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ABSTRACT

Research has been conducted under United States Department of Energy Contract (USDOE)
DE-AC21-86MC21023 to develop a new type of coal-fired plant for eectric power generation.
This new type of plant, caled a Second Generation Pressurized FHuidized Bed Combustion Plant
(2" Gen PFB), offers the promise of efficiencies greater than 48%, with both emissions and a
cosd of dectricity that ae dgnificantly lower than those of conventiona pulverized cod-fired
(PC) plants with wet flue gas desulfurization/scrubbers.

The 2" Gen PFB plant incorporates the partid gasification of cod in a carbonizer, the
combustion of carbonizer char in a pressurized circulaing fluidized (PCFB) bed boiler, and the
combugtion of cabonizer syngas in a topping combustor to achieve gas turbine inlet

temperatures of 2700°F and higher.

Under the USDOE Clean Cod V Demondration Plant Program, anomina 260 MWe plant
demonstrating 2" Gen PFB technology has been proposed for construction at the Mclntosh
Power Plant of the City of Lakeland, FHorida. 1n the September-December 1997 time period,
four test runs were conducted in Foster Whedler’ s 12-inch diameter carbonizer pilot plant in
Livingston New Jersey to ascertain carbonizer performance characteristics with the Kentucky No
9 cod and Florida limestone proposed for use in the Lakeland plant. The tests were of a short-
term nature exploring carbonizer carbon conversions, sulfur capture efficiencies and syngas

akdi levels. The tests were successful; observed carbonizer performance was in agreement with
predictions and no operating problems, attributed to the planned feedstocks, were encountered.
Theresults of the four test runs are reported herein.
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Executive Summary

The Kentucky No 9 coa and Florida limestone proposed for use in the Lakeland Clean Cod V
Second Generation Pressurized Fluidized Bed (2" Gen PFB) Demonstration Plant were tested in
Foster Wheder’s carbonizer pilot plant in the September-December 1997 time period. Four
relatively short-term test runs were conducted and the feedstocks caused no operating problems
in the carbonizer or its ceramic candlefilter. In thefirst two runs afine limestone feed sze (d50

» 150 micron) was used, whereas in the second two runs a coarser minus 1/8 in. feed was
employed. Since the carbonizer was operated on a once-through basis (no recycle of eutriated
fines back to the bed), most of the fine sorbent dutriated and left behind a predominantly char
bed. With less sorbent in the bed, the fine feed sulfur capture efficiency was less that that of the
coarse feed (about 932 versus 95%); and the coarse feed size 1/8” x 300 micron is recommended
for the Lakeland demondtration plant carbonizer.

Agglomeration was experienced in the carbonizer during the tests and an examination of
operating data traced the cause to inadequate fluidization around the feed pipe. By raising the
velocity to 2 ft/sec in the drain annulus that surrounds the feed pipe, agglomeration was
diminated.

The carbon conversions and gas yields observed in the tests were in accordance with the
performance predicted by Foster Whedler's proprietary carbonizer computer model. A portion of
the cod nitrogen that is released in the carbonizer is converted to ammonia. Previous testing has
shown this conversion to be a function of the feedstocks and operating conditions. Ammonia
conversion with the Lakeland coal and limestone ranged from 6.7 to 22.5% of the cod nitrogen
released in the carbonizer.

Tests were aso conducted to determine what increases in sulfur capture efficiency could be
achieved by injecting zinc oxide (ZnO), a sulfur capturing/polishing agent, into the carbonizer
syngas upstream of the candlefilter. The ZnO wasinjected asa5 to 15% by weight water durry
into the gas stream at the top of the carbonizer while the unit operated with the Lakeland 1.4%
sulfur coa and Florida limestone. The tests showed that large amounts of water injection can
cause sulfur, aready captured as cacium sulfide, to be released to the syngas from entrained
particulate matter and the candle filter ash cake. By using the 15% by weight durry it was
possible to increase the carbonizer sulfur capture efficiency from 93.7% to over 98%. Although
this was achieved a a Zn to syngas sulfur molar feed ratio of 6.5, lower feed ratios would be
required if the injection were done with more dense durries or by using adry injection system.

Gas turbine limits on vapor phase dkdi leves are in the parts per billion range; because their
levels are low and gas temperatures and pressures are high, measurement of akai vapor levelsis
difficult to make. Using an extractive probe that was designed and supplied by the
Westinghouse Science and Technology Center (WSTC) together with their laboratory
handling/analyses procedures, akali measurements were conducted by Foster Whedler in the
Livingston carbonizer pilot plant. The measurements were made downstream of the ceramic
candle filter with the carbonizer operating at proposed Lakeland conditions. The vapor phase
akali levels measured with the WSTC probe decreased, as expected, with decreasing gas



temperature. Even though the dkali levels were very low, the temperature trend exhibited
minima scatter and the data indicates carbonizer syngas dkdi levels should be less than 20
ppbw at 1200°F, a vaue that should be acceptable to agas turbine. The ceramic candlefilter
operated at about 1300E F. During the first two runs, the filter operated without a pre-ceaning
cyclone and, to accommodeate the higher solids loading, a 1.9 ft/min candle face velocity was
used (22 candleswere ingtaled in the filter). In the second run, a pre-cleaning cyclone was
indaled, and the face vel ocity was increased to about 4 ft/min by reducing the number of
candlesto 10. Indl four runsthefilter performed successfully showing no sgns of blinding,
bridging, or ash hopper agglomeration.

Although the carbonizer tests were of areativey short duration, the feedstocks planned for the
Lakeland plant caused no operating problems and their carbon conversions, syngas yields and
heating vaues, and sulfur capture efficiencies agreed with the performance predicted by Foster
Whedler’'s proprietary carbonizer computer mode!.



1.0 I ntroduction

Under the U.S. Department of Energy Clean Cod VV Demondtration Plant Program, a nomina

260 MWe plant demonstrating 2" Gen PFB technology has been proposed for construction at the
MclIntosh Power Plant of the City of Lakdland, Florida. In this new type of plant cod is partidly
gasfied in ajetting/bubbling fluidized bed reactor called the carbonizer. The carbonizer

produces a syngas that fuels a gas turbine and a char residue that fuels a pressurized circulating
fluidized bed (PCFB) boiler which in turn powers a steam turbine. The PCFB boiler operates

with relatively high excess air and the unused oxygen in its flue gas supports the combustion of

the carbonizer syngas in a gas turbine topping combustor. Before these gases reach the topping
combustor they are stripped of entrained particulate by barrier type candle filters.

The carbonizer, PCFB boiler, and candle filters are the new technologies of the 2" Gen PFB
plant and, athough each has been successfully tested at the pilot plant scale, operationsto date
have been limited to afew specific fuels. The cod and limestone sorbent proposed for use in the
Lakeland plant are new untested feedstocks. In the September- December 1997 time period, four
test runs were conducted in Foster Whedler’s 12-inch diameter carbonizer pilot plant carbonizer
in Livingston, New Jersey, with the Kentucky No 9 cod and FHorida limestone proposed for the
Lakeland plant. The tests were of a short-term nature and were conducted to:

1. determineif the feedstocks caused any operating problems in the carbonizer or candlefilter;

2. confirm that the feedstocks performed (carbon conversion, syngas yidds and heating vaues,
sulfur capture efficiency, etc.,) as predicted by Foster Whedler's proprietary carbonizer
computer models.

3. determineif the carbonizer would operate successfully with the fine limestone feed
(d50 » 150 micron) proposed for the Lakeland PCFB boiler (essentidly dl previous
carboni zer testing had been conducted with a 1/8” x 0 feed with d50 » 600 micron).

4. investigate the feashility of injecting zinc oxide (ZnO) into the carbonizer syngas upstream
of the candle filter to increase the carbonizer sulfur capture efficiency over and above that
provided by in-bed limestone injection.

5. messure syngas dkdi vapor levels exiting the candle filter



2.0 Experimental/Pilot Plant Description

The Lakeland tests were conducted in the refractory lined, 12-inch diameter carbonizer/
pyrolyzer and pilot plant shown in Figures 2.1 and 2.2. Codl, limestone, and air entered asa
verticd centrd jet at the base of the unit. The unit typically operated with about a 26-feet deep
bed with syngas exiting from a4-inch ID top radia nozzle. The char-sorbent residue generated
in the process drained from the bottom through a 1-7/8 inch wide annulus that surrounded the
feed pipe. A packed bed cooling section below the annulus cooled the residue with counter-
flowing nitrogen. Thereafter the residue was withdrawn in batches through a 4-inch pipdineto a
lock hopper that was used to depressure the materia. A bed overflow nozzle provided at the top
of the bed was not used during these tests.

The syngas exited from the top of the carbonizer, passed through a WSTC ceramic candlefilter
that essentialy removed dl gas entrained particulate, an orifice plate that depressured the gasto
ambient, a dry quench water spray tower that cooled the syngas to approximately 350EF, a
demigter that removed any gas entrained water droplets, a baghouse filter, and anaturd gasfired
incinerator that burned the syngas and exhausted to the atmosphere. During the first two runs
there was no precleaning cyclone between the carbonizer and the ceramic candle filter, and the
latter operated with 22 candles yidding a syngas candle face velocity of about 1.9 feet per
minute (fpm). In the last two runs a precleaning cyclone was added, and the particulate collected
by the cyclone drained through a nitrogen aerated loop sedl to the surge hopper beneath the filter.
With the particulate |oading to the filter reduced, the number of candles was reduced to 10,
which raised the candle face vel ocity to about 4 feet per minute. Within the filter the entrained
particulate collected on the outside of the ceramic candles and the accumulation, called the filter
cake, was removed/blown off the candles by intermittent pulses of nitrogen back flowing through
the unit.

Blown free of the candles, thefilter cake fell to the bottom and drained to a surge hopper
provided directly below the filter vessdl. Steam cooled tube coils provided in the surge hopper
cooled the draining material. A lock hopper under the surge hopper was used to depressure the
materid and facilitate their pneumatic transport by nitrogen to a second baghouse; the drains
from both baghouses were collected in drums and weighed before removal to storage.

Cod and limestone were pneumatically transported to and injected into the carbonizer as ablend
viaalock hopper feed system. The ar-to-cod feed ratio is the primary determinant of the
carbonizer operating temperature and, sSnce the pilot plant utilizes an orifice plate to depressure
the syngas, their tota flow rate/throughput determines the carbonizer operating pressure.
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3.0 Results and Discussion

31 Feedstocks

A totd of four carbonizer test runs (TR4 through TR7) were performed during the September-
December 1997 time period. Tables 3.1.1 through 3.1.7 and Figures 3.1.1 and 3.1.2 present
typica andyses and particle size digtributions of the feedstocks used in thetests. The limestone
used during the runs came from two different shipments from the same supplier, Horida Crushed
Stone Co. Noting that the second shipment had a sgnificantly higher silica content than the firs,
atypica analyss has been presented for each shipment. With regard to the Kentucky No 9 codl,
it had a 1.4% sulfur content and, depending upon the sample andyzed, the Free Swelling Index
varied from alow of 2.0to ahigh of 4.5.



Table3.1.1 Typicd Cod Anayssfor Test Runs TR4 through TR7

FOSTER WHEELER DEVELOPMENT CORPORATION
FUEL ANALYSIS

Sampie Description: Coal,HIPPS/LAKELAND, TRO04, CFO7

Charge No. : 941190406

| Date: 102897

| Lab. Ref. No.: 971516

Air Dry Loss (%) 0.00 Equilibrium Moisture (%)
As
Received Dry
Proximate Analysis, wt% Reactivity index (°C)
Fixed Carbon 55.41 56.08 | Activation Energy (cal/g-mol)
Volatile Matter 31.38| 31.76 | Hardgrove index
Ash 12.02 12.16 | Free Swelling Index 2.5
Moisture 119| - | Specific Gravity
Total 100.00 ] 100.00 § Viscosity
Ultimate Analysis, wt% Ash Fusion Temperature, °F
Carbon 74.68 75.58 Red. Oxid.
Hydrogen 4.65 4.70 | Initial Deform. 2602 2610
Oxygen 4.58 4.64 | Soft. Temp. Sph. 2672 2747
Nitrogen 1.45 1.47 ] Sofit. Temp. Hem. 2721 2781
Sulfur 1.43 1.45 | Fluid Temp. 2792 2810+
Ash 12.02 12.16
Moisture 1.19
Total 100.00| 100.00
Bulk Density (gr/mi) 0.88
HHV, Btwlb 0. 0. Carbonate Carbon
Sulfate S 0.00 0.00 | Organic Carbon
Pyritic S 56 57| Total Carbon B
Organic S 87 .88 | Chloride 0.19
Dulong's = 13607 Btu/lb
Remarks:
Analyst: Approved: \opmm P LA




Table3.1.2 Typicd Cod Ash Anayssfor Test Runs TR4 through TR7

FOSTER WHEELER DEVELOPMENT CORPORATION
ASH/DEPOSIT ANALYSIS

Sampile Description: Coal,HIPPS/LAKELAND, TR04, CF07

Charge No. : 941190406 Date: 12-19-1997 Lab. Ref.No.: 971516
Analyte ‘As Element | Factor | As Oxide Analyt. Method
Silicon | 'si ' 2.140 ' Silicon Dioxide 50.8 X-RAY
Aluminum Al 1.800  Aluminum Oxide 29.8 X-RAY
Titanium Ti 1.668  Titanium Dioxide 16 X-RAY
Iron  Fe 1.430 Ferric Oxide 10.1 X-RAY
Calcium Ca 1.399  Calcium Oxide 1.9 X-RAY
Magnesium : Mg  1.658 MagnesiumOxide . 1.0 X-RAY

‘Sodum . Na 1348 SodumOxide | <01 X-RAY
Potassibm K 1205 PotassiumOxide 2.6 X-RAY
Sulfur s 2500 ' SulfurTroxide = 1.1 X-RAY
Phosphorus . P 2.291 Phos. Pentoxide 0.2 X-RAY
Nicke! Ni 1.273  Nickel(ic) oxide
Vanadium \'J 1.785  Vand. Pentoxide
Manganese - Mn 1.583 Mangan. Dioxide
Chromium Cr 1.461  Chromic Oxide
Molybdenum: Mo 1.500 Moly. Trioxide
Zinc Zn 1.245 Zinc Oxide
Lead Pb 1.077  Lead Oxide r

_Tin Sn 1270 _ StannicOxide |

. Copper Cu 1252 | CupricOxide |

 Sitver Ag 1.074  Silver Oxide !

Antimony Sb 1.197  Antimony Trioxide
Chiorine Cl 1.000 Chioride
Remarks: Total Percentage 99.1

Analyst:
‘BRI P LANTC

Approved:




Table 3.1.3 Typica Coke Analysisfor Test Point TR7.1

FOSTER WHEELER DEVELOPMENT CORPORATION
FUEL ANALYSIS

Sample Description: HIPPS/LAKELAND,COKE,TR04,CS01,Sack#3

Charge No. : 940353903

| Date: 12/12/98

| Lab. Ret. No.: 981173

Air Dry Loss (%) 0.00 Equilibrium Moisture (%)
As
Received Dry
Proximate Analysis, wt% " | Reactivity index (°C)
Fixed Carbon ) 86.18 86.38 | Activation Energy (cal/g-mol)
Volatile Matter 10.82 10.84 | Hardgrove index
Ash ‘ 277| 2781 Free Swelling Index
Moisture 23 aee Specific Gravity
Total 100.00 | 100.00 | Viscosity
Ultimate Analysis, wt% Ash Fusion Temperature, °F
Carbon 88.14 88.34 Red. Oxid.
Hydrogen 4.02 4.03} Initial Deform.
Oxygen -.60 -.60| Soft. Temp. Sph.
Nitrogen 1.51 1.51 | Soft. Temp. Hem.
Sulfur 3.93 3.94 | Fluid Temp.
Ash 2.77 2.78
Moisture 23 -
Total 100.00 | 100.00
Bulk Density (gr/ml)
HHV, Btuw/lb 0. 0. Carbonate Carbon
Sulfate S 0.00 0.00 | Organic Carbon
Sulfide S .02 .02 | Total Carbon
Organic S 3.9 3.92 | Chloride
Dulong’s = 15554  Btu/lb
Remarks:
Analyst: Approved: SR P LANTC

10



Table3.1.4 Typica Coke Ash Andysisfor Test Point TR7.1

FOSTER WHEELER DEVELOPMENT CORPORATION

ASH/DEPOSIT ANALYSIS

Sample Description: HIPPS/LAKELAND,COKE,TR07,CS01,Sack#3

i

Charge No. : 940353903 Date: 11-24-1998 Lab. Ref. No.: 981173

Analyte {As Element | Factor ' As Oxide Analyt. Method
Siicon . Si . 2140 Silicon Dioxide 375 X-RAY

~ Aluminum Al 1.890 - Aluminum Oxide 13.5 X-RAY
Titanium Ti 1.668  Titanium Dioxide 0.9 X-RAY
Iron Fe 1.430  Ferric Oxide 12.3 X-RAY
Calcium Ca 1.399  Calcium Oxide 10.5 X-RAY
Magnesium : Mg 1.668  Magnesium Oxide 1.5 X-RAY

. Sodium Na 1.348  Sodium Oxide 1.0 X-RAY

- Potassium K 1.205  Potassium Oxide 2.2 X-RAY
Sulfur S 2.500 = Suilfur Trioxide 12.7 X-RAY

. Phosphdrus l P 2.291  Phos. Pentoxide 0.2 X-RAY

- Nickel Ni 1.273  Nickel(ic) oxide 1.7 SEMIQUANT]
Vanadium \ 1.785 : Vand. Pentoxide 4.7 SEMIQUA
Manganese | Mn 1.583 . Mangan. Dioxide

Chromium °  Cr 1.461  Chromic Oxide

Molybdenumi Mo 1.500 ' Moly. Trioxide i

Zinc zZn 1.245  Zinc Oxide 0.1 SEMIQUANT
Lead Pb 1.077 : Lead Oxide

" Tin Sn 1.270 ' Stannic Oxide

. Copper Cu 1.252 | Cupric Oxide

' Silver Ag 1.074 | Silver Oxide !

Antimony Sb 1197 Antimony Trioxide

- Chilorine Cl 1.000 - Chloride

Remarks: Total Percentage 98.8

Analyst:
Approved: ‘Bg e LAsfTC-

11



Table3.1.5 Typicd Limestone Andysisfor Tet Runs TR4 and TR5

FOSTER WHEELER DEVELOPMENT CORPORATION
ASH/DEPOSIT ANALYSIS

Sample Description: Limestone,HIPPS/LAKELAND, TR04,2F-06

Charge No. : 941190406 Date: 12-19-1997 Lab. Ref. No.: 971520
Analyte ‘As Element : Factor . As Oxigde Analyt. Method
Silicon ‘ Si 2.140  Silicon Dioxide 9.3 X-RAY
Aluminum Al 1.890  Aluminum Oxide 0.8 X-RAY
Ttanium i 1.668  Titanium Dioxide NIL X-RAY
Iron ~_Fe 1.430  Ferric Oxide 0.4 X-RAY
Calcium Ca 1.399  Calcium Oxide 880  X-RAY
Magnesium Mg 1.658  Magnesium Oxide 0.5 X-RAY
Sodium Na 1.348  Sodium Oxide <0.1 X-RAY
Potassium K 1.205  Potassium Oxide 0.1 X-RAY

. Sulfur S 2.500  Sulfur Trioxide ‘ 0.4 X-RAY
Phosphorus : P 2.291 Phos. Pentoxide 0.1 X-RAY

" Nickel Ni 1.273  Nickel(ic) oxide
Vanadium \'J 1.785  Vand. Pentoxide
Manganese Mn 1.583  Mangan. Dioxide
Chromium Cr 1.461  Chromic Oxide
Molybdenum: Mo 1.500  Moly. Trioxide
Zinc Zn 1.245  Zinc Oxide
Lead Pb 1.077 Lead Oxide
Tin : Sn 1.270  Stannic Oxide
Copper Cu 1.262  Cupric Oxide
Silver " Ag 1.074  Siiver Oxide
Antimony Sb 1.197  Antimony Trioxide
Chlorine __ Cl 1.000  Chloride -

Remarks: Total Percentage 99.6

LOI=43.16% Analyst:

TR P LANTC

Approved:



Table3.1.6 Typica Limestone Andyssfor Test Runs TR6 and TR7

FOSTER WHEELER DEVELOPMENT CORPORATION
ASH/DEPOSIT ANALYSIS

Sample Description: HIPPS/LLAKELAND, Limestone, TRO7-SFO01

Charge No. : 940353905 Date: 01-23-1998 Lab. Ref. No.: 971861
Analyte ‘As Element : Factor - As Oxide Anaiyt. Method |
Silicon . Si 2.140  Silicon Dioxide 19.5 X-RAY |
“Auminum Al " 1.800  Aluminum Oxide 48 X-RAY
 Tdanium  Ti 1.668 Titanium Dioxide 0.2 X-RAY
iron ~ Fe 1.430  Ferric Oxide 1.9 X-RAY
Calcium Ca 1.389  Calcium Oxide 69.4 ) X-RAY
Magnésium Mg 1.658  Magnesium Oxide 0.9 X-RAY ,
Sodium Na 1.348  Sodium Oxide <01 X-RAY |
Potassium K 1.205  Potassium Oxide 1.0 X-RAY f
© Sulfur S 2.500  Sulfur Trioxide _ 0.3 X-RAY
Phosphorus - P 2.291  Phos. Pentoxide 0.1 X-RAY i
. Nickel Ni 1.273  Nickel(ic) oxide i
Vanadium v 1.785  Vand. Pentoxide
Manganese Mn 1.583  Mangan. Dioxide
Chromium Cr 1.461 Chromic Oxide
Molybdenum: Mo 1.500  Moly. Trioxide
Zinc Zn 1.245  Zinc Oxide
" Lead Pb 1.077  Lead Oxide
. Tin Sn 1.270  Stannic Oxide
", Copper Cu 1.262  Cupric Oxide
* Silver Ag 1.074  Silver Oxide
Antmony  Sb 1.197  Antimony Trioxide ‘
" Chiorine Cl 1.000 Chloride :
Remarks: Total Percentage 98.1
L0I=36.52% Analyst:

Approved: __m_,_um:a



Table3.1.7 Typicad Limestone Size Didribution for Test Runs TR4 and TR5

Sleve Analysis

Laboratory No.: 971520

| Run/Sampie No:

Sampie Description: Limestone,HIPPSALAKELAND, TR04,
Screen Mircrons - % On % Thru
3" 76200 )
2-1/2° 63500
2" 50800
1-1/2° 38100
1-1/4" 31750
1 25400
3/4" 19050
1/2" 12700
a8° 9525
5/16" 8000
1/4" 6300
NO. 4 4750
NO. 6 3350 100.00
NO. 8 2360 .02 99.98
NO. 12 1700 .03 99.95
NO. 14 1400 .02 99.93
NO. 16 1180 .04 99.89
NO. 18 1000 .04 99.85
NO. 20 850 .09 99.76
NO. 25 710 1 99.66
NO. 30 600 13 99.53
NO. 50 300 21.58 77.95
NO. 100 150 33.34 44.61
NO. 140 106 17.04 27.57
NO. 200 75
NO. 325 45
PAN 00 27.57 0
1.0
s.0
10.0
200 pad
400 ; 7z
s0.0 : Pl .
60.0 . VA .
70.0 | / + I
80.0 . L
o
20.0 ! :
b

990.8

90.9

1000

SCREEN SIZE MICRONS
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3.2 Sorbent Feed Size and Bed Agolomeration

In the first two test runs (TR4 and 5) the Horida limestone was crushed to the fine size
digtribution (d50 » 150m) planned for the Lakeland PCFB bailer, the attempt being made to use
the same feed size in both the carbonizer and PCFB to minimize feedstock preparation costs.
With the carbonizer being a bubbling bed unit, essentidly al previous testing had been
conducted with a1/8” x 0 limestone feed size (d50 » 600n). In addition, the carbonizer had been
operated on asimple, once through basis (particulate elutriated from the bed and captured by a
downstream cyclone were not recycled back to the bed). As expected, when the fine feed size
was used, most of the sorbent e utriated from the bed and left behind a predominantly char bed.
With the bed limestone content reduced, a sulfur capture efficiency of only 93.5% was achieved
with the 1.4% sulfur Kentucky No 9 cod. Andysis of the minus 300 micron limestone that had
been dutriated from the bed reveded little sulfur content. With this Sze fraction contributing
little to the carbonizer sulfur capture efficiency (SCE), a 1/8” x 300 micron feed was tested next
by screening out the minus 300mmaterid (in the Lakdand plant the minus 300 micron limestone
would be saved for use in the PCFB SO, trim system). In the two test runs conducted with the
fine sorbent (TR4 and 5) and the first run with the coarse sorbent (TR6), agglomeration was
experienced at the bottom of the bed (see Figure 3.2.1). Initidly it was thought the low sorbent
content of the bed caused by fine sorbent feed was alowing agglomerates to form. Then when
agglomeration was experienced with coarse sorbent feed which yielded a sorbent bed, operating
conditions were reviewed to seek a cause for the agglomeration.

TI-3021A, located 15-1/2 inches above the top of the carbonizer feed pipe, is the lowest
thermocouple in the bed and TI-3016, 12.5 feet above the feed pipe, is the reference bed
temperature. Figure 3.2.1 plots these temperatures versus time along with the nitrogen flow
(F1-3028) to the drain cooler and the velocity (V) of this nitrogen as it passes through the drain
annulusfor Test Run TR 6. It is observed that about one hour after the packed bed nitrogen flow
isreduced, TI-3021A begins to depart from TI-3016 and about one hour later a temperature
excurson/upset occurs. A review of Test Runs TR 4 and 5 revealed asimilar relationship, eg., a
reduction in nitrogen flow/vel ocity is soon followed by excursonsin TI-3021A and a bed upset.

Suspecting alack of fluidization to be the cause of the agglomeration, it was decided to keep the
fluidizing velocity in the drain annulus surrounding the feed pipe a avaue of 2 ft/sec regardiess
of whether or not cooling flow was needed. Using this higher velocity, TR7 was conducted
without experiencing any agglomeration problems and the unit operated successfully until a high
baghouse back pressure forced the termination of the run. The first setpoint completed (TR7.1)
was performed with 4.1% sulfur coke a a sorbent-to-coa mass feed ratio of 0.22 Ibs per 1b of
cod; thisyidded a cdcium-to-sulfur molar feed ratio of 1.4. When the fud was switched to
1.4% sulfur Kentucky No 9 cod, the 0.20 Ibs of limestone per Ib of coal feed rate yielded a3.4
molar feed ratio. Although we had intended to systematicaly reduce the sorbent-to-cod mass
feed retio to see what minimum leve, if any, would cause agglomeration with the 2 ft/sec

annulus velocity and Kentucky No 9 cod, the forced shutdown of the plant prevented us from
doing s0. In Test Run TR5 the carbonizer operated for 30 hours with fine sorbent and Kentucky
No 9 cod before the packed bed nitrogen flow was reduced and agglomeration problems
developed. Based on this, it is surmised that the coarse sorbent would yield agglomeration-free
operation at a sorbent-to-coa mass feed ratio aslow as 0.07, the value used in TRS.
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3.3 Overdl Parformance

Table 3.3.1 summarizes the pilot plant operating conditions and test results. Carbonizer test
pressures, temperatures, and bed heights ranged from 90 to 165 psig, 1718 to 1808EF, and 23.5
to 27.7 feet respectively. The syngas produced by the carbonizer was sampled at the outlet of
the demister after the gas had been depressured and water spray quenched to approximately
350EF. With the syngas being dightly pressurized at this point, two 3 liter Kevlar bags were
eadly filled with the gas for andyssin a gas chromatograph (GC) usudly within 24 hours of
collection. After collection hydrochloric acid (HCI) was injected into one bag to convert the
ammonia (NHs) in the fud gasto ammonium chloride (NH;CL) while awaiting andysis.

Similarly, sodium hydroxide was injected into the other bag to convert hydrogen sulfide (H»S) to
sodium sulfide or sodium hydrosulfide (NaeS/NaHS). During each set point the syngas was
sampled at least 5 timesyidding 10 bags for andyss. In addition, multiple hydrogen sulfide
(H2S) and ammonia (NHs) Drager tube measurements (DT) were made during each set point at
the sampling location as a check that equilibrium/steady state conditions had been achieved
before the start of and throughout the set point plus alowing a check of the GC measurement;
both the GC and Drager tubes were found to be in close agreement. Table 3.3.2 presentsthe GC
andyss on amoigure free basis and includes dl nitrogen purges, i.e., bed drain cooler, pressure
taps, water spray atomization, etc.

Because of dl the nitrogen flows, calculated gas heeting vaues are low and coa syngas vaues
rise to 104 to 118 BtwSCF on a purge nitrogen free basis (only air nitrogen included); correcting
for the pilot plant high heet loss, they rise to typicd, predicted commercid plant values of 126 to
138 Btu/SCF. Corresponding petroleum coke values are less because of the coke' s lower
volatile content (10.8 vs. 31.4%). The carbonizer syngas and the char sorbent residue were
separately andyzed to determine the amount of fud carbon that had been consumed (carbon
conversion) in each of the runs, an effort that requires subtraction of sorbent carbon from the
total carbon content. The resdue streams are identified in Table 3.3.3 as drains from the bottom
of the bed (bot) and combined drains, where gpplicable, from the cyclone and filter as overheads

(ovhd).

Since the dutriated fine materia/overheads are not reinjected back into the bed, their shorter in-
bed residence time results in carbon conversion levels (fc) that are much lower than that of the
bed bottom drains (note that overheads carbon-to-ash ratios are dso higher and closer to that of
thefud fed - C/Ash (fed)). The carbon conversion of the combined overhead and bottom
streams are reported as fc (solid). Despite numerous andyses, we have aways observed that the
carbon converson caculated from an anadlyss of the solids residue is higher than that caculated
from asyngas andyss. The disparity decreases with increasing temperature, and we suspect that
higher hydrocarbons are being missed in the gas bomb gas chromatograph process. Consistent
with this previous experience, Table 3.3.3 syngas andyses yield lower carbon cornverson levels
than solid resdue analyses and for conservatism we continue to report and base our predictive
correlations on the lower/former as varying from 32.5 to 41.4%.
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Table 3.3.1 Lakdand Carbonizer Test Results

Test Run 4 5 6 7

Set Point 41 42 51 6.1 7.1 72
Sorbent Size fine fine fine coarse coarse coarse
Bed Temperature, °F* 1761 1808 1756 1695 1752 1718
Freeboard Pressure, psig 0 105 122 146 160 165
Bed Height, ft 27.3 274 217 2715 235 26.0
Ky No 9 Coal Flow Rate, Ib/h 289 289 380 373 2817 304
Air Flow Rate, Ib/h 582 672 733 713 791 74
Limestone Flow Rate, [b/h 20 23 29 64 63 60
Ca/lSMolar Feed Ratio 150 1.70 158 357 138 3.36
Set Point Duration, hrs. 10 19 39 6 3 6
Syngas Flow Rate**, Ib/h 965 1082 1213 1460 1641 1597
Syngas HHV®, Btw/SCF 138 126 133 133 111 132
Carbon Conversion®, % 36.2 4038 329 325 35.6 414
Fuel Sulfur Released, % 584 74.0 65.0 585 795 79.0
Sulfur Capture Eff., % 93.7 93.6 93.6 94.5 93.7 95.1
Fuel Nitrogen Released, % 53.6 51.2 55.1 54.6 333 57.0
Rel’d Nitrogen to NH3, % 80 72 6.7 16.7 17.7 225
Nitrogen flow, Ib/h 303 310 392 371 528 519
Bed Drain, Ib/h 15 15 21 36 211 103
Overhead Drain, Ib/h 149 149 182 183 7 101
*at 12.5 ft height *pet coke PN, and heat loss free

Cgas analysis **includes all N, flows and water spray
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Table 3.3.2 Carbonizer Syngas Composition*

Test Run TR4 TR5 TR6 TR7
Set Point TR41 TR4.2 TR5.1 TR6.1 TR7.1 TR7.2
H2, %v 749 734 7.18 543 4.69 5.50
CO, %v 9.06 10.89 881 1777 6.43 7.39
CH4, %v 182 105 205 178 0.27 129
C'2, %v 0.02 0.00 0.01 0.01 0.00 0.00
CO2, %v 578 535 6.09 567 550 499
N2, %v 76.28 75.81 76.22 7948 8314 7942
Ar, %v 048 051 051 0.46 042 042
gasC/Ar 34.79 33.90 33.27 3313 29.05 32.55
HHV, Btuw/SCF 76 73 76 64 41 57
HHV (N2 free), Btu/'SCF 118 109 114 108 78 104
HHV (commercid), Btuw/SCF 138 126 133 133 111 132
* moisture free basis but including all cooling, purge, and atomizing nitrogen flows.
Table 3.3.3 Carbon Content of Carbonizer Streams
Test Run TR4 TR5 TR6 TR7
Set Point TR4.1 TR4.2 TR5.1 TR6.1 TR7.1 TR7.2
CFud, % 74.87 74.87 7558 75.49 88.90 75.49
C/Ash (fed), % 6.47 6.47 7.08 721 80.09 721
C/Ash (ovhd), % 423 328 471 444 56.97 4.86
C/Ash (bot), % 217 NA 213 164 12.29 240
gasC/Ar, % 34.79 33.90 3327 3313 29.05 3255
fuel C/Ar, % 96.00 83.14 101.06 101.85 8154 7857
fc, % (gas)* 36.24 40.77 3292 3253 35.63 41.43
fc, % (ovhd) 3451 49.28 3357 3842 2887 32.56
fc, % (bot) 66.46 NA 69.94 7725 84.65 66.69
fc, % (solid) 3743 NA 37.39 4249 69.88 50.33
*Carbonate C included
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34 Syngas Ammoniaand H,S Leves

Syngas NHz and H,S Drager tube measurements were, for the most part, in close agreement with
the GC reaults. Anadysis of the syngas GC data and residue compositions (see Table 3.4.1)
indicate that the Lakeland coal nitrogen (N) release rates ranged from 51.2 to 57.0% and that 6.7
t0 22.5% of the released nitrogen was converted to ammonia. The conversion of released
nitrogen to ammonia varies with the feedstock and decreases with increasing temperature.

Despite this, we (aswdll as other investigators) have been unable to develop a corrdation for
predicting this converson. In previous tests, our conversons have in some instances approached
100% with an overal average of about 60%; this range in conversion is smilar to data collected
in the Otaniemi Finland 6-inch 1D bubbling bed gasfier with operating conditions and results
shown in Table 3.4.2 and Figure 3.4.1 [3-1]*. When reviewing Figure 3.4.1 note that the
Otaniemi conversons are based on the fue nitrogen fed rather than fud nitrogen actudly

released; if the former was used, conversionswill be higher. We note that TR6 and TR7

nitrogen to ammonia converson levels and limestone feed rates are much higher than TR4 and
TR5.

Table3.4.1 Syngas Ammonia Analyses of GC Data

Test Run TR4 TR5 TR6 TR7

Set Point TR4.1 TR4.2 TR5.1 TR6.1 TR7.1 TR7.2
N Fuel, % 152 152 153 157 146 157
N/C (fed), % 0.0203 0.0203 0.0202 0.0208 0.0164 0.0208
N/C (ovhd), % 0.0167 0.0155 0.0167 0.0174 0.0160 0.0194
N/C (bot), % 0.0132 0.0132 0.0136 0.0119 0.0127 0.0150
Average NH3, ppm 350 267 314 650 283 713
NH3/N fuel, % 43 37 37 91 59 128
NOx Stack, Ib/h 019 034 0.85 097 052 102
NOx/N Fud, % 20 37 58 9.6 56 101
N Released, % 53.6 51.2 551 54.6 333 57.0
NH3/N Released, % 80 72 6.7 16.7 17.7 225

* Numbersin brackets designate references given in Section 6

In TR4 the unit was started with a sand bed and H,S Drager tube values start high asshowniin
Figure 3.4.2 and decrease with time to a Steady State vaue that reflects the establishment of a
char-sorbent bed. In dl other test runs the unit was started with a limestone bed and H,S leves
gart low and increase with time to a steady Sate vaue again reflecting establishment of a char-
sorbent bed (see Figure 3.4.3). In TR4 and 5 a pulverized zinc oxide (ZnO) water durry was
gprayed horizontaly into the top of the carbonizer directly opposite the syngas outlet pipe.

These spray injections were conducted to demonstrate that ZnO could be used as a second sulfur
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capturing/polishing step to increase the carbonizer overal sulfur capture efficiency. The Figure
3.4.2 and 3.4.3 Drager tube data confirms this and results are discussed in Section 3.6.

Table 3.4.2 Typical NHz and HCN Contents of the Product Gas w/Different Feedstocks

Pine Brown lowa Polish Illinois

Sawdust Peat A Peat B Cod Cod Cod No.6 Coal
Nitrogen
content in the 0.1-0.15 0.7-08 17-20 08 0.6-0.8 12-14 12-13
fuel, wt%
Pressure, MPa 04 0.4-0.8 04-1.0 05-0.7 05-0.8 05 05
tF erme‘:f"oé‘rcd 900-1000 855-920 800-940 860-940 920 9401000  950-970
NH3, ppmv 300-950 4200-4900 5800-9200 2000-2600 2400-2500 1600-2600 950-1300
HCN, ppmv 10-30 60-120 40-300 50-90 12-14 20-160 10-30

24




Conversion of Fuel-N to NH3 [wt %]

—
Q
o

R o peg 8
a A
i n 44 PEAT A
A A
Wy o o g B RHENISH BC
o 0o = o
B :ow;x. COAL
(m]
60 I~ SDO g © a POLISH COAL
[ |
- a 1L NO.8 COAL
A
a0 r C
F Y
20 - | A
1652 1742F
n 3 } 2 L " 1 [l 1
800 850 800 a50¢ 1000

Freeboard Temperature [*C]

The conversion of fuel nitrogen to NHj3 in test runs with different feedstocks

Figure 3.4.1 NHz Formation Data from Otaniemi Test Fecility

25



(Total 73 H25 Drager mbe samples were tken. Total avg. H28: 102 ppm)

Lakeland Test Run TR04 H2S Sampling Results (fine limestone)
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Figure 3.4.2 Test Run TR4 H2S Drager Tube Readings
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Lakeland Test Run TR05 H2S Sampling Results (fine limestone)
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Figure 3.4.3 Test Run TR5 H2S Drager Tube Readings
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By andysis of the syngas and measurement of the syngas flow rate via the choked orifice the
amount of hydrogen sulfide/sulfur escaping to the stack was determined. By forming the ratio of
escaping sulfur to released sulfur and subtracting it from one, the carbonizer sulfur capture
efficiencies (SCE) were determined in Table 3.4.3. Set points4.1, 4.2, and 5.1, which were
conducted with fine limestones, evidenced an SCE of approximately 93.6%. Set point 6.1 was
conducted with coarse (1/8” x 0) limestone at a higher calcium to sulfur molar feed rétio (3.6)
and evidenced an SCE of 94.5%. In Set Points 7.1 and 7.2 a 1/8” x 300 micron limestone feed
was used to further increase the sorbent content of the bed and the SCE increased to 95.1% with
the 1.4% sulfur coad. When 3.9% sulfur coke was used in Set Point 7.1, the SCE increased to

98.7%.

Table 3.4.3 Carbonizer Sulfur Capture Efficiency

Test Run TR4 TR5 TR6 TR?

Set Point TR41 TR42 TR5.1 TR6.1 TR7.1 TR7.2
SFud, % 143 143 143 143 405 144
SC (fed) 0019 0019 0019 0019 0.046 0019
S/C (ovhd) 0013 0011 0014 0014 0.022 0011
S/C (bot) 0012 0012 0.008 0.031 0018 0013
H2S, ppm (DT) 130 111 118 % 60 86
H2S, ppm (GC) 115 100 113 114 3% 87
H2S/STud, % 367 351 318 324 104 3.79
SO2 Stack, Ib/h 042 037 059 0.38 0.26 0.34
SO2/SFud, % 516 454 551 362 116 394
SReeased, % 5840 74.00 65.00 58.50 7950 79.00
Captured/Released, % 9372 9358 9358 94.46 96.69 9.06
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35 Bed Composition

Except during startup, the carbonizer bed is a mixture of char and limestone. Since the char is
much lighter than the limestone, the char tends to rise to the upper part of the bed and represents
more than haf of the materid dutriated from the unit. Conversdly, the limestone being heavier
tends to Sink to the lower part of the bed and represents most of the material drained from the
bottom of the bed. At the end of Set Point 7.2, which was conducted with coarse (1/8” x 300
micron) limestone, the bed was emptied in equa volume batches via the bottom drain. The char
content of each batch was measured and Figure 3.5.1 shows that the char content varied linearly
with height ranging from about 35% at the bottom to dmost 100% at the top of the bed. The
carbon content of the char was aso measured and Figure 3.5.2 shows alinear variation in carbon
conversion ranging from 80% at the bottom, where materid is exposed to the air jet, to about
40% at the top of the bed.

From Figure 3.5.1 it is seen that the carbonizer bed was predominantly char with the latter
tending to the top of the bed. This high char content, and conversdly low limestone content, bed
was the result of operating with the bed overflow drain nozzle blanked off. The latter had been
disconnected as arequirement of another test program that utilized pulverized cod (the four
Lakeland runs were squeezed in between these other tests). If the overflow drain had been
operationd, the bed would have had a markedly higher sorbent content and probably would also
have exhibited a higher level of sulfur capture.
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Figure 3.5.1 TR7.2 Bed Char Content via Post Run Inspection
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3.6 Zinc Oxide Sulfur Polishing

Zinc oxide has a higher afinity for capturing sulfur from gases containing hydrogen sulfide than
ether cacium oxide or cacium carbonate. To increase the carbonizer sulfur capture efficiency
to grester than 95% when partidly gasifying low sulfur cods with alimestone bed and/or
increase the sulfur capture efficiency of an under performing unit, pulverized zinc oxide can be
injected into the carbonizer syngas upstream of the ceramic candlefilter. A series of tests
involving zinc oxide injection were conducted in the 12-inch diameter Livingston pilot plant
carbonizer to determine what improvement in sulfur capture efficiency might be achieved.

The pulverized zinc oxide was injected as 5 to 15% by weight water durry into the top of the
carbonizer viaahorizontd, nitrogen atomized nozzle inserted through a cleanout plug provided
opposite the syngas outlet (see Figure 3.6.1). The injection nozzle was a Delavan Spray
Technologies Swirl-Air Atomizing Nozzle PN 32740-13 with a 32742 adapter. Although the
nomind reting of the nozzle is 1.0 gpm and the flow rate requirements of the testing were only in
the range of 1 to 4 gph, the vendor indicated performance would be satisfactory. Since the mgor
source of energy for liquid atomization in this gas-asssted nozzle is the pneumatic energy of the
gas, theliquid flow rate has only a minor effect on the nozzle overdl pressure drop. Bench

testing of the nozzle a atmospheric pressure and test run flow rates of liquid confirmed this.

At the nomina nozzle capacity of 1.0 gpm the nozzle effects a spray angle of 50E which rapidly
collapsesinto a straight columnar type pattern within the first couple feet from the nozzle
discharge. The maximum pattern diameter a an 80 psig atomizing gas pressure drop is predicted
by the vendor to be 18 inchesin ambient air conditions. At the low flow rate a which this
nozzle operated in the test run, the vendor predicted a maximum pattern diameter of under 12
inchesin ambient air conditions. The vendor aso predicted that in the 1700EF environment of
the carbonizer the liquid should evaporate dmost immediatdy a the nozzle discharge. The
vendor’s predicted Sauter mean droplet diameter for the carbonizer conditions was 27 microns.

The piping run length from the carbonizer syngas outlet nozzle to the candle filter was about 30
feet long (there was no cyclone) and the syngas pipe ve ocity was about 60 ft/sec. The resdence
of the zinc oxide in the overhead system is of the order of one second or less. Therefore, the
magor dwell time of the zinc oxide occurred on the filter.
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The zinc oxide durries tests were performed during Test Runs TR04 and TRO5 (see Figures
3.4.2 and 3.4.3). In Test Run TRO4, the carbonizer was started with a sand bed and sorbent feed
commenced smultaneoudly with coal feed at about 6:00 p.m. on September 16, 1997. After
about 8 hours of operation, H,S levels were at about 225 ppm and over the next 20 hours
decreased to steady state value of about 125 ppm, the latter corresponding to 93.7% sulfur
capture efficiency. Injecting ZnO a a Zn/S molar feed ratio of 2.0 reduced H,S levels to about
100 ppm and raised the overdl sulfur capture efficiency to about 94.9% (1-.063x 100/125).
Increasing the feed ratio to 6.5 further reduced H,S to about 25 ppm, for a carbonizer overdl
sulfur capture efficiency of about 98.7% (1-.063x25/125). Reducing the feed ratio to 4.3 allowed
the H,S to increase to about 60 ppm for an overdl sulfur capture efficiency of 97% (1-
.063x60/125).

In Test Run TRO5 the carbonizer was started at 12:13 hours on September 23, 1997, with a bed
of limestone rather than sand. Because the bed was totally filled with sorbent H,S levels were
minimd in the beginning and, as expected, increased with time as a portion of the limestone bed
was displaced by char and a steady State char-used limestone composition was reached. H,S
levels are observed to line out at about 125 ppm asin TRO4. Although ZnO wasinjected at Zn/S
molar feed ratios of 2.2, 4.0, and 4.4, the durry concentrations used this time were much more
dilute and gainswere margind if & al. Returning to TRO4, the injection of water without zinc
oxide into the syngas was observed to about double the H,S leve, increasing it from about 125
ppm to 210 ppm. The water vapor raises the equilibrium partia pressure of H,S over cacium
oxide/ calcium carbonate and causes H,S to be released from the cacium sulfide (CaS) entrained
in the the gas stream and collected in the ash cake in the candlefilter. The large quartity of

water sprayed into the syngas in TRO5 thus appears to have negated the gains provided by the
zinc oxide; hence, commercid plant injections should be done with durries containing high

solids contents (15 weight per cent and higher) or use dry injection sysems to maximize sulfur
capture efficiency.

3.7 Syngas Alkali Vapor Measurements

In 1987 Westinghouse Science and Technology Center (WSTC) conducted equilibrium
caculations to determine the amount of akai vapor that could be released to the carbonizer
syngas from Pittsburgh No. 8 coa and dolomite [3-2]. WSTC's cdculations indicated the
reducing conditions of the carbonizer enhance the release of akali which appear as chlorides at
levelswdl in excess of suggested gas turbine limits. Reducing the syngas temperature, however,
will reduce the dkali level as shown in WSTC' sFigure 3.7.1. To protect the Lakeland gas
turbine from akali induced corrosion, the carbonizer syngas will be cooled to 1200EF by a
tubular heat exchanger located between the syngas cyclone and ceramic candlefilter. This
cooling will cause dkali vapor to condense on the fine particulate entrained in the syngas; the
particulate will be captured/removed from the syngas by the candlefilter thereby protecting the
gasturbine. Although Figure 3.7.1 isingghtful, equilibrium calculations are dependent on the
assumptions and compounds taken into consideration and generally over predict gas phase alkdi
levels. In addition, these calculations do not account for alkai absorption by the cod fly ash and
sorbent, which tend to reduce gas phase dkali levels, or the digtribution of the dkdi within the
feedstocks which, together with operating conditions, affect the actua akdi release. Asaredult,
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akai measurements were made in the Livingston carbonizer pilot plant to determine the range of
syngas dkai levels expected a Lakeland with Kentucky No. 9 and Forida limestone.

The vapor phase measurements were made a a point approximately 6 feet downstream of the
candlefilter outlet nozzle (see Figure 3.7.2) viaa probe supplied by Westinghouse and used by
Foster Whedler in a previous test program. Since dkai levelsin the parts per billion range are to
be measured and since the vapor has been shown by other investigators to be absorbed by the
dainless ged tubing used to extract gas samples, WSTC has developed a probe that minimizes
gas sample hest loss and extraction run length; in addition the probe can be used, depending
upon tip configuration, for either isokinetic particle or dkali gas sampling. The Westinghouse
probe flow and sampling arrangements are shown in Figures 3.7.3 and 3.7.4.
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The adkdi configured probe draws a non-isokinetic sample (typicaly about 1 ACFM) through a
high-temperature, 5 micron, porous metal (Hastelloy X) thimble-shaped filter provided in the tip
of the probe to remove particulate. The gas then passesinto the cooling section of the probe to
condense and callect dkai. Cooling is achieved by a continuous counter flow of high-pressure
nitrogen in the inner concentric tube assembly. The sample gas passes through the outer annulus
and cools to approximately 200EF with the adkali vapor condensing on the wals. The cooled gas
exits the probe, passes through a bubbler, moisture separator/ knockout pot, rotameter, flow
control vave, and proceeds to the pilot plant sack gasincinerator. The control valve setsthe gas
sampling/extraction rate, as mesasured by the rotameter, and the bubbler solution is analyzed after
each test point to collect any akdi that escaped the probe; the knockout pot liquid content was
negligible and hence none was available for andyss. Any particulate collecting on the thimble
filter will gradually reduce the sampling rate and to minimize dust pick up during alkali
measurements, the probe is oriented to face away from the flowing gas (Figure 3.7 5). In
addition, the rotameter sampling rate is checked every five minutes and the control vaveis
adjusted accordingly to maintain the 1 ACFM sampling rate.

2172 |

Figure 3.7.5 WSTC Probe with Alkali Sampling Tip
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After asufficient sampling time period (typically about one hour), the probe is withdrawn from
the syngas stream through a double block-and-bleed-valve arrangement (see Figure 3.7.4.). The
probe is disassembled and appropriate sections brought in sealed plastic bags to the laboratory
for andyss. Care must be taken at dl times when handling the sections (a white glove

operation) to prevent contamination of the specimens by dust or even perspiration as these can
distort test results. Specimen handling and anayses are performed using WSTC developed/
recommended procedures. The particulate collected by and brushed off the porous meta thimble
filter was weighted and where possible characterized to identify water-soluble and insoluble
components. Alkali compounds were recovered from the thimble filter and cold finger using a
rinse and recovery gpproach and these amounts, together with that obtained from the bubbler
solution, were separately measured. On-Site analyses were completed by selective-ion
electrodes, atomic absorption, or inductively coupled plasma spectroscopy.

The gas temperature at the exact point of sampling was not measured during the Lakeland tests
but can be inferred from nearby thermocouples. A thermocouple (T1 3001) located
approximately 34 feet downstream of the filter outlet nozzle typicaly ran 110EF cooler than the
filter outlet plenum. Based on this observation, the sampling point gas temperature, which is
located approximately 6 ft. downstream of the filter, was about 20EF [ower (110 x 6/34) than the
filter outlet plenum temperature.

A totd of 17 gas dkai measurements were made during 3 carbonizer test runs (TR4, 6,

and 7) a carbonizer bed temperatures of 1725EF, 1750EF and 1810EF as determined by a
thermocouple located 12.5 feet above the top of the central feed pipe. Being apilot plant, the
carbonizer, cyclone, candle filter, and piping have a high surface to volumerate. Asareault,

heet loss through the walls of these components yielded a candle filter outlet temperature that

was about 400 to 500EF lower than the bed temperature and closdly approximated the proposed
Lakeland filter temperature. Hence, a syngas cooler was not ingaled in the Livingston pilot

plant.

Tables3.7.1 and 3.7.2 present the alkdi data. During the akai measurements, no dust lesks
were experienced with the upstream candle filter and the particulate captured by the probe filter
was 0 minimd it generdly couldn’t be checked for akali content. As seen from Table 3.7.1
each thimble exhibited aweght gain during its one-hour sampling period and that experienced
by thimble AKQ7 is close to the average gain. To understand the cause of the gain atransverse
cut was made through thimble AK07 and examination of the exposed surfaces reveded:

1. by an Opticad Microscope and a Scanning Electron Microscope (SEM) respectively, that
entrapped dust particles were on the outside surface of the thimble filter.

2. Closer examination reveded no dust particles insde the porous thimblefilter.

3. Energy dispersve x-ray (EDS) anadysis disclosed that the dust particles consisted of carbon,
auminum, slicon, sodium, sulfur, calcium, potassum, and titanium al of which are presert
in the test cod and limestone.

4. Recognizing that the thimble was exposed to the carbonizer syngas for only about an hour,
no oxide or sulfide films were found on the thimble base metd.

Based on the above it was concluded that the thimble weight gains were caused by particulate
trgpped in the outer pores of the thimble, rather than by corrosion of thethimble. The water
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soluble dkai washed from the thimble filter and finger and that captured by the bubbler were
added together and reported as the vapor phase dkdi contained in the gas stream exiting the
filter. Thewater soluble akali that was extracted from the dust fines was not included in the
vapor phase dkai summation asit is assumed it had condensed on the particulate upstream of
and within the candle filter. Since the thimble filter contained particulate trapped in its outer
pores, its washings tend to overestimate the vapor phase dkali content and sinceit yields
conservative results no attempt was made to correct for this. Figure 3.7.6 plotsthe dkali vapor
levels versus the candlefilter outlet temperature for the 17 measurements and Figure 3.7.7
expands the vertica, condensed akai scae.
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Table3.7.1

Table 4 Alkali Sampling Summary for Lakeland Test TR04 to TR07 (Sep. to Dec. 1997)

Set Sample  Date Time Carbonizer+ Candle Filter+ Total Sampled/Collected ——'Fip Flow meter
Point No. Start  End Dure. T3016 T3003 P3007 T3627 Gas Dust* Vapor Alkali  position PG2 TG2? Fread
{mfd) (him) (hem)  (min) (F) )  (psig) @® lbth @MW) () ppraw) (mg) (epmw) (psig) {(F)  (liter)
TRO7.  AK02  12/10/97 1535 16:35 60 1727 1660 174 1230 4738 268 0125 263  0.195 0.841 down 145 104 3730
TROS. AKO1: 09/24/97 0902 10:02 60 1745 170% 124 1320 6246 261 0001 01 0287 0.046 down 83 108 4860
TRO5. AK02: 09/24/97 1329 1429 60 1757 1718 126 1316 5832 261 0.021 35  o.t68 G029 down 8¢ 104 43538
TROS.  AK04  09/25/97 0220 0320 60 1756 1734 137 1368 4602 261 0036 78 4107 0.892 down 128 384 3581
TROS.  AKO5  09/25/97 04:10 05:40 90 1764 1745 139 1371 4584 261 0042 S1 0422 0.092 down 126 80 3567
TRO4. AKOL 091797 1245 13:40 55 1759 1702 84 1264 5029 263  0.099 196 0595 0118 down 60 97 3921
TRO4. AKO2  09/17/97 17:11 i18:06 55 176D 1706 86 1259 5369 263 0085 155  o.s8¢ 0110 down 75 95 4186
TRO4. AKO3  09/17497 19:39 2039 60 1758 1707 87 1262 5414 263 0061 1L3 9738 L799 down, 79 97 4222
TRO4.  AK04 09/17/87 22:20 23:20 60 1763 1703 94 1282 6590 263  0.067 102 0.09 0.015 down 82 116 5139
TRO4.  AKOS  09/18/97 0140 02:40 60 1753 1705 54 1283 6326 263 0071 11.2 0080 0.013 down 91 125 4933
TRO4. AKA6. 09/18/97 09:19 10:14 55 1759 1697 93 1280 5954 263 0068 114 4571 7.678 down 79 110 4642
TRe4 AKD7. 091847 11:59 12:54 55 1761 1679 95 1264 6064 263 0063 103  0.045 0.007 down 83 132 4729
TRC4. AK08  0%18/97 23:20 00:280 60 1814 1745 99 1296 6803 263 0079 116  0.212 0.031 down. 84 101 35306
TRO4.  AK09 09719497 02:25 03:25 60 1823 1752 102 1299 6860 263 0073 107 0.249 0.036 down 86 100 5351
TRO4.  AKI0  09/19/97 04:35 05:30 55 1803 1741 106 1304 5311 263 0061 115 o222 0.042 down, 82 91 4143
TRO4. AKi1z 09/19/97 0853 0948 55 1817 1732 110 1287 6719 263 0.05% 87 0155 0.023 down 102 104 5288
TRO4. AKIZ  09/19/97 13:30 14:25 55 1796 1747 110 1311 655¢ 263 0017 25 o090 0139 down 93 100 510%
Note:

Vapor Alkali means alkali from thimble, cold finger, and bubbler.

* - sum of the dust fine collected and weight gain by thimble; ppmw is only for reference since isckinetic sampling was not used.

*+ - both tetperature and pressure are the average value in the alkali sampling period.

Z - ZnO injection during measurement.

T3016 is the temperature at 12' 6 1/8" above the top of feed pipe, T3003 & P3007 are freeboard temperature & pressure areat 32' 6 1/8" & 31' 1/8" above feed pipe respecti
Probe filters are metallic (Hastelloy X) with pore size of 5 micron.

All tests used Kentucky coal with Florida limestone.,

PQG2 and TG2 represent the averaged pressure and temperature of sample gas at the rotameter inlet.

Gas flow Ibh is corrected for fuel gas molecular weight by (MWair/MWg)".5.

Flow meter reading (liter) is acoumulated air flow averaged for each 5 mirnmtes & corrected for pressure and temperature by [((14.7+PG2)/14. Ty (S30/(460+TG2))" 5.
MWair = 28.96 MWgas is each set point averaged test data corrected for N2 leakage.



Table3.7.2

Table 5 Alkali Sample Chemical Analysis Summary for Lakeland Test TR04 to TR07 (Sep. to Dec. 1997)

Set Sample Dust fine Thimble Finger* Bubbler* Vapor
Point Ne. Na K Sum wtof Ratio . Ma K Sum  w Ratio Na K Sum Na K  Sum Na X

Sol Ins Sol  Ins dust  somwt Sol Ins Sol Ins gain  Sumwt Sol Sol Seol Sol Sol Sal Sum

mg) (g (v P P mY () {mg) (mg) mg) mg) () gy mg  (mg) (mg g mp) (e mg)  img (g
TRO7. AKG2 0026 0088 0,002 0227 0.343 0 a3l 0.0160 - Q.0050 - 002  ras 045 U140 00200 0134 0.0200 10,0200 Q.040 0.150  0.045 0.195
TROS. AKO01: - - - - 0.000 8o BRR 0.0400 - 00005 - 004 a7 a7 00240 0.0005 6.025 0.1470 00745 6222 0.211  0.076 0.287
TRO5. AKO2, - - - - 0000 23 oo DOTRG - 00005 - 0618 2 gig 00650 0.0520 .117 00210 00120 9033 0.103 0065 0168
TROS. AKM - - - - G000 105 09 0.0003 0.0005 - G008 254 600 040560 0.0200 0.076 40200 0.0100 4039 4076  0.031 4107
TROS. AKO05 - - - - Q006 54 0o 00030 - 00005 - 0.0 30 el 00760 0.0520 0.128 0.2800 0.0100  6.290 0359  0.063  0.422
TRO4. AKOL 4840 0130 0030 0.220 5320 285 i&i 00270 - 00005 - 6028 ev7  and 0.0010 0.0005 (.002 0.0160 0.5500 0.566 0.044 0.551 0.595
TRG4. AKO02 - - - - 0000 ias 008 0.0320 - 00060 - 0038 wMp  aes 0.0060 00010 007 00140 0.5300  0.544 0.052  0.537 0.589
TR(G4. AKO03 - - - - 0.000 39 poo 00318 - (0140 - 0045 73 aam 00040 0.0030 0.007 Q4600 O.0360 D685 0695 0043 9738
TRO4. AKM - - - - 0000 13 aes 0.0260 - 00240 - 0050 655 008 BOLIE 0.0350 0.046 - - 0000 0.037 0059 0.9
TRO4. AKOS - - - - 0000 G4 ERR 0.0200 - 0.0210 - 004/ e 06s 80190 0.0200 3039 - - G000 0.039 0041 0.080
TRO4, AKO06 2 - - - - 0000 63 opo 0.0520 - 00240 - G076 615 0u2 0.0100 00170 (.627 45,500 0.1110 4561 4556 052 4571
TRO4. AKO0T: - - - - 0000 07 600 00810 - 00110 - GOI2 619 062 0.0010 0.0130 (.614 0.0010 00180 G049 0.005 0042 0.045
TRO4. AKO0S - - - Q060 42 0G0 0.0005 - 00062 - Q007 e not 0.0280 00270 0.055 0.0100 0.1460  0.150 0.039 0173 0212
TRO4, AKO09 - - - - 0000 49 060 0.0005 - 00068 - 0007 o835 o6 0.0660 0.0360 0102 0.OHIG 01300 0140 0.077 0173 0249
TRO4. AKI10 - - - - 0000 15 00 00005 - 00005 - GO0 s6s a0 0.0210 0.8300 6,057 ROLO0 01600 017G 0032 G191 0232
TR4. AKl11-: - - - - A060 e 040 00005 - 00005 - QOO 7o one 0.0190 0.0160 0.035 00090 01100 0119 0029 0.127 0155
TR, AK12 - - - - 0.060 60 ERR 07380 - 00280 - 0766 7 459 0.0100 0.0140 0.024 0.0100 01100 @120 0758 0.I52  0.910
Note:

"wi of dust fine" is the dust fine coliected by brushing thimble; it doesn't inctude the weight gain of thimble.

"Sol" means soluble while "Ins" means insoluble.
"Vapor = total of thimble, finger, and bubbler alkali sums.

"*" means no insoluble alkali present.
"-" means not applicable.

"Z" means ZnQ injection during measurement.

Cther refer to the notes in Table 4.
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Figure 3.7.6 Syngas Alkdi Vapor Leve Versus Temperature
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The dkali levels shown in Figure 3.7.7 are very low and accurate measurements at these levels
are known to be difficult. Seven of the 17 points shown in thisfigure do not agree with the
predicted theoretical trend and are one to two orders of magnitude greater than the other points.
It is sugpected those saven points were “bad” possibly reflecting specimen contamination. A
check of published literature revealed that Smilar measurements had been made in afluidized

bed gadfier pilot plant in Finland [3-1]. The gasifier was a 6 inch diameter bubbling bed unit
running & . 1750EF at 4 to 6 atmospheres pressure. The syngas generated by the gasifier passed
through two stages of cyclones, atubular heat exchanger/gas cooler, and a candlefilter.
Downstream of the candle filter syngas samples were extracted through an eectricaly heet

traced line, cooled by water spray, depressured via a valve, passed through bubblers to condense
the dkali, and vented to aflow meter. Although most of the testing was done using pest and
wood as the fuels, some data was collected with the lllinois No. 6 cod shown in Table 3.7.3.
Vapor phase dkali levels were found to be afunction of the gasifier temperature, feed stock, and
gas sampling temperature. The experimenter’ s results shown in Figure 3.7.8 exhibit the Figure
3.7.1 and 3.7.7 temperature relationship, and the peet and Illinois No. 6 akai levels scatter for
the most part from 50 to 100 ppbw over the 932 to 1202EF temperature interval. The WSTC
probe data shown in Figure 3.7.7 does not exhibit this scatter and, as aresult, we suspect it to be
the more accurate of the two techniques at these low levels. The Figure 3.7.7 WSTC probe data
indicates vapor phase akali levels should be less than 20 ppbw at 1200EF, the planned operating
temperature of the Lakeland syngas candlefilter.
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Table 3.7.3 Gasfier and Feedstock Data Extracted from [3-1]

Technical Data of the VTT-PFG Test Facility

Bed—1.D. 15¢cm Feedstocks gasified:
Freeboard —1.D. 25cm - Saw dust and wood wastes
Reactor height 42m - Different peat product
- Rhenish brown coal
Operating pressure 3-10 bar - Hard coals: 1owaRawhide, Polish Coal, Illinois No. 6
Bed temperature 700-1000EC Total pressurized test time 1600 h
Freeboard t (max) 1100EC Number of measured set points
Fluidizing velocity 0515m/s Amount of gasified fuels 80 tons
Gasification agents Air, steam Fuel feed rate (max) 80 kg/h
Feedstock Analyses
Pine Rhenish lowa [llinois
saw Peat A Pect B brown  Rawhide Polish No.6
dust coal coal coal coal
M oisture content, wt% 511 9-16 1519 11-13 17-19 57 25
Proximate analysis (d.b)
Volétile matter, wt% 830 2.7 684 53.0 432 318 339
Fixed carbon, wt% 16.8 243 274 427 495 59.9 53.2
Ash, wt% 0.2 30 43 43 74 83 132
Ultimate analysis (d.b)
C, wt% 50.2 50.1 54.5 63.8 70.8 75.5 64.6
H, wt% 6.1 54 5.6 46 47 4.7 42
N, wt% 01 08 18 08 0.7 13 13
S, wt% 0.0 01 02 03 05 0.7 29
Ash, wt% 02 30 43 43 74 83 132
O (diff.), wt% 434 40.6 336 26.2 16.2 95 138
Na content, ppmwt (d.b) 40 380 330 300 1140 450 1420
K content, ppmwt (d.b) 500 690 440 140 570 1420 3610
Cl content, ppmwt (d.b) <15 180 270 250 <25 760 1210
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Figure 3.7.8 Alkdi Results Extracted from [3-1]

Alkdi measurements have aso been made at severd PFB test facilities utilizing other

techniques. Although the PFB flue gasis oxidizing rather than reducing, Smilar temperature
trends and minima akali levels are predicted by theory at 1200EF. The dkai measurements
that were made & the outlet of the Asahi ceramic candlefilter in the 72 MWe Wakamatsu non-
topped PFB plant compared two different measuring techniques. The first used Argonne
National Laboratory’s bed of activated bauixite to capture the akali vapor (AASB Method) and
after a gpecified exposure period the bed was andyzed to determine its alkdi content. In the
second method a sample of gas was continuoudy passed through a flame that was monitored by
acalibrated atomic emissions spectrometer (FAES Method). Tables 3.7.4 and 3.7.5 and Figure
3.7.9 present the published Wakamatsu data[3-3]. For the PFB vitiated air (oxidizing)
conditions they too predict a decrease in dkali vapor with decreasing gas temperatures. Figure
3.7.9 depicts this temperature trend and presents akali measurement data from other facilities.
The gas sampling point temperatures during the second and third Wakamatsu test periods ranged
from 642 to 650EC (1188 to 1202EF) and the dkali vapor ranged from 0 to 5 ppbw depending
upon the measuring method used.  Some experimenters have observed a time dependency on gas
akali vapor levdsindicating an increase with time attributed to a gradual decrease in vapor
absorption by upstream equipment surfaces. Eventually a pseudo-equilibrium is expected to be
reached, but the time required to achieve it is uncertain and will depend on test rig Sze. The
Wakamatsu data is believed to have been taken after about 4500 hours of operation (1800 hours
with the ceramic filter) and hopefully has reached this equilibrium condition. The WSTC probe
data shown in Figure 3.7.7 indicates, depending upon the bed temperature, vapor phase akali
levels ranging from about 30 to 50 ppbw; with a higher bed temperature (1750 to 1810EF vs.



1560EF) and reducing gas conditions involved, the syngas data could be expected to be and does
appear to be dightly higher than the oxidizing 1560EF PCFB data. The fact that the differenceis

in the right direction is encouraging.

Table 3.7.4 Wakamatsu Fudl and Test Conditions from [3-3]

Test Conditions and Sampling Results

\ First Run ‘Second Run Third Aun Fourtn Run
Operaung Losd 100% Load 54% Load 54% Load 100% Load
vt Moy dovendhond IR e ity Blairthot 100% Taiheiyo 100% Blairthol 100%
Sed Temperature 830 - 860 'C 850 - 860 °C 847-851°C 834 -845°C
Bed Pressura 1.013 MPa © 0.728 MPa 0.728 MPa 1.033 MPa
il 780 -800 °C 650 - 660 °C 640 - 642°C 793 -804 °C
ot 0.974 MPa 0.689 MPa 0.689 MPa 0.974MP2

oy e for 44.5n 46.5h 50.0h 19.8h
N g5 109 Nm3 109 Nm3 120 Nm3 22Nm3
f:f‘::;’:m""u‘:_:““"‘“""" . Approx. 14 ¢ Approx. 11 ¢ Approx. 9.5 2 Apprgx. 2.2 2

Chemical Analysis of the Coal Slurry Burnt During Measurement

First Run Second Run | Third Run Fourth Aun
C (%) 59.6 §7.1 64.6 58.5
“ H (%) 4.48 - 3.85 5.37 4.08
%g 0 (%) 18.43 12.69 13.48 14.19
§ 2 N (%) 1.10 1.48 0.95 1.62
332 S (% 0.23 0.21 0.19 0.28
EZ |Ash(%) 16.3 14.67 15.54 11.38
P (%) 0.019 0.011 0.029 0.014
Ct (mgikag) 260 250 380 230
F(mg/kg) 30 10 20 20
£ 8 |NaO (%) 0.51 0.38 1.38 0.40
<2 k0 (%) 0.44 0.18 0.98 0.27
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Table 3.7.5 Wakamatsu Oxidizing PFB Hue Gas and Alkdi Results from [3-3]

‘Exhaust Gas Analysis Result (at Gas Turbine Qutlet)

\ First Aun Second Run | Third Aun Fourth Run
Maisture {(Val. %) 11.8 89 10.0 11.8
Specific weight (kg/Nm?) 1.29 1.29 1.29 1.29
Dust concentration (g/Nm®) 0.0135 0.0014 0.0017 0.0036
'SQ, concentration (ppm) 9.7 3.8 112 13.4
SO, concentration (ppm) 0.45 1.0 2.8 2.4
Hcf cancantration (ppm) 1.7 3.5 12.7 5.7

Measurement Resuit of Alkali Vapor in Wakamatsu PFBC

. [UNIT : ppb wt]
| FistAun | Second Aun| ThiraAn | Fourth Run
Sadium vapar concentration - 17.5-28.0 g-8.5 3.4 8.9.

- Potassium vapor cancentration 0.5-5.0 g-1.5 .0 1.5
-§ Sodium cancentration in fly ash Q-0.5 0.0 a.0 0.g
E ;'l'assium concentration in Hy 0.0 6.0 6.0 0.0
g Totat sadium concantration 17.5-285} 0-65 3.4 8.9
Total potassium concentratian 0.5-5.0 0-15 0.0 1.5
Tatal alkali vapar concentraticn 18.0 - 33.0 0-8.0 3.4 10.4
Sodlum vapar concentration - 1.9-37 1.0-3.2 0.9-7.8
_-é Fotassium vapar concentration - 0.7-1.3 0.3-0.7 0.5-1.4
g Sadium concentration in fty ash - (*)13.2 (*) 16.8 (*} 14.3
g futa.ss-um concentration - (") 4.6 (" 0.7 (*) 0.7
Totat atkall vapar cancentralion - 2.6-5.0 1.3-3.9 1.4-9.2
§ |Sodum vapor concentranan 6.0 0.12 0.26 6.58
g % Potassium vagor concentraiion 31.0 0.48 1.07 32.2
F  |Total aali vapar concentration 37.0 0.6 1.33 38.8

(*) Peak vaiue while puise cleaning of ceramic fiiter
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4.0 Candle Filter

The Westinghouse Ceramic Candle Filter used during the test is shown in Figure 4.1; it conssted
of a50inch OD by 17 ft. — 2 in. tdl refractory lined vessd containing up to 22 candles split into
two equd groupings. The candleswere 2.36in. in OD by 59 in. long and were hung from a
metallic tube sheet in the cluster arrangement shown in Figure 4.2. Carbonizer syngas entered
the vessdl tangentidly and flowed primarily over the top of a cylindrica shroud that protected
the dements from direct gas impingement and promoted generd downflow over the dements.
The syngas passed through the porous wall of the candles, flowed up each candle, discharged
into a plenum at the top of the unit, and exited through a5 in. ID radid outlet nozzle. Particulate
entrained in the syngas deposited on the outside of the candles and was blown off by intermittent
pulses of high pressure nitrogen emanating from the insde of each candle. The disodged dust
cakefel to the bottom of the unit and drained by gravity through a 6 in. Sch 40 outlet to surge
and lock hoppers provided beneath the unit.

During the fine sorbent test runs TR4 and 5, the filter was operated without a pre-deaning
cyclone and dl materid eutriated from the carbonizer bed entered the filter. Anticipating ahigh
solids loading, these runs were conducted with al 22 candlesingtdled and candles manufactured
by Coors were used. For the coarse sorbent test runs TR6 and 7, a pre-cleaning cyclone was
inddled immediatdly upsiream of thefilter and, anticipating a lighter solidsloading, only 10
candleswere ingdled (5 Schumacher candlesin the first cluster and 5 Pall Refraction candlesin
the second). The particulate captured by the cyclone drained through a“J’ valve/loop sedl to the
surge hopper provided under the filter.
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Figure 4.2 Candle Arrangement — Plan View
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Table 4.1 tabulates the filter operating conditions and it is seen the 22 candle system operated

with aface velocity of approximately 1.9 fpm with a solids loading ranging from 1.3(10)° to
1.5(10)° ppmw. With the 10 candle arrangement, the face velocity rose to approximately 4 fpm.

Because the cyclone and filter shared the same surge and lock hoppers unlike TR4 and 5, the

particulate loading to the filter in TR6 and 7 could not be calculated.

Indl four test runsthe filter operated successfully showing no signs of ash bridging or

agglomeration.

Table 4.1 Candle Filter Performance
Test Run 4 5 6
Set Point 4.1 4.2 5.1 6.1 7.1 7.2
Pre-cleaning cyclone No No No Yes Yes Yes
Solids drain rate, Ib/h 149 149 182 NAY 77* 101*
Syngas flow rate 965 1082 1213 1460 1641 1597
Inlet pressure, psia 104.7 119.5 136.3 NA" 174.9 179.9
Inlet temperature, E F 1390 1429 1441 1451 1407 1446
Syngas Mol Wt 26.23 26.23 25.87 NA" 27.50 26.76
Syngas Vol Flow, ACFM 1164 116.7 117.08 NA" 114.05 | 113.20
Number of candles 22 22 22 10 10 10
Candle filtration area” ft* 62.7 62.7 62.7 28.5 28.5 28.5
Candle face velocity, fpm 1.86 1.86 1.88 NA- 4.0 3.97
Solids loading, ppmw 1.54(10)° | 1.34(10)° | 1.50(10)°

NA" = data not available

* Total collected by cyclone and filter

* 2.85 ft2 of faceffiltration area per candle

Typicd filter performance datais presented for TR5 in Figures 4.3 and TR7 in Figure 4.4 where:

PI 3007 carbonizer freeboard pressure
Pl 3603 N> pulse tank pressure

PDI 3638 Tube sheet pressure differentia
TI 3049 Syngas inlet temperature

Tl 3109 Solids drain temperature

TI 3109 is athermocouple located in the 6 in. solids drain nozzle at the bottom of the filter

vessdl, and its spikes reflect faling filter cake from the pulse cleaned candles. The 22 and 10

candle runs exhibit on the whole smilar performance characteridics. In TR5 the pulse tank

cleaning pressure was about 350 ps above process, the cleaning pulse was triggered when the
candle pressure drop reached about 50 in. of H,O, and after cleaning the candle pressure drop

was about 20 in. of H,O.
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Typical Candle Filter Operation Performance During TROS

(OTH o)) doag sunssaag
8 B & 8 =& © =& =g
._rr:....r _ ™
4.|f...:|l1l.1|.:|1 |
N _
I =1 —— ] &
< |
I ..r\... l_”...l..l.:..l..rlr._ _Wu.
| rm. "= i
1 - L IF i -:...qiur... | ﬁn
) T
w e | .
I =
JEnESY g
fe..i...:,
< e P . “
b
S — - __.l R

< fmum,. ;] "
& o _ 2
.ra....... __ m“ _
| ;..,..rr =
= |4_4.H“ru”.lu = ! W Mu
i | |=
Pl I I M. &
< ”
L . ; #f.n..n;f. I .,.J & “
" gy e BN 1l =
.rl....(.r....
Fad [P | ﬂw
g§gggEegseeeasgsge

8
() aumpesadwa ), pue (j5d) anssa.Lg

55

|~ PL3007 _PL3603 . — TL3049 — PDI-3638 — TH3109

Figure4.3 Typicd Filter Performance During Test Run TR5 (22 Candles)



Pressure (psi) and Temperature (F)

Typical Candle Filter Operation Performance During TR07 |
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Figure 4.4 Typicd Filter Performance During Test Run TR7 (10 Candles)
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In the 10 candle run the pulse pressure was about 525 ps over process, the cleaning pulse was
triggered at about 40 in. of H,O, and the candle pressure drop after cleaning was about 25 in. of
H>O. In both runs TI 3109, which is athermocouple located in the 6 in. solids drain nozzle at the
bottom of the unit, registers the expected temperature spike with each cleaning pulse asthe
didodged cake drains from the unit. The most sgnificant difference between the runsisthe
frequency of cleaning. With 10 candles the filter was pulse cleaned about 9 times per hour
versus 2 times per hour with 22 candles. Although the former frequencies are high from the
gandpoint of long-term operation, they could have been reduced by raisng the trigger pulse
cleaning pressure differential to amore reasonable level of about 90 in. H,O. Recognizing that
test runs TR4 through 7 were of rdatively short duration, no filter blinding was experienced and
there gppeared to be no significant increase in the candle after pulse cleaning pressure drop even
after withholding cleaning for one hour.

57



5.0 ConclusonsSummary

The Kentucky No 9 coal and Florida limestone proposed for use in the Lakeland 2@ Gen PFB
Demondration Plant were tested in the Livingston carbonizer pilot plant. Four relatively short-
term test runs were conducted, and they showed the feedstocks posed no obvious operating
problems to the carbonizer or its ceramic candlefilter. In the first two runs afine limestone feed
sze (d50 » 150m) recommended for the PCFB boiler was used, whereas in the second two runs a
coarser minus 1/8 in. feed was employed. Since the carbonizer was operated on a once-through
basis (no recycle of dutriated fines back to the bed) most of the fine sorbent eutriated and | eft
behind a predominantly char bed. With less sorbent in the bed, the fine feed sulfur capture
efficiency was less that that of the coarse feed (about 932 versus 95 per cent); and the coarse
feed gze 1/8” x 300 micron is recommended for the Lakeland demonstration plant carbonizer.

Agglomeration was experienced in the carbonizer during the tests, and it was initidly thought to
be caused by the lack of sorbent in the bed with the fine feed. When agglomeration was o
experienced in the first coarse limestone run, an examination of operating deta traced the cause
to inadequate fluidization around the feed pipe. By raisng the velocity to 2 ft/secinthedrain
annulus that surrounds the feed pipe, agglomeration was diminated.

The carbon conversions and gas yields observed in the tests agreed with values predicted by
Foster Wheder’ s proprietary carbonize computer mode!; this model is aso being used to predict
Lakdand plant performance. A portion of the cod nitrogen that is released in the carbonizer is
converted to ammonia. Previous testing has shown this conversion to be a function of the
feedstocks and operating conditions. Ammonia conversion with the Lakeland cod and limestone
ranged from 6.7 to 22.5% of the coal nitrogen released in the carbonizer.

Pilot plant tests were dso conducted to determine what increases in sulfur capture efficiency
could be achieved by the injection of zinc oxide into the carbonizer syngas upsiream of the
candlefilter. The tests were conducted with the Lakeland 1.4% sulfur Kentucky No 9 cod and
limestone; the pulverized zinc oxide was injected as a5 to 15% by weight water durry into the
gas stream at the top of the carbonizer. The tests showed that large water injections can cause
sulfur, aready captured as calcium sulfide, to be re-released to the syngas from entrained
particulate matter and the ash cake in the candlefilter. Despite this effect, with 15 weight per
cent zinc oxide durries it was possible to increase the carbonizer sulfur capture efficiency from
93.7% to over 98%. Although thiswas achieved at aZn to syngas sulfur molar feed ratio of 6.5,
lower feed ratios would be required if higher durry densities or dry feeding zinc oxide feeding
systems were to be used.

Gas turbine limits on vapor phase dkdi levels are in the parts per billion range and, because low
akali levels, high temperatures, and high pressures are involved, these measurements are
difficult to make. Using an extractive probe that was designed and supplied by WSTC together
with their laboratory handling/analyses procedures, dkali measurements were conducted by
Fogter Wheder in the Livingston carbonizer pilot plart. The measurements were made
downstream of the ceramic candle filter with the carbonizer operating with the temperature and
feedstocks (Kentucky No. 9 cod and Floridalimestone) planned for the Lakeland plant. The
vapor phase dkali levels measured with the WSTC probe decreased, as expected, with
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decreasing gas temperature. Even though the akali levels were very low, the temperature trend
exhibited minima scatter and the data indicates carbonizer syngas dkdi levels should be less

than 20 ppbw at 1200°F, a vaue that should be acceptable to a gas turbine.

The ceramic candle filter operated at about 1300E F. During the first two runs, the filter operated
without a pre-cleaning cyclone, and to accommodate the higher solids loading a 1.9 ft/min candle
face velocity was used (22 candles were ingtdled in the filter). In the second run, a pre-deaning
cyclonewas ingaled, and the face velocity was increased to about 4 ft/min by reducing the
number of candlesto 10. In dl four runsthe filter performed successfully showing no signs of
blinding, bridging, or ash hopper agglomeration.
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8.0 Acronymsand Abbreviations

ACFM
ID
H,S
NH;3
PCFB
PFB
SCE
WSTC
ZnO

Actua Cubic Feet Per Minute

Insde Diameter

Hydrogen Sulfide

Ammonia

Pressurized Circulating Fluidized Bed
Pressurized Huidized Bed

Sulfur Capture Efficiency

Westinghouse Science and Technology Center
Zinc Oxide
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