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EXECUTIVE SUMMARY

The development of an efficient pressurized, medium-Btu steam—-oxygen-
blown fluidized-bed biomass gasification process was conducted at the
Ingtitute of Gas Technology (IGT), Chicago, Illinois, for Pacific Northwest
Laboratory (PNL) of Richland, Washington, and the U.S. Department of Energy
(DOE), Biofuel and Municipal Waste Technology Division, under Contract No.
B-C5821-A-Q. The overall program included initial stages of design-support
research before the 12 ton-per—-day (TPD) process research unit (PRU) was
built. These stages involved the characterization of test-specific biomass
species and the characteristics and limits of fluidization control. Also
obtained for the design of the adiabatic PRU was information from studies with
bench-scale equipment on the rapid rates of biomass devolatilization and on
kinetics of the rate-controlling step of biomass char and steam gasification.
The development program culminated with the successful operation of the PRU
through 19 parametric-variation tests and extended steady-state process-

proving tests.

The test program investigated the effect of gasifier temperature,
pressure, biomass throughput rate, steam—-to-biomass ratio, type of feedstock,

feedstock moisture, and fluidized-bed height on gasification performance.

A long-duration gasification test of 3 days steady-state operation was
conducted with whole tree chips to identify long-term effects of fluidized
process conditions; to establish gasifier material and energy balances; to
determine the possible breakthrough of low concentration organic species; and

to evaluate the mechanical performance of the system components.

Test results indicate that the pressurized fluidized-bed process, which
has proven to be simple to operate, can achieve carbon conversions of about
95% with cold gas thermal efficiencies of about 757 and with low oil and tar

production.

New information was collected on the oil and tar fraction, which relate
to the process operating conditions and feedstock type. The different
feedstocks studied were very similar in elemental compositions, and produced
similar product gas compositions, but each has a different distribution and
character of the oil and tar fractions. This information is important
environmentally and would have an impact on the proper design of process
clean—up equipment.
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INTRODUCTION

The Institute of Gas Technology (IGT), began the investigation of a
pressurized, steam—-oxygen blown, fluidized-bed gasification process to produce
medium-Btu gas or a synthesis gas from biomass in May 1980. A technical
report for the period ending June 1981 was submitted to DOE! and it contains
laboratory and bench-scale data on various biomass species, leading to the

design of a process research unit (PRU).

This final report contains the continuation of the same investigation and
covers thé period from June 1981 through December 1986. It includes
additional areas of the bench—scale investigation to define design data for
the PRU. The PRU is described and the results from shakedown operations to
parametric process variable tests and long-duration operation are presented.
The overall program plan is described by the following program objective and

scope statement followed by the task description.

The program was divided into three phases, In Phase I we acquired design
information from bench-scale experimental tests and cold-flow fluidization
model tests. This information was used in Phase II to design a 12-TPD
adiabatic process research and development gasification system. Phase III
required construction and operation of the PRU over a variety of parameters to
generate adiabatic design information for process evaluation and optimization.
A long-duration test lasting for 3 days of steady-state operation was also

completed.

The selection of a fluidized-bed gasifier filled with inert media offers
many advantages for biomass gasification. The small alumina spheres used in
the PRU offer uniform fluidization over the entire range of biomass

feedrates. Biomass feed size can range from sawdust to pulpwood-sized chips.

The high heat capacity of the inert media aléng with its circulation most
efficiently distributes the heat energy from the combustion fraction to the
endothermic gasification reactions of the incoming biomass, while the low bu}k
density biomass char is retained in the gasifier and reduced in size exposing
more char reaction surface area. The 3 to 5 minutes of biomass residence time
in the fluidized-bed gasifier and the overall gas residence in the gasifier
and overhead freeboard contribute to the high carbon conversion and the low

0il and tar production demonstrated in the PRU tests.



Pressurized operation makes the fluidization gas bubbles smaller and
therefore the fluidization is smoother than at atmospheric pressure.
Producing gas at elevated pressure is required to overcome piping losses and
pressure drop through filters or other gas cleanup equipment for pipeline
distribution. Pressurized gasification also contributes to improving the
process efficiency for synthesis gas process applications such as methanol or

ammonia production.



PROGRAM OBJECTIVE AND SCOPE

The objective of this project was to develop an efficient biomass
gasification process to produce medium-Btu gas suiltable for an industrial fuel

gas or for upgrading to substitute natural gas (SNG) or synthesis gas.

The project involved the development of a pressurized, single-stage,
oxygen-blown fluidized-bed gasifier for the thermal gasification of biomass
fuels. Fundamental information on the simultaneous physical and chemical
processes occurring in biomass fluidized-bed gasification was needed for the

rational design and scale—up of the process.

The overall program included bench-scale experiments that led to the
design and construction of the PRU. Gasification tests were conducted in the
11.5=inch-1ID fluidized-bed gasifier and new data were obtained on biomass
gasification characteristics as a function of significant operating parameters
at continuous, adiabatic, steady-state operating conditions and on a large
scale (up to 12 TPD).

The 11.5-inch-ID PRU was designed for maximum operational flexibility in

the areas of —

a. Operating pressure, atmospheric to 500 psig

b. Operating temperature, up to 1800°F

C. Fluidized-bed heights, up to 8 feet for L/D ratios from 2 to 8

d. Biomass feed inlet locations 6 to 24 inches above the oxidant
distributor.
Critical areas in which design information was incomplete were planned
for evaluation; including high-pressure feeder operation, the effect of
operating parameters on adiabatic gasifier performance, and the

characteristics of process effluents. .

The experimental PRU test program addressed these areas and quantified
the gasification performance. The performance trends that were found as a
function of primary operating variables identified approaches for system
optimization and indicated the requirement for various upstream and downstream
process equipment modifications or modified 6perating procedures. This data
can be used in the process assessment and evaluation of the economics of

pressurized fluidized-bed biomass gasification applicatioms.

~



PROGRAM TASK RESULTS
The program was divided into the following five tasks:
Task I. Characterization of Biomass
Task II. Biomass Handling Characteristics
Task III. Bench-Scale Experiments
Task 1IV. Process Research Unlt Tests
Task V. Data Review for Scale-Up Tests.

Task I. Characterization of Biomass

Representative samples of selected large resource materials from the
Midwest were obtained for characterization and tests. These included forest
residues from both hardwood and softwood trees and corn stover as an
agricultural residue. Samples were requested from sources that could supply

material in quantities of 20 tons or greater.

Each selected biomass material was characterized by standard tests of
physical and chemical properties because of the interrelationships between
these properties, gasification reactivity, and fluidization. The physical
properties of interest included density and particle size; significant
chemical properties of interest included proximate and ultimate analysis,
calorific value, ash constituents, and ash fusion characteristics, The tests
were also used to characterize the chars formed from the bilomass materials,
which have direct relation to gasifier design and operation. The standard
tests and procedures that were used to characterize the chemical and physical

properties of the biomass materials are 1identified in Table 1.

The characteristics of a maple hardwood, Douglas-fir hog fuel, jack pine
softwood, and undensified corn stover were determined and presented in a

previous report.2

The ash fusion characteristics in both reducing and oxidizing atmospheres
along with the particle and bulk densities for Douglas—fir hog fuel, maple
hardwood, jack pine softwood, and corn stover were determined and reproduced

in Table 2 for discussion continuity.

The characteristic ash fusion temperatures measured for the jack pine ash

are lower than those for the maple hardwood ash, but similar to the results



Table 1.

Chemical Tests

Ultimate analysis

Proximate analysis

Ash analysis

Heating value

Cellulose and hemicellulose
Acid insoluble lignin

Physical Tests

Moisture

Ash fusion analysis
Low-temperature ashing
High-temperature ashing
Particle size analysis
Particle density

Bulk density

STANDARD CHARACTERIZATION TESTS

Standard Procedure

ASTM® D3176~74 or "Perkin-Elmer”
240 method

ASTM 3175

ASTM D1102-56 or TAPPI** T1505-58
ASTM D2015

TAPPI 53(2):257-261 (Feb. 1970)
TAPPI T222 05-74

Standard Procedure

ASTM D2016-74

ASTM D1857

IGT standard procedure
ASTM D3174-73

ASTM D431

IGT standard procedure

IGT standard procedure

Surface areas by nitrogen and IGT standard procedure

carbon dioxide adsorption

Mercury and helium particle
densities for porosity

IGT standard procedure

* ASTM is the American Society for Testing and Materials.

** TAPPI is the Technical Association of the Paper and Pulp Industry.

171/65058fr—t/RPP



Table 2. DENSITY AND ASH FUSION TEMPERATURES OF SOME BIOMASS SPECIES

Douglas-Fir Hog Fuel Maple Hardwood Jack Pine Softwood Corn Stover

Particle Bulk Particle Bulk Particle Bulk Particle Bulk
————— Density, lb/ft3 -—
Air Dried Sample
(-4+16 Mesh) 42,4 13.1 38.0 10.0 37.0 15.1 36.2 7.9
(-60+80 Mesh) 45.6 18.1 51.8 11.1 48.0 16.3 62.4 17.1
Char
(-4+16 Mesh) 26.9 38.7 7.9 20.0 21.2 6.6
(-60+80 Mesh) 37.3 . 41.8 9.2 35.6 . 70.5 21.3
Ash Fusion Temperatures, °F
Reducing Oxidizing Reducing Oxidizing Reducing Oxidizing Reducing Oxidizing
Initial Deformation (IT) 2070 2150 2700+ 2700+ 1950 2020 2250 2330
Softening (ST) 2195 2295 2700+ 2700+ 2150 2620 2700 2700+
Softening (HT) 2335 2480 2700+ 2700+ 2190+ 2680 2700+ 2700+
Fluid (FT) 2470 2665 2700+ 2700+ 2280 2700+ 2700+ 2700+

171/65058£r—-t /RPP



for Douglas—fir hog fuel. The density values for the jack pine char are lower
than the maple hardwood and Douglas—-fir hog fuel char values, whereas the
density values for the air-dried samples of the three woody species are very

similar.

A sample of corn stover densified into approximate 1.25~inch cubes was
obtained from Professor John Goss at the University of California at Davis,
The corn stover came from a California harvest, and the densification process
did not use any binder additive. The bulk density of the cubes as-received
was measured as 77.2 1b/ft3.

Characterization tests of the corn stover were completed in this program
for certain smaller size fractions and are reported in Tables 3, 4, and 5.
These are compared with the characterization test results of the undensified
corn stover from an Illinois harvest in a similar size fraction. These tables

highlight the differences between a densified material and a non-densified

material,
Table 3. PROXIMATE AND ULTIMATE ANALYSES OF CORN STOVER
Corn Stover Densified Corn Stover
As- As-

Proximate Analysis, wt % Received Dry Received Dry
Moisture 5.0 - 5.9 -
Volatile Matter 7442 78.1 6001 63.9
Fixed Carbon 13.8 14.5 13.7 14.6
Ash 7.0 7.4 20.3 21.5

Total 100.0 100.0

Ultimate Analysis, wt 7 Dry Daf Dry Daf
Carbon 46,50 50.20 37.80 48,20
Hydrogen 5.81 6.27 4,84 6.17
Nitrogen 0.56 0.60 0.65 0.83
-Sul fur 0.11 0.12 0.09 0.11
Oxygen (by diff.) 39.67 42.82 35.05 44,69
Ash 7.35 - 21457 -

Total 100.00 100,00

Heating Value, Btu/lb 8167 6231

According to the proximate and ultimate analyses, the densified corn
stover composition 1s very similar to the undensified material, except for the

amount of volatile matter and ash. The densification process may have reduced



Table 4. DENSITY AND ASH FUSION TEMPERATURES OF CORN STOVER

Alr Dried Sample
(~-4+16 Mesh)
(-60+80 Mesh)

Char
(-4+16 Mesh)
(-60+80 Mesh)

Initial Deformation (IT)
Softening (ST)

Softening (HT)

Fluid (FT)

Material
Corn Stover "Densified Corn Stover
Particle Bulk Particle Bulk
Density, 1b/ft”
36.2 7.9 64,3 17.0
62.4 17.1 71.8 23.5
212 6.6 45.6 12.1
70.5 21.3 66.2 21.0
Ash Fusion Temperatures, °F
Reduction Oxidizing Reducing Oxidizing
2250 2330 2100 2170
2700 2700+ 2225 2270
2700+ 2700+ 2300 2450
2700+ 2700+ >2670 >2550

Table 5. ANALYSES OF CORN STOVER FOR CELLULOSE,

Composition of Biomass
Materials
Cellulose
Hemicellulose
Acid-Insoluble Lignin
Ash
Unaccounted-for

Extractives

Distribution of Structural
Constituents

Cellulose
Hemicellulose

Acid-Insoluble Lignin

HEMICELLULOSE, AND LIGNIN

Material

Corn Stover
(-12+16 Mesh)

36.8
25.4
16.9

744

13.5

46.5
32.1
21.4

wt? (dry)

Densified Corn Stover
(-12+16 Mesh)

32.6
23.6
13.6
21.6

8.6

46.7
33.8
19.5



the volatile matter and also the heating value. No sample of the undensified
California batch was available for testing to measure the volatile matter
before densification. The ash content differences in these samples can
reflect local collection and preparation procedures and are expected to vary

widely among various samples.

The particle and bulk densities reported in Table 4 for various screen
sizes for both densified and undensified ground material indicate some
variation in values, especlally in the larger size fraction. The handling,
fluidization, and reaction characteristics could be affected by the

differences in composition and density.

The various ash fusion temperatures for the densified and undensified
corn stover samples are also compared in Table 4. The measured temperatures
for the densified corn stover sample from the Californla harvest are lower
than those for the undensified sample from the Illinois harvest. This could

possibly result from different ash constituents and amounts in each sample.

Table 5 presents the structural constituents of the two corn stover
materials. The values of the three major constituents are similar, but
somewhat lower for the densified material. Whether this 1s related to the
lower amount of volatile matter measured for the densified material can only

be answered by analyzing the undensified corn stover batch.

Additional tests were made on the samples of maple hardwood char that
were ﬁrepared for the Task III bench-scale tests of char gasification rates.
The surface areas and total pore volume were measured to determine if there
was an effect on gasification rates from the physical structure of the chars
and/or their reactivity, The results of these measurements and the discussion

are presented in the Task III section,

The information on the physical and chemical characteristics of each
biomass species and its char developed in this task has been cataloged for
process design purposes. As an example, the ash content of a specles and the
corresponding ash fusion temperatures can have an impact on gasifier design
and operation. The PRU gasifier was designed to entrain ash with the raw
product gases; therefore, the ash inventory in the bed is maintained low and
ash sintering is minimal, especially with a properly designed oxygen

distributor. Also, knowledge about the characteristics or behavior of



specific particle size fractions is important in interpreting bench-scale
experimental results, which could have significant process design consequences

if properties are not uniform.

Task I]l. Biomass Handling Characteristics — Pressurized Fluidization Tests

The results of the cold model fluidization tests that were conducted at
atmospheric pressure to determine the fluidization behavior of various
mixtures of wood char and inert materials were presented in a previous
reportz, as were the results of an investigation of the effect of various gas
distributor nozzle designs on gas jet penetration into a fluidized bed. That
work showed that the measured minimum fluidization velocities were lower for
the mixtures of char and inert materials than for the inert materials alone.
The inert materials reduced slugging and improved the fluidization.
Furthermore, the fluidization characteristics of the mixtures were quite
constant over a large range of char concentration in the fluidized bed.
Hence, smooth fluidization behavior is expected over a large range of char

inventory in the bed.

Tests of steam—oxygen distributor nozzle sizes and patterns provided
information on stable, controlled jet penetration lengths into the fluidized
bed as a function of gas jet velocity, the fluidized-bed superficial gas

velocity, and the nozzle layout pattern.

This program report presents the results of fluidization tests that were
conducted at an elevated pressure and ambient temperature to simulate the
increased density of the fluidizing gas that would be in the gasifier at the
selected baseline process operating conditions of 1500°F and 300 psig.

The purpose of these pressurized fluidization tests was to determine the
effect of the fluidizing-gas density on the fluidization behavior of the low
bulk-density wood char and of mixtures of char with inert materials, The gas
density in the steam-oxygen gasification PDU at 1500°F and 300 psig was
estimated at about 0.4 lb/ft3; this density was simulated in the ambient-

temperature (80°F) fluidization tests by operating at 87 psia pressure.

Equipment and Test Description

The pressurized fluidization tests were conducted with an 11,5-inch-1D
Plexiglas column enclosed in a 3-foot-OD steel pressure vessel as indicated in

Figure 1. The pressures inside and outside the clear plastic column were

10
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balanced and had the capability to be raised up to 300 psig for a fluidization
test, Viewports in the steel pressure vessel shell permitted observation of
the fluidization characteristics of the bed materials., The remainder of the
equipment consisted of a compressor for the fluidizing gas, two cyclones, and
an absolute filter, The fluidization gas was recirculated, flowing through
the cyclones and filter before returning to the compressor. The fines

collected in the cyclones were returned to the bed.

In a typical test run, solids were loaded into the column to a bed height
of about 5 feet. The unit was then pressurized. After the gas reached the
test pressure, it was directed at a low flow rate to the gas distributor. The
initial flow rate was about 5% to 10% of the maximum test flow, as determined
by an orifice meter, The column was given 4 to 5 minutes to reach an equilib-
rium, and then the gas flow was increased in increments of 5% to 10% over the
range of test flow rates. For the pressurized fluidization tests, mixtures of
sand (-20+40 U,S. sieve size) and hardwood char (-1/4 inch) were used. Sand-
char mixtures of 20%, 33%, 40%, and 50% char by volume were tested (in addi-
tion to pure char)., The gas distributor plate installed in the test apparatus
had a bubble cap type of design. The fluidizing gas in all tests was

nitrogen. All of the tests reported here were conducted at 87 psia and 80°F.

Experimental Test Results

The measured values of the minimum fluidization velocity, u s, and the
corresponding pressure drop per unit length or bed density for each char
concentration tests are presented in Table 6. The atmospheric fluidization
test results are also listed for comparison. Figure 2 shows the bed density
variation with the superficial fluidization gas velocity at the elevated
pressure., Figures 3 through 5 compare the fluidization runs conducted at
15 psia with the runs conducted at 87 psiae.

As shown in Figures 3 through 5, the minimum fluidization velocity, Unfos
in all cases is lower for the pressurized fluidization tests. This is
expected because the drag force becomes greater as the density of the
fluidizing gas increases. As a result, fluidization occurs at a lower
superficial gas velocity. The bed density values AP/L, appear somewhat lower
for the higher pressure tests if extrapolated to the higher superficial gas
velocities., This is not expected; however, a possible explanation may arise

from variances in the pressurized and atmospheric pressure test equipment,

12
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because the difference appears as a constant value of about 0.08 psi/foot,
independent of the char concentration. The atmospheric pressure tests
compared here were conducted in an 8-inch-ID column where wall effects could

possibly be contributing to the measured pressure drop.

Figure 6 presents the relationship between the minimum fluidization
velocity and char concentration, As with the atmospheric fluidization tests,
there appears to be a range of char inventory in the bed where the value of

u ¢ is approximately constant, providing a steady fluidization behavior.

One significant difference in behavior was observed during the
pressurized fluidization tests., The mixtures with higher char concentrations
were more easily fluidized at this elevated pressure or simulated gas density
than in the atmospheric fluidization tests conducted earlier, 1In those tests,
the mixtures with high char concentrations fluidized, but still showed a
slugging tendency. In these pressurized tests, even a bed with 100% char was
fluidized with no tendency to slug. The values from the 100%Z char test agree
with the published correlation as shown in Figure 7 for both the 8-inch-ID

column at atmospheric pressure and the 11.5-inch-ID column at 87 psia.

Task III. Bench—-Scale Experiments

The conversion of biomass to produce a medium-Btu gas can be divided into

the following steps:

° Devolatilization — the nearly instantaneous thermal decomposition of
biomass, followed by a gas-phase hydrogenation of volatile products into
hydrocarbon gases. Hydrogen, carbon oxides, light hydrocarbons, and
water are the primary products of devolatilization,

° Char Gasification — a slow gasification of residual biomass char with
steam in the presence of hydrogen to produce methane, carbon monoxide,
hydrogen, and carbon dioxide.

° Char Combustion — the combustion of residual biomass char, which
supplies the energy required for the endothermic char gasification
reactions.,

The bench-scale experimentation was conducted to investigate these first
two reaction steps with maple hardwood chips, corn stover, and jack pine

chips. Two types of bench-scale experiments were conducted:
1. Devolatilization experiments in a laminar-flow reactor

2. Isothermal char gasification experiments in a thermobalance using a
mixture of hydrogen, steam, and helium,

18
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The rapid devolatilization experiments produced data on the effect of
process variables on product yields and compositions. The isothermal char
gasification experiments contributed kinetic data on the slower, rate-
controlling steam—char reactions in gaseous atmospheres containing the typical
percentages of hydrogen and steam that would be expected in an adiabatic

gasifier,

Laminar-Flow Devolatilization Experiments

The rapid devolatilization characteristics of maple hardwood were
investigated in a laminar-flow reactor. The apparatus was devised to provide
a range of devolatilization temperatures at short residence times, Figure 8
shows a simplified schematic diagram of the laminar-flow reaction system. The
system 1s composed of three distinct sections: 1) feed system, 2) reactor

system, and 3) product collection systems.

The feed system was designed to supply the gaseous medium at the
temperature, pressure, and flow rate selected for each experiment and to
introduce the sized biomass into the reactor. The gas was preheated to the
selected temperature and fed to the reactor system at different volumetric
flow rates so that the linear velocity of the gas in the reactor was constant
for all experiments., The biomass was stored in a high-pressure feed hopper.
Its feed rate could be adjusted from 0.1 to 1 gram per minute by changing the
rotational speed of the screw feeder located at the bottom of the hopper. The
biomass particles flowed through a water-cooled injection probe into the hot

reactor zone,

The main section of the reactor system was an 8-foot-long, 2-inch-ID
stalnless-steel core, which was sﬁrrounded by seven electrical heaters. The
first two heaters were used to maintain and/or preheat the feed gas to the
reaction temperature., The last five heaters were used to maintain the reactor
temperature, A balanced-pressure reactor design was employed to facilitate
temperature control, reduce heat-up time, and minimize the power required.

The 2-inch-ID reactor core was a thin-walled (l/4-inch~thick) cylindrical
reactor that did not see any large differential pressures. The reactor core
was placed inside a 12-inch pipe as a pressure vessel; the pressure between
the reactor and the enclosing shell was adjusted, using nitrogen, to match the
pressure inside the reactor core., This reactor system was capable of

operating at temperatures up to 1600°F and pressures up to 1500 psig. Inside
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the reactor core was an adjustable char collection probe. The purpose of this
probe was to transmit the char and gas with little or no further reaction to
the char filter located at the bottom of the reactor. To quench the reaction,
the probe was cooled to below 800°F, either with water or air. The probe
length was adjustable so that the free-fall distance of the char particles
could be varied from 12 to 48 inches, which varies the contact or residence

time.

The gas and char stream passed through the collection probe and into a
heated filter, where the char was separated from the gas stream. The porous
sintered-metal type filter retained particles greater than 5 micrometers, It
was kept at about 450°F to prevent liquid products from condensing in it. The
solids~-free gas stream was then passed through a series of cold liquid-
knockout pots and a filter medium, where oils, tars, water, and heavy
hydrocarbons were collected. The pressure of the gas stream was then reduced
to atmospheric pressure and metered through a dry-test meter, The gas stream
then flowed through a sample manifold, where gas samples were collected

intermittently for mass spectroscopy analysis.

At the beginning of each experiment, the feed hopper was charged Vith 70
to 100 grams of prepared feed (sized to —-60+80 mesh). After the system was
brought to operating pressure and checked for leaks, the heaters were
energized to heat the reactor and then to maintain isothermal temperatures.
During the start-up, collection bombs were placed in the sample manifold, and
the devolatilization gas flow rate was set. Once the system was at operating
pressure and temperature, the gas flow rate was rechecked and the experiment

was initiated by starting the feeder.

Usually within 5 minutes of feeding, the infrared analyzer (IRA) began
showing a trace of CO and CO,; at about 15 minutes, steady-state operation was
obtained. The steady-state period was determined when the'composition of the
product gases monitored by the IRA remained constant, The experiment was
continued at steady-state operation, generally for more than 4 hours, with gas
samples taken periodically. Improved material balances were obtained with
longer runs, which reduced the errors of feed rate irregularities and the
collection of small quantities of products. To end the experiment, the solids
feed was stopped, the gas flow reduced, and the unit depressurized after the

reactor cooled.
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Experimental Bench-Scale Test Results

The results of the laminar-flow devolatilization experiments presented
here derive from a planned, parametric study of the devolatilization behavior
of maple hardwood. The rapid devolatilization behavior was investigated as a
function of temperature, pressure, devolatilization gas medium, feed moisture

variation, and residence time.

The temperature of the reaction zone was varied from 1000° to 1600°F at a
total pressure of 300 psig. A few tests were made at 100 and 200 psig. Tests
with an inert helium devolatilization atmosphere simulated devolatilization
pyrolysis;, and a gas with a concentration of 5% hydrogen in helium was
selected to simulate devolatilization in a conceptual steam—oxygen gasifica-

/
tion process.

Table 7 lists the data from all the experiments. Elemental and overall
material balances are given in Table 8., Figure 9 presents the effect of the
devolatilization temperature on the yields of gas, liquids, and char for one
estimated residence time in the laminar-flow reaction zone of approximately
2 seconds. Results are shown for both the helium and the 5% hydrogen gas

mediums,

It is difficult to determine the residence time exactly of the biomass
particles in the controlled temperature zone of the laminar-flow apparatus,
because the particles undergo a shape change and a weight loss of about 807% or
more. Under these experimental conditions, particle heat—up was assumed to be
principally through radiative heat transfer, which produces relatively high
heating rates., Consequently, the particles would reach the reaction
temperature in much less than 1 second. Particle size, density, shape, gas
density, and viscosity all are factors that affect the free-fall velocity of
the particles. These factors could change dramatically as the particles
devolatilize, Nevertheless, an estimate of the residence times of the solid
particles was made by measuring the free-fall velocity of sized (-60+80 mesh)
maple hardwood chips at ambient, nonreactive conditions. On this basis, the
approximate residence times were 1.2, 2,0, and 3.2 seconds, respectively, for

the 18-, 30—, and 48~inch reaction zones in the apparatus,
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Run No.

Temperature, °F
Pressure, psig
Gas Medium
Run time, min
Amount Fed, g (dry)
Feed Moisture, X
Reactor Length, in.
Devolatilization Yields,
wt X of dry feed
Gas
Liquids
Char

Gas Composition, vol X

co

C3H6O
C6H6

* 5% H,, 95% He.

*

Table 7.

SUMMARY OF LAMINAR-FLOW DEVOLATILIZATION DATA

MAIC 17 MHC 18 MIC 31 MEC 33 MHC 19 MHC 20A MHC 21 MHC 25 MiC 25A MIC 28 MAC 22 MIC 22A MIC 26A MiC 29 MIC 32 MHC 23 MHC 27A MHC 30 MHC 39 MHC 41C MHC 42 MHC 24A MHC 34 MHC 35 MHC 38
1000 1300 1300 1300 1500 1600 1000 1000 1000 1000 1300 1300 1300 1300 1300 1500 1500 1500 1500 1500 1500 1600 1600 1600 1600
300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 100 200 300
He He He He He He HZ/He* HZ/He HZ/He HZ/He» Hz/He HZ/He HZ/He H2/He HZ/He HZ/He HZ/He Hzfﬂe Hzlﬂe HZ/He HZ/He H2/He HZ/He H2/He HZ/He
200 300 292 210 300 270 152 194 180 266 333 299 240 270 250 284 270 184 134 50 98 360 300 300 210
30.95 S56.44 47.80 35.61 51.55 51.02  17.81 27.28 32.12  30.73 55.25 59.92  52.53  38.21 40.81 47.87 53.64  23.91 15.01  2.14 9.53  78.13  47.29 57.01 28.06
3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 12.0*% 25.9%%  12.6** 3.1 3.1 3.1 3.1
30 30 30 30 30 30 30 18 18 48 30 30 18 48 30 30 18 4 30 30 30 30 30 30 30
45.8  68.3  66.8  70.5  72.5  72.2 48.4  48.3  47.2 60.2  65.7  64.8 58.8 75.6  72.2  79.7  73.3 84.6  83.3  90.4 80.6  80.7 85.8  84.9  79.6
25.0  11.6  11.6  14.2 8.0 5.4 33.9  26.3  24.6 18.0  15.1  14.2 12.1 12.9  15.0 9.1 8.5 6.7 4.9 13.7 8.6 6.3 11.4 6.6 6.6
12.4  10.3 7.9 9.7 9.0 6.6 13.6  14.5  12.8 16.0 4.7 4.8 5.6 9.7 6.3 3.5 7.4 9.2 6.6 7.7 9.5t 6.5 5.4 5.1 6.4t
50 48 50 47 4 45 58 55 54 55 54 56 55 54 54 51 51 52 51 49 48 57 58 58 53
15 10 9 11 10 11 14 18 20 16 8 9 10 9 9 8 9 7 10 8 10 9 8 7 7
12 16 16 17 23 24 - - -- - -— - - -- - - - - - - - - - - -
14.0  19.3  18.7  19.7  19.2  19.3 17.8  17.8  17.9 21.6  27.1  25.0 26.7 25.5  26.1  37.8  35.2 38.8  35.4  37.7 38.6  32.5 32.2 33.7  37.6
2.6 1.5 1.6 1.2 0.3 - 4.1 2.8 3.3 4.3 7.9 7.6 7.5 8.7 7.5 0.7 2.1 0.4 1.5 2.4 1.3 — 0.1 0.4 0.3
3.5 3.7 3.5 3.5 1.6 — 4.1 1.9 1.6 0.9 1.4 1.4 2.1 1.4 1.7 0.7 1.2 - 1.0 1.2 1.3 - 0.3 0.4 0.3
1.8 — - -- - - 1.4 0.9 0.8 0.9 - - — - - - - - - - - - - - -
- - — -- - - - 1.9 0.8 0.9 - - - - - - - - - - - - - - -
0.9 — - - - - 1.4 1.9 1.6 - - - -- - - - - - - - - - - - -
- 0.7 1.2 0.8 1.6 0.7 - -- - 0.9 0.9 1.0 0.8 1.4 1.7 1.7 1.8 1.8 1.6 1.2 1.3 1.4 1.7 1.1 1.9

t Corrected by ash balance.

171/65058fr-t/RPP
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Run No.

Temperature, °F
Pressure, psig

Gas Medium

Run Time, min
Amount Fed, g (dry)
Feed Moisture, Z

Reactor Length, in.
Balances, X

Carbon
Hydrogen
Oxygen

Overall™

xx
Conversion

Table 8.

MATERIAL BALANCES FOR LAMINAR-FLOW DEVOLATILIZATION DATA

MHC 17 MAC 18 MHC 31 MHC 33 MHC 19 MHC 20A MHC 21 MHC 25 MHC 254 MHC 28 MHC 22 MHC 22A MHC 26A MHC 29 MC 32 MIC 23 MHC 27A MHC 30 MiC 39 MHC 4IC MHC 42 MHC 24A MHC 34 MHC 35 MHC 38
1000 1300 1300 1300 1500 1600 1000 1000 1000 100 1300 1300 1300 1300 1300 1500 1500 1500 1500 1500 1500 1600 1600 1600 1600
300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 100 200 300
He He He He He He Hz/He HZ/He Hz/He HZ/He HZ/He Hzﬂ{e H2/He Hz/He Hz/He HZ/He HZ/He H2/He H2[He HZ/He HZ/He Hzlﬂe HZIHe Hz/He HZ/He
200 300 292 210 300 270 152 194 180 266 333 299 240 270 250 284 270 184 134 50 98 360 300 300 210

30.95 56,44 47.80 35.61 51.55 51.02 17.81 27.28 32.12 30.73 55.25 59.92 52.53 38.21 40.81 47.87 53.64 23.91 15.01 2.14 9.53 78.13 47.29 57.01 28.06
3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 12.1 25.9 12.6 3.1 3.1 3.1 3.1
30 30 30 30 30 30 30 18 18 48 30 30 18 48 30 30 18 48 30 30 30 30 30 30 30
73 84 80 86 85 76 81 81 76 86 80 71 71 95 88 90 89 102 91 109 36 91 95 93 94
86 90 86 96 91 83 97 85 84 86 95 88 80 102 101 102 95 105 100 115 113 82 96 90 96
92 95 93 103 94 100 103 97 95 102 92 90 83 98 98 95 88 95 98 106 100 104 111 100 91
83 90 86 94 90 84 96 89 85 94 85 77 77 98 94 92 89 100 95 112 99 93 103 97 95
85 89 91 90 90 92 86 84 85 83 95 94 93 90 93 96 92 91 93 93 90 93 95 95 93

* Overall material balance =

** Conversion = (gas + liquid)/{(gas + liquid + char) (Z).

171/65058fr~t/RPP
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% of dry feed to gas, liquid, char collected.
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Figure 9. DEVOLATILIZATION YIELDS AS A FUNCTION OF
TEMPERATURE IN 5% Hy, 95% He, AND IN 100% HELIUM
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Figure 10 depicts the yields for the three residence times or reaction
zone lengths as a function of temperature. As expected, the gas production
shows a consistent increase as the reaction time and temperature increase.
The increased gas yields obtained as the solids residence time is increased
could result not only directly from higher conversions, but also possibly
through secondary liquid decomposition reactions or even steam-char reactions

at the higher temperatures.

The effect of the length of residence time upon the char and 1liquid
yields is not as clear as with the gas ylelds. Secondary reactions such as
thermal cracking of the heavier hydrocarbons may be occurring to cause the
observed slight increase, rather than a decrease, in the char yields for the
longest residence-time run, assuming that no measurement or collection error
is present., 1If secondary reaction effects are contributing to the char
values, then more definitive experiments are required to uncover these
effects. These results show definite trends for temperature and residence-
time dependence that are useful for process design in general and analysis of

the PRU test results.

Figure 11 shows the effect of the temperature and residence time on the
ratio of CO, CH,, and C02 gas products to feed carbon. There is a small
change in the production of CO2 relative to the feed carbon as both residence
time and temperature are increased; however, larger effects on both CO and CH,
production are observed., It is the increased production of CO and CH, that is
primarily responsible for the increased overall gas production shown in
Figures 9 and 10. Combined, they account for 757 to 90% of the product gases.,

Note that a lower value of methane was measured at 1600°F than at 1500°F.
This was confirmed with a duplicate experimental run. Other invest:igat:orsl‘—6
have reported that methane content diminishes as temperatures approach 1800°F
and beyond. Such conditions would favor the production of a synthesis gas for
methanol conversion. The laminar-flow bench-scale apparatus was limited to
controlled temperatures of 1600°F in the reaction zone., .The PRU, however, was

designed for operating temperatures up to 1800°F.

Figure 12 shows an increase of the conversion of biomass to gases and
liquids with temperature for the three residence times. The conversion
fraction is defined as the ratio of the gas plus liquid products to the sum of

gas, liquid, and char products on a weight fraction basis. A relationship may
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exist between the conversion and residence time, as shown in Figure 12;

however, the variation is within the experimental uncertainties.

Figure 13 plots the conversion against the reaction zone length, which is
a more precise value than the estimate of residence time, For temperatures of
1300° to 1600°F, a slight difference in conversion is shown; however, these
differences are still within the experimental uncertainties, The decrease for
the longest residence time could be due, perhaps, to the formation of char
from a portion of the liquids, More definitive experiments would be necessary

to confirm that.

Three runs were made to explore the effect of total pressure on
devolatilization. These runs were made at 1600°F and 100, 200, and 300 psig
with the approximate 2-second residence time. The pressure did not affect the
conversion level or overall gas composition significantly. The most
significant differences observed were that about 5% less gas, but 457 less

liquids, was measured at 300 psig than at 100 psig.

Three different feed moisture experimental runs were conducted to
investigate the effect of feed moisture content upon the yields and con-
versions. The moisture content was varied from 3 to 12 to 27 Veight percent,
approximately, for run conditions of 1500°F, 300 psig, and a 2-second

residence time.

The duration of the experiments with the 12 and 27 weight percent
moisture content values was shorter than for most previous experiments because
steady feeding was difficult with the moist -60+80 mesh material. The feeder
would feed steadily for only about one-half of the previous run times. Hence,
shorter run times were made. As these have greater experimental error,
duplicate runs at each condition were planned. Consequently, feeding problems
were recurrent with the higher moisture material in the small-diameter screw
feeder currently in the laminar-flow apparatus. Very little difference could
be discerned among the various runs to attribute to feed moisture variation.

A modified experimental procedure or apparatus would be necessary to 1solate

the effect of feed moisture content.

Isothermal Char Gasification Experiments

The gasification of the biomass char, obtained from devolatilization, is

the slowest step in the overall conversion process for the production of
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medium-Btu gas from biomass. To obtain a measure of the rate of gasification
of the char under the proposed reaction conditions (temperature, pressure, and
gas composition), a series of prepared chars were gasified at a total pressure
of 300 psig over a temperature range of 1350° to 1700°F in a gas medium
consisting of about 50% Hy0, 5% Hy, and 45%Z inert gas (He). As mentioned
previously, the selection of these main experimental conditions of temperature
and pressure was based on the designed PRU operating conditions, Experiments

at different total pressures and different gas mediums were also conducted.

All of the char gasification rate experiments were conducted in a
thermobalance reactor, This apparatus is capable of continuously monitoring
the weight of a sample reacting under simulated process conditions, Figure l4
is a schematic diagram for the thermobalance reactor system. In a typical
experiment a representative sample of 1 to 2 grams of the char is suspended in
a wire mesh screen basket from a transducer and brought in contact with the
gasification medium at predetermined reaction conditions. In this bench-scale
experimentation task, two series of char gasification experiments were made
with maple hardwood, jack, pine softwood, and corn stover. Essentially, the

chars were prepared in two different methods.

The chars in the first series of experiments were obtained by devolatili-
zation in nitrogen (1 atm) in the temperature range of 1350° to 1700°F. These
were reported previously.2 The rate of heating was ~20°F/min, and the chars
were kept at the maximum temperature for 30 minutes. The reactivity of the
chars produced under these slow heating conditions is recognized to differ
from that of chars produced in-situ, that 1s, at high heat—-up rates in the
gasification reactor. Experience with other carbonaceous materials indicates
that the chars obtained under slow heating conditions have a lower reactivity
than chars obtained under high heating rates where only a very short time is
allowed for char stabilization. The justification of using the laboratory-
produced or stabilized chars in the initial experimentation, however, is that
their mode of generation is well defined. As thelr reactivity could be lower
than that of the chars produced In-situ, using their reactivity data to
estimate the residence time in the PRU reactor would yield a conservative

value for the residence time.

A subsequent series of experiments were conducted with in-situ chars

produced directly inside the thermobalance reactor. A procedure was devised
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to run the raw biomass materials in the thermobalance reactor and to separate
the change in weight due to devolatilization from the change due to char

carbon gasification.

The raw biomass (~1 gram) was placed in a wire mesh basket and put into
the cooler, near room temperature, upper chamber region of the thermobalance
reactor. The preselected temperature, pressure, and gas medium were
established in the lower region; then the basket was quickly lowered into it
and the weight change continuously monitored. The principal mode of heating
is radiation; hence, the heat—up rate was expected to be quite high. 1In this

method, the char produced in-situ reacted immediately upon devolatilization.

A parametric study of the rate of gasification of the in-situ chars of
the three representative biomass materials similar to that for the stabilized
chars was completed in this program. The corn stover char behavior, as with

the stabilized chars, was different from that of chars of maple or jack pine.

Maple Hardwood and Jack Pine Results

Gasification of the in-situ chars of maple and jack pine was conducted in
three steam-hydrogen mixtures: 1) 5% H, + 45% He + 50% H,0, 2) 10%Z Hy + 40%
He + 50% H,0, and 3) 257 Hy + 25Z He + 50Z H,O0.

The experimental results showing the char weight-loss fraction (dry ash-
free basis) with reaction time at various temperatures are shown in Figures 15
through 17 for maple hardwood and in Figures 18 through 20 for jack pine. 1In
addition, using the first steam-hydrogen mixture, the effect of pressure on
the rate of gasification was studied with maple hardwood and is also shown in
Figure 15. Two effects may be present to produce the behavior shown by the
10-psig data. One is that the rate or slope at 10 psig is lower because of
the strong dependence of the rate on the partial pressure of steam; the
pressures of 100 and 300 psig significantly increase the rate. The second
effect is that the initial amount of devolatilization or initial weight loss

producing the in-situ char is greater at lower pressures.

The experimental results of gasification of maple hardwood and jack pine
chars were analyzed and described with the first order rate expression —

dX

dt

c _ - (1)
=k (1 Xc)
or
-In (1 - X)) =kt (2)
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Figure 15. GASIFICATION OF IN-SITU CHAR FROM MAPLE HARDWOOD
(-12+16 Mesh) IN 5% H2 + 45% He + 50% H,0
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Figure 16. GASIFICATION OF IN-SITU CHAR FROM MAPLE HARDWOOD
(-12+16 Mesh) IN 10% H, + 40% He + 50% H,0 AT 300 pslg
AND AT DIFFERENT TEMPERATURES
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where —

Xc = weight loss fraction of char (daf)
t = time, min
k = reaction rate constant, min~1

When starting with a raw wood sample to study "in-situ” char gasification the

following definitions were used.

X total weight loss fraction (daf) of feed

x*

weight loss of feed due to devolatilization
Therefore, the char carbon fraction is expressed as

X, = (X - X))/ -x) (3)
and from Equations 2 and 3

“1n (1 - X) = -1n (1-X') + kt (4)

Figure 21 is a plot according to Equation 4 of the typical experimental
results shown in Figure 16. The data follow the straight lines, showing that
the gasification reactions are nearly first-order. The analyses and
conclusions above were similar for all the experimental results presented in

Figures 15 through 20.

The values of all the first-order reaction rate constants, k, for maple
and jack pine chars are presented in Table 9. The effect of pressure on k was
determined with the gas composition 5% Hy + 457 He + 50% H,0 for maple
hardwood. The rest of the tests were conducted at 300 psig.

The Arrhenius equation was used to determine the apparent activation
energy of the char gasification process in different gas mixtures:
-E/RT

k =A-«e (5
where —
A = preexponential factor
E = apparent activation energy

R = gas constant

[
[]

temperature, °R
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Figure 2l1. GASIFICATION OF MAPLE HARDWOOD CHAR (-12+16 Mesh) IN GAS
MIXTURE (10X H, + 40% He + 50% H,0) AT A PRESSURE OF 300 psig
AND AT DIFFERENT TEMPERATURES — FIRST-ORDER PLOT
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Table 9. REACTION RATE CONSTANT FOR THE GASIFICATION OF MAPLE HARDWOOD
AND JACK PINE CHARS IN STEAM-HYDROGEN-HELIUM MIXTURES

Gas Composition
Temperature, Pressure, 50%Z H,0 + 5% Hy + 50% Hy0 + 10% Hy, + 50% Hy0 + 257 Hy +
°F psig 45% He 407 He 25% He

————————— First-Order Rate Constant (k), min™l ————eeeeeu

Maple Hardwood -

1400 300 0.086 0.047 0.024
1450 300 0.135 0.084 0.055
1450 100 0.142 - -
1500 300 0.230 0.161 0.130
1500 10 0.119 - -
Jack Pine -
1400 300 0.057 0.035 0.018
1450 300 0.101 0.069 0.040
1500 300 0.155 0.123 0.097

171/65058f r—t /RPP



Taking the logarithm of Equation 5 yields —
E 1
Ink = 1n A - T (6)

The data for maple hardwood are plotted according to the Arrhenius equation in
Figure 22. Figure 23 is a similar plot for jack pine. The calculated values
of E (apparent activation energy) and A (preexponential factor) are given in
Table 10. The values obtained from the earlier steam gasification (50% H,0 +
50% NZ) are also included for comparison. The value of k decreases with an
increase in hydrogen concentration in this temperature range. At the same
time, the apparent activation energy also increases with an increase in
hydrogen concentration.

Table 10, APPARENT ACTIVATION ENERGY FOR THE GASIFICATION OF MAPLE
HARDWOOD AND JACK PINE CHARS IN STEAM-HYDROGEN-HELIUM MIXTURES

A, min~l E, Btu/lb-mol
Gas Composition
Maple Hardwood
50% Hy0 + 50% N, 2.56 X 10’ 72,000
50% Hy0 + 5% H, + 45% He 2.44 X 107 72,500
50% Hy0 + 10% H, + 40% He 9.87 X 108 88,500
50% Hy0 + 25% H, + 25% He 2.14 x 1012 119,500
Jack Pine
50% H,0 + 50% N, 2.14 x 107 72,200
50% Hy0 + 5% Hy + 45% He 3.71 X 107 75,500
50% H,0 + 10% Hy + 40% He 1.97 x 10° 92,000
50% Hy0 + 25% H, + 25% He 1.42 x 1012 119,000

Corn Stover Results

A densified corn stover sample received from the University of
California-Davis as 1-1/4-inch cubical pellets was ground to obtain a fraction
of -12+16 mesh size for gasification tests. The ash content of this
particular fraction was 7.75 weight percent, dry basis. As shown in previous
characterization tests, the ash content of the total sample is probably higher
in this fraction and is also expected to be greater in the smaller size

fractions.
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Figure 22. GASIFICATION OF MAPLE HARDWOOD CHAR (-12+16 Mesh) IN
DIFFERENT GAS MEDIA — ARRHENIUS PLOT
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Figure 23. GASIFICATION OF JACK PINE CHAR (-12+16 Mesh) IN DIFFERENT
GAS MEDIA — ARRHENIUS PLOT
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The gasification experiments were conducted in the temperature range from
1300° to 1700°F at a pressure of 300 psig according to the in-situ procedure
described earlier. Three gasification media were used for corn stover char
with the following compositions, 1) 50% H,0 and 50%Z N,; 2) 50% H,0, 5% H,, and
45% He; and 3) 50% H,0, 10% H,, and 40% He.

The experimental results for the ground sample of the densified corn
stover cubes are presented in Figures 24 through 27 for various
temperatures, The weight-loss fractions (daf) are plotted against reaction
time in these figures., The gasification characteristics of the in-situ chars
from the corn stover sample are markedly different from those of maple and
jack pine, as was concluded also from the previous experimentation with the

laboratory-prepared or stabilized chars of the biomass materials,

The calculated function -~1n(1-X), when plotted, illustrates how the
first—-order equation used for the ﬁoody materials represents the corn stover
data poorly and indicates a different behavior., Figure 28 is a typical plot
of =1n(1-X) versus reaction time, t, for reaction Medium 2. For gasification
temperatures 1600° and 1700°F, the experimental points are nearly linear, that
is, at 1600°F or higher temperatures, the reaction was nearly first-order in
X. The gasification characteristics for the other mixtures with corn stover

char are qualitatively similar to that shown in Figure 26.

This initial attempt of the analysis of the corn stover data by a first-
order model did not describe the behavior adequately over all times or
conversions. The model did not describe the complete gasification range (that
is, all values of X). To account for the overall kinetic behavior of
densified corn stover, another model was developed, which is similar to that
developed for lignite gasification.7 It is based on the assumption that two
types of entities exist in the feed and are gasified sequentially. Let —

X = total feed conversion, dry ash~free basis

X

o total conversion due to devolatilization

Y conversion of char.

From these definitions, then —

Y= (X - xo)/(l - xo) ¢D)
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Figure 24. GASIFICATION OF IN-SITU CHAR FROM DENSIFIED CORN STOVEK AT
1300° AND AT A PRESSURE OF 300 psig WITH DIFFERENT REACTION GAS MEDIA
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Figure 25. GASIFICATION OF IN-SITU CHAR FROM DENSIFIED CORN STOVER AT
1400°F AND AT A PRESSURE OF 300 psig WITH DIFFERENT REACTION GAS MEDIA
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Figure 26, GASIFICATION OF IN-SITU CHAR FROM DENSIFIED CORN STOVER AT
1500°F AND AT A PRESSURE OF 300 psig WITH DIFFERENT REACTION GAS MEDIA
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Figure 27. GASIFICATION OF IN-SITU CHAR FROM DENSIFIED
CORN STOVER AT 300 psig WITH DIFFERENT REACTION GAS MEDIA
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Figure 28. GASIFICATION OF IN-SITU CHAR FROM DENSIFIED CORN STOVER WITH

50% H,0, 5% H,, and 45% He AT A PRESSURE OF 300 psig AND AT DIFFERENT
TEMPERATURES — LIMITATIONS OF FIRST-ORDER FIT
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Hence, the proposed model assumes that the char can gasify by two routes:

K

Char -—--2--—> Gaseous Products (Reaction I)
*
Ky

Char -——;-—) Gaseous Products (Reaction II)
n

Reaction I is uncatalyzed first-order reaction. KReaction II corresponds to a
path in which some entity, n*, catalyzes gasification. The rate of this
reaction is K"l‘. The catalytic entity is assumed to be some structural

component present in the char rather than some inorganic catalytic materials.

The overall gasification rate of the char is then described by the

expressions —
*
dY/dt = (K, + K, C_,) (1-Y) (8)
where —
Cox *
= concentration of catalytic entity, n, in char
t = time, min.

Additionally, it is assumed that n* deactivates by a first-order process,

consistent with the expression —
*
dC_,/dt = (=K ) C_, (9)

where —

* -
K o = rate constant, min 1.

Integrating Equation 9 at constant environmental conditions yields —

*
Cn* = Cg* exp (-Kot) (10)

where —

o

Cn* = initial concentration of n*.

Substituting Equation 10 into Equation 6 and integrating provides —

¢ + L 0% [1 - exp(—Kzt)] (11)



From Equation 7 —

- 1n (1-Y) = -1n (1—x0)/(1-xo) (12)
Therefore —
*
=ln (1-X) = -1n (l—Xo) + Kp [1 - exp (—Kot)] + K2t (13)
where —
* o0
Kl Cn*
K = * (l4)
P K
o

The experimental results presented in Figures 17 through 24 were analyzed

*
via Equation 13, and the parameters K_, Ko » and Ky were evaluated for

P
different gasification conditions. The values are given in Table 1ll. The

value of -1n (1 - xo) was equal to 1.34 under all experimental conditions, a
result similar to that of the first-order approach. The data fit are clearly

satisfactory as shown in Figures 29 and 30.

As mentioned earlier, gasification results of stabilized chars (chars
prepared by separate devolatilization in nitrogen) of corn stover in a gas
mixture of 50% H,0, 5% Hy, and 45% He were reported previously. The data were
reevaluated according to the model represented by Equation 13. As the
stabilized char was devolatilized before gasification, the first term on the
right-hand side of Equation 13 for the laboratory-prepared char will be zero.
The other parameters of Equation 13 were evaluated from the experimental
results for the gasification of stabilized chars from corn stover. The values

are given in Table 12.

The values of the parameters shown in Table 12 were used to calculate the
stabilized char curves shown in Figure 29; the experimental values of X are
shown by data points. The fit appears satisfactory. Although Equation 13 is
unquestionably empirical, it is useful as a model for estimating the residence

time in a reactor for a certain conversion under known conditions.

Comparison of the parameters for gasification of in-situ chars and
stabilized chars in Tables 11 and 12 shows that the stabilized chars are less
reactive than the in-situ chars. This is graphically illustrated in Figure
30. The conversion for the in-situ char at 1500°F appears to take about 1.5

times longer than for the stabilized chars.
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Table 11. THE VALUES OF KINETIC PARAMETERS FOR THE GASIFICATION OF IN-SITU
CHARS FROM DENSIFIED CORN STOVER IN DIFFERENT MEDIA

Medium 2 Medium 3
Temperature, Medium 1 (50% H,0, 5% H,, and (50% H,0, 10% H,, and
°F (50% H,0 and 50% N,) 25% He) 407 He)
* * *
KR, Ko K2 l(.p Ko K2 l(.p Ko K2
1300 0.40 0.14 0.0095 0.27 0.15 0.0051 0.18 0.14 0.0060
1400 0.60 0.17 0.0400 0.54 0.19 0.0105 0.35 0.18 0.0094
1500 0.86 0.20 0.0920 0.90 0.23 0.0330 0.66 0.22 0.0250
1600 Equation 13 not 0.90 0.29 0.0850 0.85 0.28 0.0640
applicable
1700 Equation 13 not Equation 13 not - 0.90 0.40 0.1500
applicable applicable

171/65058fr—t /RPP
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Figure 29. GASIFICATION OF STABILIZED CHAR FROM CORN STOVER WITH
5% H2 + 457 He + 50% Ho0 AT 300 psig AND AT DIFFERENT TEMPERATURES
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COMPARISON OF THE GASIFICATION OF STABILIZED CHAR FROM CORN

STOVER WITH IN-SITU CHAR FROM DENSIFIED CORN STOVER AT 1500°F AND AT A
PRESSURE OF 300 psig IN A GAS MIXTURE CONTAINING 5% H,, 457% He, AND 50% H,0

61




Figure 31 provides a comparison of the relative reactivities of the in-
8itu chars obtained from the three biomass species with that of peat char and
of bituminous coal char. The in-situ chars of the bilomass species, as 1s
generally known, are much more reactive than the peat char, which in turn is

more reactive than the bituminous coal char. In this study the in-situ

Table 12. THE VALUES OF THE KINETIC PARAMETERS FOR THE GASIFICATION OF
STABILIZED CHARS FROM CORN STOVER IN 50% H,0, 5% Hy, AND 45% He
AT DIFFERENT TEMPERATURES

Tem peE;ture s _Kf_ K: K2
1425 0.24 0.12 0.0037
1500 0.54 0.20 0.0107
1600 0.98 0.30 0.0271
1700 0.60 0.40 0.1567

biomass chars were found to be about 1.5 to 2.5 times more reactive than the

stabilized, laboratory-prepared chars.

Char Surface-—-Area Measurements

The surface areas and total open pore volumes of the stabilized,
laboratory-prepared chars of maple hardwood were determined. The chars were
prepared by devolatilization of maple hardwood (-12+16 mesh) in nitrogen at ‘

various temperatures from 1350° to 1700°F.

An Arrhenius plot of the rate of gasification of the maple hardwood chars
was linear for gasification temperatures from 1350° up to 1500°F. The
linearly extrapolated value of the rate at 1700°F was higher, however, than
the experimentally determined value. Table 13 lists the measured surface
areas and pore volumes of the chars along with measurements of particle and

true densities.

The nitrogen surface area was determined from adsorption of nitrogen at
-320°F, using the BET equation. The carbon dioxide surface area was
determined from the adsorption of carbon dioxide at 77°F with the Dubinin-
Polanzi equation. The total open pore volume was calculated from the mercury

density and helium density values of the chars.
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Figure 31. COMPARISON OF THE GASIFICATION RATES OF JACK PINE, MAPLE

HARDWOOD, AND CORN STOVER IN-SITU CHARS WITH PEAT AND
BITUMINOUS COAL CHARS
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In general, the nitrogen surface area values are smaller than the carbon
dioxide values. Similar differences between the nitrogen and carbon dioxide

9 and low-temperature coal chars.lo It has

values have been observed for coals
been hypothesized that the nitrogen molecules at the low-temperature could not
diffuse into all the micropores of coal and the low-temperature coal char.
Hence, the carbon dioxide surface area, measured at room temperature, can be
considered to account for most of the total surface area of the maple
hardwoodchars. The nitrogen surface area can be considered to account for the
geometric surface area of the particles plus the area of the relatively larger
pores, It has been indicated!l that the intermediate-sized pores (20A to 40A
in diameter) work as a feeder or distributor for gas transport to the

micropores.

As Table 13 shows that for maple hardwood laboratory-prepared chars, the
carbon dioxide surface area values remain high up to a devolatilization
temperature of 1600°F. The measured value decreases only for the 1700°F char.
The change in the nitrogen surface area value was relatively small for the
chars prepared at up to 1500°F, beyond which there is a significant decrease
in the surface area values. The total open pore volumes of the chars as

calculated remain almost unchanged from 1350° to 1700°F.

The results of these surface area determinations indicate that at
devolatilization temperatures greater than 1500°F, the accessible surface area
of the chars decreases. This structure change could contribute to the lower

reactivity observed for the stabilized chars at 1700°F.

Task IV. Process Research Unit Tests

The goal of this task was to design, construct, and operate an adiabatic
11.5-inch-ID steam—-oxygen-blown fluidized-bed gasifier as a PRU. The design
of the PRU major vessels and other system components was based on the results
of the first three program tasks. The unit was designed to operate up to
1800°F and 500 psig with a maximum capacity of 1000 1b/h of biomass. The
procurement activities for the construction of the PRU began after DOE author-
ization was received on December 31, 198l1. The major PRU vessels were
delivered on~site at the end of June 1982, Other auxiliary equipment was
delivered by August 1982.
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Construction of the PRU system was completed at the beginning of March
1983, 8 months after delivery of the major system vessels. Shakedown of
individual units of the PRU system such as the feed preparation system and the
live-bottom feed hopper, and lockhopper slide-gate valve system was done by

January 1983. Shakedown of the integrated PRU system began in March 1983.

Description of the Process Research Unit

IGT built the PRU, at IGT's Energy Development Center (EDC) in Chicago.
The PRU gasifier capacity is a nominal 12-TPD biomass feed. Figure 32 shows
the isometric layout of the PRU equipment as installed in an existing
structure, extending over 50 feet in total height. The ll.5-inch-ID, Incoloy
800H balanced pressure reactor liner is surrounded by about 12 inches of fiber
insulation in a 3-feet-0OD X 24 feet carbon-steel pressure vessel. The
12 inches of bulk fiber insulation in the annular region 1s sufficient to
assure a close approach to adiabatic gasification conditions., The pressure
vessel is equipped with two horizontal 6-inch pipe nozzle positions (displaced
by 2 feet) for introducing the feed biomass, at a point in the fluidized bed
near the oxygen distributor., The gasifier is specifically designed to permit
operational flexibility to study the effect of different bed heights and
fluidizing-gas distributor positions relative to the feeding location. The
total internal height of the gasifier is about 21 feet, with 10 feet for the
reaction zone at the bottom and 11 feet for an enlarged 18-inch-diameter
solids disengaging zone. The gasifier bottom closure flange has provisions
for introducing the fluidization and gasification medium (steam and oxygen or
air), a support member for thermocouples and fluidized-bed differential
pressure probes and a solids drain. Two fluidizing-gas distributors are
provided. One distributor is exclusively for fluidization control below the
feed point and is positioned under the steam—-oxygen or air distributor. This
prevents the formation of a zone of stationary solids near the oxidizing gas
distributor, which reduces the exposure of bed solids to possible high

temperatures or sintering conditions.

In the PRU system the feed hopper and the associated solids handling
equipment are designed for continuous feeding to the pressurized fluidized-bed
gasifier. At the top of the continuously pressurized metering feed hopper is
a 24-inch-ID by 6~feet-high lockhopper vessel, equipped with quick-opening-

and-closing gate valves, with provision for cyclic pressurization and
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depressurization with nitrogen. The opening diameters of the top and bottom
gate valves for the tapered lockhopper vessel are 18 inches and 24 inches,
respectively. The metering feéd hopper is 4 feet in diameter, 9 feet high,
and equipped with a multiple-screw live bottom, which meters and discharges
the blomass material into the gasifier injector screw feeder. The entire feed
system 1s designed for operating pressures up to 500 psig and it is capable of
continuously feeding 1500 lb/h of single screened biomass, with a top size of
up to 1.5 inch. Some mechanical design drawings of the PRU are presented in

Appendix A.

The piping between the gasifier and the cyclone and between the cyclone
and the downstream water spray quench 1s fabricated from refractory-lined
carbon-steel, Partial quenching of the hot product gases after the cyclone to
aboutv800°F avoids liquid condensation, and also permits the use of less
expensive unlined carbon-steel plpe to direct the product gases to a metering
station and pressure letdown system, before the gases are flared for disposal.
The PRU also contains a lockhopper system to load the inert fluidization media
initially to the gasifier and on an "as required” basis. More detalls about
the PRU instrumentation and experimental procedures are presented in

Appendices B and C, respectively.

Shakedown Testing

The shakedown of the entire\PRU system began in March 1983 with a four-
step plan of tests. These steps included cold nitrogen pressurization tests;
hot nitrogen (700°F) pressure and flow tests; an extended hot nitrogen
(1100°F) flow test to dry the refractory linings and begin refractory curing;
and a procedure test to heat the gasifier with charcoal and oxygen to 1500°F
at 50 psig PRU system pressure,

This series of shakedown tests was successful. Minor leaks and instru-
mentation problems were corrected during the tests, The gasifier heat-up
procedure established that a controlled startup would take about 8 hours,
Additional corrections and recalibrations to various valves and instruments

were completed after the tests.

During the heat-up test to reaction temperatures, charcoal was combusted
with oxygen in the fluidized bed with sand. The gasifier temperature was held
at 1500°F until the downstream piping temperatures exceeded 500°F, to prevent

68



downstream condensation of steam or biomass liquids. Hardwood charcoal was
first used, but later coconut shell charcoal was ideal for the fluidized-bed
combustion to bring the gasifier to operating temperature., Charcoal has a
minimum of volatile material, which would condense on the colder downstream
system, After the PRU system temperatures stabilized, the hot nitrogen and
oxygen fluidizing gas was replaced with steam and oxygen, and dried pine wood
was fed at a rate of about 100 1b/h for 2 hours at 1540°F and 61 psig. The
transition to wood and steam was very smooth, Several samples of product gas

were collected and the product gases were successfully flared.

Overall system operation was successful at 6l-psig pressure. Analysis of
the product gas by mass spectroscopy showed a typically exﬁected mix of
hydrogen, carbon monoxide, methane, carbon dioxide, and some Cz+ gases, On a
nitrogen—free basis the Btu content was about 300 Btu/ft3. No material
balances were attempted in these shakedown tests. The adiabatic operation of
the well-insulated gasifier was confirmed as the metal skin temperature of the

pressure vessel was only a few degrees above ambient temperature.

Following this a program of system—proving tests was initiated to achieve
operation of the PRU system at design conditions of temperature, pressure, and
feed rates, and also to develop procedures to attain satisfactory material and

energy balances.,

PRU System Proving Tests

During a system pressurization test at 330 psig, a flange leak at the
24-inch slide-gate valve on the lockhopper vessel was found. Routine flange
tightening procedure was followed, but the leak persisted and the opening and
closing motion of the slide-gate became erratic with binding. Inspection
after depressurization showed that the internal clearances within the slide-
gate retracting passage area were insufficient. The cause of the gate
pinching and scoring was due to nonparallel cavity construction and raised

weld beads that were not ground flush by the valve manufacturer,

The 4000-pound, 24-inch valve was removed from the PRU structure and
shipped back to the manufacturer in Portland, Oregon. The defects in
construction were repaired and the deeply scored knife gate faces were
refinisheds The 24-inch slide-gate valve was received from the manufacturer

in the last week of April 1983 and reinstalled in the structure, To maintain
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the slide-gate clearances in the cavity and proper position during operation,
seven hard plastic Rulon buttons of various thicknesses were installed to hold
the gate 1n proper alignment to seal the 600-pound slide-gate in its closed
position at IGT.

However, in the subsequent 300-psig pressure test the rear or lagging
area of the gate would not seal properly with the existing adjustments.
Therefore, two high-pressure, low-profile hydraulic jack cylinders were
purchased and installed inside the valve's bonnet to push the gate up after
its closing stroke., This modification achieved the approximate 0.020-inch

upward movement necessary to seal the gate at 300 psig.

In May 1983, the first test (WG-1) was made with gasifier operating
conditions at about 1440°F, 200 psig, and 200 1b/h of 9%-moisture maple
hardwood. Start-up was smooth and wood charcoal was burned with oxygen with
nitrogen as a moderator and fluidizing gas to heat the gasifier and downstream
sections to operating temperatures. The charcoal was ignited at a temperature

of 550°F instead of the 700°F as in the shakedown operations.

Just prior to achieving steady test temperatures with charcoal combustion
and nitrogen fluidization medium in this test, a failure with a lubrication
pump for the high-pressure liquid nitrogen pump forced an earlier-than-planned
switchover to steam to maintain fluidization of the bed. The liquid nitrogen

supply vendor replaced the pump after the run.,

The switchover to steam for fluidization upon the loss of nitrogen, was
done rapidly and the run proceeded with wood feeding and gasification.
However, the fluidized-bed differential pressure sensing probes, which lost
their high-pressure nitrogen purges during the abrupt transition to steam,
plugged for the duration of the test, hence the state of the fluidized bed was

unknown.,

The test had lasted a little more than an hour when the bed temperature
between the top and bottom regilons began to increase and diverge from their
normally observed +20°F tight band. Temperature control of the bed could not
be maintained and the test was terminated. Inspection of the bed silica sand
materlal after draining the gasifier through the bottom 3-inch nozzle showed

some sintered sand material in the form of very porous friable clumpse.
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It is possible that the sand bed defluidized for a short period during
the emergency switchover to steam and caused a temperature excursion in a
near-stagnant bed. After fluidization with steam was established the sintered

lumps that formed interfered with fluidization and proper bed mixing.,

Also, during this first system test, the 18-inch slide-gate valve began
malfunctioning in a similar drag-grab manner that indicated clearance-stroking
problems., After the test, the 18-inch valve was removed from the lockhopper
and disassembled on-site. Repairs similar to what was done to the 24~inch

valve were made by IGT personnel,

The gate cavity clearance, as manufactured, for the 18-inch gate was too
tight and the weld fillets in the area were not ground smooth. This time a
sheet of 1/8-inch Rulon hard plastic was installed under the gate to maintain
gate position rather than plastic buttons as was done in the 24-inch valve.
The gate~supporting rails were refurbished and aligned and the valve stroked

smoothly and sealed properly.

After the delay caused by the 18-inch valve repair, the PRU system was
readied for another test (WG-2). Gasifier operating conditions of 1430°F,
210 psig, and 270 1b/h of maple hardwood were achieved and maintained for
about 2 hours. All system components operated well in this test and
operational control procedures were learned for the stable, smooth operation

of the fluidized-bed gasifier.

The next shakedown test (WG-3) at 300 psig was made in June 1983 with the
goal of achieving a 500 1b/h feed rate. After the gasifier heat-up period and
after an hour into the approach to steady state at the first feed rate plateau
of 270 1b/h, the feed injector screw to the gasifier began binding. This
caused the screw drive motor to overload and trip the circuit breaker
repeatedly. Consequently, steady-state conditions could not be achieved. The
test was stopped to correct the injector screw operation, The cause of the
screw binding was found to be a misalignment of the shaft-bearing with the
screw-housing, which was corrected by slightly enlarging two of the flange
bolt holes to accept pressed-fit body bolts to act as fixed alignment dowels
to ensure proper flange mating and alignment after repeated post-test

inspections.
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All of the other mechanical equipment in the system worked well. The
slide-gate valves operated smoothly and the lockhopper feed system cycle time
was satisfactory for 6 to 7 cycles/h, which is sufficlent to achleve feed
rates about 1000 1b/h,

During the pause in the DOE/PNL sponsored program following Test WG-3,
pressurized (up to 500 psig) low-Btu gasification tests were conducted for a
private sponsor in a 6-inch-ID fluidized-bed gasification system. Following
the useful experience of this biomass test program, the DOE/PNL program was
resumed to complete the remaining higher feed rate shakedown tests. It was
learned that when silica sand is used as inert solids, there is a risk of
forming clinkers during gasification at bed temperature between 1500° and
1600°F. Consequently, it was decided to use some form of alumina as the inert

solids medium.

In February 1984, two more system proving tests (WG-4 and WG-5) at
300 psig and 1500°F were made to prove the PRU system at high feed rates of
500 and 1000 1b/h. Alumina grit (No. 80 grit) was used as the inert solids in

these tests,

The conditions of Test WG-4 held steady in the gasifier at the 500 1lb/h
feed rate for a half hour until the automatic water quench flow became
erratic. The water-spray quench controls the downstream gas temperatures from
the exit of the refractory~lined pipe to the entrance to the uninsulated
carbon steel piping to the flare. Because the gas temperatures were exceeding
800°F in the carbon steel pipe, the test was stopped. The total gasification
time logged was about 2-1/2 hours including the stepwise climb in feed rates
at 200 and 375 1b/h,

The cause of the erratic quench flow was found after the test to be
simply dislodged rust scale that plugged the 1/16-~inch-diameter orifice in the
spray nozzle, The lines were cleaned and a strainer was 1installed in the

line.

The PRU system was prepared for Test WG~5, conducted at conditions of
1500°F, 303 psig, and a set feed rate of 1000 1b/h. The duration of the time
at this setting was about 1-1/2 hours (96 minutes) following periods of 1 hour
each at 250 and 500 1lb/h feed rates. The test was stopped after 96 minutes
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because the high-pressure liquid oxygen pump was unable to be restarted at the
oxygen storage and compression pad at EDC. The vendor repaired the pump after

the test.

Samples from this test of the bed material, the solids receiver solids,
and condensate collected from a raw gas slipstream were sent for analysis.
The on-line gas chromatograph measured steady wet-gas compositions, which
calculated to be about 350 Btu/SCF on a dry, nitrogen-free basis. The
collected liquid sample appeared to be quite clear with some fine carbon black

material and some naphthalene.

The wood metering screw feed rate calibration that was originally done at
ambient conditions by collecting weighed quantities in a drum appeared to be
about 127 higher in the last test than what was fed over the test period
according to the weigh bin load cell recordings. The load cell weights over
the test period indicated a wood feed rate of 853 1b/h as timed between
occurrences of the "empty” condition light from the level sensor in the live-

bottom feed hopper.

According to the mid- and three—quarter position settings on the feeder
system controls, the PRU system is capable of feeding and gasifying at higher
rates. During Test WG-S5, the lockhopper loading, pressurization, and depres-
surization cycle was consistently done within 4 minutes which, if continued
automatically, would feed 1900 1lb/h. The feed system was calibrated earlier
to 1600 1b/h of 10% moisture wood chips.

Tests WG—-4 and WG-5 confirmed that the PRU system was capable of operat-
ing at the design conditions. Even though the system was able to feed and
gasify in excess of 1000 1b/h of biomass at 1800°F and 500 psig, the "center-
line” or baseline operating conditions for the parametric testing were
selected to be at 750 to 800 1lb/h of biomass at 1500°F and 300 psig. The
performance trends that were found as a function of primary operating vari-
ables 1dentified approaches for system optimization and indicated the need or
extent of various upstream or downstream operations for scaled-up processes.
The program test matrix covered a range of temperatures and feed rates that
were distributed around the centerline conditions in order to determine the
effect of operating variables, turndown limiting throughput capabilities, and

feedstock types.
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The results for Test WG-5 in Table 14 show that the specific feed
throughput rate is about 1200 lb/ftz-h and the specific heat release amounts
to 8.5 X 10° Btu/ft2-h., A review of the system proving test results in this
table show a learning and steady improvement in the PRU operating capabilities
in terms of increasing temperatures, pressures, feed rates, reduction in steam

and oxygen requirements, and an increase in carbon conversion,

Parameter-Variation Tests

IGT began the gasification parameter variation tests with the PRU in
March 1984, The PRU tests were conducted at different gasification conditions
to develop process optimization information on fluidized-bed gasification of
biomass to produce medium-Btu value gas. A total of 22 tests have been
conducted in the program, Fourteen of these tests were operated for steady-
state data collection periods of approximately 4 hours, sufficient for
parameter evaluation, while five tests were conducted for longer duration
steady-state periods of up to 3 days. Three tests consisted of less than 4

hours steady-state operation.

These tests produced adiabatic, process-design data on the effect of
temperature, steam feed rate, pressure, biomass throughput rate, type of
feedstock, fluidized-bed height, and feed moisture content on pressurized
oxygen-blown, fluidized-bed gasifier performance. The tests were conducted
over the parameter range of 1390° to 1800°F temperatures, 69 to 330 psig
pressures, and feed rates up to 1030 1lb/h, The steam input rates varied from
0.41 to 1.18 1b/1b wood feed with the wood feed moisture content at approxi-
mately 10%. Different tests were made with feed moisture contents from 5% to

27% by weight.

The following is a short summary of the tests conducted in the 1l.5-inch
I.D. PRU that highlights specific test purposes and describes system
modifications and/or repairs. Table 15 presents all of the test conditions
and analyzed test results, Gasification trends and the effects of the test

parameters are discussed later.

Test GT-1, The first test of the PRU test parameter variation matrix was
designed to investigate the effect of temperature on pressurized oxygen blown
biomass gasification. Test GT-1 was conducted on March 21, 1984 at a tempera-
ture of 1500°F using No. 86 alumina grit as the inert solids in the fluidized
bed.
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Table 14. SUMMARY OF SYSTEM PROVING TEST RESULTS

171/65058fr—t/RPP

75

Test No. WG~1 WG-2 WG~-3 WG~4 WG-5
Pressure, psia 218 225 159-285 315 318
Temperature, °F 1444 1432 1368 1515 1510
Feed Rate, 1lb/h 200 270 270 461 853
Steam, 1b/1b feed 3.4 2.1 2.6 1.4 0.92
Oxygen, 1b/1b feed 0.58 0.29 0.44 0.4 0.3
Product Gas Rate (dry),
SCF/h 5493 7668 10,755 15,042 20,065
Product Gas Composition
(dry), mol %
H, 6.2 13.0 15.9 14.9 21.8
co 2.9 9.9 8.7 7.9 10.9
co, 5.2 19.3 26.9 24,9 29.4
CH, 3.0 8.8 7.5 8.5 13.2
CoH¢ 0.3 0.8 — - 0.4
C.H, 0.2 0.3 - - 0.1
Cet - 0.2 - - 0.5
N, 82.2 47.7 41.0 43.8 _23.7
Total 100.0 100.0 100.0 100.0 100.0
Dry, No-free Gas,
SCF/1b feed 4.9 14.9 23,5 18.3 17.9
GHV, dry Np-free
Gas, Btu/SCF 384 363 264 284 349
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Test GT-1 was successfully completed with a 4-hour steady-state period at
a feed rate of 813.4 1b/h. The heat up and pressurization period went
smoothly into the gasification period. Successive l-hour steps at about 250
and 500 1b/h feed-rates preceded the target feed rate. The test was
voluntarily terminated at the end of the 4-hour period. Post run inspection
of the unit showed that a significant amount of the inert alumina grit solids

were carried overhead to the solids receiver vessel.

Because the carryover was a significant portion of the inert material in
the bed, the alumina grit was replaced with slightly larger, but spherical
alumina beads for Test GT-2 and used in the remainder of the tests in the
program. The properties of the alumina grit and alumina beads are given in
Table 16. Using these properties and the following correlation for the
minimum fluidization velocity developed at IGT, the minimum fluidization
velocity was calculated.

- (u/pgDp){[(25.25)2 + 0.0651 ar]l/?

u ¢ -25.25} (15)

where —

Ar = Archimedes Number
3 2
=D - . / 16
b pg(pp pg) g/u (16)
The fluidizing-gas properties used in the calculation were for steam at 1000°F

and 300 psig.

Test GT-2. The second test in this series on gasification temperature
variation (GT-2) was conducted on April 11, 1984 at 300 psig and 1650°F.
Test GT-2 was successfully completed at a feed rate of about 700 1lb/h. The
heat up and pressurization period went smoothly into the gasification period,
which also followed successive l-hour steps at about 250 and 500 1b/h feed
rates before reaching the target feed rate. After achieving a 4-hour steady-

state period the test was voluntarily terminated.

Test GT-3. Gasification Test GT-3 was attempted on April 25, 1984 at
300 psig and 1400°F. However, during the steady-state period the injector
screw stopped, interrupting the wood feed to the gasifier. The test was

terminated to fix the injection screw alignment.

Test GT-4. Another gasification test was conducted on May 24, 1984,
Test conditions for this test (GT-4) were 1800°F bed temperature at 300 psig
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Table 16. PROPERTIES

IGT Sample No.
U.S. Sieve
40
45
50
60
70
80
100
120
140
170
Pan
Total
Bulk Density, 1b/CF
Particle Density, 1b/CF
Calculated Minimum
Fluidization Velocity, ft/s

for Fluidization Medium of
(Steam at 1000°F, 300 psi)

171/65058fr-t/RPP

OF GASIFIER INERT SOLIDS

79

Alumina Grit
(No. 80 grit

Alumina Beads
) (40 X 70 mesh)

48925

0.0

0.0

0.0

13.7

53.1

29.8

0.1

0.1

100.0
125.3

306.0

0.2

48926

0.3
54.4
37.1

7.8

0.3

0.1

0.0

0.0

0.0

0'0

100.0
138.6

223.0

0.38



with about 700 1b/h feed rate. An inert tracer gas injection system was
installed for periodic checking of the product gas flow measurements. Argon
was chosen as the inert gas. The argon input flow rate was regulated to
result in a 5% concentration in the raw gas downstream from the gasifier. A
5% argon concentration was able to override the low background argon (about
0.1%) normally contained in the feed oxygen. The argon was metered for a
l-hour period during the steady gasification period at the feed injection
screw's nitrogen purge position. The nitrogen purge was shut off during this
period so as to not inject an additional amount of cold gas into the

gasifier. The feed hopper purge nitrogen, however, was always maintained.

Test GT-5. On June 13, 1984 Test GT-5 was conducted with nominal test
conditions of 1390°F, 300 psig, and at a wood feed rate of about 720 lb/h. An
improved sampling system was installed prior to Test GT-5 to obtain a large
isokinetic raw-gas sample for measuring solids carryover and liquids produc-
tion rates. The sampling system was designed to operate for 1 hour during the
steady 4-hour period and to withdraw a sample at a rate of approximately 17 of
the total flow from the gasifier. The solids are first removed with a hot
sintered metal filter, then the stream is cooled and the liquids are condensed
first in a water—cooled condenser then by an ice bath—trap condenser. The
condensate-free raw gas is then metered and vented. The collection of a large
volume of condensate provided a representative sample that contributed to
better off-line chemical analysis and consequently to improved elemental and
material balances. The measured steam condensate rate also obtained was
useful in validating the undecomposed steam concentration in the raw gas as
determined by the on-line wet-gas chromatograph. A more detailed description

of this isokinetic sampling system is presented in Appendix D.

Test GT-6. Test GT-6 was conducted on June 28th at 1500°F, 300 psig, and
about 700 1b/h feed rate.

During the 4-hour steady-state operation period in Test GT-6, the heat-
sensitive vessel paint showed an isolated hot spot, of about a 12-inch
diameter near the top of the gasifier pressure vessel. The skin temperature
in this spot ranged from 250° to 500°F. To complete the 4-hour steady-state
operation and collect the required data, the hot spot was controlled with

water cooling.

80



To correct this insulation breach between the liner and pressure vessel
the reactor top head was removed for inspection as part of the post run
activities of Test GT-6. The top 4 feet of the bulk fiber insulation in the
annular region of the pressure vessel, enclosing the hot spot, was removed and
repacked. The numerous pressurizations and depressurizations over the

previous tests could have caused a slumping of the insulation.

Test GT-7. After the insulation was repacked, gasification Test GT-7 was
conducted on July 20, 1984. The nominal test conditions were 1500°F,
300 psig, and 700 1b/h of maple wood feed. The purpose of this test was to
reduce the steam—to-wood ratio to about 0.6 as part of the overall test plan.
During the steady-state operation, the steam boiler went off-line when the
feedwater control on the boiler malfunctioned and interrupted the flow of
makeup water to the boiler. Even though the boiler was brought back on-line
within minutes, the fluidizing-gas distributor ring, with flow interrupted,
became plugged with the fluidized-bed inert solids. Consequently, it was

impossible to resume fluidization, and the test was terminated.

During this test, different hot spot regions, about 5 feet from the top,
appeared at a lower elevation opposite to the first hot spot area. The shell
temperature was agaln controlled by a small water spray to complete the test,
but to correct the problem for continued testing, the annular insulation
region was emptied and repacked uniformly down to about 6 feet from the

gasifier top.

Test GT-8. After a general check-out of the PRU, gasification Test GT-8
was conducted on August 2, 1984. Nominal test conditions were 1500°F,
300 psig, and 750 1lb/h of maple hardwood feed. The purpose of this test,
similar to that of the aborted test, GT-7, was to reduce the steam-to-wood
ratio to complement the previous steam-to-wood ratio tests. The heat-up and
pressurization period went.smoothly into the gasification period, which
followed a stepwise wood feed rate of about 300 1b/h before reaching the
target feed rate of about 750 1b/h. The test was voluntarily terminated at
the end of a 2.5-hour steady-state period when the feed supply was depleted

from the 20-ton overhead storage silo.

During this test the gasifier shell hot spots described earlier appeared
again, indicating that a persistent flow of product gas was bypassing through

the insulation area. After the run, the gasifier top head was removed and the
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insulation in the annular area was removed and inspected. It was eventually
repacked to a depth of 12 feet from the top. (The overall length of the upper
gasifier shell is 16 feet.)

However, upon further examination, by separating the upper and lower
reactor vessel sections, it was found that part of the product gas was
bypassing from the slip-joint area between the two reactor sections. This was
caused by a failure in a seal weld of the semitorroidal bellows that isolate
the insulation section from the fluidization zone and also isolate the lower
and upper sections of the reactor vessel. The bellows had flexed and the weld
to the reactor liner gave way. The gasifier construction drawings for the

balanced pressure liner is shown in Appendix A.

The procedure selected for repairing the upper bellows involved
concentrically cutting the bellows about 4 inches away from the 11.75-inch-0D
liner and inserting a short, space-filling cylinder and disc set about the
liner as a transition piece between the bellows and liner, providing an
accessible welding area. The welding of the thin-gauge semitorroidal bellows
to the installed transition repair pilece was done by using an inert gas-

multiple-pass arc welding technique.

During the time of this repair procedure, a new outlet pipe flange set
was installed in the 8-inch-ID refractory—-lined product-gas pipe, as part df
the same welding job order. With this extra flange in place, only a short
length of product-gas pipe has to be removed to permit easy access to the top
of the reactor for maintenance and inspection. New instruments were also
added to prevent 1inadvertent overpressurization of each of the annular

insulation areas with respect to the liner.

Also, in July 1984, a new component was added to the PRU system to
improve the method of loading the inert fluidized-bed solids into the
gasifier. A lockhopper system was fabricated with components on-site at IGT.
This vessel is now charged with inert solids for the test and pressurized to
the system pressure. The solids are discharged from the vessel through one of
the unused sight-port nozzles installed on the feed hopper. The solids flow
directly down the wood chute to the injection screw without contacting the
metering screws. This system simplified the loading procedure, which
previously had required the opening, closing, and sealing of the 24-bolt,
24-inch manway on the feed hopper.
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Test GT-9. The conditions for Test GT-9, conducted on October 11, 1984,
were 1500°F and 300 psig with a feed rate of 765 1lb/h. The test achieved a
low steam—feed rate of 0.5 1b steam/1lb feed. The operation of Test GT-9 also
confirmed the successful repair of the bellows seal arrangement for isolation
of the two bulk fiber insulation zones from the gasification zone. The
gasifier pressure vessel skin temperatures remained at about 110°F during the
test, with no hot spots appearing on the top section of the gasifier. The
start—up procedure was also modified to protect the bellows isolation seal by

slowly pressurizing the PRU before beginning the heat-up.

Test GT-10. Test GT-10 was operated at a gasifier bed temperature of
1465°F and a system pressure of 100 psig to investigate the effect of lower
system pressure on gasifier performance. The feed rate of maple wood was

reduced to 400 1b/h to maintain the correct superficial gas velocity.

Test GT-11. After the system turnaround period, Test GT-11 was conducted
on November 8, 1984. Conditions for this test were a gasifier bed temperature
of 1500°F and a gasifier bed pressure of 300 psig. Test GT-11 achieved the
highest wood feed rate of the program. The wood feed rate was increased in a
stepwise fashion to about 1030 1b/h. The test was conducted at this feed rate
for a steady-state period of 4-1/2 hours, with a period of approximately
1/2 hour of reduced feed rate when the supply of wood feed in the storage silo
was depleted and additional wood chips had to be crushed to continue the test
at the higher feed rate. No operational difficulties were encountered when
the operation was resumed following the interruption in the wood feed rate.
Aftef a 4-hour steady-state period at a feed rate of 1030 1b/h was achieved,
Test GT-11 was voluntarily terminated. Up to this point all tests were

conducted with maple wood chips.

Test GT-12. Test GT-12 was the first gasification test conducted with
Pennsylvania whole tree chips at a feed rate of 750 1b/h at 1500°F and
300 psig. The operation of the PRU system went smoothly with this material.
The operation differed from that with the maple feedstock only in that the
lower bulk density of the whole tree chips required a lower lockhopper—-charge
weight in the feeding cycle. The product gas composition indicated by the on-
line gas chromatograph was similar to the past maple feedstock gasification

tests.
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Test GT-12 had to be stopped after about 2-1/2 hours into the steady
operating period when a 0.5-inch-0D tubing-to-pipe cap seal weld failed on the
product gas particulate and condensate sampling probe. The leak opening was
located upstream of the first shutoff valve and could not be isolated. A new
sampling probe was constructed with thicker wall tubing to make heavier welds

in the area, and it was installed for the next test.

Test GT-13. Test GT-13 was conducted on December 13, 1984. Conditions
for this test were similar to those for the aborted Test GT-12. The gasifier
was operated at 300 psig and a bed temperature of 1520°F with a feed rate of
740 1b/h of whole tree chips. Test GT-13 was the first successful test using
Pennsylvania whole tree chips as feed material. No operational difficulties
were encountered during the approximately 4-hour steady-state period. After

this period, the test was voluntarily terminated.

During the earlier system proving tests, a leak occurred in the slide-
gate valves of the lockhopper feeding system as was described previously. The
early repairs or modifications were not completely successful as the leak at
the 24-inch valve flange to the lockhopper flange persisted throughout the
initial parametric variation testing. The leak, however, was measurable and
the leaking gas was also feed hopper makeup nitrogen. The problem persisted
because the slide—gate valve's flange thickness was designed by the valve
manufacturer for 500 psig cold water pressure code. These flanges, therefore,
were only about half the thickness required by the ASME-ANSI pressure code by
which the PRU system was designed. This fact and the valve's horizontal
installation-position rather than the manufacturer's normal vertical installa-
tion positions contributed to a poor seal integrity in this new valve applica-
tion. Thicker flanges and substantial slide-gate support provisions were
necessary to improve the operational reliability of these valves. An improved
valve design was made by Thomas R. Miles Design Consulting Engineers in
Portland, Oregon. The original manufacturer did not indicate that they were

willing to improve and build the new valves.

During January 1985, the improved-design 18- and 24-inch—diameter-opening
replacement slide-gate valves for the feed system lockhopper were installed.
The existing slide-gate valves from the Fabrivalve Co. were removed and stored
aside. Physical modifications to the system were straightforward in fitting
the valves in place and rearranging the electrical and pneumatic system
components and interlocking safety functions.
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Many design features were incorporated on these valves to make field
servicing simple. After installation, the valves were disassembled to install
the ring-type seals of the slide-gate. This operation, with a practiced crew
and with in-place hoisting could be completed in 1 day for both valves. This
was a major improvement in comparison to the previous valves, which required

over 1 week for a similar seal replacement operation.

In addition, the valves were test-cycled, before delivery to IGT, for 350
cycles. The original Fabrivalve Co. valves had to be repaired and modified
after 50 cycles. After the last test in this program, the new valves had 1500

cycles of operation with no sealing difficulties.

A pressure test of the new valves and feed system indicated that no leaks
were present at the gate seals or at the flange areas. The new valves
operated satisfactorily during the remainder of the tests. The opening and
closing strokes and the gate's "lift-to-seal” mechanism operated silently and
smoothly compared to the original valve's "bump-nose"” lifting. This perform—
ance attests to the operational improvements provided by the substantial rail-
support and alignment provisions for the sliding gate. The gate "lift-to-
seal” mechanism also prohibits rubbing wear on the elastomer seal ring, which
was severely galled in the original valves. A mechanical gate stroke counter

was installed to monitor the performance of the valves.

Test GT=14., Test GT-14 was conducted on February 14, 1985 to investigate
gasifier operation without external steam addition other than that from the
molisture content of the whole tree chip feed and the chemically produced water
in the gasifier. Steam produced from the 15% moisture in the wood feed and
from chemically produced water accounted for a steam—to-wood ratio of
0.23 1b/1b. For this test, the normally used steam was replaced with nitrogen
to maintain a minimum fluidization velocity near the oxygen distributor and
the feed location. The nitrogen was preheated to about 900°F before entering
the gasifier distributor ring and nozzle. No operational difficulties were

encountered using nitrogen gas as the fluidizing medium.

Test GT-15. Test GT-15 using the whole tree chips as feed material, was
begun on February 28, 1985 and completed on March 1, 1985, For Test GT-15,
the PRU steam flow-control system was modified to permit nitrogen to mix with
steam at the entrance to the gasifier. This allowed a lower steam-to-wood

ratio of 0.41 1b/1b. With the existing steam supply system it was not
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possible to superheat both nitrogen and steam; therefore, cold nitrogen was
added to steam, reducing the incoming fluidizing-gas temperature to 640°F from
the normal operating temperature of about 800°F. Consequently, to obtain a
gasifier bed temperature of 1500°F, the oxygen flow was increased to compen-
sate for the mixture of cooler incoming fluidizing steam and nitrogen. During
Test GT-15, steady-state operation was maintained for a period of 3-1/2 hours
before the test was terminated due to a leak in the low-pressure piping down-

stream of the pressure letdown valves.

Test GT-16. Maple wood chips were used as feed material for Test GT-16
with the purpose to investigate the gasification process with a lower
fluidized-bed height and compare to the previous tests. The gasifier was
operated at 1450°F and 300 psig with a wood feed rate of 770 1b/h. The
fluidized-bed height-to-diameter ratio (L/D) was between 3 and 4 compared with
the previous maple wood feed tests with a ratio of about 6. The wood feed
and, consequently, the oxygen flow were interrupted in the middle of this test
for a brief period in order to repair a bearing on the wood-feed drag conveyor
supplying wood to the weigh bin. The gasifier continued to operate smoo&hly
after this quick repair, and the test was voluntarily terminated after a

cumulative steady-state operation of 4 hours.

Test GT-17. Test GT-17 was conducted on March 29, 1985 using 277%
moisture content whole tree chip feed material. Conditions for this test were
1530°F and 306 psig. Some conveying equipment difficulties were encountered
in handling the higher moisture content feed, but these were overcome by
reducing each charge of wood to the weigh bin. Longer sliver-type wood pleces
present in the feed at this moisture level helped to lock together clumps of
feed and restrict the flow.

After Test GT-17, work began on the modifications to the PRU equipment
and piping for the extended duration gasification tests for up to 1 week. 1In
preparation for the modifications to the PRU, certain equipment was cleared
from the work area, pipe insulation was removed, and cuts were made in the

product gas pipe sections.

An internal cyclone was fabricated and installed in the solids receiver
vessel to continuously collect the carryover solids. A char collection
lockhopper vessel was fabricated and installed under the solids receiver

vessel to periodically discharge the collected char during the long-term
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gasification tests. Special high-temperature service ball valves were
installed between the lockhopper and the cyclone. New control instrumentation
with safety interlocks was installed in the control room for the lockhopper

vessel.

The 8-inch—-0D product gas pipe was repacked with refractory at each new
weld joint with cast, mitred joints to assure the thermal insulation
integrity. A new thermocouple supporting lance for the fluidized-bed
temperatures was made with the thermocouples now placed inside the lance to
protect against long-term test erosion. The oxygen nozzle and steam
distributing ring were raised about 18 inches to reduce the gasification zone

under the feed location.

Explosion-proof motors for the hammermill, pneumatic 1lift fan, and the
feed drag conveyor were installed, which permitted simultaneous operation in
the building during gasification tests. New feed level sensors that do not
require periodic calibration were installed in the lockhopper and the live-
bottom feed hopper. The new feed hopper level sensor was a vast improvement
over the original sensor. It consisted of a vertical probe that continuously
indicated the level in the hopper, rather than, as before, indicating just an
empty condition.

Test T12-l1. The first test of the long-term test series (T12-1) was
completed on June 20, 1985. The test logged 10.5 hours of steady—state
operation at 1530°F, 300 psig, and 640 1b/h feed rate. The,feed material for
this test and the other long-term duration tests was whole tree chips obta{ned
from Wisconsin instead of Pennsylvania. The new material fed well in general,
except that a couple of hours elapsed before the feed rate stabilized at
640 1b/h. The lower charging/feeding rate could have been due to the
possibility of air-segregation of particles first loaded into the storage silo
as they free-fell down about 30 feet from the top filling port of the silo.

During the test the cyclone operated satisfactorily at process tempera-
ture and pressure. The cyclone lockhopper discharge system worked well on a
1/2-hour emptying cycle. The discharged solids were blown into a large
existing vessel outside the PRU building. The flare plume was visually clean,
free of the occasional puffs of dark dust that occurred before the cyclone was

installed.
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The test was terminated after 10.5 hours of operation because of a rapid
loss of fluidized-bed gasifier thermocouples. The test was terminated to
avoid the possibility of excessive temperatures occurring in the gasifier.
Post-run inspection of the gasifier showed that the gasifier bed thermocouple
lance, a 3/4-inch SS pipe, was severed about 2 feet above the steam-oxygen
nozzle. Some agglomerates of char were retrieved from the gasifier vessel
that could have diverted a sand-blast jet to the lance. The longest bed
differential pressure probe was also cut at a 45 degree angle. The lance
cutoff could have also interfered with the incoming feed, blocking the mixing,

and caused the clumping of the feed.

Test Tl2-2. The lance was repaired and reinforced and a successful
gasification test at 1500°F and 102 psig (T12-2) was made on July 18 and 19,
1985. This second test of the long—-term PRU test series logged 20 hours of

steady-state operation, surpassing the 12 hour test goal.

The feed material again was whole tree chips obtained from Wisconsin.
The test was conducted at a pressure of 102 psig because internal wear
degraded the feedwater pump supply pressure to the boiler. The pump could
only produce 350 psig, which was insufficlent to supply steam to the flow
measurement orifices required for operation at 300 psig system pressure. A
new pump was installed for the 3-day steady-state period test that was
conducted in August. In preparation of the PRU system for the 3 day test, all
lines, filters, and instrument taps were cleaned and all mechanical equipment

was lubricated.

Test 3D-1. The 3-day steady—-state operation period was conducted at
1550°F and 309 psig during the week of August 12, 1985. The test covered two
periods with different feed rates; 430 and 750-1b/h. The test began with the
lower feed rate to allow the entire PRU and piping system to come to thermal
equilibrium with the ambient conditions. A minor problem was corrected during
the lower feed rate period without shutting down the gasifier. The difficulty
was that dust accumulation in the 18-inch slide-gate valve bonnet prevented
the gate from being fully opened by about 5 inches. This incomplete retrac-
tion of the slide-gate promoted bridging of part of the drop charge from the
weigh bin to the lockhopper, and the balance of each charge had to be manually
assisted. Overall, the PRU performed well in this extended period. Valuable

additional information was provided on long duration process operation, such
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as the possible breakthrough observation of minor or very low concentration
process components, the equilibration of vessel temperature gradients to
establish a true process heat balance, and long-term equipment operation

handling dust and tar containing streams.

Tests T12-3 and T12-4. The last two tests of the program were conducted

in September and October of 1985 with each test consisting of two different
process parameter set points. Test T12-3 was conducted on September 18 and
19. The gasification period was maintained for 12 hours at 303 psig pressure,
but within this period two gasification test temperatures of 1413° and 1672°F
were studied. Each steady period was maintained for about 4 hours. Test Tl2-
4 was conducted on October 9 and 10 at 69 psig and 1510°F. Again, two
gasification periods with different operational set points were conducted in
this test. The first gasification period was operated with a fluidized-bed
L/D ratio of 3 to 4. Additional inert bed material was then added after the
first period to increase the fluidized-bed L/D Fatio to about 5 to 6.

Task V. Data Review for Scale-Up Tests

The following sections present the gasification test reslts, analysis,
effect of various parameters, and information relative to process scale-up.
The gasification and process performance data in this analysis were obtained
from PRU test operations conducted over steady gasification periods of up to
3 days and from the process parameter variation tests of 4- and 12- hour
steady-state periods. The startup and shutdown phases of the PRU operation
were each done slowly in 8-hour periods before and after the gasification
periods and are mainly pertinent for the operation of the PRU. The adiabatic
process data from the PRU system is detailed in the following section and is
necessary to identify the optimum process conditions for a proposed scaled-up

application.

Figure 33 presents the chronological history of key inputs and fluidized-
bed temperature for the 3-day steady duration PRU gasification test. No
differences in performance were evident between the shorter steady gasifica-
tion test periods and the 3-day test, indicating that the heat and material
balances from the shorter tests reflect the true, adiabatic process. The
normal feed rates of up to 1000 1b biomass per hour and the normal fluidized-
bed volumes used in the tests results in approximately 15 bed turnovers of
material per hour. Hence, a steady-state test of about 4 hours duration is in

a well-defined steady state regime.
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Table 15 summarizes the results from the 19 tests that achieved steady-
state operation periods of 4 hours or more. Material and energy balances for
each individual test are presented in Appendix E. Corrections were made to
the raw data to establish 100% elemental and material balances before
correlating the data for process evaluation purposes. Appendix F lists the
properties of entrained solids for each test. The size analysis of the
entrained solids show that none of the inert solids are carried over with the
raw gases. Hence, the PRU operation resulted in the discharge of feed ash

containing some unconverted carbon, with the product gas stream.

Tests GT-1 through GT-11 and GT-16 were conducted using maple wood chips
from northern Wisconsin as feed material. Whole tree chips from Pennsylvania
were used as feed material for Tests GT-13, GT-14, GT-15, and GI-17. Whole
tree chips were also used as feed material for the subsequent long duration
tests except that this feed material was obtained from Wisconsin.
Representative samples of the prepared wood feed were analyzed for their
physical and chemical properties. The proximate analysis, ultimate analysis,
bulk density, and gross heating value of typical samples of maple wood chips

and whole tree chips are given in Table 17.

Effect of Temperature

The first tests that were conducted obtained data on the effect of
temperature on gasifier performance. The gasifier was operated at a pressure

of 300 psig and temperatures ranging from 1390° to 1800°F.

The results from these tests are plotted in Figures 34 through 37 and
show the effect of temperature on process performance. The temperature value
used in these plots is an average of at least four thermocouples inside the
fluidized bed at various heights covering a fluidized-bed height of up of to
74 inches above the oxygen distributor. In these tests the measured
differences in temperature between these thermocouples was from 45° to 90°F.
An additional 12 thermocouples are tack welded to the outside of the PRU
fluidized-bed liner.

Figure 34 shows the oxygen required to achieve average fluidized-bed
gasification temperatures ranging from 1390° to 1800°F at about 300 psig. The
oxygen values reported here for these tests are given per pound of feed dried

to 10% moisture level. Oxygen demand at a given temperature increases as the
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Table 17.

Whole Tree Whol? Tree
Chips = From Chips' From
Maple Wood Pennsylvania Wisconsin
Proximate Analysis, wt %
Moisture 12.26 10.89 7.72
Volatile Matter 73.94 73.53 77.07
Ash 0.43 0.84 0.75
Fixed Carbon (By Diff.) 13.37 14.74 14.46
Tétal 100.00 100.00 100.00
Ultimate Analysis, wt %
Ash 0.50 0.94 0.82
Carbon 49.54 48.51 48.40
Hydrogen 6.11 6.17 6.31
Sulfur 0.02 0.04 0.03
Nitrogen 0.10 0.12 0.21
Oxygen (By Diff.) 43.73 44,22 44,23
Total 100.00 100.00 100.00
Bulk Density, 1b/ft3 16.6 14.7 10.7
Gross Heating Value, Btu/lb 8306 8210 8228
Ash Fusion Temperature, °F >2700 >2700 >2700

TYPICAL WOOD FEED PROPERTIES

* Average of two samples (Tests GT-9 and GT-10).
*x Average of two samples (Tests GT-12 and GT-13).

t Average of two samples (Test T12-2).

ESTIMATED SPECIE COMPOSITION OF TEST FEEDSTOCKS

Feedstock Estimated Specie Composition, vol 7

Maple Wood 1004 maple pulpwood

Whole Tree Chips
from Pennsylvania

90% red oak, balance chestnut, aspen,
black birch

Whole Tree Chips
from Wisconsin

34% maple, 33.5% oak, 19.6% birch,
12.9% pine and brush

171/65058fr-t/RPP
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feed moisture content increases (see Tests GT-13, GT-14, GT-15, and GT-17 in
Table 15), so the representative level of 107 feed moisture was chosen in the
gasification tests as any commercial process would operate at a molsture level

somewhat above bone dry.

The measured oxygen requirement varies from 0.17 1b oxygen/1lb feed for
the test at 1390°F to 0.34 1b oxygen/lb feed for the highest temperature test
at 1800°F. For the gasification tests with maple hard wood at 1500°F and
300 psig, the oxygen required was in the range of 0.21 to 0.24 1b/1b of
approximately 10% moisture feed. Gasification of Pennsylvania whole tree
chips at the same operating conditions required 0.23 to 0.25 1b oxygen/lb feed
and the Wisconsin whole tree chips required 0.23 to 0.27 1b oxygen/lb feed.

It is possible that the higher bark content in the whole tree chips, compared
to the pulpwood quality maple chips, may be the reason for the slightly higher

oxygen requirement.

As expected, carbon conversion in the gasification process increases with
increasing fluidized-bed temperature as shown in Figure 35. The total carbon
conversions for all the tests, at 1500°F and 300 psig, is in the range of 927%
to 967, except Test GT-13, which has a measured carbon conversion of 89.9%.

In this one case, the oils and tar yields measured were unusually low, and a
2% increase in the measured oil yleld value (typical of other tests) would

raise the total carbon conversion to the same level.

The carbon utilization could be further improved by recycling the
elutriated carbon to the high-temperature region of the gasifier. Figure 35
also shows the amount of condensibles produced decreases with increasing
temperature. The oils and tar yields for all the tests at 1500°F and
300 psig, for the three feedstocks, are in the range of 1.8 to 2.2 1b/100 1b
feed. These condensible organics would contribute heating value to the fuel
gases in applications where.noncondensing conditions could be maintained
between the gasifier and the combustor. In processes where the condensibles
would have to be separated, the oils and tars could be gasified by recycling

to the high—temperature gasification zone.

The effect of gasification temperature on gas composition is shown in
Figure 36. In the temperature range of 1390° to 1800°F, the methane content
reaches a maximum at about 1500°F and is reduced at higher temperatures. The

hydrogen concentration increases with temperature; the observed hydrogen is
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produced during biomass devolatilization, steam—-char gasification, and the
reforming of light and heavy hydrocarbons. Superimposed on these reactions is
the water-gas shift reaction, which further alters the overall gas composi-
tion. As expected, carbon monoxide increases steadily with temperature,

whereas temperature has an inverse effect on carbon dioxide.

The gas ylelds and their gross heating values are shown as a function of
temperature in Figure 37. The results conform with the anticipated trends of
increased gas ylelds coupled with decreasing heating value as the gasification
temperature 1s raised. The reforming of light hydrocarbons, such as methane
and ethane, above 1500°F is the reason for the reduction in the fuel gas
heating value. The heating value is about 350 Btu/SCF at 1500°F, which is

considered a good quality medium-Btu gas.

Effect of Steam Feed Rate

With maple wood chips, Tests GT-1, GT-6, GT-8, and GT-9 were conducted at
different steam—to-wood ratios ranging from 0.50 to 0.86 1b steam/1b biomass
feed. For the analyzed results for these tests it 1s observed that steam feed
rate has very little effect on gas composition as shown in Figure 38. The
small variations in the concentrations of C02, H2, CHA, and CO can be
attributed to the small differences in pressure and temperature that may alter
the extent of the water-gas shift reaction and reforming of hydrocarbons. The
biomass carbon conversion 1s also not affected by the amount of steam input.
The total carbon conversion is 92% for three of the tests and 92.7% for the
other test. The results also show, as expected, that additional steam input
contributes only to the undecomposed steam content in the product gas and does
not affect the relative content of other gaseous constituents. This 1s, how-
ever, slightly different for the whole tree chip feedstocks from Pennsylvania
and Wisconsin, which show some variations as indicated in Figures 39 and 40.
The gas composition is at most slightly affected by steam input amounts;
however, the character of the oils and tars from these tests is significantly

affected as 1s shown later.

Effect of Operating Pressure

Test GT-10 was operated at 90 psig to investigate the effect of system
pressure on gasifier performance, using maple wood chips as feed material.

Results from this test were compared with Test GT-8 conducted at 300 psig
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because of the similar steam and oxygen feed rates relative to the biomass
feed rate. For the low-pressure case, in order to maintain the proper super-
ficial gas velocity in the gasifier, the throughput rate was decreased by
about 50% in comparison to Test GT-8. Under the conditions of different
through-put rates at different pressures, the comparison shows that the low-
pressure gasification test resulted in a higher carbon conversion to gas and a
lower production of oils and tars. A comparison of the gas composition shows
that the concentration of the major gaseous components 1s nearly the same,
except for the anticipated lower methane yield at the lower pressure. The
apparent higher hydrocarbons content in the product gas for Test GT-10
explains the higher heating value and consequently the higher cold-gas thermal
efficiency in comparison to Test GT-8.

A comparison of Tests Tl2-1 and Tl2-2 with the 12 hour steady-state gasi-
fication periods conducted at 300 psig and 102 psig, respectively, with
Wisconsin whole tree chips shows that the low-pressure test resulted in
slightly lower carbon conversion. However, the methane content is lower and
higher concentration of higher hydrocarbons are observed in the low-pressure
Test Tl2-2 in comparison to the high-pressure Test Tl2-1. Because of the high
concentration of the higher hydrocarbons, the low-pressure gasification test
resulted in a higher dry inert-free heating value gas compared to the latter.
But, due to the lower carbon conversion and gas yield, the cold-gas thermal
efficiency for the low-pressure test is lower than that of the high-pressure

test.

Effect of Feed Rate

The operating conditions for Test GT-11 were 1500°F and 300 psig at a
maple wood feed rate of 1030 1b/h. The wood feed rate was increased in a
stepwise manner to 1030 1b/h, which was the PRU design capacity, and
maintained at this feed rate for a steady-state period of 4-1/2 hours before

the test was voluntarily terminated.

A comparison of the results from Tests GT-9 and GT-11 in Table 15, shows
the effect of the variation in feed rates. The oxygen requirement, total
carbon conversion, product gas heating value, calculated cold gas thermal
efficiency, and gas yield per pound of biomass feed are roughly the same for
both tests. The only apparent difference is in the product gas composition.

The higher feed rate test shows higher carbon monoxide and lower carbon
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dioxide concentrations, which could be simply a function of the extent of the
water—gas shift reaction occurring within the gasification system. Similar
carbon conversions and cold-gas thermal efficiencies show that the PRU did not

approach its limiting throughput rate at the 1030 1b/h value.

Effect of Feedstock Type and Role of Steanm

Test GT-13 was the first test using whole tree chips as feed material.
No operational difficulties were encountered during the approximately 4-hour

steady—state period with this waste feedstock.

Test GT-14 was conducted to investigate gasifier operation with no
external steam addition other than that from the moisture content of the
whole—-tree-chip feed and the chemically produced water. Steam produced from
the 15% moisture in the wood feed and from chemically produced water accounted
for a steam—-to-wood ratio of 0.23 1b/1b. For this test, the steam normally
used was replaced with nitrogen to maintain a minimum fluidization velocity
near the oxygen distributor and the feed location. The nitrogen was heated to
about 900°F before entering the gasifier distributor ring and nozzle. No
operational difficulties were encountered using nitrogen gas as the fluidizing

medium.

For Test GT-15, the PRU steam flow control system was modified to permit
nitrogen to mix with steam at the entrance to the gasifier. This provided a
steam—to-wood ratio of 0.41 1b/1b for this test. With the existing system it
is not possible to superheat both nitrogen and steam; therefore, cold nitrogen
was added to steam, reducing the fluidizing-gas temperature to 640°F from the
normal operating temperature of about 800° to 850°F. To obtain a gasifier bed
temperature of 1500°F, increased oxygen flow was required to compensate for

the mixture of cooler fluidizing steam and nitrogen.

A comparison of the dry gas compositions from Tests GT-14 and GT-15 in
Figure 39 shows a higher carbon monoxide content and a lower hydrogen
concentration in Test GT-14. This difference can be attributed to the low
steam—-to-wood ratio in Test GT-14, which could alter the extent of the water-—
gas shift equilibrium reaction. Less of the higher hydrocarbons were observed
in Test GT-15, suggesting their possible reforming in the presence of excess

steam.
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Effect of Bed Height

The purpose of Test GT-16 was to investigate the effect of bed height on
process performance. The fluidized—-bed L/D was kept between 3 and 4 compared
with previous maple wood feed tests with a ratio of about 6. Results from
Test GT-16 were compared with those from Tests GT-1 and GT-8. All three tests
were conducted with otherwise similar operating conditions using maple wood
chips as feed material. The results indicate that Test GT-16 produced a lower
methane concentration coupled with higher concentrations of ethane and Cet
hydrocarbons. This could be attributed to the lower gas residence time in the
inert solids fluidized-bed reactor section allowing less time for reforming of

hydrocarbons.

Effect of Moisture

Comparing Test GT-~17 with a higher feed moisture to Test GT-15 with a
lower feed moisture, but otherwise similar operating conditions, there is also
a significant difference in the product gas concentrations of CO and COZ in
addition to the obvious increase in oxygen demand for the higher moisture
content feed material. The higher moisture feed produces a product gas with a
higher concentration of C0y and a lower concentration of CO when compared with
the test with a lower moisture content feed material. This can be explained
by the higher demand for combustion for drying biomass inside the gasifier,
and the simultaneously occurring water—-gas shift reaction in which there is
more water available to convert CO to COZ and HZ' A comparison of the
measured raw gas composition with the calculated equilibrium gas composition
shows that the gas composition is closer to equilibrium in the higher feed
moisture content test. The high moisture feed test also resulted in little or
no olls and tars compared to the nearly 27 oils and tars measured in Test
GT-15. It 1is not clear whether the higher oxygen demand for the high moisture
feed, extended the combustion zone within the gasifier to the extent that the
devolatilized oils and tars were selectively combusted as they were formed or
whether there were slight measurement errors. The lower product gas heating
value can be attributed to the lower amounts of higher hydrocarbons produced

from the higher moisture feed material.
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Environmental Aspects

Some of the by-products of biomass gasification will require treatment or
removal before they can be discharged to the environment. These include
ammonia, phenols and other organic acids, benzene, and polyaromatic hydro-
carbons and potentially, sulfur-containing gases. Due to the low sulfur
content (0.02 to 0.04 weight percent) of the feedstock, the formation of
sulfur compounds is well within all foreseeable standards. Small amounts (0
to 150 ppm) of COS were occasionally found in the product gas sample bombs,
but no HyS has been detected to date.

Ammonia, phenol, cresols, acetic acid, methanol, and other water-soluble
heterocyclic organic compounds were found in the aqueous phase of the gasifier
condensate. Due to the presence of ammonia, the pH of the condensate was
generally around 8.0, and it was well-buffered, which is favorable for
biological wastewater treatment processes which are sensitive to pH. The
levels of all water-soluble organic species in the condensate are indicated by
total organic carbon (TOC). It was found that TOC in the aqueous effluent

declines with increasing gasification temperature; this is shown in Figure 4l.

An oil phase 1is also present in the gasifier condensate. This has been
extensively analyzed by GC/MS, and the results are tabulated in Table 18. 0il
components were predominantly aromatic hydrocarbons, with naphthalene and
benzene as the most abundant species. In contrast to coal-derived oils, no
aliphatic hydrocarbons were identified, although some could be present in the
unidentified portions, which comprised 3% to 11% of the total oil. Oxygenated
specles accounted for 0.4% to 7.5% of the oill collected and included phenols,
naphthols, and furans. Nitrogen- and sulfur-containing oil components were
very low, which is to be expected from the low sulfur and nitrogen content of
the feed.

Polyaromatic hydrocarbons (PAH) are organic compounds containing two or
more fused benzene rings. Two- and three-ring hydrocarbons, such as
naphthalene and phenanthrene, do not pose any special environmental hazards.
Compounds with four or more condensed rings, however, generally include
hazardous substances such as fluoranthene, chrysene, and benz(a)pyrene. In
this section, PAH will refer to the latter class of compounds, those with more
than three fused rings. Although higher temperatures tend to favor the

condensation reactions that produce these substances, the data show that the
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Table 18.

COMPOSITION OF OILS FOUND IN PRODUCT GAS
IN PRU GASIFICATION TESTS

Test No. GT-5 GT-6 GT-8 GT-9 GT-10 GT-11 GT-13 GT-14 GT-15
Temperature, °F 1390 1500 1510 1500 1465 1500 1520 1510 1520
011 Yield, 1b/100 1b biomass” 2.84 2.18 1.33 1.83 0.34 2.33 1.66 3.00 2.26
Products, wt X in Oils
One-Ring Hydrocarbons 28.6 30.6 24.4 40.8 15.0 39.9 8.4 31.2 26.8
Benzene 8.9 24,9 20.1 36.2 4,1 34.9 6.1 23.7 23.9
Toluene and Xylenes 12.1 2.9 2.3 2.1 2.9 2.3 0.7 4.7 1.2
Others 7.6 2.8 2.0 2.6 8.0 2.7 1.6 2.9 1.7
Two-Ring Hydrocarbons 28.8 39.0 39.5 33.5 40.4 29.7 54.5 32.2 36.5
Naphthalene 17.6 32.2 32.1 28.4 26.5 24.5 48.7 25.7 30.3
Methylnaphthalene 4.5 0.9 0.8 0.6 3.0 0.6 0.6 1.2 0.6
Others 6.7 5.9 6.6 4.5 11,0 4.5 5.3 5.4 5.6
Three-Ring Hydrocarbons 14.0 10.8 13.2 9.1 20.3 10.3 12.3 11.6 11.7
Fluorene 3.5 2.8 2.6 2.2 4.3 2.2 3.2 2.2 2.3
Phenanthrene and Anthracene 5.8 7.0 8.6 5.9 11.8 6.6 7.9 7.5 7.9
Others 4.7 1.8 2.0 1.0 4.3 1.5 1.3 1.9 1.5
Four-Ring Hydrocarbons 9.6 9.7 13.3 8.2 13,2 10.7 10.1 10.8 12.6
Five-Ring Hydrocarbons 2.2 2.2 2.6 2.4 2.5 3.1 4.1 4.4 4.7
Higher Aromatic Hydrocarbons 0.0 0.8 l.4 1.8 1.0 1.9 1.6 2.4 2.6
Total Hydrocarbons 83.2 93.1 94.4 95.8 92.4 95.6 91.1 92.6 94,8
0—Containing Compounds 7.5 1.1 0.9 0.7 3.5 1.0 0.5 1.9 0.4
Phenol and Cresols 3.2 0.1 0.04 0.1 0.4 0.1 0.0 0.9 0.04
Benzofurans and Dibenzofurans 3.7 1.0 0.6 0.5 2.4 0.7 0.004 1.0 0.4
Others 0.6 0.0 0.3 0.1 0.7 0.2 0.1 0.02 0.03
N-Containing Compounds 0.7 0.4 0.3 0.4 0.5 0.5 0.4 0.9 0.7
S=Containing Compounds 0.2 0.1 0.02 0.02 0.04 0.02 0.2 0.0 0.01
Total Heterocyclic Compounds 8.4 1.6 1.2 1.1 4.0 1.5 1.1 2,8 1.1
Unidentified Compounds 8.4 5.3 4.4 3.1 3.6 3.0 7.8 4.6 4.1

* Dry Basis.

171/65058fr-t /RPP
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Table 18, Cont.

Test No.

Temperature, °F
011 Yield, 1b/100 1b biomass™

Products, wt % in Oils

One~Ring Hydrocarbons

Benzene
Toluene and Xylenes
Others
Two~Ring Hydrocarbons
Naphthalene
Methylnaphthalene
Others
Three-Ring Hydrocarbons
Fluorene
Phenanthrene and Anthracene
Others
Four-Ring Hydrocarbons
Five-Ring Hydrocarbons
Higher Aromatic Hydrocarbons

Total Hydrocarbons

0-Containing Compounds
Phenol and Cresols
Benzofurans and Dibenzofurans
Others
N=Containing Compounds
S=Containing Compounds
Total Heterocyclic Compounds
Unidentified Compounds

* Dry Basis.

171/65058fr—t /RPP

COMPOSITION OF OILS FOUND IN PRODUCT GAS

IN PRU GASIFICATION TESTS

GT-16 T12~1 T12-2 T3D~la T3D~1b T12-3a T12-3b Tl2-4a Tl2-4b
1450 1530 1500 1538 1562 1672 1413 1509 1516
1.96 3.16 3.32 1.65 1.93 1.12 3.51 2.69 2.48
31.5 18.2 23.5 21.8 26.0 17.2 38.8 15.1 11.9
26.1 14.9 9.0 19.5 23.2 15.6 27.5 6.6 6.7

2.0 1.0 7.1 0.8 1.2 0.6 6.6 2.2 1.1
3.4 2.3 7.4 1.5 1.6 1.0 4.6 6.2 4.1
33.8 38.3 39.0 46.9 39.5 35.9 35.8 41.8 42.3
28.5 31.9 27.0 41.1 33.4 32.7 27.9 30.2 32.4
0.6 0.4 3.9 0.6 0.9 0.5 1.9 2.2 1.5
4.7 6.0 8.1 5.2 S.1 2.8 6.0 9.4 8.4
9.2 16.6 12.5 12.1 12.8 11.6 9.8 16.0 14.9
2.3 2.3 2.7 2.6 2.5 1.3 3.0 3.6 2.9
5.8 9.7 7.3 8.2 8.4 7.9 4.9 8.9 8.9
l.1 4.6 2.5 1.3 1.9 2.4 1.9 3.6 3.1
8.2 13.4 7.3 10.9 11.3 17.1 5.3 10.6 12.6
3.4 4.9 3.0 3.1 3.3 6.8 1.2 4.1 5.1
2.0 2.6 0.8 l.1 1.7 5.7 1.0 2.8 3.0
88.0 94.0 86.1 95.9 94.6 94.2 91.9 90.4 89.8
0.6 0.6 2.6 0.3 0.3 0.1 2.5 2.8 2.0
0.04 0.02 1.0 0.0 0.0 0.0 1.0 0.3 0.1
0.5 0.3 1.6 0.3 0.3 0.1 1.5 2.3 1.8
0.01 0.3 0.0 0.0 0.0 0.0 0.0 0.2 0.1
1.3 0.8 l.4 0.08 0.7 0.3 0.8 0.8 1.1
0.02 0.3 0.03 0.0 0.1 0.0 0.0 0.02 0.2
1.9 1.7 4.0 0.4 1.1 0.4 3.3 3.6 3.3
10.1 4.3 9.9 3.7 4.3 5.4 4.9 6.0 6.9
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overall yield of oils and tars in the PRU decreased considerably at the higher
temperatures, so that the net environmental burden may actually be less. This

can be seen graphically in Figure 42, which compares Tests GT-5 and GT-8.

It is apparent from the data shown in Table 18 and Figure 42 that higher
operating temperatures, in addition to reducing the oil yield, also cause a
sharp decline in the relative concentrations of heterocyclic and alkyl-
substituted hydrocarbons in favor of unsubstituted aromatic hydrocarbons.
Referring back to Figure 41, it is seen that the overall yield of phenols,
which is distributed between the aqueous and organic phases of condensate,
declines by 97% to 99% when the gasification temperature is increased to
1510°F from 1390°F.

There is also a relationship between the amount of steam present in the
gasifier (steam input plus biomass feed moisture) and the nature of organic
liquids produced. Figure 43 shows that the concentration of oxygenated oil
components, as well as the overall phenols yield, declines as the steam-to-
wood ratio is increased. Although more data points are needed in the range of
0.2 to 0.5 steam-to-wood ratio (1b/1b) to confirm this, it appears that the
yield of oxygen—containing oils (phenols in particular) reaches a steady
minimum at a value of about 0.7 1b steam/1b wood. The overall oil yield,
however, seems to depend more on other factors, such as temperature, pressure,
and feed material. Just as the results in Figure 42 showed the dependency of
0il yield on gasifier temperature, results in Figures 44 and 45 show how
pressure and feed type affect the yleld and composition of organic liquids
found in the effluent. The production of all organic types except highly
condensed aromatics (PAH) was much higher at the lower pressure. The overall
yield of oil decreased with increased pressure as well. Most strikingly, the
yield of phenols decreased by a factor of 67 with the increase in pressure
from 102 to 300 psig, and the yield of water-soluble organics, excluding
phenols, likewise declined by a factor of about 7. The results in Figure 45
show that the relative proportions of liquid product types did not change as
much with varying feed material, although the total organic liquid yield
did. Whole tree chips, with a higher content of bark, leaves, and other non-

wood pulp components, did produce more oils than the maple wood chips.

There was a complete absence of oils in the condensate from Test GT-17.

This test was performed with wetter (26.7% moisture) wood. The reason for the
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YIELD, wt % of dry feed

AQUEOUS

TEST CONDITIONS:
MAPLE WOOD CHIPS

294 psig

0.92 £ 0.08 STEAM/DRY FEED
737 18 ib/h FEED

AQUEOUS: WATER-SOLUBLE SPECIES EXCLUDING
PHENOLS

LIGHT OILS: WATER-INSOLUBLE SPECIES
WITH 1-3 RINGS

PAH: POLYAROMATIC HYDROCARBONS WITH
4 OR MORE RINGS

PHENOLS: PHENOLIC SPECIES IN AQUEOUS

- L'S.'ﬂ; AND OIL PHASES
RRRERREER AQUEOUS
LIGHT
PAH OILS
PHENOLS PAH
0 PHENOLS
TEST NUMBER GT-5 GT-8
TEMPERATURE 1390°F I510°F
Figure 42. ORGANIC LIQUID YIELD AS A FUNCTION OF TEMPERATURE

FOR TESTS GT-5 AND GT-8
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TEST CONDITIONS:
WIS. WHOLE TREE CHIPS
ISIS £I5°F
4 |- AQUEOUS 0.76 £ 0.09 STEAM/DRY FEED
S AQUEOUS BT
>3
S
-3 LIGHT
32 OILS
> LIGHT
S2r olLS
>
I o
PAH ’
PAH
PHENOLS
0 PHENOLS
TEST NUMBER T-12-2 T-12-\
PRESSURE 102 psig 300 psig

Figure 44. OIL YIELD AS A FUNCTION OF GASIFIER PRESSURE
FOR TESTS T12-1 AND T12-2
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TEST CONDITIONS:
I500* 44 °F s
L 312 16 psig AQUEOQUS ks
0.74 £ 0.3 STEAM/DRY FEED
o 695+ 65 Ib/h FEED
";', aqueous
2 > AQUEOUS E: LIGHT
o
3 olLS
)
g LIGHT
o LIGHT oILS
> L olLS
PAH PAHE PAH
o PHENOL S~ PHENOLS PHENOLS
TEST NUMBER GT-16 GT-I15 T-12-1
FEED MAPLE PENNSYLVANIA WISCONSIN
WOOD WHOLE WHOLE
CHIPS TREE CHIPS TREE CHIPS

Figure 45. OIL YIELD AS A FUNCTION OF FEEDSTOCK FOR
TESTS GT-15, GT-16, AND Tl2-1
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absence of oils is not clear, although it may be related to the high heat
demand required to drive water from the incoming feed. A higher oxygen rate
was required for combustion to supply this heat, and the combustion of oils as

well as some gaseous hydrocarbons may have occurred.

In conclusion, the analyzed data indicate that the production of organic
liquid by-products can be minimized by increased temperature and pressure, but
may also be somewhat related to feed type. From an environmental standpoint,
conditions that favor lower concentrations of oxygenated, water—soluble com-
ponents, particularly phenols, are desirable. These include higher tempera-
ture and pressure, and a steam-to-wood ratio above a minimum value which is in
the neighborhood of 0.6 to 0.7 1b/1b. Dealkylation and dehydroxylation reac-
tions, which bring about the decomposition of such undesirable by—-products are
favored by high hydrogen partial pressure and high temperature. Hydrogen in
this case is supplied by the decomposition of steam through water-gas shift
and steam—carbon reactions, as well as direct reactions of steam with organic

liquid species in the gasifier.
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CONCLUSIONS

The Institute of Gas Technology (IGT) has conducted a pressurized,
fluidized—-bed biomass gasification process development program from
laboratory-scale, bench-scale, and PRU process and equipment design phases to
the construction and operation of a large-scale 12-TPD PRU system., The
program culminated with the successful operation of the PRU over a range of
process condition parameters and a successful 3-day steady-state operation of

the pressurized fluidized-bed gasifier and auxiliary equipment.

The PRU support research and PRU tests were conducted with woody biomass,
maple wood chips, and whole tree chips (a mixture of hard and soft wood
specles). A pressurized isokinetic probe, designed and constructed at IGT,
coupled with a successfully operating wet-gas chromatograph significantly
improved the data acquisition and analysis capability.

Test results (up to 3 days of steady-state operation) have shown that
pressurized, fluidized-bed gasification at 300 psig, 1500°F, and feed rates up
to 1030 1b/h of whole tree chips is a simple operation. Material and energy
balances showed that the total carbon conversion 1is about 957 in the long-
duration tests; this could be further increased by recycling the entrained
char to the high-temperature region of the gasifier. The oxygen requirement
at 1500°F was about 0.22 1b/1b of feed material. Over the temperature range
of 1400° to 1800°F in the parameter-variation tests, the dry gas yleld ranged
from 14 to 19 SCF/1b feed, and the gross calorific value of the fuel gas
ranged from about 340 to 290 Btu/SCF, respectively. The cold gas thermal
efficiency at 1500°F and 300 psig operation was about 75%.

Analyzed data of the small oil and tar fraction indicated that 1its
production 1s dependent upon feedstock type and can be reduced by increased
gasification temperature and pressure. The new information obtained in this
program on the oil and tar fraction is important environmentally and impacts

upon the scope and duty of process cleaning equipment.
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APPENDIX B.
Description of PRU Instrumentation



Description of PRU Instrumentation

Successful PRU operation has been achieved with conventional, off-the-
shelf Iinstruments specially adapted to measure and control the special PRU
applications. Process variables monitored included: flow, pressure,
temperature, and fluidized-bed density and level. These measurements are made

at pressures up to 500 psig and temperatures up to 1800°F,

The control system utilizes a pneumatic system with basic feedback type
control loops consisting of proportional and integral (PI) and proportional,
integral, and derivative (PID) control modes to provide satisfactory control

and performance. Pneumatic equipment offers easy maintenance and reliability.

For extended duration tests of several days, a 32 channel multipoint
recorder and data logger was used for interfacing with a Compaq Plus portable
computer. The multipoint recorder has the feature of both trend recording and
data logging. Normal trend recording can be interrupted to allow a digital
data logging of all input signals, and then return to trend recording. The
computer output built into the recorder/data logger makes possible the sending
of process data to the personal computer. The raw data from the tests are
permanently stored on floppy disks for easy retrieval. The PRU is also
equipped with pneumatic/current (P/I) transducers and computer interface to
send RS-232 transmission into the Compaq personal computer for real-time data

storage.

An important criteria for proper control of the RENUGAS fluidized-bed
system is the accurate knowledge of bed density and total bed height.
Conventional differential pressure techniques are used for both measurements.
The density of the bed is determined by using the pressure difference between
two fixed points of known elevation. Overall bed height is then measured
using the total pressure drop over the entire reactor and the bed density

measurement.

The differential pressure measurement 1s done by a sensor utilizing a
diaphragm element connected to a force balance transmitter. The transmitter
output signal (3 to 15 psig) 1s sent to a central control panel for recording.
Because the reactor systeﬁ contains suspended solids (fines), inert gas purges
keep the pressure impulse lines free from plugging and solids accumulation.

Proper purge control is required and regulated through the use of rotameters.
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Another use of differential pressure transmitters in the PRU is for gas
and liquid flow metering. All liquid, gas, and steam flows are measured by
conventional head-type meter installations where differential pressure {is
measured across a primary element to indicate flow. Industry standardized
concentric sharp—edge orifice meter runs are used along with integral-type
orifice meters specifically utilized for low flow rates. With head-type
meters, pressure and temperature measurements are required for compensation to

obtain mass flow for material balance data.

The blomass feed rate to the gasifier is monitored by a hydraulic load
cell measuring feed batches dumped into the feed system described earlier.
The weight of a single batch 1s approximately 100 pounds. The solids are
dumped out of the lockhopper into the feed hopper, which contains a metering
screw regulating the solids flow into the gasifier. Solids level in the
metering feed hopper 1s monitored by a capacitance probe technique that
provides a proportional level signal. Solids feed rate can be adjusted
through a variable frequency AC motor drive system controlling the metering
screw's revolutions per minute. All controls for the lockhopper operation and

screw speed control are located at the control panel.

Temperature measurement in the PRU is accomplished by conventional
thermometry. Chromel-alumel (Type K) thermocouple junctions are used through-
out the unit to monitor temperatures ranging up to 2000°F. The elements are
the ceramic-insulated, sheathed type and are l/8-inch in diameter. Conax
sealing glands have successfully been used as a device to route these thermo-
couples into the PRU pressurized vessels. The thermocouple extension wires

used are of the same metallurgy.

Pressure in the PRU is maintained by regulating the flow of reactor off-
gas through a pressure letdown valve. The gas flowing through the letdown
valve 1s hot and erosive in nature because of suspended fines. IGT has
ploneered work in severe pressure letdown valves in prior coal gasification
work (specifically the HYGAS and Steam-Iron Processes) by utilizing a
commercially manufactured rotary choke valve constructed with tungsten-=carbide
discs with diamond lapped mating surfaces. The basic valve was modified by
IGT with features that significantly improved service life and control
performance. The rotary discs consist of one fixed disc in the valve body

while the other is rotated 90° to open or block the flow. Actuation is

B-4



provided by a spring/diaphragm operator receiving its pneumatic signal from a

controller on the control panel.
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APPENDIX C.
PRU Experimental Procedures
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Startup Procedure

The startup of the PRU is a simple three part procedure. The first part
consists of preheating the gasifier, containing about 800 pounds of inert
solids, with hot nitrogen. During startup the steam superheater is employed
to preheat the nitrogen to about 1100°F. The temperature of the inert
fluidized solids reaches about 550°F in about 4 hours. The system is slowly
brought to the test pressure in this time. During heatup the nitrogen flow is
regulated to maintain minimum fluidization conditions for the inert solids; a
superficial gas velocity of at least 0.4 ft/sec at low startup pressure. The
differential pressure between the balanced-pressure insulation zone and the
liner is maintained at about 15 to 25 psi, which is within the specified

mechanical design conditions.

The second part of the startup procedure consists of loading about
120 pounds of coconut shell charcoal (~1/8-inch size) into the live-bottom
metering bin. Charcoal feed into the 550°F inert solids fluidized bed is
initiated at approximately 60 1lb/h. The charcoal is ignited by slowly adding
oxygen to the fluidizing nitrogen stream. The fluidized-bed temperature rises
uniformly to the gasification test temperature and is maintained there for
about 2 hours. Because the charcoal has little or no volatile matter, there
is no chance for o0il or tar deposition in the cooler downstream section of the
PRU systeme In these 2 hours of charcoal heatup operation the downstream
piping and vessels gradually heat up. The heatup procedure is considered
complete and the reactor is ready for gasifying woody biomass when the

refractory piping at the downstream water quench reaches 500°F.

The third and final phase of the startup procedure involves initiating
wood feed at 300 1b/h and the flow rates of steam and purge nitrogen are
established switching from nitrogen to steam flow to the superheater. At this
point the oxygen flow is regulated to maintain the predetermined gasification
‘test temperature for about an hour, before increasing the wood feed to the
selected test feed rate. The elapsed time from cold start to flow
stabilization and beginning of wood gasification steady state is about 10 to

12 hours.

The PRU operating procedures for all the tests were the same. Three
tests were conducted with low steam—-to-wood ratios (Tests GTI-14, GT-15, and

GT-17) as a part of the parametric studies with minimal deviations.
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Modifications for low flow measurements and consequent instrument range
adjustments were made for these tests in order to meet the objectives of the

'tests.

Shutdown Procedure

Shutdown operations for the PRU system required about 6 hours from the
time the wood feed, steam, and oxygen (or air) were stopped. Most of the time
was required for depressurization and reduction of the bed temperature to
below 500°F, During this time the superheater was slowly cooled with
nitrogen, which also flows through the gasifier. This slow cooling procedure
assured protection of the PRU equipment. Rapid cool down procedures could be
possible if bypass piping and hot service valves were installed at various
locations. In either case, the overall shutdown procedure was very simple.
When the fluidized-bed temperature was below 500°F, the nitrogen flows were
stopped and the inputs to the gasifier were blocked off while the valves at
the pressure letdown station were locked open. The entire system then cooled

down in this mode.
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' APPENDIX D.
Description of Gas, Liquids, and Solids Sampling System



Gas Sampling System

The sampling of gases, liquids, and solids from the product gas stream is
achieved by the operation of two sampling systems: the gas analyzer system
(GAS) and the isokinetic sampling system (ISS). Both streams are withdrawn at
a common sampling point close to the gasifier exit. Each sample probe
consists of a 1l/4-inch 316 SS tube extending into the center of the 2-inch-1Ib,
8-inch-0D refractory—lined product gas pipe. Both sample tubes are welded to
a 1/2-inch NPT pipe cap on the end of a position—-adjustable pipe assembly. A
cut—away view of the pipe showing the sampling probe arrangement is
illustrated in Figure D-1 and the overall sampling system is shown

schematically in Figure D-2.

The particulate and condensate ISS probe faces into the center of the
flowing gas stream, and withdraws approximately 1% of the total gas flow at
isokinetic conditions. The leading edge of the open ended tube is tapered

outward to reduce impingement.

The product gas sample 1s drawn through the ISS probe at a velocity
approximately equal to the estimated gas velocity in the product gas line.
The product gas velocity is estimated from the gasifier input rates and the
feed conversion to gaseous products. Using the steam content measured by the
on—-line GC, a dry gas flow rate for the sample 1s calculated and maintained at
the dry gas meter. At the proper operating conditions the 1SS probe gas
sample flow rate is about 1% to 1.5% of the total product gas flow rate. The
1SS is operated for 1 hour during the steady operating period. The ISS
withdraws a representative sample of product gas, which passes through a
preheated (450°F) filter canister housing containing a glass filter element.
The entrained particles are trapped here and the clean gas flows lhrough a
water—cooled condenser. The condensate is collected in a l-gallon 31b SS
pressure vessel and the cooled stream then passes into a similar pressure
vessel submerged in an ice-water bath. The gas stream is then reduced in
pressure by a pneumatically operated 1l/4-inch regulating valve. A final
sintered stainless steel filter removes the remaining entrained particles and
the sampled gas flow is measured with a dry test meter. The collected liquid
and solid samples are weighed and analyzed, yielding average values for the
solids entrainment rate and the condensate water and oil rate during the

steady gasification period.
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The 1SS and associated instruments are installed close to the sampling
point. The entire tubing length from sample inlet to gas flow meter is abouq
16 feet, which includes a 4~foot coil inside the water condehser. Except for
the sample tube inside the product gas line and the line downstream of the
ice-water bath, larger 3/8-inch and 1/2-inch 316 stainless steel tubing is
used to avoid plugging by tars and particulates.

The GAS probe faces away from the direction of gas flow to minimize
solids withdrawal. The tube size increases to 1/2-inch as it leaves the probe
and the pressure 1s reduced to 15 psig by use of a pneumatically-controlled
1/4-inch regulating valve. From this point, the sample lines are electrically
heated to prevent condensation. The sample enters a canister type filter
housing containing a l-micron fibrous glass filter element to trap almost all
of the particulates. The canister 1s also electrically heated to 300°F to
ensure that no water condenses. The stream goes directly to a bypass filter
inside a heated cabinet and then passes through a final sintered metal filter
before entering the on-line gas chromatograph (GC). The GC automatically
analyzes Hy, CO,, Ar/0,, CH,, CO, and Hy0 once every 12 minutes.

The gas chromatograph and instruments were installed as close as possible
to the sampling point to minimize the lag time and the potential for cold
spots and tar build-up.

The gas analysis instruments are calibrated with a standard gas mixture
before and after each test. In addition, the GC 1s calibrated on a dry basis
every 90 minutes during a test. A wet-gas calibration of the GC is done
before each test by bubbling dry calibration gas through an electrically
heated bubbler filled with distilled water.

During the steady-state operation, samples of cool, dry, clean gas are
also taken in stainless steel sample bombs for a confirmatory analysis by a

laboratory gas chromatograph that analyzes for additional hydrocarbon species.

An "Annubar" pressure differential flow meter installed in the gasifier
exit line, and a standard orifice meter in the product gas line measure the
product gases before and after quenching. A purge-nitrogen balance is
routinely made to verify the product gas flow rate. In addition, the PRU
operating procedure can also use a metered injected argon tracer gas to serve

as a double check on the raw gas production rate.
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Over 19 adiabatic biomass gasification tests have been conducted in the
PRU at feed rates of up to 1430 lb/ftz—h of biomass at 30U psig and 1500°F.
The large-scale operation, combined with the use of the on-line isokinetic
sampling system, the on-line wet-GC, and off-line gas and liquid sample
analyses ensures the collection of the field of data necessary to prepare

accurate material and energy balances for process evaluation and scale-up.
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APPENDIX E.
Summary of Material and Energy Balances
for Individual Gasification Tests



Summary of Material and Energy Balances for Individual Gasification Tests

Each test was conducted at predetermined gasification conditions to
develop process scale—up information. Tests were conducted for steady-state
periods of approximately 4 hours except for the long duration tests which were

conducted for steady-state periods of up to 3 days.
Determination of steady-state operation is defined by the following:
L. Changes or deviations in the wood feed rate are about: x5%-1U%

2. Adjustments or deviations to the steam and oxygen input rates are
about: 2%

3. Deviations or differences in the product gas composition as observed by
the on~line gas chromatograph are about: 2%

4. The variations in reactor bed temperature profiles is on the order of:
+75°F
Once these criteria are met, the PRU is operated for a predetermined
duration. Data are collected during this time period that enable the
establishment of material and energy balances. Corrections are made to the
raw data to establish 100% elemental and material balances before any

correlation of the data to predict gasifier performance is made.

The following procedure was adopted to adjust the raw data to a 100%

elemental and material balance and used for all of the gasification tests:

l. The product gas flow rate based on the orifice meter measurement has
inherent inaccuracies due to the buildup of carryover solids across the
orifice plate. Thus, the product gas flow rate was obtained by using the
product gas composition from the off-line GC and calculating a 100%
carbon balance. Four equations with four unknowns were solved
simultaneously to obtain the product gas flow rate and the quantities of
carbon in the entrained solids, in the tars and oils, and in the dry
product gas.

2. Next, the hydrogen balance was obtalned by adjusting the liquid
condensate rate to match the total hydrogen in the input streams.

3. After the product gas flow rate and the condensate collection rate were
corrected, the input oxygen rate was adjusted to balance with the total

oxygen in the output streams.

4 The input nitrogen flow rate was adjusted to match the nitrogen in the
product gases.

5. Because the fluidized-bed gasifier contains very little of the feed
material in a residual form, it is assumed that the entire ash in the
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feed material is carried overhead by the product gases. The input feed
ash is assigned to the ash in the entrained solids to obtain a 100% ash

balance.

Using this procedure, the measured results from all the tests were
adjusted to close the elemental and mass balances, which are summarized in the
following tables. The overall energy balances calculated from the adjusted

material balances are also presented.
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Table E—l .

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS

Study Period:

Test Date: 3-21-84

Basis: 1 Hour; All Units in Pounds Unless Qtherwise Noted.

From 1645 Hour to 2045 Hour

PRU TEST GT-1

Input c R’ 0 N Ash Total 105 Btu
Biomass (Dry) 364.1 45.5 325.4 0.0 10.4 745.5 6.1
Moisture 7.5 60.4 67.9
Steam to Ring 42.7 341.3 384.0 0.5
Steam to Nozzle 29.1 . 232.7 261.8 0.3
Oxygen to Nozzle 171.8 171.8
Nitrogen Purge 421.9 421.9
Total Input 364.1 124.9 1131.9 421.9 10.4 2052.9 6.9
Output
Entrained Solids 29.1 0.0 10.4 39.5 0.5
011/Tars 13.8 2.4 16.2 0.3
Product Gas Components
H, 18.7 18.7
co 64.5 86.0 150.5
Co, 165.5 441.4 606.9
CH, 78.3 26,1 104.3
CoH, 2.1 0.4 2,5
C,H, 5.7 1.4 7.1
Cilig 0.0 0.0 0.0
CeHg 5.1 0.4 5.5
N, 422.0 422.0
Hy0 75.5 604.1 679.6
Total Gas 321.2 122.5 1131.4 422.0 1997.1 6.1
Total Output 364.1 124.9 1131.4 422.0 10.4 2052.9 6.9
100.0 100.0 100.0 100.0 100.0 100.0

Balance (Output/Input), % 100.0
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Table E-2. MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-2

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

Study Period:

Test Date:

4-11-84
From 1325 Hour to 1725 Hour

Input c H 0 N Ash Total 10® Btu
Biomass (Dry) 305.2 38.2 276.7 0.0 4.8 625.0 5.2
Moisture 7.3 58.3 65.6
Steam to Ring 35.6 284.5 320.1 0.4
Steam to Nozzle 19.1 152.5 171.6 0.2
Oxygen to Nozzle 170.0 170.0
Nitrogen Purge 309.3 309.3
Total Inmput 30562 100.2 942.1 309.3 4.8 1661.6 5.8
Output
Entrained Solids 17.1 0.0 4.8 21.9 0.3
01i1/Tars 6.7 1.2 7.9 0.2
Product Gas Components
HZ 16.9 16.9
co 54.9 73.1 128.0
€Oy 147.5 393.2 540.7
CH“ 63.5 21.2 84.7
CZH4 0.0 0.0 0.0
CZHG 0.5 0.1 0.6
Cqlig 0.0 0.0 0.0
Celg 15.0 1.2 16.2
N, 309.3 309.3
H,0 59.5 476.0 535.5
Total Gas 281.3 99.0 942.3 309.3 1632.0 5.2
Total Output 305.1 100.2 942.3 309.3 4.8 1661.8 5.7
Balance (Output/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 98.3
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Table E-3.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-4

Study Period:

Test Date:

5-24-84
From 1230 Hour to 1630 Hour

Input c H 0 N Ash Total 10 Btu
Biomass (Dry) 322.1 40.7 294.3 0.7 3.1 660.9 5.5
Moisture 7.9 63.1 71.0
Steam to Ring 29.5 235.6 265.1 0.4
Steam to Nozzle 19.6 157.2 176.8 0.2
Oxygen to Nozzle 249.4 249,4
Nitrogen Purge 373.5 373.5
Total Imput 322.1 97.7 999.6 374.2 3.1 1796.7 6.1
Qutput
Entrained Solids 16.7 0.0 3.1 19.7 0.2
011/Tars 1.9 0.3 2,2
Product Gas Components
H, 22.4 22.4
co 98.1 130.7 228.8
co, 153.1 408.3 561.4
CH, 52.3 17.4 69.7
CoH, 0.0 0.0 0.0
c2H6 0.0 0.0 0.0
C3H8 0.0 0.0 0.0
C6H6 0.0 0.0 0.0
Nsy 374.3 374.3
H,0 57.6 460.7 518.3
Total Gas 303.5 97.4 999.8 374.3 1775.0 5.4
Total Output 322.1 97.7 999.8 374.3 3.1 1797.0 5.6
Balance (Output/Input), 2 100.0 100.0 100.0 100.0 100.0 100.0 91.8
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Table E-4.

Test Date:
From 1250 Hour to 1650 Hour

Study Period:

6~-13-84

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-5

Input c H 0 N Ash Total 10® Btu
Biomass (Dry) 312.9 40.2 292.5 0.3 2.6 648.5 5.3
Moisture 8.4 67.4 75.8
Steam to Ring 38.0 304.4 342.4 0.5
Steam to Nozzle 24,1 193.1 217.2 0.3
Oxygen to Nozzle 123.4 123.4
Nitrogen Purge 304.9 304.9
Total Input 312,9 110.8 980.8 305.2 2.6 1712.2 6.1
Output
Entrained Solids 39.9 0.7 2.6 43.4 0.6
0i1/Tars 15.6 2.8 18.4 0.4
Product Gas Components
H, 14.0 14.0
co 35.6 47.5 83,2
002 139.4 371.8 511.3
CH, 54.3 18.1 72.4
C,H, 1.8 0.3 2.0
C,Hy 14.7 3.7 18.4
CqHg 0.5 0.1 0.6
CeHg 11.0 0.9 12.0
N, 305.1 305.1
H,0 70.2 561.6 631.8
Total Gas 257.4 107.4 981.0 305.1 1650.8 4.8
Total Output 312.9 110.8 981.0 305.1 2.6 1712.4 5.8
Balance (Output/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 95.1
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Table E-5.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

Study Period:

Test Date:

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS

6-28-84
From 1130 Hour to 1530 Hour

PRU TEST GT-6

Input c H 0 N Ash Total 108 Btu
Biomass (Dry) 302.6 38.3 273.9 0.2 4.1 619.2 5.1
Moisture 8.3 66.1 74.3
Steam to Ring 40,8. 326.5 367.3 0.5
Steam to Nozzle 25.3 202.2 227.5 0.3
Oxygen to Nozzle 167.3 167.3
Nitrogen Purge 349.1 349.1
Total Input 302.6 112.7 1036.0 349.3 4.1 1804.7 5.9
Output
Entrained Solids 24,2 0.0 4.1 28.3 0.4
011/Tars 11.5 2.0 13.5 0.3
Product Gas Components
H, 13.3 13.3
co 52.9 70.5 123.4
co, 137.9 367.7 505.7
CH, 58.7 19.6 78.3
C,H, 1.6 0.3 1.8
0236 8.9 2.2 11.1
C3lig 0.0 0.0 0.0
CeHg 7.1 0.6 7.7
N, 349.2 349.2
: PV 74.7 597.7 672.4
Total Gas 267.0 110.6 1035.9 349.2 1762.7 5.0
Total Output 302.8 112.6 1035.9 349.2 4.1 1804.6 5.7
Balance (Output/Input), 2 100.1 100.0 99.9 100.0 100.0 96.6
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Table E-6 . MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-8

Study Perilod:

Test Date: 8~2-84

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1130 Hour to 1400 Hour

Input c H 0 N Ash Total 10% Bru
Biomass (Dry) 326.1 41.9 295.6 0.7 2,5 666.7 5.5
Moisture 9.3 4.4 83.7
Steam to Ring 33.1 264.4 297.5 0.4
Steam to Nozzle 21.2 169.9 191.1 0.2
Oxygen to Nozzle 166.3 166.3
Nitrogen Purge A 390.8 390.8
Total Input 326.1 105.5 970.6 391.5 2,5 1796.1 6.1
Output
Entrained Solids 23.8 0.4 2.5 26.3 0.4
0i1/Tars 7.1 1.8 8.9 0.2
Product Gas Components
H, 16.0 16.0
co 63.8 85.0 148.8
co, 144.6 385.7 530.3
CH, 65.2 21.7 86.9
C,H, 3.7 0.6 4.3
C,Hg 6.0 1.5 7.5
CyHg 0.0 0.0 0.0
CeHg 12,1 1.0 13.1
Nz 391.5 391.5
H20 62.5 500.0 562.5
Total Gas 295.3 103.3 970.7 391.5 1760.9 5.5
Total Output 326.2 105.5 970.7 391.5 2.5 1796.5 6.1
Balance (Output/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table &-7.

Study Period:

Test Date: 10-11-84

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1300 Hour to 1600 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-9

Input c H 0 N Ash Total 108 Btu
Biomass (Dry) 331.8 41.0 294.7 0.6 2,5 670.6 5.6
Moisture 10.6 84.7 95,3
Steam to Ring 25.7 205.6 231.3 0.3
Steam to Nozzle 16.9 135.0 151.9 0.2
Oxygen to Nozzle 161.4 161.4
Nitrogen Purge 159.5 159.5
Total Input 331.8 94.1 881.4 160.1 2.5 1470.0 6.1
Qutput
Entrained Solids 26.7 0.4 2,5 29.7 0.4
011/Tars 11.5 0.8 12.3 0.3
Product Gas Compomnents
R, 13.0 13.0
co 56.0 74.7 130.7
Co, 140.2 373.9 514.1
CH, 63.3 21.1 84.4
C,H, 4.3 0.7 5.0
CoHe 8.9 2.2 1.1
CqHg 0.0 0.0 0.0
Celg 21.0 1.7 22.7
N, 160.2 160.2
H,0 54.1 432.8 486.9
Total Gas 293.7 92.9 88l1.4 160.2 1428.2 5.2
Total Output 331.9 94.1 881.4 160.2 2.5 1470.2 5.9
Balance (Output/Input), % 100.0 99.9 100.0 100.1 100.0 100.0 96.7
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Table E~8. MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GI-10

Test Date: 10-25-84
From 1415 Hour to 1800 Hour

Study Period:

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

Input c H 0 N Ash Total 10% Beu
Biomass (Dry) 1764.2 21.4 153.1 0.4 2.1 351.2 2.9
Moisture 5.4 42.9 48.3 0.2
Steam to Ring 16.7 133.4 150.1 0.1
Steam to Nozzle 10.8 86.5 97.3
Oxygen to Nozzle 91.5 91.5
Nitrogen Purge 302.0 302.0
Total Input 174.2 54.3 507.4 302.4 2.1 1040.4 3.2
Output
Entrained Solids 7.0 0.1 2.1 8.4 0.1
011/Tars l.1 0.1 1.2 -
Product Gas Components
H, 7.1 7.1
co 41.1 54.8 95.8
€0y 67.5 179.9 247.3
CH, 27.6 9.2 36.8
CZHA 5.1 0.9 6.0
C,He 4.2 1.0 5.2
Cylg 0.2 0.0 0.2
CeHe 20.4 1.7 22.1
N, 302.5 302.5
H,0 34.1 272.8 306.9
Totral Gas 166.1 54.1 507.4 302.5 1030.0 3.0
Total Output 174.2 54,3 507.4 302.5 2.1 1040,5 3.1
Balance (Output/Input), X 100.0 100.0 100.0 100.0 100.0 100.0 96.9
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Table E-9.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

Study Period:

vTest Date:

11-8-84
From 1130 Hour to 1600 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-11

Input c H 0 N Ash Total 10% Btu
Biomass (Dry) 455.0 56.7 410.6 0.0 4,2 926.5 7.7
Moisture 11.5 91.7 103.2
Steam to Ring 33.3 266.3 299.6 0.4
Steam to Nozzle 21.4 171.6 193.0 0.2
Oxygen to Nozzle 203.3 203.3
Nitrogen Purge 297.7 297.7
Total Input 455.0 122.9 1143.5 297.7 4,2 2023.3 8.3
OQutput
Entrained Solids 37.3 0.6 4.2 41.7 0.6
011/Tars 20.1 1.5 21.6 0.4
Product Gas Components
Hy 18.8 18.8
co 102.3 136.4 238.7
Coy 170.1 453.5 623.5
CH, 79.5 26.5 106.0
CoH, 5.9 1.0 6.9
C,yH, 11.8 2.9 14.7
C3H8 0.0 0.0 0.0
C6H6 28.1 2.3 30.4
N, 297.7 297.7
Hy0 69.2 553.6 622.8
Total Gas 397.6 120.8 1143.4 297.7 1959.5 7.2
Total Output 455.1 122.8 1143.4 297.7 4,2 2023.2 8.2
Balance (Output/Input), % 100.0 99.9 100.0 100.0 100.0 100.0 98.8
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~Table E-10. MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT=-13

Test Date: 12-13-84
Study Period: From 1300 Hour to 1645 Hour

Basis: 1 Hour; All Units in Pounds Unlgse Otherwise Noted.

Input c H 0 N Ash Total 106 Btu
Biomass (Dry) | 322.8 41.7 298.7 0.8 7.0 671.0 5.5
Moisture 7.9 63.2 71.1
Steam to Ring 25.9 207.0 232.9 0.3
Steam to Nozzle 18.0  143.9 161.9 0.2
Oxygen to Nozzle 168.1 168.1
Nitrogen Purge . 263.7 263.7
Total Input 322.8 93.4 880.9 264.5 7.0 1568.7 6.0
Output
Entrained Solids 32.5 0.4 7.0 38.2 0.5
011/Tars 5.4 0.4 5.8 0.1

Product Gas Components

1'12 19.9 19.9
co 61.0 81.4 142.4
co, 148.9 397.1 546.1
cH, 58.8 19.6 78.4
CyH, 0.2 0.0 0.2
C,He 8.8 2.2 11.0
C3H8 0.0 0.0 0.0
C6H6 7.2 0.6 7.8
NZ 264.6 264.6
H,0 50.3 402.4 452,7
Total Gas 284.9 92,6 880.9 264.6 1523.1 5.2
Total Qutput 322.8 93.4 880.9 264.6 7.0 1568.8 5.8
Balance (OQutput/Imput), X 100.0 100.0 100.0 100.0 100.0 100.0 96.7
171/RPP/65058ApE
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Table E-11.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-14

Study Period:

Test Date:

2-14-85
From 1200 Hour to 1630 Hour

Input c H 0 N Ash Total 10® Btu
Biomass (Dry) 339.8 42.0 307.4 1.3 12.2 702.7 5.8
Moisture 13.8 110.4 124.2
Nitrogen to Ring 365.9 365.9 0.1
Nitrogen to Nozzle 416.6 416.6 0.1
Oxygen to Nozzle 147.9 147.9
Nitrogen Purge 167.8 167.8
Total Iaput 339.8 55.8 565.7 951.9 12.2 1925.1 6.0
Qutput
Entrained Solids 26.9 0.4 12.2 33.0 0.4
011/Tars 20.7 1.4 22.1 0.4
Product Gas Components
H, 8.2 8.2
co 63.3 84.4 147.7
co, 116.6 310.9 427.5
CH, 51.3 17.1 68.4
C,H, 6.3 1.1 7.4
C,Hg 10.6 2.6 13.2
CqHg 0.0 0.0 0.0
Ce¢Hg 44.3 3.7 48.0
N, 951.4 951.4
H,0 21.3 169.6 191.7
Total Gas 292.4 54.0 571.7 951.4 1863.5 5.2
Total Output 339.9 55.7 571.7 951.4 12.2 1925.0 6.0
Balance (Cutput/Input), 2 100.0 99.8 100.0 100.0 100.0 100.0 100.0
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Table E-12.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-15

Study Period:

Test Date: 3-1-85

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1130 Hour to 1500 Hour

Input c H 0 N Ash Total 10 Btu
Biomass (Dry) 282.8 34.7 251.6 0.9 5.9 576.0 4.8
Moisture 10.8 86.6 97.4
Steam to Ring 18.0 144.4 162.4 0.2
Steam to Nozzle 12.7 101.5 114.2 0.1
Oxygen to Nozzle 165.2 165.2
Nitrogen Purge 588.9 588.9 0.1
Total Input 282.8 76.3 749.3 589.8 5.9 1704.1 5.2
Output
Entrained Solids 15.5 0.2 5.9 19.5 0.2
0i1/Tars 12.1 0.8 12.9 0.3
Product Gas Components
Hy 12.1 12.1
co 61.7 82.2 143.9
co, 115.7 308.6 424.4
CH, 42.9 14.3 57.2
C,H, 3.6 0.6 4.2
CoHg 4.8 1.2 6.0
CqHg 0.0 0.0 0.0
C6H6 26.3 2,2 28.5
N, 589.8 589.8
H,0 44.8 358.4 403.2
Total Gas 255.0 75.2 749.3 589.8 1669.3 4.5
Total Output 282.6 76.3 749.3 589.8 5.9 1703.9 5.0
Balance (Cutput/Input), 2 99.9 100.0 100.0 100.0 100.0 100.0 96.2
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Table E-13.

Basis: 1 Hour; All Units in Pounds Unless Otherwiaé Noted.

Study Period:

Test Date:

3-15-85
From 1130 Hour to 1500 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-16

Input c H 0 N Ash Total 10% Btu
Biomass (Dry) 335.0 44.4 324.3 0.5 5.1 709.3 5.6
Moisture 6.6 52.7 59.3
Steam to Ring 45.4 363.3 408.7 0.6
Steam to Nozzle 17.8 142.3 160.1 0.2
Oxygen to Nozzle 172.4 172.4
Nitrogen Purge 340.1 340.1
Total Input 335.0 114.2 1055.0 340.6 5.1 1849.9 6.4
Qutput
Entrained Solids 19.1 0.3 5.1 22.0 0.3
01i1/Tars 13.8 1.0 14.8 0.3
Product Gas Components
Hy 16.7 16.7
co 58.2 77.6 135.7
Co, 151.8 404.7 556.5
CH, 58.9 19.6 78.6
CZHA 2.3 0.4 2.7
C2H6 11.7 2.9 14.6
C3H8 0.0 0.0 0.0
C6H6 19.5 1.6 21.1
Ny 340.5 340.5
H,0 71.6 572.8 644 .4
Total Gas 302.3 112.9 1055.0 340.5 1810.7 5.6
Total Output 335.2 114.2 1055.0 340.5 5.1 1850.1 6.2
Balance (Qutput/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 96.9
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Table E-14.

Test Date: 3-29-85

Study Period:

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1615 Hour to 1800 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST GT-17

171/RPP/65058ApE
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Input c H 0 N Ash Total 106 Btu
Biomass (Dry) 244.1 30.9 220.6 0.6 5.5 501.7 4,1
Moisture 20,3 162.8 183,1
Steam to Ring 20.7 165.9 186.6 0.2
Steam to Nozzle 14.4 115.5 129.9 0.2
Oxygen to Nozzle 223.3 223.3
Nitrogen Purge 914.9 914.9 0.1
Total Input 244.1 86.4 888.0 915.5 55 2139.5 4,6
Cutput
Entrained Solids 8.1 0.1 5.5 10.1 0.1
01i1/Tars 0.0 0.0 0.0
Product Gas Components
H, 13.9 13.9
co 41.7 55.6 97.3
co, 140.3 374.1 514.4
CH, 41.3 13.8 55.1
C,H, 0.0 0.0 0.0
CZHG 1.9 0.5 2.4
C;Hg 0.0 0.0 0.0
C6H6 10.7 0.9 11.6
N, 915.4 915.4
H,0 57.3 458.4 515.7
Total Gas 235.8 86.3 888.1 915.4 2125.7 4.2
Total Output 243.9 86.4 881.1 915.4 5.5 2139.4 4.3
Balance (Output/Input), % 99.9 100.0 100.0 100.0 100.0 100.0 93.5



Table E-15.

Basis: 1 Hour; All

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST Tl12-1

Study Period:

Test Date: 6-20-85
From 1030 Hour to 2100 Hour

Units in Pounds Unless Otherwise Noted.

Input C H 0 N Ash Total 10% Btu
Biomass (Dry) 298.4 38.3 270.7 1.2 3.5 612.1 5.1
Moisture 3.5 28.3 31.8
Steam to Ring 26.0 207.8 233.8 0.3
Steam to Nozzle 17.4 139.4 156.8 0.2
Oxygen to Nozzle 163.3 163.3
Nitrogen Purge 347.6 347.6
Total Input 298.4 85.3 809.4 348.8 3.5 1545.4 5.6
Cutput
Entrained Solids 13.0 0.2 3.5 15.4 0.2
0i1/Tars 16.3 1.8 18.1 0.4
Product Gas Components
H, 15.6 15.6
co 62.3 83.1 145.4
co, 132.9 354.4 487.3
cH, 57.4 19.1 76.5
C2H4 0.5 0.1 0.5
C2H6 3.4 0.9 4.3
C3ﬂs 0.0 0.0 0.0
Celg 12.6 1.1 13.7
N, 348.6 348.6
H,0 46.5 372.0 418.6
Total Gas 269.1 83.3 809.5 348.6 1510.6 4.8
Total Output 298.4 85.3 809.5 348.6 3.5 1545.3 5.4
Balance (Output/Input), % 100.0 100.1 100.0 99.9 100.0 100.0 96.4
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Table E-16. MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST Tl12-2

Test Date:
Study Period:

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

7-18, 7-19-85
From 1030 Hour to 0700 Hour

Input c H 0 N Ash Total 108 Btu
Biomass (Dry) 157.6 20.5 144,1 0.7 2.7 325.7 2.7
Moisture 3.0 24,2 27.2
Steam to Ring 16.9 135.3 152.2 0.2
Steam to Nozzle 10.3 82.7 93.0 0.1
Oxygen to Nozzle 90.3 90.3
Nitrogen Purge 319.8 319.8
Total Input 157.6 50.8 476.6 320.5 2.7 1008.2 3.0
Qutput
Entrained Solids 11.5 0.2 2.7 14,2 0.2
011/Tars 8.4 0.9 9.3 0.2
Product Gas Components
H, 4.9 4,9
co 38.4 51.1 89.5
co, 57.2 152.6 209.9
cy, 22.8 7.6 30.3
C.H, 6.5 1.1 7.5
CoHg 5.6 l.4 7.0
C3lig 0.1 0.0 0.2
Celg 7.2 0.6 7.8
Ny 320.5 320.5
H,0 34.1 272.8 306.9
Total Gas 137.7 49.7 476.6 320.5 984.4 2.5
Total Output 157.6 50.8 476.6 320.5 2.7 1008.2 2.9
Balance (Output/Input), % 100.0 99.9 100.0 100.0 100.0 100.0 96.7
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Table E-17.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST T3D-la

Test Date:
Study Period:

8-13, 8-15-85
From 1109 Hour to 2348 Hour

Input c H 0 N Ash Total 108 Btu
Biomass (Dry) 185.9 23.9 168.2 0.6 2.7 381.3 3.2
Moisture 5.1 41.0 46.2
Steam to Ring 34.9 279.3 314.2 0.4
Steam to Nozzle 21.0 167.8 188.8 0.2
Oxygen to Nozzle 112.5 112.5
Nitrogen Purge 316.0 316.0
Total Input 185.9 84.9 768.9 316.6 2.7 1359.0 3.8
Output
Entrained Solids 7.4 0.1 2.7 9.3 0.1
011/Tars 5.7 0.4 6.1 0.1
Product Gas Compomnents
B, 13.2 13.2
co 26.1 34.9 61.0
€Oy 100.9 269.2 370.1
CH, 34.9 11.6 46.5
C.H, 0.6 0.1 0.7
CoH 2.5 0.6 3.1
CiHg 0.0 0.0 0.0
CgHg 7.9 0.7 8.5
N, 316.6 316.6
H,0 58.1 464.8 522.9
Total Gas 172.9 84.3 768.8 316.6 1342.6 3.5
Total Output 185.9 84.8 768.8 316.6 2,7 1358.9 3.7
Balance (Output/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 97.4
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Table E-18.

Test Date: 8-16-85

Study Period:

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 0228 Hour to 0528 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST T3D-1b

Input C H 0 N Ash Total 10~ Btu
Biomass (Dry) 325.3 41.8 294.3 1.1 4.8 667.2 5.5
Moisture 9.0 71.8 80.8
Steam to Ring 31.6 252.5 284,1 0.4
Steam to Nozzle 21.1 169.0 190.1 0.2
Oxygen to Nozzle 168.9 168.9
Nitrogen Purge 317.9 317.9
Total Input 325.3 103.4 956.5 319.0 4.8 1709.0 6.1
Output
Entrained Solids 10.5 0.2 4.8 13.1 0.2
011/Tars 9.7 0.7 10.4 0.2
Product Gas Components
H, 18.0 18.0
co 48.9 65.2 114.2
co, 151.9 405.0 556.9
CH, 57.5 19.2 76.7
CoH, 0.7 0.1 0.8
C,yHg 3.5 0.9 4.4
Cqlg 0.0 0.0 0.0
CeHe 42,6 3.6 46.2
N, 319.0 319.0
H,0 60.8 486.4 547.2
Total Gas 305.2 102.5 956.6 319.0 1683.3 5.6
Total Output 325.4 103.4 956.6 319.0 4.8 1709.2 6.0
Balance (Output/Input), % 100.0 100.0 100.0 100.0 100.0 100.0 98.4
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Table E-19.

Test Date: 9-19-85

Study Period:

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1100 Hour to 1430 Hour

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST Tl2-3a

Input c H 0 N Ash Total 10® Btu
Biomass (Dry) 314,1 40.0 282.6 1.2 5.5 643.4 5.3
Moisture 7.2 57.5 64.7
Steam to Ring 32,7 261.2 293.9 0.4
Steam to Nozzle 21.4 170.9 192.3 0.3
Oxygen to Nozzle 182.9 182.9
Nitrogen Purge 289.8 289.8
Total Input 314.1 101.2 955.2 291.0 5.5 1667.0 6.0
Qutput
Entrained Solids S.4 0.1 5.5 6.6 0.1
0i1/Tars 6.8 0.5 7.2 0.1
Product Gas Components
Hy 18.4 18.4
co 62.8 83.7 146,5
co, 151.5 404,1 555.6
CH, 66.1 22.0 88.1
CoH, 0.0 0.0 0.0
C2H6 0.3 0.1 0.4
CqHg 0.0 0.0 0.0
CeHg 21.4 1.8 23.2
Ngy 291.0 291.0
Hy0 58.4 467 .4 525.8
Total Gas 302.2 100.7 955.2 291.0 1649.1 5.6
Total Qutput 314.3 101.3 955.2 291.0 5.5 1667 .3 5.8
Balance (Output/Input), % 100.1 100.0 100.0 100.0 100.0 100.0 96.7

171/RPP/650584pD
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Table E-20. MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST T12-3b

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

Test Date:

Study Period:

9-19-85
From 1600 Hour to 2000 Hour

Input c H 0 N Ash Total 10® Btu
Biomass (Dry) 314.1 40.0 282.6 1.2 5.5 643.4 5.3
Moisgture 7.2 57.5 64.7
Steam to Ring 32.0 256.4 288.4 0.4
Steam to Nozzle 21,2 169.8 191.0 0.3
Oxygen to Nozzle 126.4 126.4
Nitrogen Purge 282.5 282.5
Total Input 314.1 100.5 892.6 283.7 5.5 1596.4 6.0
Qutput
Entrained Solids 19.4 0.3 5.5 23.0 0.3
0i1/Tars 2]1.1 1.5 22.6 0.5
Product Gas Components
H2 11.4 11.4
co 44.9 59.9 104.8
C02 126.3 336.8 463.1
CH, 55.8 18.6 74.4
C,H, 4,5 0.7 5.2
C,He 14,5 3.6 18.1
CqHg 0.0 0.0 0.0
Celg 27.5 2.3 29.8
N, 283.6 283.6
H,0 62.0 496.0 558.0
Total Gas 273.5 98.7 892.7 283.6 1548,5 5.1
Total Qutput 313.9 100.6 892.7 283.6 5.5 1596.3 5.9
Balance (Output/Input), 2 99.9 100.1 100.0 100.0 100.0 100.0 98.3
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Table E-21.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST T12-4a

Study Period:

Test Date: 10-10-85

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

From 1230 Hour to 1600 Hour

Input C H 0 N Ash Total 10” Btu
Biomass (Dry) 167.9 21.1 147.3 0.9 4.4 341.7 2.8
Moisture 3.7 30.0 33.7
Steam to Ring 18.1 144.7 162.8 0.2
Steam to Nozzle 12.0 95.6 107.6 0.2
Oxygen to Nozzle 99.6 99.6
Nitrogen Purge 319.7 319.7
Total Input 167.9 54.9 517.3 320.6 4.4 1065.1 3.2
Output
Entrained Solids 5.2 0.1 4.4 6.6 0.1
0i1/Tars 8.6 0.6 9.2 0.2
Product Gas Components
Hy 6.6 6.6
co 41,5 55.3 96.8
co, 63.8 170.1 233.8
CH, 23.0 7.7 30.7
C,H, 6.9 1.2 8.1
CoHg 3.7 0.9 4.7
CiHg 0.2 0.0 0.2
CeHg 15.0 1.3 16.3
Ny 320.5 320.5
H,0 36.5 292.0 328.5
Total Gas 154.1 54,2 517.4 320.5 1046.1 2.9
Total Output 167.9 54.8 517 .4 320.5 4.4 1065.1 3.2
Balance (Output/Input), 2 100.0 99.9 100.0 100.0 100.0 100.0 100.0
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"Table E-22.

Basis: 1 Hour; All Units in Pounds Unless Otherwise Noted.

MATERIAL AND ENERGY BALANCE SUMMARY FOR RENUGAS PRU TEST T12-4b

Study Period:

Test Date:

10~10-85
From 1700 Hour to 1830 Hour

Input c H 0 N Ash Total 108 Btu
Biomass (Dry) 166.7 21.1 146.7 0.7 4,2 339.4 2.8
Moisture 4.0 32.0 36.0
Steam to Ring 18.3 146.1 164.4 0.2
Steam to Nozzle 12.1 96.5 108.6 0.1
Oxygen to Nozzle 104.6 104.6
Nitrogen Purge 350.9 350.9
Total Input 166.7 55.5 525.9 351.6 4,2 1103.9 3.1
Output
Entrained Solids 3.4 0.1 4,2 445
0i1/Tars 7.9 0.5 8.4 0.2
Product Gas Components
Hy 6.8 6.8
co 41.9 55.9 97.8
co, 65.9 175.7 241.5
CH, 25.5 8.5 33.9
C,H, 5.5 0.9 6.4
C,Hg 3.3 0.8 4.1
CqHg 0.2 0.0 0.2
C6H6 13.3 l.1 14.4
N2 351.6 351.6
H,0 36.8 294.4 331.2
Total Gas 155.5 55.0 526.0 351.6 1088.0 2.9
Total Output 166.7 55.6 526.0 351.6 4,2 1104.0 3.1
Balance (Output/Input), % 100.0 100.2 100.0 100.0 100.0 100.0 100.0

171/RPP/65058ApD
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APPENDIX F.
Properties of Entrained Solids



Properties of Entrained Solids

For tests GT-1, GT-2, and GT-4, the entrained solids were collected from
the solids reciever vessel at the end of each test. Starting with test GT-=5
and onward, all entrained solids have been collected during the tests by the

isokinetic sampling system that has been described in Appendix D.

The complete analyses (including size distribution, proximate and
ultimate analyses, heating value, and bulk density) of these solids are
presented in this Appendix. The anaylses show that no inert bed material was
carrled overhead along with the entrained solids and that approximately 807% by
weight of the material is sized 200 mesh or smaller. The high heating value
of ~12,000 Btu/dry 1b makes this material attractive as boiler feed or can be
reinjected into the gasifier bed to achieve greater carbon conversion. The
subsieve particle analysis of the material collected in the pan was conducted

using a coulter-counter.
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Table F-1, Part 1. PROPERTIES OF ENTRAINED SOLIDS

Test No.

IGT Sample No.

Screen Analysis

20 (wt % Retained)
30
40
60
80
100
120
140
200
270
325
PAN

Proximate Analysis, wt %

Moisture

Volatile Matter

Ash

Fixed Carbon
Total

Ultimate Analysis, dry wt %

Ash

Carbon

Hydrogen

Sulfur

Nitrogen

Oxygen (by difference)
Total

Gross Heating Value, Btu/dry 1b
Bulk Density, 1b/ft3

N/A = Not Analyzed.

171/RPP/65058ApE

GT-1 GT-2 GT-4 GT-5 GT-b
49281 49405 49729 49835 49871
49282 49406 49730 49836

0.3 N/A 0 0.7 V.3

0 0 0 0

0.1 0 0 0.3
0.5 1.5 0.7 0.9
2.5 2.9 3.3 2.4
3.0 2.9 4.6 3.3
4.0 A 3.9 3.3
5.0 10.1 6.5 5.1
16.0 19.6 17.6 14.4
21.0 13.5 22.9 19.5
9.6 4ob 12.4 9.6
38.0 40.7 27 .4 40.9
5.24 3.21 4,13 5.11 2.04
5.19 N/A 7.47 N/A N/A
9.68  13.45 14,02 4.89 8.33
79 .89 N/A  74.38 N/A N/A
100.00 —— 100.00 — —
10.21  13.91  14.63 5.14 8450
85.40 81.86 80.41 89.51 85.65
1.23 1.22 1.05 1.62 1.47
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
12,832 11,394 11,788 13,550 13,008
25.1 18.2 13.4 21.4 19.2
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Table F~1, Part 2. PROPERTIES OF ENTRAINED SOLIDS

Test No. GT-8 GT-9 GT-10 GT-11 GT-13

IGT Sample No. 50053 50544 50590 50656 50929

Screen Analysis

20 (wt % Retained) 0 0 U U 0
30 0 0 0.4 0 0
40 0 0.5 0.4 0.2 0
60 0.6 0.5 2.3 0.5 U.6
80 2.6 2,2 3.0 2.2 3.8
100 3.5 2.7 2.7 2.5 4.4
120 2.9 3.8 N/A N/A 4.7
140 5.5 N/A 5.7 7.5 5.3
200 13.2 15.8 10.2 13.7 il.7
270 21.0 17.5 17.0 20.6 15.5
325 18.4 9.3 10.6 10.0 6.7
PAN 32.3 47 .5 47.7 43.0 4743
Proximate Analysis, wt %

Moisture 3.08 7.87 4.10 18.47 4,12
Volatile Matter 6.97 6.08 N/A 4.16 8.84
Ash 7459 5.82 11.15 3.55 12.15
Fixed Carbon 82.36 80.23 N/A 73.82 74.89
Total 100.00 100.00 - 100.00 100.00

Ultimate Analysis, dry wt 7%
Ash 7.83 6.32 11,62 4,36 12.67
Carbon 86.90 89.80 83.40 8Y.54 82.18
Hydrogen 1.44 1.34 1.42 1.32 1.03
Sulfur 0.04 0.03 N/A 0.03 0.03
Nitrogen 0.16 0.13 N/A 0.15 0.07
Oxygen (by difference) 3.63 2.38 N/A 4.60 4.02
Total 100.00 100,00 - 100.00 100,00
Gross Heating Value, Btu/dry 1b 13,204 13,505 12,617 13,692 12,196
Bulk Density, 1b/ft3 19.2 18.6  20.9 18.2 2045

N/A = Not Analyzed.
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Table F-1, Part 3. PROPERTIES OF ENTRAINED SOLIDS

Test No.
IGT Sample No.
Screen Analysis

20 (wt % Retained)
30
40
60
80
100
120
140
200
270
325
PAN

Proximate Analysis, wt %

Moisture

Volatile Matter

Ash

Fixed Carbon
Total

g,

Ultimate Analysis, dry wt %

Ash

Carbon

Hydrogen

Sulfur

Nitrogen

Oxygen (by difference)
Total

Gross Heating Value, Btu/dry 1b
Bulk Density, 1b/ftS

N/A = Not Analyzed.

171/65058 ApE/RPP

GI-14 GI-15 GT-16 GI-17 T12-1
51127 51255 51373 51548 850604101
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
0.5 0 0.5 0 0
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A

16 .4 18.2 17 .4 11.9 9.9
16.9 13.1 11.4 11.0 16.9
N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A
45.0  57.0  6l.1  67.9 55.0
0.70 1.68 1.50  2.06 1.74
8.73 10.04  6.61 11.97 7.90
12.39  14.03 7.78 24,45 8.47
78.18 74.25 84.11  61.52 81.89
100.00 100.00 100.00 100.00 100.00
12.48  14.27 7.90  24.96 8.62
81.47 79.72 87.02 68.33 84.17
1.08 1.04 1.49 1.21 1.41
0.06  0.06  0.41  0.07 0.05
0.17 0.10  0.06  0.04 0.19
4.76  4.81 3.12  5.39 5.56
100.00 100.00 100.00 100.U0 100.00
12,168 11,724 13,237 10,064 12,732
17.4 17.3 18.6  20.1 13.7



Table F-1, Part 4. PROPERTLIES OF ENTRAINED SOLIDS
Test No. T12-2 T3b-la T3D-1b Tl2-3a
IGT Sample No. 850702703 850802205 850802208 850902901
850702704 850802206
850802207
Screen Analysis
20 (wt % Retained) N/A 0 V] 0
30 N/A 0 0 0
40 4.8 0 0 0
60 N/A 0 0.3 0
80 N/A l.1 1.2 2.3
100 N/A 2.9 2.7 3.5
120 N/A 2.9 2.7 2.3
140 26.2 4.9 5.4 5.2
200 21.1 11.1 10.5 16.2
270 N/A 20.9 18.7 33.5
325 N/A 17.3 29.9 21.4
PAN 32.3 38.9 28.6 15.6
Proximate Analysis, wt %
Moisture 4.80 5.24 1.22 3.45
Volatile Matter 10.99 9,37 8.41 9.13
Ash 11.18 13.52 13.08 11.99
Fixed Carbon 73.03 71.87 77.29 75.43
Total 100.00 100.00 100.00 100.00
Ultimate Analysis, dry wt %
Ash 11.76 14.20 13.24 12.42
Carbon 81.31 79.07 80.45 81.25
Hydrogen 1.53 1.38 1.37 1.47
Sulfur 0.05 0.03 0.07 0.04
Nitrogen 0.29 0.14 0.15 0.09
Oxygen (by difference) 5.06 5.18 4,72 4,73
Total 100,00 100.00 100.00 100.00
Gross Heating Value, Btu/dry 1b 12,364 11,934 12,140 12,244
Bulk Density, 1b/ft3 17.2 15.4 14.7 14.8

N/A = Not Analyzed.

171/RPP/65058ApE



Table F—-1, Part 5.
Test No.
IGT Sample No.
Screen Analysis

20 (wt % Retained)
30
40
60
80
100
120
140
200
270
325
PAN

Proximate Analysis, wt %

Moisture

Volatile Matter

Ash

Fixed Carbon
Total

Ultimate Analysis, dry wt %

Ash

Carbon

Hydrogen

Sulfur

Nitrogen

Oxygen (by difference)
Total

Gross Heating Value, Btu/dry 1b
Bulk Density, 1b/ft3

N/A = Not Analyzed.

171/RPP/65058ApE

PROPERTIES OF ENTRAINED SOLIDS

T12-3b T12-4a T12-4b
850902902 851001803 851001804
0 0 0

0 0 0

0 0.3 0

0.3 1.1 0.7
3.4 2.2 0.7
3.1 1.3 0.7
2.8 1.6 0.7
7.9 3.2 2.0
19.7 8.9 6.1
29.4 11.3 14.9
19.3 33.4 2844
14.1 36.7 45.8
1.37 2.04 1.33
8.55 9.11 10.54
9.55 13.37 15.90
80.53 75.48 72.23
100.00 100.00 100.00
9.68 13.64 16.12
84.16 79.49 75.52
1.49 1.27 1.31
0.04 0.06 0.06
0.20 0.21 0.25
4.43 5.33 6.74
100.00 100.00 100.00
12,825 11,946 11,412
15.0 23.2 20.1

F-8




Table F-2. SUBSIEVE PARTICLE ANALYSES OF ENTRAINED SOLIDS

Test No. GT-1 GT-2 GT-4 GT-5 GT-6 GT-8 GT-9 GT-10 GT-11 GT-13 GT-14
cum %

Subsieve Particle Analysis
u

50.8 N/A N/A 0.0 N/A N/A 0.3 0.0 0.0 0.0 0.0 0.0
40.3 0.3 0.3 0.2 0.5 0.5 0.4 2.6
32.0 3.2 1.7 6.8 4.7 4.4 4.9 9.4
25.4 8.8 6.2 15.8 12.0 11.8 12.8 16.9
20.2 17.2 12.3 25.4  20.1 20.9 21.2 25.4
16.0 24.4 18.2 33.2 27.7 28.0 28.4 31.7
12.7 29.6 23.0 38.9 34.1 33.1 33.7 36.2
10.1 33.6 26.6 42.7 39.5 37.0 38.4 39.5
8.0 36.9 29.4 45.3  43.4 39.8 42.2 41.9
6.4 39.5 31.2 46.9  46.2 41.8 45.2 43.8
5.0 40.6 31.9  47.4  47.3 42.6 46.5 44.5
4.0 40.7 32.3 47.5  47.7 43.0 47.3 45.0

GT-15 GT-16 GT-17 TI12-1 TI12-2 T3D-la T3D-1b T12-3a T12-3b TIl2-4a TI2-4b

cum %

u
50.8 2.3 0.4 2.8 0.0 0.4 0.0 0.0 N/A N/A N/A N/A
40.3 7.2 5.3 10.9 2.4 3.6 0.0 0.1
32.0 16.3 15.3 23.0 9.3 10.3 1.6 1.1
25.4 25.8 25.8 34.0 19.2 17.5 6.9 4.5
20.2 34.3 35.1 43.2  29.1 23.6 15.0 9.8
16.0 41.3 42.9 50.5 37.3 27.3 22.4 15.1
12.7 46.1 48.2 55.5 42.9 29.6 28,2 19.5
10.1 50.0 52.5 59.7 47.2 31.0 32.4 23.0
8.0 53.2 56.0 63.2 50.6 31.8 35.4 25.6
6.4 55.7 59.1 66.1 53.3 32.3 37.5 27.4
5.0 56.6 60.3 67.1 54.4 32.3 38.3 28.2
4.0 57.0 61.1 67.9 55.0 32.3 38.9 28.6

/RPP/65058t
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