00 5.23 5.23

C5 0.00 0.00 4.87 0.00 4.87 4.87

C6 0.00 0.00 3.88 0.00 3.88 3.88

H2 0.00 0.00 181.42 0.00 181.42 181.42

H2S 0.00 0.00 92.86 0.00 92.86 92.86

NH3 0.00 0.00 24.71 0.00 24.71 24.71

CO 0.00 0.00 378.85 0.00 378.85 378.85

C02 0.00 0.00 148_.33 0.00 148<3.33 1488.33

H20(V) 0.00 2000.00 4892.49 0.00 4892.49 272.13

H20(L) 0.00 0,00 0.00 0.00 0,00 0.00

CARBON 0.00 0.00 0.00 26.7-3 0.00 0.00

TOTAL SODIUM 0.00 0.00 0.00 381.99 0.00 0.00

TOTAL SULFUR 0_00 0.00 0.00 0.00 0.00 0.00

TOTAL CARBONATE 0.00 0.00 0.00 489.93 0.00 0,00

TOTAL CHLORIDE 0.00 0.00 0.00 10.16 0.00 0.00

BLACK LIQUOR 6060.61 0.00 0.00 0.00 0.00 0.00

TOTAL (lb/Hr) 6060.61 2000.00 7151,30 908.81 7151.30 2530.94

TEMPERATURE (F) 200.00 800.00 1150,00 1150.00 500.00 125.00

PRFSSURE (PSIG) 30.00 30.00 i0.00 10.00 8.00 6.00

HHV (MMBTU/Hr) 13.00 0.00 15.75 0.38 15.75 15.T5

ENTHALPY (MMBTU/Hr) 13.52 2.79 24.75 0.65 21.61 16.07



SUMMARY FOR 1 TONIHR BLACK
AT 33_ SOLIDS BY WEIGHT

7 8 9 10 11 12 13 14

_EL GAS

×PORT FUEL GAS COMBUSTION AIR FLUE GAS FLUE GAS FLUE GAS MAKE-UP WATER SCRUBBER WATER

OOUCT TO H-I TO H-I TO E-I TO E-2 TO STACK TO V-3 ",0V-3

0.00 0.00 2410.01 401.67 401.67 401,67 0.00 0.00

0.00 0.00 7935.78 7935.78 7935.78 7935.78 0.00 0.00

0.00 54.12 0.00 0.00 0.00 0.00 0.00 0.00

0.00 5.41 0.00 0.00 0.00 0.00 0.00 0,00
0.00 9.47 0.00 0.00 0.00 0.00 0.00 0.00

0.00 3.97 0.00 0.00 0.00 0.00 0.00 0.00

0.00 5.68 0.00 0.00 0.00 0.00 0.00 0 O0

0.00 5.23 0.00 0.00 0.00 0.00 0.00 0.00

0.00 4.87 0.00 0.00 0.00 0.00 0.00 0.00

0.00 3.8.8 0.00 0.00 0.00 0.00 0.00 0.00

0.00 181.42 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 378.85 0.00 0.00 0.00 0.00 0.00 0.00

0.00 14S&.33 0.00 2347.92 2347.92 2347.92 0.00 0.00

0,00 178.39 0.00 1978.43 1978.43 1978.43 0.00 0.00

0.00 0,00 0.00 0.00 0.00 0.00 99.10 4719,46

0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00
0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 2319.63 10345.79 12663.80 12663.80 12663.80 99.10 4719.46

110.00 110.00 77.00 1350.00 1229.66 300.00 77.00 119.10

5.00 5.00 0.40 0.20 0.10 0.00 40.00 40.00

0.00 14.85 0.00 0.00 0.00 0.00 0.00 0.00

0.00 15.05 0.00 6.87 6.39 2.86 0.00 0.20



TABLE 8-1- MATERIAL B/
LIOUOR

15 16 17 18 19 208

ALK. SOLUTION GREEN LIQUOR BOILER FEED BFW BFW

COMPONENT TO C-I FILTER DREGS PROOUCT WATER TO E-2 TO E-3

Ib/Hr ....>

02 O.O0 O.O0 O.O0 O.O0 O.O0 O.OI

N2 0.00 0.00 0.00 0.00 0.00 O.OJ

CH4 0.00 0.00 0.00 0.00 0.00 O.OJ

C2H6 0.00 0.00 0.00 0.00 0.00 O.OI

C2H4 0.00 0.00 0.00 0.00 0.00 0.01

C3H8 0.00 0.00 0.00 0.00 0.00 O.Of

C3H6 0.00 0.00 0.00 0.00 0.00 O.OJ

C4 0.00 0.00 0.00 0.00 0.00 0.0

C5 0.00 0.00 0.00 0.00 0.00 0.0

C6 0.00 0.00 0.00 0.00 0.00 O.O

H2 0.00 0.00 0.00 0.00 0.00 O.C

H2S 0.00 0.00 0.00 0.00 0.00 O.C

NH3 0.00 0.00 24.71 0.00 0.00 O.C

CO 0.00 0.00 0.00 0.00 0.00 O.C

C02 O, O0 O. O0 O. O0 O. O0 O. O0 O. C

H20(V) 0.00 0,00 0.00 0.00 0,00 O,C

H20(L) 4719.46 0.00 4813.20 5780.73 3061.39 2719 "

CARBON 0.00 26.73 0.00 0.00 0.00 O.C

TOTAL SO0 IUM 381.99 0.00 381.99 0.00 0.00 O.C

TOTAL SULFUR 0.00 0.00 87.38 0.00 0.00 0.(

TOTAL CARBONATE 489.93 0.00 489.93 0.00 0.00 0.[

TOTAL CHLORIDE 10.16 0.00 10.16 0.00 0.00 O.C

BLACK LIQUOR 0.00 0.00 0.00 0.00 0.00 0.(

TOTAL (lb/Hr) 5601.54 26.73 5807.37 5780.73 3061.39 2719 ;

TEMPERATURE (F) 100. O0 100. O0 120. O0 77. O0 77. O0 77. (

PRESSURE (PSIG) 20.00 0 O0 5 O0 60 O0 60 O0 60.[

HHV (MMBTU/Hr) 0.00 0.38 O,24 O.O0 O.O0 O.C

ENTHALPY (MMBTU/Hr) 0.12 0.38 0.46 0.00 0.00 O.
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,LANCESUMMARY FOR 1 TONIHR BLACK
;OLIDSAT SOLIDS BY WEIGHT

(CONTINUED)

21 22 23 24 25 26 27 28

PRODUCT (#6) PROOUCT

PROCESS STEAM EXPORT DISS. TANK DISS. TANK SCRUBBERWTR SCRUBBER WTR Recycle Gas Recycle Gas

TO E-I STEAM WTR TO E-4 WTR TO V-5A/B TO E-5 TO X-I to Blower B-I B-I to E-I

3 0.00 0.00 0.00 0.00 0.00 0.00 0o00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00

O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 87.93 8T.93 0.00 0,00 0.00 0.00

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

i

0 2000.00 3780.73 0.00 0.00 0.00 0.00 0.00 0.00

4 0.00 0.00 17130.S9 17130.89 267736.18 267736.18 0.00 0.00

0 0.00 0.00 95.14 95.14 0.00 0.00 0.00 0.00

0 0.00 0.00 1359.56 1359.56 0.00 0.00 0.00 0.00

0 0.00 0,00 311.01 311.01 0.00 0.00 0.00 0.00

0 0.00 0.00 1743.74 1743.74 0.00 0.00 0.00 0.00

0 0.00 0.00 36.16 36.16 0.00 0.00 0.00 0.00

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4 2000.00 3780.73 20764.44 20764.44 267736.18 267736.18 0.00 0.00

0 300.00 300.00 120.00 100.00 I_0.00 100.00 125.00 125.00

0 55.00 55.00 60.00 55.00 50.00 45.00 6.00 30.00

0 0.00 0.00 2.19 2.19 0.00 0.00 0.00 0.00

0 2.30 4.36 2.98 2.61 11.50 6.15 0,00 0.00



TABLE 8-2" MATERIAL BALANCE
LIOUOR SOLIDS

I 2 3 4 5 6

SUPERHEATED Ft

BLACK LIQUOR STEAM &/or GAS PRODUCT GAS PROOUCT SALTS PRODUCT GAS PROOUCT GAS

COMPONENT FEEDSTOCK RECYCLE TO E-3 TO V-3 TO X-I TO C-I PI

Ib/Hr .... >

02 0.00 0.00 0.00 0.00 0.00 0.00

N2 0.00 0.00 0.00 0.00 0.00 0.00

CH4 0.00 0.00 108.24 0.00 108.24 108.24

C2H6 0.00 0.00 10.82 0.00 10,82 10.82

C2H4 0.00 0.00 18.94 0.00 18.94 18.94

C3H8 0.00 0.00 7.94 0.00 7.94 7.94

C3H6 0.00 0.00 11.37 0.00 11.37 11.37

C4 0.00 0.00 10.46 0.00 10.46 10.46

C5 0.00 0.00 9.74 0.00 9.74 9.74

C6 0.00 0.00 7.76 0.00 7.76 7.76

H2 0.00 0.00 362.85 0.00 362.85 362.85

H2S 0.00 0.00 185.72 0.00 185.72 185.72

_H3 0.00 0.00 49.41 0.00 49.41 49.41

CO 0.00 0.00 757.70 0.00 757.70 757.70

C02 0.00 0.00 2976.66 0.00 2976.66 2976.66

H20(V) 0.00 4000.00 3817.62 0.00 3817.62 544.26

H20(L) 0.00 0.00 0.00 0.00 0.00 0.00

CARBON 0.00 0.00 0,00 53.46 0.00 0.00

TOTAL SOO IUM 0.00 0.00 0.00 763.98 0.00 0.00

TOTAL SULFUR 0.00 0.00 0.00 0.00 0.00 0.00

TOTAL CARBONATE 0.00 0.00 0.00 979.87 0.00 0.00

TOTAL CHLORIDE 0.00 0.00 0.00 20.32 0.00 0.00

BLACK LIQUOR 6153.85 0.00 0.00 0.00 0.00 0.00

TOTAL (lb/Hr) 6153.85 4000.00 8335.23 1817.63 8335.23 5061.87

TEMPERATURE (F) 200.00 800.00 1150.00 1150.00 500.00 125.00

PRESSURE (PSIG) 30.00 30.00 10.00 10.00 8.00 6.00

HHV (MMBTU/Hr) 26.00 0.00 31.50 0.75 31.50 31.50

ENTHALPY (MMBTU/Hr) 26.53 5.57 40.11 1.31 36.35 32.14
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_UMMARY FOR 2 TONIHR BLACK
%T 65_ SOLIDS BY WEIGHT

7 8 9 10 11 12 13 14

EL GAS

XPORT FUEL GAS CC)MBUSTIONAIR FLUE GAS FLUE GAS FLUE GAS MAKE-UP WATER SCRUBBER WATER

OOUCT TO H-I TO H-I TO E-I TO E-2 TO STACK TO V-3 TO V-3

0.00 0.00 2736.19 456.03 456.03 456.03 0.00 0.00

0.00 0.00 9009.85 9009.85 9009.85 9009.85 0.00 0.00

46.80 61.45 0.00 0.00 0.00 0.00 0.00 0.00

4.68 6.14 0.00 0.00 0.00 0.00 0.00 0.00

8.19 10.75 0.00 0.00 0.00 0.00 0.00 0.00

3.43 4.51 0.00 0.00 0.00 0.00 0.00 0.00

4.91 6.45 0.00 0.00 0.00 0.00 0.00 0.00

4.52 5.94 0.00 0.00 0,00 0.00 0.00 0.00

4.21 5.53 0.00 0.00 0.00 0.00 0.00 0.00

3.35 4.40 0.00 0,00 0.00 0.00 0.00 0.00

156.87 205.98 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

327.57 430,12 0.00 0.00 0.00 0.00 0.00 0.00

12845.89 1689.77 0.00 2665,70 2(>65.70 2665.70 0.00 0.00

154.25 202.54 0.00 2246.20 2246.20 2246.20 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 6165,56 9438.92

0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,_

0.00 0.00 0.00 0.00 0.00 0.00 0.00 00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.l_O

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00

2005,68 2633.58 11746.04 14377.78 14377.78 14377.78 6165.56 9438.92

!10.00 110.00 77.00 !350.00 1137.16 300.00 77.00 91.91

5.00 5.00 0.40 0.20 0.10 0.00 40.00 40.00

12.84 16,P_,6 0,00 0.00 0.00 0.00 0.00 0.00

!3,01 17.09 0,00 7.80 6.84 3.25 0.0@ 0.14



TABLE8-2: MATERIALBALANCE
LIOUOR SO' ,'PS

(Cot,

15 16 17 18 19 20

ALK. SOLUTION GREEN LIQUOR BOILER FEED BFW BFW PR_

COMPONENT TO C-I FILTER DREGS PRODUCT WATER TO E-2 TO E-3

Ib/Hr ....>

02 0.00 0.00 0.00 0.00 0.00 4.00

N2 0.00 0.00 0.00 0.00 0.00 0.00

CH4 0.00 0.00 0.00 0.00 0.00 0.00

C2H6 0.00 0.00 0.00 0.00 0.00 0.00

C2H4 0.00 0.00 0.00 0.00 0.00 0.00

C3H8 0.00 0.00 0.00 0.00 0.00 0.00

C3H6 0,00 0.00 0.00 0.00 0.00 0.00

C4 0.00 0.00 0.00 0.00 0.00 0.00

C5 0.00 0.00 0.00 0.00 0.00 0.00

C6 0,00 0.00 0.00 0.00 0.00 0.00

H2 0.00 0.00 0.00 0.00 0.00 0.00

H2S 0.00 0.00 0.00 0.00 0.00 0.00

NH3 0.00 0.00 49.41 0.00 0.00 0.00

CO 0.00 0.00 0.00 0.00 0.00 0.00

C02 0.00 0.00 0.00 0.00 0.00 0.00

H20(V) 0.00 0.00 0.00 0.00 0.00 0.00

H20(L) 9438,92 0.00 9626.39 6374.42 3114.36 3260.05

CARBON 0.00 53.46 0.00 0.00 0.00 0.00

TOTAL SOO IUM 763.98 0.00 763.98 0.00 0.00 0.00

TOTAL SULFUR 0.00 0.00 174.77 0.00 0.00 0.00

TOTAL CARBONATE 979.87 0.00 979.87 0.00 0.00 0.00

TOTAL CHLORIDE 20.32 0.00 20.32 0.00 0.00 0.00

BLACK LIQUOR 0.00 0.00 0.00 0.00 0.00 0.00

TOTAL (Ib/Hr) 11203,08 53.46 11614.74 6374.42 3114.36 3260.05

TEMPERATURE (F) 100.00 100.00 120.00 77.00 77.00 77.00

PRESSURE (PSIG) 20.00 0.00 5.00 60.00 60.00 60.00

HHV (MMBTU/HF) 0.00 0.75 0.48 0.00 0.00 0.00

ENTHALPY (MMBTU/Hr) 0.23 0.75 0.92 0.00 0.00 0.00
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SUMMARYFOR 2 TON/HR BLACK
AT SOLIDS BY WEIGHT
TINUED)

21 22 23 24 25 26 27 28

PROOUCT (#6) PRODUCT

:ESS STEAM EXPORT DISS. TANK DISS. TANK SCRUBBERWIR SCRUBBER &tTR Recycle Gas Recycle Gas

TO E-I STEAM WTR TO E-4 WTR TO V-5A/B TO E-5 TO X-I to Blower B-I B-I to E-I

O.O0 O.O0 O,O0 O.O0 O.O0 O.O0 O.O0 O.O0

O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0

O.O0 O.O0 O.O0 O,O0 O.O0 O.O0 O.O0 O.O0

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0

O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0

0 O0 U _• . ,.,,., O.O0 0.00 0.00 0.00 0.00 0 O0

O.O0 O.O0 O,O0 O.O0 O.O0 O.O0 O.O0 O.00

0,.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0 O.O0

0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00

O. O0 O. O0 O. O0 O. O0 O.O0 O. O0 O. O0 O. O0
O. O0 O. O0 O. O0 O. O0 O. O0 0. O0 O. O0 O. O0

0.00 0.00 113.46 113.46 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4000.00 ?374.42 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 22103.09 22103.09 203966.68 203966.68 0.00 0.00

0.00 0.00 122.76 122.76 0.00 0.00 0.00 0.00

0.00 0.00 1754.17 1754.17 0.00 0.00 0.00 0.00

0.00 0.00 401.28 401.28 0.00 0.00 0.00 0.00

O.O0 O.O0 2249.86 2249.86 O.O0 O.O0 O.O0 O.O0

O,O0 0.00 46.65 46.65 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4000.00 2374.42 26791.27 26791.27 203966.68 203966.68 0.00 0.00

300.O0 300.O0 120.O0 100.O0 120.O0 100.O0 125.O0 125.00

55.00 55.00 60.00 55.00 50.00 45.00 6.00 30.00

0.00 0.00 2.83 2.83 0.00 0.00 0.00 0.00

4.61 2.74 3.84 3.37 8.76 4.68 0'.O0 O.00

E
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The product gas enters a venturi jet scrubber (X-l) for high efficiency

removal of particulate matter contained within the gas product. The venturi

jet scrubber additionally cools and condenses steam from the gases. The

circulating scrubber water is collected in a scrubber hold-up tank (V-4). The

scrubber water is circulated through cooler E-5 to reject the latent and

sensible heat of cooling. The prnduct gases exit the hold-up tank and enter a

spray cooler column mounted on the top of the scrubber hold-up tank. to provide

additional direct contact cooling.

The product gases exit the scrubber/cooler loop at approximately 125°F

and erter the base of a counter-current packed column (C-I). Here, the gases

are contacted against an alkaline scrubbing solution to remove hydrogen

sulfide and produce a clean fuel gas product. A portion of the fuel gas

product is utilized internally for combustion in the pulse heaters H-I (A-D}.
-,

The balance of the fuel gas is available for export to the end-user. Any

portion of the fuel gas product which is not utilized is sent to an

incinerator/

flare (H-3).

Upon gasification of the black liquor, a solid sodium carbonate product

is formed. A portion of this product is recovered in cyclone V-2 and dis-

charged to dissolving tank V-3. A second portion of the solid product i_

recovered from an overflow port located on the reactor (R-I). This overflow

port also discharges to the dissolving tank.

Steam condensed in the scrubber loop is discharged from V-4 to dissolving

tank V-3 by means of an overflow port. Additional water for dissolution of

product solids is provided from battery limits to V-3.

D

The sensible and dissolution heat of the selid products are __moved using

cooler E-4 by means of circulation from V-3 using pump P-2. A portion of the
_..

alkaline solution formed by dissolving the product solids is withdrawn to a

pressure filter. Here, unconverted carbon and other insolubles are removed.

The purified alkaline solution is delivered to the top of the counter-current

packed column C-I where hydrogen sulfide is re-adsorbed in solution to form

green !iquor product=
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As previously mentioned, heat for the gasifier is supplied by four pulse

heater modules. Clean fuel gases from C-I are combusted in H-I (A-D) and

enter a pulsating fire-tube bundle that releases heat to the fluid bed. Flue

gases exit the combustor tube bundle at 1350°F where they are directed to a

steam superheater (E-I). The flue gases then enter waste heat boiler E-2 for

final heat recovery.

t

A portion of the steam generated in process gas boiler E-'3and flue gas

waste heat boiler E-2 is delivered to superheaterE-I where it is preheated to

800°F prior to entering the fluid bed gasifier reactor R-I. Any additional

steam is exported to the end-user or vented.

During the start-up, blower B-I supplies air to superheaterE-I in place

of steam. An auxiliary burner (H-2) is provided to supply hot combustion

products to the flue gas side of E-I in order to raise the air temperatureto

approximately600°F. This preheatedair serves to heat the gasifier bed to

approximately4000F. Once the bed temperature is well above the steam

saturationtemperature,the blower may be turned off and steam can be utilized

to fluidize the bed. Once the bed is fluidized,the pulse heaters can be

activated.

8.4 EOUIPHENT LIST

The major equipment items for the gasificationfacility are listed below:

Reactors

R-I Gasifier

Vessels

• V-I RecirculationCyclone (hot section)
V-2 Recovery Cyclone (hot section)
V-3 Dissolving Tank

. V-4 Scrubber Tank
V-5 A/B Green Liquor Filters
V-6 Black Liquor Tank
V-7 Flare Accumuiator Drum
V-8 Bed Media Storage Bin (hot section)
V-9 Bed Media Day Tank (hot section)
V-lO Dregs Tank
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Heat Exchangers

E-I Steam Superheater
E-2 Flue Gas Waste Heat Boiler
E-3 Process Gas Boiler
E-4 DissolvingTank Cooler
E-5 Scrubber Cooler

Columns

C-I Green Liquor Recovery Column

Pumps

P-I Black Liquor Feed Pump
P-2 Dissolving Tank Pump
P-3 Scrubber Pump
P-4 Caustic Metering Pump
P-5 Recovery Column Pump
P-6 Green Liquor Pump
P-7 Dregs Pump

Fans/Blowers

F-I Combustion Air Blower
B-I Start-Up Blower

Heaters/Burners

H-I (A-D) Pulse Heater Modules (hot section)
H-2 Start-Up Burner
H-3 Flare

Miscellaneous

X-I Venturi Scrubber

X-2 Ash Discharge Screw (hot section)
X-3 DissolvingTank Agitator
X-5 Rotary Lock Hopper (hot section)
X-7 Storage Conveyor (hot section)
X-8 Transfer Conveyor (hot section)
X-9 Bucket Elevator (hot section
X-lO Flow Diverter (hot section
X-11 Dregs Tank Agitator. °
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8.5 GASIFIER DESIGN

The Gasifier Hot Section consists of the gasifier (R-I), two cyclones,

storage and transfer conveyors,bucket elevator,rotary lock hopper, flow

diverter, and ash discharge screw. These items combine to provide solids

handling, process reactor, and gas/solids separation.

The bucket elevator, rotary, lock hopper, conveyor, flow diverter, and

ash discharge screw exist for two purposes" I) to fill the gasifier (R-I)

with soda ash, and 2) to drain the reactor of all solids.

The gasifier design is critical to the operation of the process. The

success of the process depends upon its ability to operate well below the

eutectic melting point of an ash/sodium carbonatemixture and the ability to

maintain uniform bed temperatureswithout local hot spots. Heat is supplied

indirectlyto the fluidized bed by four pulse combustor fire-tube modules

stacked two high. The reactor is designed with side walls having a modest

radius of curvature to improvepressure capability. The side walls are

supported by means of buckstays. The reactor is lined with refractory and the

side walls come in close approach to the tube bundle. The bed is composed

primarily of soda ash and is fluidizedvia spargersby either superheated

steam, recycled gas, or both. Black liquor is introduced to the bed above the

spargers by a series of ports encircling the vessel. The bed height at full

fluidization is maintained mechanicallyby means of an overflow pipe which

serves the additional function of defining the freeboard. Entrained solids

that escape the gasifier enter cyclone V-I which collects the coarse particles

and returns them to the reactor by means of a _luidizeddip leg. Any fines

leaving cyclone V-I are captured by cyclone V-2 and removed from the hot

section to th_ dissolving tank. Solids accumulatedduring the process are

" also removed to the dissolving tank via the overflow line.

- 8.6 P&ID

See attached Piping and InstrumentationDiagrams (5 drawings).
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Drawinq List

BIO0 - Summary of Standard Symbols
I0042-P-001SH I, Rev. C - Tower #I Reactor R-I
I0042-P-001SH 2, Rev. C - Tower #2 Chemical and Waste Heat Recovery
I0042-P-001SH 3, Rev. C - Tower #3 Superheaterand Waste Heat Recovery
I0042-P-001SH 4, Rev. C - Tower #4 Off Skid & Bed Media Storage

8.7 LOGIC FLOW DIAGRAM

8.7.1 GASIFIER START-UP LOGIC (Drawing #I0042-L-001,Rev. D)

The gasifier process must meet 16 tests of process status correctly

before start-up may proceed. These process conditions are further divided

into two groups of eight each. The First group includes those process

conditions required for start-up,but which will n_t shut down the pilot plant

once start-up is complete. The second group of "critical"conditions monitors

fluidization,bed temperatures,pressures, and levels which must be met at all

times or a plant shut down will occur. When both group conditions are

correct, the "Ready to Start" light will indicate. Initiationof start-up

with the "Start-Process"push button initiatesthe logic checking and action

sequencesthat:

• Start the pumps and mixer for the scrubber and dissolving tanks.

• Fluidize the gasifier bed with air or steam depending upon the
gasifier (R-I) temperatures.

i Initiate burner start-up sequences for H-I (A-D) and H-2.

• Starts the black liquor feed pump at the appropriate temperature.

The pumps and mixer for the scrubber and dissolving tank receive the

start signal automatically via the process start push button or manually from

another push button. Similarly, they may be shut off.

The gasifier bed is fluidized with either air or steam, depending upon

the existing gasifier temperature and the set point. If the gasifier

temperature is below the temperature switch setting of 400°F, then the start-

up blower B-I is started and logic for the start-up burner H-2 begun. If the

temperature of the bed is above 400°F, then the start-up blower B-I is shut

8-12 ERDJ-42A.08
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off and the fluidizing steam valve is opened. Confirmation that the main

steam is on will be indicated with a panel light. The main steam valve can be

operated manually as weil.

If the main steam is on, then the logic sequences for firing the pulse

combustor modules H-lA through H-ID are begun. If the main steam is on, the

bed temperature is at least ]000°F and the gasifier bed is fl_lidized as

measured by differential pressure and differential temperature (heat flux

probe), then the black liquor feed pump P-I will start.

8.7.2 H-1 (A-D) BURNER START-UP LOGIC (Drawing #I0042-L-002, Rev. D)

When the gasifier start-up sequence signals to start the pulse combustor

burners, the air damper is closed, the comt)ustion air fan is turned on and the

combustion air plenum pressure to start-up burner H-2 is checked. This

initiates a one minute timed purge cycle during which the "purging" light

comes on. The "purge complete" light comes on after one minute. The fuel gas

supply pressure is checked, then the ignitor is turned on. The main fuel

valve remains closed until the pilot is verified. After flame has been

detected for one minute and t:he main fuel is on, the pilot gas valves are shut

off. Flame failure shuts down the I)ur_ler requiring a manual reset for a

repeated start -up.

8.7.3 H,2. _STA_RT-___LIp_Bu_RNER(Drawing ;10042--L-002, Rev. D)

A start signal from either autom,ltic or I;_anu_l push button first starts

the burner start-up fan F-2. When combustion air pressure is sufficient, the

purge cycle begins. When the purge cycle is completed (one minute), the

ignitor is powered and the pilot gas valves opened. When flame is on, the

main _uel gas valves are opened. If Flame is lost, the unit shuts down.
b

8.7.4 CONTROL OF H2S EMISSIONS ([)rawing_I0042-L_003, Rev. D)

If the tt_,S anaIilzet swit(.:tl iu t_il)pod, tili,rl the caustic metering; pump is

turr/_'d., or1 to adu-' {:au,t:i(__ t(> (oi_,Ir_L. ]. If th(_ it;,S levels are below the

swit(..h ';ettLing, tt_;rl the rl!_Pt,ir't i[l_] [)[iIli[> t') {.(lltl[llrl [-]. iS off.



8.7.5 FILTER V-SA/B CONTROL LOGIC (Drawing #10042-L-003, Rev. D)

Two parallel filters (V-5A/B) are operated based on a predetermined logic

cycle. When one filter is on-line, the other is isolated by means of three-

way valves located at the entrance and exit. When the filter pressure exceeds

a set pressure, indicating saturation of the filter elements, then the on-line

filter is automatically isolated and drained while the opposing filter is

i brought on-line. The isolated filter is spray sluiced to discharge the

accumulated filter cake. Tbp filter remains isolated until the opposing

filter becomes saturated.
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