2.4 Hot-Gas Cleanup




HOT-GAS CLEANUP

Semiannual Technical Progress Report
for the Period January 1, 1992 - June 30, 1992

by

Michael L. Jones, CESRI Director
Jay S. Haley, Research Engineer
John Hurley, Research Supervisor
Blazo Ljubicic, Research Engineer
Murali Ramanathan, Research Scientist

Energy and Environmental Research Center
University of North Dakota
Box 8213, University Station
Grand Forks, ND 58202-8213

Technical Monitor: Richard A. Dennis

for

U.S. Department of Energy
Morgantown Energy Technology Center
3610 Collins Ferry Road
P.0. Box 880, Mail Stop E02
Morgantown, WV 26507-0880

July 1992

Work Performed Under Cooperative Agreement No. DE-FC21-86MC10637




TABLE OF CONTENTS

Page
LIST OF FIGURES . . . & & v i ottt e e e e e e e e e e e e e e e e ii
LIST OF TABLES . . . . & v i i i e e et e e e e e e e e e e e e e e e iii
1.0 INTRODUCTION . . & v v v v i e e e e et e e e e e e e e e e e e u 1
2.0 GOALS AND OBJECTIVES . . . & & v v v e i et e e e e e e e e e e e 1
3.0 PROJECT DESCRIPTION . . . v o v i i e e e e e e e e e e e e e e 1
4.0 ACCOMPLISHMENTS . . . & & i i i i i e e e e e e e e e e e e e e e 2
4.1 Particulate Control . . . . . . . . .« . . . v v 2
4.2 Pressurized Drop-Tube Furnace . .. . . . . .. ... . ... 13

4.3 Thermochemical Equilibrium Modeling: PHOEBE Database
Modifications . . . . . « . . i . . e e e e e s e e e e e 26
4.3.1 Database Format Change . . . . . . . . . . .. .. ... 27
4.3.2 Additions to Database . . . . . .. e e e e e e e e e 28
4.3.3 Database Utilities . . . . . . . . . . . . ... ... 30
4.4 PHOEBE Algorithm Extensions . . . . . . . . . .. ... ... 32
4.4.1 Original Algorithm Description . . . . . . . . . . ... 32
4.4.2 Pressure Calculations . . . . . . . .. ... .. ... 34
4.4.3 Preprocessor Utilities . . . . . . . . . . . ... ... 35
4.4.4 Tests of the Database Algorithms . . . . . . . . . ... 37
5.0 FUTURE WORK . . v v & i i i e e e e e e e e e e e e e e e e e 37
5.1 Particulate Control . . . . . . . . . . . . o v v v v v .. 37
5.2 Alkali Gettering . . . . . . . . . . e e e e e 39
5.3 Thermochemical Modeling . . . . . . . . . . . v v v v ... 39
6.0 REFERENCES . . . . . & v i i e e e e e e e e e e e e e e e e 39
APPENDIX A . . o o i e e e e e e e e e e e e e e e e e e e e e A-1
APPENDIX B . . . v v v it e e e e e e e e e e e e e e e e e e e e e B-1



10
11
12
13
14
15
16
17
18
19
20
21

22

23

24

LIST OF FIGURES

Hot-gas cleanup test loop. . . . . . . . . « v v v v v v v v v ..
Nitrogen pressure variation (P, e =18 psi). . . . .. o . . ..
Nitrogen pressure variation (p,,e =37 PSi). . . . . . o . . ..
Nitrogen pressure variation (p,e =60 psi). . . . . . . . . ..
Infinite pulse (Pipesar =37 PS1).  © v v ¢ v 0 v v b oL e oL
Infinite pulse (Pueray =60 PSi). .« o o o o v v v o o0 oo

Backpulse gas temperature in front of the filter (p, e, = 18 psi).
Backpulse gas temperature in front of the filter (p,pe, = 37 psi).
Backpulse gas temperature in front of the filter (p, iy = 60 psi).

Pressure wave intensity in front of the filter (p, .. = 18 psi).
Pressure wave intensity in front of the filter (p, s = 37 psi).
Pressure wave intensity in front of the filter (p,,.;x = 60 psi).
Particulate sampling system . . . . . . . . . . .. ... ...
Pressurized drop-tube furnace process schematic. . . . . . . . ..
Furnace assembly in PDTF vessel. . . . . . . . . « v « v ¢« v .o ..
Photograph of PDTF pressure vessel. . . . . . . . . ¢« .« ...
Photograph of PDTF translating mechanisms. . . . . . . . . .. ..
Schematic of PDTF sampling probe with interchangeable tips.
Schematic of coal feeder for pressurized drop-tube furnace.

The percent of the total ash collected in each size fraction for
the tests of kaolin as an alkali getter. . . . . . . . . . .. ..

The major element composition of the ash collected in each size
fraction for the tests of kaolin as an alkali getter. . . .. ..

The weight percent of each element collected in each size
fraction for the tests of kaolin as an alkali getter. . . .. ..

An example system definition tree (SDT) . . . . . . ... .. ..

ii

"0
(Vo] (0] [o] ~ ~ (o)) w o w|2;
D

[ T R e T o T o o S S S e S Sy
O W 0O ~N O U NN - O O



25

26

LIST OF FIGURES (Continued)

A plot of the experimental PHOEBE-predicted phase
diagram for A1,0,-S10,. . . . . v ¢ ¢ ¢ttt e e e e e e e e

A plot of the experimental vs. predicted phase diagram for Na,Si0,.

iii

38



LIST OF TABLES

Specifications for an Isokinetic Particulate Sampling System . . .

Average Test Conditions for Alkali Gettering Tests
in the EERC Pressurized Drop-Tube Furnace System . . . . . . . ..

Field Identifier Prefixes (FIPs) and Explanations . . . . . . ..
PHOEBE Database: Record Entry for Aluminum . . . .. . . . . ..

iv




HOT-GAS CLEANUP

1.0 INTRODUCTION

The U.S. Department of Energy (DOE) is promoting the development of
coal-based advanced power systems under the direction of the Morgantown Energy
Technology Center (METC). This activity covers a broad range of technologies
involving combustion, gasification, and the integration of combustion and
gasification technologies. The objective is to maximize cycle efficiencies to
provide for a stable, secure, and environmentally sound energy future.

Specific combustion program areas include the development of heat engines
such as direct coal-fired turbines and diesels and pressurized fluidized-bed
combustion (PFBC). Gasification technology development includes mild gasifi-
cation for coproducts and hydrogen and methane production for fuel cell
applications. Integrated gasification combined cycle (IGCC) technology
promotes high cycle efficiencies by combining coal gasification with direct
product-gas firing in turbines. In all of these cases, hot-gas cleanup
systems are required to achieve acceptable process performance and to meet
current and future environmental emission standards.

2.0 GOALS AND OBJECTIVES

The goals of the hot-gas cleanup project at the Energy and Environmental
Research Center (EERC) are to build and operate a hot-gas cleanup test loop in
conjunction with various pilot-scale advanced systems currently in operation
at the Center and to explore the various ash/alkali corrosion mechanisms for
ceramic barrier filter materials and to determine the effects of various
mitigation options. The mitigation options will focus primarily on gettering
techniques. Eventually these techniques will be verified at the pilot scale
using the hot-gas test loop.

The Center is currently operating the following pilot-scale fluidized-bed
reactors:

¢ Fluidized-bed mild gasification reactor

e Fluidized-bed catalytic reactor for the production of hydrogen

e Pressurized fluidized-bed combustor
The Center is also planning to install and operate a transport reactor test
unit (TRTU) to provide scaleup data for the hot-gas cleanup test facility in
Wilsonville, Alabama.
3.0 PROJECT DESCRIPTION

The Energy and Environmental Research Center is currently involved in a
number of research projects in both the combustion and gasification of coal

and also in gas-stream cleanup. The fundamental gas-stream cleanup issues
common to the various advanced concept systems are being investigated in this



project. Emphasis is being placed on particulate control techniques and on
ash/alkali interactions with the filter materials.

In order to investigate particulate control methods, a test loop was
constructed and inserted into the exhaust piping of the advanced concept
reactors at the Center. The test loop provides a means of exposing various
hot-gas cleanup systems to actual product gases from coal gasification and
combustion using fluidized-bed reactors. Long-term effects on hot-gas cleanup
systems can be studied economically by passively participating in the various
research gasification and combustion runs. Filter efficiency, strength
degradation, changes in permeability, and corrosion resistance are being
investigated, as well as other pertinent issues such as cleaning techniques
and temperature/pressure effects.

The Center has been involved in research related to ash/alkali inter-
actions and slag behavior for many years. This expertise is being used in
studying the effects of alkali interactions with filter media and possible
mitigation options that may improve filter life. The global or overall
objective in this phase of the project is the study of the thermodynamically
equilibrated reaction mechanisms and mineral matter transformations in
advanced coal combustion systems.

During this reporting period, bench-scale tests of kaolin as an entrained
alkali getter in atmospheric and pressurized coal combustion conditions were
performed. In addition, software was improved to permit a computer model
study of other possible getters and getter concentrations.

The thermochemical equilibrium calculation package PHOEBE, developed at
the EERC, was selected as the software tool to perform this study. After a
careful review of the current state of development of PHOEBE, two major
components of the package were identified as being critical to the
applicability of the package to advanced coal combustion systems and in need
of further development.

A framework for the requisite development was established. This
framework was comprised of two tasks. The first was to address the enlarge-
ment of the database component of PHOEBE so that chemical species charac-
teristic of advanced coal combustion systems would be well represented in the
database. The second was set up to address the algorithmic aspects of the
package so that the equilibrium computations would be pressure-dependent.
(Since the system pressure is a critical operational parameter, sensitivity to
variations in pressure is required of any equilibrium computation package used
in this context.)

4.0 ACCOMPLISHMENTS
4.1 Particulate Control

A hot-gas cleanup test loop has been designed and constructed for use
with each of the three reactors (Figure 1). The test lToop was constructed
using high-alloy metals with no refractory in order to minimize maintenance
and to avoid ash/alkali/refractory interactions that may occur due to the high
surface-to-volume ratio present in smaller-scale systems. The alloys used in
construction were Haynes alloys HR-160 and 556, and 316H stainless steel. The
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Figure 1. Hot-gas cleanup test Toop.

piping used in the highest-temperature regions was HR-160 and 556. It is
expected that these alloys will demonstrate good high-temperature corrosion
characteristics under both oxidizing and reducing conditions. The test loop
is designed to operate at temperatures up to 1650°F and pressures up to

150 psig. The system was designed in accordance with B31.3 piping codes. The
test Toop consists of a single inlet pipe which branches into three different
flow paths. Each path is controlled by a high-temperature valve located as
far downstream as possible in order to minimize thermal stresses in the
valves. Two of the flow paths are identical and are used as filter element
test bays, and the third branch is used as a bypass line. Filter elements can
be installed in either or both test bays simultaneously. The filter modules
are flange-mounted so that they may be replaced as necessary for different
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filter types. The flanges used currently will permit operating conditions up
to 1500°F and 150 psig. In order to achieve operating conditions up to 1650°F
and 150 psig, further engineering is required to ensure that the flanged
connection satisfies the criteria of the B31.3 piping code. The system will
not be operated above 1500°F and 150 psig until this work has been completed.
Gas flow rates through the various paths can be regulated by the downstream
valves. The piping system is heated electrically using guard heaters. Pipe
temperatures can be maintained at 1650°F continuously so that the process gas
temperature can be raised or maintained as required in order to simulate the
desired hot-gas conditions. The system has a heated backpulse system capable
of delivering pressurized, heated, inert gas to the filter modules for
cleaning purposes. The inlet piping to the test Toop can be connected to a
100-1b/hr fluidized-bed gasifier or to other reactors being used for research
at the Center. The TRTU is expected to be operational sometime in early 1993
and will be installed near the 100-1b/hr fluidized-bed reactor. The test loop
will be connected to the TRTU when it is ready for operation.

To effectively use filter elements for a given application, many
variables need to be considered, including system temperature, system
pressure, initial clean pressure drop, total allowable pressure drop, system
flow rate, etc. Any combination of these factors can affect the resulting
filter efficiency.

Before a final parametric study was performed to define the charac-
teristics of unsteady flow associated with the heated nitrogen backpulise
system, research was conducted on the cleanup system. The goal was to
determine backpulse operating range (minimum and maximum pulse duration) and
to define solenoid valve operating policy that will maximize nitrogen back-
pulse cleaning efficiency.

Operating policy was specified by nitrogen pressure and backpulse
duration. Three levels of nitrogen pressure were analyzed: 18, 37, and
60 psi. Pulse duration was controlled by a computer-controlled solenoid
valve. Valve-opening duration was increased from 0.1 to 1 sec, with time
increments of 0.1 sec; from 1 to 2 sec, with time increments of 0.25 sec; and
from 2 to 3 sec, with time increments of 0.5 sec. Finally, the solenoid valve
was opcned for 90 sec, and nitrogen temperature versus time dependence was
determined. For all tests, pressure and temperature at the points relevant to
filter behavior over the observation periods were recorded and data stored in
a computer.

Nitrogen pressure variation as a function of time and pulse duration is
shown in Figures 2 through 4. For all three different initial pressure
levels, minimum pressure reached was a strong function of pulse duration: the
longer the pulse, the lower the minimum system pressure observed. Tests with
the solenoid valve permanently open indicate that minimum pressure was reached
in a maximum 8-sec period for all pressure levels (see Figures 5 through 7).

Backpulse gas temperature at the front of the filter for three different
pressure levels is shown in Figures 8 through 10. Results indicate that pulse
durations less than 2 sec were not long enough to ensure that the maximum
temperature was reached. A higher initial pressure level resulted in a higher
maximum gas temperature reached at the front of the filter. Infinite pulse
tests showed that, once maximum temperature was reached, it remained constant
as long as the solenoid valve was open (Figures 5 through 7).
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Pressure wave intensity in front of the filter showed that both intensity
and pulse duration are directly dependent on initial pressure level (see
Figures 11 through 13). As expected, higher initial pressure resulted in a
higher pressure wave intensity. The longer the solenoid valve was open, the
longer the pulse duration that was involved.

A high-temperature, high-pressure, particle sampling system is being
developed for use with the hot-gas cleanup test loop. This sampling system
must meet the National Electrical Code (NEC) and B31.3 piping requirements as
well as allowing sampling at the extreme operating conditions of the test
Toop. Aside from code-related issues, the particle sampling system currently
in use is slow and cumbersome to use. A separate probe must be inserted to
make flow measurements, then the particulate probe must be inserted’to make
dust-loading measurements. It takes approximately 45 to 60 minutes to collect
one sample with the current configuration. While this system may be adequate
for intermittent measurements on a temporary basis, it is inadequate for safe,
reliable, long-term work. The particulate sampling system is being designed
to sample at pressures up to 200 psi at a temperature of 1800°F under both
oxidizing and reducing conditions. Table 1 shows the performance specifica-
tions for the sample system, and Figure 14 shows the sampling system. A
sampling probe is inserted into the test loop, and a particulate sample is
withdrawn isokinetically. The sample probe is considered to be disposable
(based on wear). Different materials will be used for different operating
conditions. The gas sample will pass through a series of cyclones and a
borosilicate filter to remove all particulate matter, then through a quench
train to remove any condensables, then through gas meters to determine flow.
The probe and cyclone assembly will be electrically heated to maintain the gas
temperature until it reaches the quench train.
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TABLE 1

Specifications for an Isokinetic Particulate Sampling System

Maximum Inlet Gas Temperature 1,800°F

Maximum Inlet Gas Pressure 200 psig

Gas Flow Range 2,000 - 30,000 scfh

Maximum Gas Temp. @ Filter 1,000°F

Typical Sample Rate One Sample per Hour

Gases to be Sampled Exhaust Gases from Coal Combustion and

Gasification (Reducing and Oxidizing)
Electrical Classification (NFPA) Class I, Div. 2, Group B
Applicable Codes ASME B31.3 Piping Code
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4.2 Pressurized Drop-Tube Furnace

Tests of kaolin as an entrained alkali getter in atmospheric and
pressurized coal combustion systems were performed during this reporting
period with the EERC pressurized drop-tube furnace system. Kaolin is a clay
which is composed grimarily of the mineral kaolinite (A1,71,0,[0OH],). In
pressurized fluid-bed combustion tests using granular fiﬁter beds, clays have
been shown to be good sorbents for removing alkali compounds from the gas
stream (1). In laboratory studies, kaolin has been shown to be effective not
only at removing sodium compounds from the gas phase, but also in irreversibly
fixing the sodium (2). Other clays are also believed to absorb sodium
compounds from the furnace gas when the clay is added to the coal feed to a
boiler. Emathlite has been shown to be especially good at gettering sodium

(2).

To be an effective getter, the clay material must not deposit once the
sodium is fixed. This implies that the gettering material must be composed of
small particles, typically less than 5 um in diameter. Since clay particles
normally have diameters smaller than this, they would appear to be ideal
gettering agents. However, moist clays can be highly agglomerated due to
surface moisture, so it is best if the clay feed is dry before feeding to
reduce agglomeration.

Kaolin was preferred for the gettering test over other types of clays
because it can be found in relatively pure form, containing less alkali and
alkaline earth elements which may flux the material upon heating. Also,
kaolinite has a layered structure composed of a sheet of silica tetrahedra
bonded on one side to a sheet of aluminum hydroxide octahedra, so it has a
higher aluminum-to-silicon ratio than most other clays. Because of its higher
aluminum content, its possible fusion with an ash deposit will usually
increase the viscosity of the deposit, thereby weakening it. Kaolin is mined
in a number of places in the United States and can be supplied in rock, dried
powder, or sieved dried powder forms.

Although a small body of data is available about the getters in labora-
tory experiments, limited data are available about the use of kaolin under
carefully controlled coal combustion conditions, and none is available about
its use in pressurized coal combustion conditions. Therefore, four tests were
performed to test the efficacy of kaolin as a getter in both atmospheric and
pressurized coal combustion conditions and to determine the mechanism of
gettering. The kaolin used for these tests was provided as rock by J.M Huber
Corporation of Macon, Georgia. It was dried, then ground in a mortar and
pestle. Only fine powder was used for the gettering experiments.

The kaolin powder was mixed with pulverized coal from the Spring Creek
mine, Montana, in the ratio of 1 part kaolin to 2 parts ASTM coal ash. Spring
Creek coal was chosen because it has relatively high sodium and low ash
contents, and because the sodium is present in the coal as an ion associated
with carboxylic acid groups in the organic structure of the coal. Because of
this association, the sodium is vaporized during combustion. Vaporized sodium
that encounters an ash particle is typically absorbed by the particle.
However, Spring Creek coal produces little ash, so much of the sodium remains
in the vapor phase in the hot zone of the combustor. In cooler regions of the
boiler, it may condense homogeneously to ultimately form submicron sodium
sulfate particles. There is some contention as to whether sodium hydroxide
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condenses, then sulfates, or sodium sulfate directly condenses. In either
case, at 1800°F, a considerable portion of the sodium is 1ikely to be in the
vapor phase. This sodium is very reactive and could cause severe corrosion of
ceramic hot-gas particulate pollution control devices such as candle or cross-
flow filters. Therefore, Spring Creek was chosen as a "worst-case" example of
a coal that may cause alkali corrosion of ceramic hot-gas cleanup devices.

Four combustion tests were performed in all. One test each of raw Spring
Creek at atmospheric pressure, coal plus kaolin at atmospheric, raw coal at
100 psi, and coal plus kaolin at 100 psi. The tests were performed in the
EERC pressurized drop-tube furnace system (PDTF). The following description
of the system is modified from that provided in the July through December 1991
semiannual technical progress report for the Turbine Combustion Phenomena
project being performed under the Cooperative Agreement at the EERC.

The pressurized drop-tube furnace (PDTF) is capable of operating under
the following conditions:

Temperature: ambient to 2732°F (1500°C)
Pressure: ambient to 300 psia (20.4 atm.)
Oxygen: 0-20 mol%

Gas Flow: 0 to 7.8 scfm (220 L/min)
Residence Time: 0 to 5.0 sec

- Optical access at any residence time
- Provision for char and ash collection
- Provision for ash deposition studies

A drawing of the PDTF facility is given in Figure 15. The entire PDTF is
constructed of standard 24" and 6" flanged pipe sections. The large pressure
vessel contains the electrically heated furnace sections of the PDTF as shown
in Figure 16. Figure 17 is a photograph of the PDTF pressure vessel. The
walls of the vessel are water-cooled to dissipate the heat from the furnaces.
Optical access is provided by four 3" diameter ports in the pressure vessel.
The optical sight ports are located below the secondary air preheater and top
two furnace sections and above one furnace to reduce the temperature gradient
across the optical access section. Electrical power is supplied to the
furnaces through terminals in the bottom blind flange of the pressure vessel.

Above the large pressure vessel is the fuel injector section. The
injector is a one-inch-diameter water-cooled probe sheathed in high-
temperature insulation. Figure 18 is a photograph showing the translating
mechanism used for raising and lowering the injector into the ceramic tube
inside the furnace assembly. The injector may be retracted completely out of
the furnace when not in use, or may be lowered into the furnace to give a
residence time between zero and 5.0 seconds. Small viewports in the pipe
crosses at the bottom and top of the injector section allow visual inspection
of the probe and the sample-feeding behavior.

Below the large pressure vessel is a sampling probe assembly and transla-
tion mechanism. The construction details of the probe are shown in Figure 19.
The sampling probe tip is interchangeable to allow ash deposit or fly ash
samples to be collected without removing the entire sample probe. For the
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Figure 15. Pressurized drop-tube furnace process schematic.
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Figure 18. Photograph of PDTF translating mechanisms.

entrained getter tests, fly ash samples were collected and size-segregated on-
Tine with a series of two cyclones and a final nylon filter. The sampling
probe may be raised to the level of the optical access ports and retracted
completely from the furnace for the removal of sample deposits or when not in
use. Two pipe crosses with small sight ports allow inspection of the
collection probe operation, and the removal of a blind flange provides access
for the removal of sample deposits.

The sample feeder assembly is a blank flanged 6" pipe cross pressurized
to slightly above the furnace pressure with gas connections to the furnace
assembly. Figure 19 also shows the sample feeder pressure vessel located next
to the sample injector translating mechanism. Figure 20 is a schematic of the
coal feeder used in the PDTF. The design allows the actual sample feeder to
be constructed of lightweight material, since it does not have to withstand
more than slight pressure differentials. A small sight port allows inspection
of the feeder operation, .nd the removal of a blind flange gives access to the
vessel for filling or adjustment of the feeder. The Tightweight feeder can
then hang from a load cell in the pressure vessel to provide a continuous
record of the sample feed rates. The gas composition and flow rate of gas
into the PDTF is controlled by oxygen and nitrogen mass flow controllers. Gas
composition can be controlled between 0-20 mol% at flow rates up to 220 L/min.
The furnace pressure is controlled by a letdown contro] valve at the exit of
the furnace.
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Average PDTF conditions during the four alkali gettering tests are shown
in Table 2. The excess air for the test of the raw Spring Creek coal at
atmospheric averaged a negative 25%, indicating a fuel-rich condition for
those tests. This may affect the phases that would form as compared to those
that would form under oxidizing conditions, but is not expected to affect the
size distribution of the sodium-rich phases, so the measured gettering effect
is believed to reflect the level that would have been measured if the test
were run in fuel-lean conditions. The temperatures reported for the separate
furnaces are the temperatures measured at the wall of the central alumina
tube. Zone 1 is at the top of the furnace, Zone 4 at the bottom where the
collection probe is placed. The lower temperatures measured in Zone 3,
optical section, and Zone 4 during the pressurized runs are caused by air
influx through cracks in the optical system from the relatively cool space
between the furnace and the pressure shell. The lower temperatures may have
reduced the amount of gettering that would have occurred at pressure if there
had been no air influx.

TABLE 2

Average Test Conditions for Alkali Gettering Tests
in the EERC Pressurized Drop-Tube Furnace System

Raw Coal  Coal+Kaol. Raw Coal Coal+Kaol.

2 psig 2 psig 109 psig 109 psig
Feed Rate (g/min) 1.0 0.52 0.79 0.57
Excess Air (%) -25 46 660 990
Zone 1 Tube T (°C) 1497 1497 1498 1498
Zone 2 Tube T (°C) 1497 1498 1494 1498
Zone 3 Tube T (°C) 1495 1496 1176 1212
Optical Zone T (°C) 1040 1061 921 1053
Zone 4 Tube T (°C) 1097 1097 903 981
Residence Time (s) 2.1 2.1 2.3 2.3

Figure 21 shows the percent of the total ash (corrected for unburned
carbon) that was collected in each cyclone for each test. The bars represent
the values for the raw coal tests, the lines represent the values for the test
of the coal/kaolin blend. Because different flow rates were used for the
atmospheric tests versus the pressurized tests, the cut points of the cyclones
were different, so the data should not be used to determine changes in weight
distributions due to pressure, only changes due to the addition of the kaolin.
Attempts to measure the actual size distributions of the collected samples via
laser 1ight scattering (Malvern) were not completely successful because of
particle agglomeration. In general, however, particles collected in Cyclone 2
(1arger cyclone) had diameters greater than 10 microns; in Cyclone 5 (smaller
cyclone) the diameters were between 1 and 10 microns; and on the filter they
were less than one micron in diameter.
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Figure 21. The percent of the total ash collected in each size fraction for

the tests of kaolin as an alkali getter.
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In both pressure and atmospheric tests of the raw Spring Creek coal,
approximaiely 3/4 of the ash was collected in the larger cyclone with the
remainder split over the smaller cyclone and filter. At both pressures a
shift toward the middle (Cyclone 5) range of ash particles occurs when kaolin
is added. The size shift occurs because the kaolin predominantly ends up in
this size range in the ash. The effects of the addition on ash composition
are illustrated in Figure 22. The figure contains 2 three-dimensional bar
graphs showing the major element compositions of each size fraction of ash for
each of the four graphs. Figure 22a presents data for the atmospheric
pressure tests, Figure 22b for the high-pressure tests. In each graph, the
front row of data gives compositions of the raw coal samples, the back row for
the coal plus kaolin tests. For each element {reported as an oxide) within
each data set, the three bars represent the compositions of the larger
cyclone, smaller cyclone, and filter samples respectively moving from left to
right. Other elements were either present in quantities of less than 5% or
did not show any gettering behavior.

Figure 22 indicates only minor changes in ash composition versus size due
to pressure differences. Because different size ranges were collected in the
cyclones at different pressures, the influence of pressure on these changes
cannot be determined unambiguously. However, all size-related variations are
maintained when pressure is changed. As is true with most U.S. Tow-rank
coals, silica is more concentrated in the largest size range than in the
smaller ranges. The increases in silica and alumina contents in the Cyclone 2
and Cyclone 5 samples indicate that most of the kaolin that was added in the
gettering tests ended up in those size ranges, primarily in Cyclone 5 as
indicated by the size distribution data given in Figure 21. Unlike silica and
alumina, elements such as sodium and sulfur that vaporize at some point during
combustion tend to concentrate in the smallest size range. XRD indicates that
sodium sulfate is the major crystalline constituent of this range. Much of
the sodium sulfate likely formed through cooling during sample collection,
either through homogeneous nucleation of sodium hydroxide which then sulfated,
or by direct nucleation of the sodium sulfate. Because cooling rates are so
rapid and no residual sodium hydroxide was indicated by XRD, the latter
scenario is more probable.

To determine the efficacy of the kaolin additions in gettering, the
weight distribution of elements among the different size ranges must be used.
Figure 23 shows two combination bar-line graphs that illustrate the weight
percent of the major elements that were collected for each test in each size
fraction. Like Figures 21 and 22, two graphs are used, one for the
pressurized tests, the other for the atmospheric tests. The bars represent
the values for the raw coal tests, the lines represent the values for the test
of the coal/kaolin blend. For each element, the three data points are for the
larger cyclone, the smaller cyclone, and the filter, moving from left to
right.

Silicon, aluminum, and calcium all tend to be predominantly concentrated
in the larger particles, with negligible fractions present in the submicron
particles. In contrast, large percentages of the sodium, sulfur, and chlorine
are found in the smallest particles. Sulfur was bimodally distributed, most
likely present as calcium sulfate in the largest particles and as sodium
sulfate in the smallest particles. Because the cyclones had different size
cut points for the atmospheric versus pressurized tests, the effects of
pressure on the size distributions of the elements are somewhat ambiguous. It
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is only clear that the weight distributions of all elements except chlorine
among the different sizes are not strongly affected by pressure. In the raw
coal tests, chlorine shows the only significant size shift, from larger to
smaller particles at higher pressures. The chlorine-containing particles in
the smallest size range probably formed during quenching of the gas during
sample collection, indicating that at higher pressure more chlorine (probably
as chloride) may exist in the gas phase than at atmospheric pressure.
However, this conclusion is only preliminary at this point because there may
have been some interference in the test data for chlorine.

The most important conclusion about the gettering tests is that sodium is
shifted strongly away from the smallest particles by the addition of kaolin.
If we assume that the sodium sulfate in the smallest size fraction formed when
the gas was quenched during collection, then one half of the sodium was
removed from the gas phase due to the kaolin addition. This result holds both
at atmospheric and higher pressure. Most of the sodium was shifted to the 1-
to 10-micron size range, which is where the kaolin is concantrated. The shift
in sulfur from the smallest to the largest size ranges indicates that the
sodium was chemically combined with the kaolin, probably in the high-
temperature zone, and that the kaolin did not merely serve as a condensation
surface for sodium sulfate. Because much of the sodium was removed from the
gas phase, the sulfur shifted to the largest size range by sulfating
additional quantities of the calcium-rich particles.

4.3 Thermochemical Equilibrium Modeling: PHOEBE Database Modifications

In the area of thermochemical equilibrium modeling, the following
objectives had been set forth under Task D:

la Improve PHOEBE database
2b Run simulations

Both items were addressed this fiscal year and are now complete. Item la, the
improvements to the PHOEBE database, required a substantially (approximately 4
months) longer period of time than had been originally anticipated. However,
the database now contains about 850 species, which is a threefold increase
from its former size of about 270 species. Additionally, the database has
also been thoroughly cross-checked. Validation tests have also been conducted
and the database modified depending on the resuits of these tests. We also
wish to emphasize that we expect the updating and validation process to be an
ongoing activity throughout the lifetime of this (and possible other)
projects.

The thermodynamic systems simulations of Item 2b have also been
completed. Initially, very simple systems (like water, gas mixtures, etc.)
with well-characterized thermodynamic behavior were simulated to validate the
correctness of the overall PHOEBE algorithm as well as to optimize the
standard free energy of formation values for many of the species in the
database. A total of about 20 such simple systems were simulated. During
this stage, the algorithm also underwent a few iterations of revisions and
changes. Two real-life systems were selected for the final phase of this task
item and their equilibrium behavior simulated. A comparison of the simulation
results with the experimental phase diagrams shows quite acceptable results,
the largest error in the simulated results being about 23%.
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A 1ist of chemical compounds relevant to advanced combustion systems was
compiled. A variety of vapor and 1iquid-phase species were specifically
chosen to better represent fluidized-bed combustion systems. The requisite
free energy of formation (FEF) data for each species were also collated and
entered into the database. The current PHOEBE database contains approximately
370 chemical compounds with an average of more than two physical phases (gas,
1iquid, or solid) per compound. This makes a total of roughly 800 species,
which is a threefold increase over the original database. Appendix A is an
index 1ist of the database sorted by the names of the chemicals, and
Appendix B is an index 1list of the database sorted by formulas.

The original PHOEBE database was modified to a Freeform ASCII database
(FAD). This has the advantage that any conventional text-editing software can
be used to edit the database. Also, since almost any text editor or word
processor may be used to update, modify, or edit the database, specialized
software to perform these tasks becomes redundant.

A database management utility that performs searching, retrieval,
indexing, etc., was written (in C), debugged, tested, and is fully
operational. Although these tasks can also be accomplished by some of the
more advanced word processors, their specialized nature prohibits their
execution by generic text editors.

Routines to curve-fit the free energy of formation data of the species
have also been written. These routines allow a wide variety of represen-
tations (linear, polynomial, rational, logarithmic, etc.). The curve-fit
representations of the FEF data can thus be chosen in the most optimal manner.
In most cases, the curve-fitted FEF data are used, if need be, at the
computation Tevel.

4.3.1 Database Format Change

The advantages of FADs are twofold. First, since the database is simply
an ASCII file, no specialized utilities are needed to maintain and manage the
database, and the database can be transported to other operating systems or
environments with no or minimal portability problems. Second, since data are
entered in an arbitrary manner (with no fixed record or block size, etc.),
adding, modifying, or updating entries in the database can be performed with
any text editor or word processor. Once again, no specialized routines to
perform these tasks are necessary. It may be noted that altering the record
structure, which is quite complicated in the case of databases with fixed
format records, is also trivially accomplished. Finally, since data for all
of the fields of a record or chemical are often unavailable, the data entry
process is also simplified to the extent that only available data need be
input.

Thus each chemical in the PHOEBE database is viewed as a record, but
without the Timitations of fixed size and fixed number of fields. In turn,
each record contains fields comprising two parts: a field identifier prefix
(FIP) and the value for that field. Field identifier prefixes, as the name
indicates, serve to identify the field for which the data are being entered.
A1l FIPs start with the "dot" or "period" character (ASCII 0 H) and are
followed by one or more alphabetic characters that are chosen to serve as
acronyms for the field. For example, the FIP ".n" serves to identify the
"name" field of the chemical, while the FIP ".f" serves to identify the
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"formula" field of the chemical. Table 3 gives the 1ist of FIPs and their
explanations that are currently being used in the PHOEBE database.

TABLE 3
Field Identifier Prefixes (FIPs) and Explanations

EIP Explanation

.n Name of Chemical

f Formula of Chemical

.mp Melting Point

.bp Boiling Point

P Phase (Solid/Liquid/Gas) of Chemical

.r Reference Citation for Data for Chemical

v Free Energy of Formation (FEF) Value(s) for Chemical
.end End of Data for Chemical

As regards the value part of a field, the user simply enters the relevant
data for a field subsequent to entering the FIP. For instance, for the FIP
".n" (the "name" field), the user will enter the chemical’s name, while for
the ".f" or "formula" field, the value part is the chemical’s formula. A
sample data entry for these two fields might Took as follows:

.n Pyrite
.f FeS,

Note that one or more spaces are mandatory between the FIP part and the value
part of a field.

The FIP ".end" is a specialized prefix. It has no value part and is best
thought of as not being an FIP at all. It is used to delineate the end of a
record; that is, it is used to mark the end of data for each chemical. In
principle, the use of such an "endmarker" is not necessary. However, the
resulting algorithmic complexity in recognizing "end of record" without its
use was sufficiently severe that it was deemed necessary.

To bring this discussion on the organization of the PHOEBE database into
perspective, the actual data entry for aluminum has been extracted from the
database and listed in Table 4.

4.3.2 Additions to Database

The original PHOEBE database contained approximately 130 chemicals (about
270 species) and was configured to analyze primarily the fly ash equilibrium
behavior in pulverized coal- (PC) and cyclone-fired systems. However, a wide
variety of condensed and vapor-phase species were not included due to lack of
available data. Also, the emphasis was placed on condensed rather than vapor-
phase components.
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TABLE 4
PHOEBE Database: Record Entry for Aluminum

.n Aluminum

f Al

.mp 933.25*

.bp 2793.0*

.p s

.r Janaf

.V 0.0>° 0.0 0.0 0.0 0.0 0.0 0.0
0.760 1.878 2.951

P e

.r Janaf

.V 7.180°¢ 6.053 4.926 3.798 2.671 1.535 0.384

-p g

.r Janaf

vV 288.816°° 275.243 261.785 248.444  235.219 222.112 209.126

197.027 185.422 173.917 162.503 151.172 139.921 128.742

Melting and boiling points are in K.
FEF values are in kJ/mol and are in 100 K intervals starting at 300 K.
¢ Not all the available FEF values are listed.

In contrast, PFBC and other advanced systems operate at elevated
pressures, up to even 50 atmospheres, and it thus becomes necessary to analyze
the probable phase and species distributions in these systems more critically.
A simple case in point is the classic textbook example of the depression of
the boiling point of water at elevated altitudes (Tower atmospheric pressures)
and its converse, the raising of the boiling point at higher pressures.

As a general rule, systems at elevated pressures exhibit critical
behavior or phase transformations at higher temperatures as compared to
systems at standard atmospheric pressure. The temperature ranges of condensed
phases are thus usually prolonged, and melting is also usually skewed toward
higher temperatures. Such considerations become especially important in
regards to chemicals exhibiting thermal decomposition (carbonates, nitrates,
hydroxides, etc.).

The selection of additional species to be included in the PHOEBE database
was influenced by the higher operating pressures and the importance of alkali
and reduced species in advanced systems. New species most relevant to these
combustors were selected, and a literature search was conducted to collate the
FEF and other data for these species. The primary sources of data references
were Chase and others (3), Robie and others (4), Barin and Knacke (5), Hastie
and others (6), and Kubaschewski and Alcock (7). The FEF data for an
additional 240 chemicals have been now included in the database, so that the
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current chemical count stands at 370 with about 800 species. This represents,
approximately, a threefold increase in the size of the database.

In some cases, the FEF data over the entire range of 300 to 3000 K were
unavailable. A variety of approximation and extrapolation techniques were
adopted to ensure that data were available over the entire temperature range.
It must be noted that the temperature range of 300 to 3000 K represents
metastable regimes for almost all species (excluding perhaps some vapor-phase
ones), and, hence, the requisite FEF data must usually be approximated.

The extrapolation technique used in many cases was that of graphical
extrapolation wherein the formational free energy values are curve-fit to
canonical or standard curves and the resulting curve extrapolated over the
entire temperature range. In cases where the data were almost complete or
almost linear, linear extrapolation was used to extend the range of the
values. In the case of some vapor-phase species, however, since literature
data were totally unavailable, the free energy values were computed from first
principles as outlined in Mayer and Mayer (8) and McBride and Gordon (9).

In the case of a few liquids, data below the melting point were
approximated by using a glass transition temperature (~7/10 the melting point)
and determining the free energy values by integrating the isobaric specific
heat (C,) data of the solid. It may be noted that the liquid may not
necessarily cool to a glassy state in the metastable regime; nevertheless, as
admonished by Chase and others (3), the use of a glass transition temperature
is necessary to prevent an entropy paradox wherein the free energy of the
thermodynamically more stable solid phase is higher than its metastable
counterpart.

4.3.3 Database Utilities

A database search and sort utility and another utility to curve-fit the
species FEF data have been implemented and are fully operational. As remarked
earlier, these utilities are specific to the database and can be used to
Eonduct a wide range of searches as well as select optimal curve fits for the

EF data.

The curve-fitting routines attempt to approximate the free energy data as
a smooth function of temperature by regression. The basic ideas are as
follows. Let u° be the true FEF function and f,, f,, ... f, a set of P-
functions ("basis" functions). The approximate fi to the n FEF values is then
defined by

B = Y c.ft, (Eq. 1]

where the coefficients c,, ..., c, are determined by the condition that the
residual R is defined by
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R=Iwo-pl = -2 .l [Eq. 2]
be a minimum, where | x | denotes the norm of x.

Conventionally, the norm in Eq. 2 is taken to be the &, or Euclidean
norm, which then leads to a multilinear regression problem. With other norms,
such as the £, or £, norms, the problem becomes nonlinear, and nonlinear
minimization algorithms (such as the Marquardt-Levenberg algorithm) need to be
utilized. Since the PHOEBE curve-fit routines are general purpose routines,
both the linear and nonlinear cases are handled without any difficulty.

As to the choice of the approximating functions f,, ..., f, it may be
mentioned that three particular sets of approximants are prevalent in the
literature. The first is the linear approximant

f,=1, f,=1T,
the second is the log-linear approximant
f,=1
f, =T
f,=T¢enT

and, finally, the third is the log-hyperbolic-cubic approximant
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Of these three, the 6-term log-hyperbolic-cubic approximant appears to be
emerging as the accepted standard.

The PHOEBE database search and sort routines have also been implemented
as fairly general purpose utilities. These allow the user to search the
database in a variety of ways including searching by chemical name, by
formula, by melting and boiling points, and by phase. The Boolean operations
AND, OR, and NOT can also be used in specifying search criteria so that
chemicals and species can be located very efficiently. In addition, a
rudimentary regular expression matching facility is also included, enabling
the user to specify search criteria in terms of regular expressions as well.

Currently, three sort options are available to the user to sort the
chemicals in the data. One of these, of course, is to sort by the names of
the chemicals, the other is to sort by the formulas of the chemicals, and the
third option is to sort by the number of elements comprising the chemicals.
Additional sorting categories, such as sorting by molecular or formula weight,
or sorting by melting point, etc., can be included, although, in contrast to
the search utility, no provision has been made to permit a dynamic sort
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specification facility. The index lists in Appendices A and B have been
constructed using the PHOEBE database sort utility.

4.4 PHOEBE Algorithm Extensions

The modules to enable equilibrium computations to be performed under
different system pressures have been completed and incorporated into PHOEBE.
These modules are, technically, "supervisory" modules in that the equilibrium
behavior of the system under different system pressures is computed based upon
user-specified or user-selectable models for the equation of state of the
system. Thus a wide variety of equations of state, empirical and theoretical,
can be simulated and tested, allowing for the possibility of optimal equations
of state. The debugging and testing of these modules have been completed.

The entire set of PHOEBE routines, originally written in FORTRAN, have
been rewritten in C to extend the portability of the package as well as to
take advantage of the emerging object-oriented languages (such as C++). The
overall algorithm has also been debugged and tested, and Section 4.4 describes
some of the results obtained.

A preprocessor module has also been added to PHOEBE that allows the user
to specify and work with thermodynamic systems in a fairly abstract manner. A
given system once defined will be usable as a system in and of itself, or as
part of a larger system. Some of the more common systems, such as "air,"
"xrf," "ultimate," etc., have been predefined and may be used as such. Thus,
starting with simple systems, a whole hierarchy of systems can be defined
1egding to more complex systems such as coal blends, systems with additives,
and so on.

Three major modifications have been carried out at the algorithmic level.
The entire set of PHOEBE routines has been rewritten in C, modules to handle
variations in system pressure have been incorporated, and an input data
preprocessor has been added that permits abstract system definition and usage.
Sections 4.3.2 and 4.3.3 describe, respectively, these modifications.

4.4.1 Original Algorithm Description

The original PHOEBE routines had been coded in FORTRAN. A menu-driven
1/0 preprocessor, written in ASSEMBLER, served as the user interface to the
PHOEBE kernel. Maintenance, updating, and portability issues had been raised
even then, but, for lack of other alternatives, were set aside. With the
current proliferation of and advancement in windowed operating systems,
Graphical User Interfaces (GUIs), and object-oriented languages, portability
issues have become important. Thus one of the objectives of this task was the
"modernizatiorn" of PHOEBE in terms of rewriting it in a more flexible and
modern longuuge.

The choice of C as the programming language was based on two reasons.
One, the standardization of C is well in place, and a large number of
operating system environments support the language so that the portability
requirement is easily met. Two, interfacing with object-oriented languages,
especially C++, is trivially accomplished, so that constructing friendly
interfaces is also relatively simple. As mentioned earlier, the PHOEBE
routines have been rewritten in C and a majority of them tested and debugged
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during the coding stage itself. The overall program also has been tested for
algorithmic correctness.

The central computational module in PHOEBE is an optimization routine
that minimizes the Gibbs Free Energy of the system of interest. This
minimization is achieved by varying the amounts of the spec1es in the various
phases until the smallest poss1b1e value of the free energy is ach1eved More
prec1se1y, if the system comprises k phases whose free energies are G',

G?, , G°, the free energy G of the entire system is approximated as:

K
=) G [Eq. 3]
a=1

Note that Eq. 3 is exact if there are no phase-phase interactions or if these
interactions are negligible.

The individual phase free energies G* are in turn given by

N‘
G*=Y" (poi+ln af)nf [Eq. 4]
a:___ i=1

where N* is the number of species in the phase, n{ is the (molar) amount of
species i in the phase, u} is the (standard) FEF of species i, and ai is

the activity of i within phase a. The ideal approximation to G* arises when
the activities ai are approximated by:

1, when a is a pure condensed phase

ny, when & is a solution phase
af = [Eq. 5]
1

), when ¢ is a gas phase

where P and P, are, respectively, the system pressure and the standard
pressure.

The species amount or abundance vector ng is not completely arbitrary,
but has to satisfy the so-called mass balance and nonnegativity constraints.

The mass balance constraints are linear equalities connecting the elemental
amounts b,, b,, ..., b, (where M is the number of elements in the system) and
the n{. These can be succinctly expressed as:
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K
b, =Y, Sy n’ [Eq. 6]

a=1 j=l

where S° is the stoichiometry coefficient of element a in species j in phase
a. The nonnegativity constraints

nx0,a=1, ..., k, j =1, ..., N* [Eq. 7]

are conventionally not regarded as explicit constraints, but treated
implicitly in the minimization algorithm. A more detailed account of this and
other related aspects can be found in Ramanathan and others (10,11) and the
references contained therein.

4.4.2 Pressure Calculations

It may be recalled from classical thermodynamics that the Gibbs Free
Energy G of a thermodynamic system is defined as:

G=H-TS

where H is the enthalpy, T the temperature, and S the entropy of the system.
In general, G is a function of the temperature T, the pressure P, and the
molar amounts n{ of the species. Since almost all of the data on the free
energy of formation of substances are for a particular pressure (usually, the
standard atmospheric pressure), extrapolation of this data is necessary in
order to study the equilibrium behavior of systems at elevated pressures.

This extrapolation is based on the fact that the pressure derivative %6
of the free energy is the volume V of the system: aP
oG

—_— = Eq. 8
3P [Eq. 8]

so that, .
G(T,P) =J VdP + G(T,P,) [Eq. 9]

Eq. 9 is the key expression that permits the computation of the free energy
for different pressures P, once the value G(T, P,) is known at a particular
pressure P,. In order to perform the integration in Eq. 9, an explicit
expression of the volume in terms of pressure is needed. This is usually
obtained from an equation of state, either empirical or theoretical, for the
system.

A variety of state equations are available in the literature, starting
with the Van der Waals equations of state for (real) gases, to the Murnaghan
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model (12) for condensed phases. The Murnaghan model, in particular, is
predicated on the assumption that the bulk modulus B is an affine function of
the pressure; i.e.,

B(T,P) =B (T,P) +nP

where B, (T, P,) is the bulk modulus at the standard pressure P, and n is the
pressure coefficient (usually about 4). Since the bulk modulus is related to
the pressure derivative of the volume through

1V 1 1
VoP B B +P
integration of the above equation yields
nP, -+
V(T,P) =V°(T)(1+—é—) " [Eq. 10]

(-]

which may then be used in performing the integration in Eq. 9.

As remarked earlier, the pressure module routines in PHOEBE are primarily
supervisory and can accommodate any user-specified equation of state. Such a
capability is almost a must if formational free energies are to be computed at
different pressures for a plethora of chemical compounds ranging over the
spectrum of solid, 1liquid, and gaseous phases. Although some of the more
standard equations of state are already built into the system, it is expected
that an expanded library of such state equations will become a standard
feature in PHOEBE in the near future.

4.4.3 Preprocessor Utilities

A significant enhancement in the area of problem statement and
formulation in PHOEBE is the addition of preprocessor utilities that allow
abstract (thermodynamic) system definitions and usage. Complex systems can
thus be analyzed quite easily and naturally, and, since the facility is a
dynamic one, a library or database of systems can be predefined and used in a
straightforward manner.

Conventionally, one of the primary inputs to PHOEBE, the abundance or
amount vector, had been specified at the elemental level, or in some cases at
the oxide level. Algorithmically, this is the form of input that is needed
and accepted by PHOEBE. However, from an application standpoint, this input
format is quite inconvenient and cumbersome in many cases. For instance, in
order to analyze the effect of additives such as alkali getters on
performance, the most natural statement of the problem will be to define a
thermodynamic system whose "components" are the coal and the envisaged
additive. Another example is the analysis of coal blends. In this case, the
"components" are the coals to be blended. There are many instances where an
extended definition of a "component"” of a thermodynamic system simplifies and,
in some cases, even clarifies the problem formulation.
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To accommodate these cases, preprocessor utilities have been added .to
PHOEBE that ease the drudgery of data entry and enable the user to specify the
problem in a very natural manner. These utilities work by constructing a
hierarchial diagram or a system definition tree (SDT) that contains the
information relating a system to its subsystems and ultimately down to the
basic components: the elements. (In the terminology of tree-processing, the
elements constitute the "leaves" or "external nodes" of the SDT). Note that
the recursive definition of trees implies that SDTs can be imbedded to any
arbitrary level, limited only, perhaps, by available memory. A typical SDT
starts with the highest-level abstract specification and successively gets
more and more concrete until finally the definitions reduce to lists of
chemical formulas or elements. For instance, the following definition-set:

Fuel = Air, Coal

Coal = Ultimate, Ash
Ultimate = H,0, CO,, SO,, NO,
Ash = A1,0,, Si0,, Mg0, Ca0
Air = N,, 0,, CO,

is an example of an abstract thermodynamic system, "fuel," and illustrates the
utility, flexibility, and power of abstract system definitions. The SDT of
this system has as its root the node "fuel" with two principal branches,
connecting the (sub) systems "air" and "coal." Figure 24 displays the SDT of
this model system. In the figure, the elemental nodes or leaves of this tree
are also displayed.

Boiler
Fuei

{‘llﬂl’ Coal

Ultimate

H20) (co2) (soz2) (NO»

Figure 24. An example system definition tree (SDT).
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In some cases it proves useful to define systems with a fixed stoichio-
metry between its subsystems. For example, the thermodynamic system "air" is
commonly considered to be a system containing 0,, N,, H,0, and CO, in fixed
proportions. To accommodate such fixed stoichiometry systems, a PHOEBE system
definition tree is permitted to have an optional stoichiometry specification
as well. Thus, for example, one can define the system "air" as:

air = 78 * N, + 21 * 0, + 0.5 * H,0 + 0.5 * 0,

so that the stoichiometry values (78, 21, etc.) become built into the
definition of the "air" system.

4.4.4 Tests of the Database Algorithms

Two phase diagram calculations were performed with PHOEBE as part of
overall projram verification as well as to gain an understanding of the
program’s accuracy. In general, phase diagram calculations are very time
intensive since the free energy of the system needs to be repeatedly minimized
as the program steps through the extensive variables (like temperature and
component amounts). The two phase diagram calculations that were done, for
instance, took a total of 4 huurs to compute (and plot). The results of these
calculations are displayed in Figures 25 and 26.

Figure 25 is a plot of the experimental versus PHOEBE-predicted phase
diagram for the binary system Al1,0, - Si0,. (The solid lines are the
experimentally determined phase boundaries while the dotted lines are the
predicted phase boundaries.) Figure 26 is a plot of the experimental versus
predicted phase diagram of the system Na,Si0,. (This represents a cross-
section of the ternary system Na,0 - A1,0, - Si0,.) As can be seen from these
figures, the predicted values track the experimental values fairly well with
the largest error being about 23%. It should also be noted that beth these
systems were assumed to behave ideally (i.e., with unit-activity coefficients)
so, necessarily, we expect errors in the predicted values since it is well
known that these systems are nonideal. Additionally, it must also be borne in
mind that inherent inaccuracies exist in the FEF values in the database. All
in all, therefore, it can be concluded that PHOEBE provides acceptably
accurate representations of the equilibrium behavior of muitiphase,
multicomponent systems.

5.0 FUTURE WORK
5.1 Particuiate Control

Future work will consist of making modifications to the test loop to
improve outlet particulate loading data, relocating some of the instrumen-
tation, adding additional instrumentation, building the particulate sampling
system, continued testing of filter elements, performance characterization of
the heated backpulse system, and studying various alkali issues as they relate
to advanced cycle power systems.

The design work required to relocate the test loop cannot be done until

the Tocation of the test loop is determined. This is contingent upon the
size, shape, and location of the TRTU. For this reason, some of the design
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Figure 25. A plot of the experimental PHOEBE-predicted phase
diagram for A1,0,-Si0,.
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Figure 26. A plot of the experimental vs. predicted phase diagram for Na,SiO0,.
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work remains unfinished. As soon as the necessary TRTU parameters are
identified, the design work on the test loop will be completed. The test loop
is expected to be in place and operational in time to be used in conjunction
with the initial testing of the TRTU.

High-temperature flange connections for the filter modules are also being
designed in order to operate at the extreme conditions of the test loop and to
comply with B31.3 piping codes. This will consist of finite element modeling
of flange connections to determine thermal stresses and creep phenomena.

5.2 Alkali Gettering

The short-term objective is to construct a coal-water slurry feed system
for the PDTF to permit long-duration tests of alkali corrosion of ceramic
materials in atmospheric and pressurized coal combustion systems.

5.3 Thermochemical Modeling

No specific task or action item is proposed. Instead, it is expected
that PHOEBE will be extensively used as a general tool for the thermodynamic
analyses of advanced combustion systems and, specifically, as an optimizer for
the selection of alkali gettering materials.
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APPENDIX A
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Chemical
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FEF DATAEASE

No. Name Formula

0 2-BUTYNEDINITRILE CaNz (g)

1 ACETYLENE CzH= (g)

2 AKERMANITE CazMgSi=0-> (s)
2 ALBITE NaAlSixOa (s,1)
4 ALUMINUM Al (s.l.q)

) ALUMINUM CARBIDE AIC (g)

& ALUMINUM DICHLORIDE AlCl=z (g)

7 ALUMINUM DIOXIDE AlO= (g)

e ALUMINUM HEXACHLORIDE Alz=Cls (g)

? ALUMINUM HYDRIDE AlH (g)

10 ALUMINUM HYDROXIDE A1OH (g)

11 ALUMINUM MONOCHLORIDE AICY1 (g)

iz ALUMINUM MONOXIDE AlD (g)

1z ALUMINUM NITRIDE AIN (s.9)

14 ALUMINUM OXYCHLORIDE AlOC1 (s,9)
15 ALUMINUM SULFATE Al>S=x04=2 (s)
16 ALUMINUM SULFIDE AlS (g)

17 ALUMINUM SULFIDE AlzSx (s)

18 ALUMINUM TRICARBIDE AlaCs ()

19 ALUMINUM TRICHLORIDE AlCls (s,1,q9)
20 AMIDOGEN NH= (g)

21 AMMONIA NH= (g)

22 AMMONIUM CHLORIDE NHaCl ()

2= AMMONIUM NITRATE NzHa0= (s)

24 AMMONIUM FERCHLORATE NHaC104 (s)
25 ANDALUSITE Al=Si0s (s)
26 ANHYDRITE CaS0a (s)

27 ANORTHITE Call2Siz0a (s,1)
28 ARGON Ar (g)

29 AZIDE Ns (g)

0 BARITE BaS0s (s)

z1 BARIUM Ba (s,l.q)

2 BEARIUM CHLORIDE BaCl (g)

I3 EARIUM DICHLORIDE BaClz (s,1.9)
T4 EARIUM DIHYDROXIDE BaO=zH=z (s,1,q)
I8 BARIUM MONOHYDROXIDE EaOH (g)

1) EARIUM DOXIDE Ba0 (s,1,q9)
7 BARIUM SULFIDE EaS (s,q)

B8 BERLINITE AlFDa (s)

9 BOEHMITE AlO0=H (q)

40 CA-AL FYROXENE CaRlzSila (s)
41 CALCITE CaCOx (3)

42 CALCIUM Ca (s,1,g9)

47 CALCIUM FERRITE CaFe204 (s)
44 CALCIUM MONQOCHLORIDE CaCl (g)
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FEF DATAEASE

P

Chemical
Name Index

No. Name Formula
45 CALCIUM MONOCHYDROXIDE CaOH (g)
45 CALCIUM NITRATE CaNz0s (8)
47 CALCIUM OXIDE Ca0 (s,1,9)
48 CARBON Cz (aq)

a9 CAREON Cx (g)

20 CAREBON Ca (g)

51 CAREON Cw (g)

52 CAREON C (s,q)
57 CAREBON DIOXIDE CO= (g)
94 CAREBON DISULFIDE CS= (g)
34 CARBON MONDXIDE CO (qg)

S6 CAREBON OXIDE SULFIDE Cos (q)
57 CAREBON FHOSFHIDE CP (g)

53 CAREON SUEBCXIDE C=0= (g)
59 CARBON SULFIDE. CsS (g)

&0 CAREON TETRACHLORIDE CCla (g)
&1 CARERONIC DICHLORIDE COClz (g)
52 CARBONYL CHLORIDE COCl (qg)
6T CHALCOCITE CuaS (s)
64 CHLORINE Cl (qg)

65 CHLORINE Clz (g)
66 CHLORINE DIQXIDE ClC= (g)
&7 CHLORINE MONOXIDE €10 (q)
&8 CHLOROETHYNE C=HC1 (g)
69 CHLOROMETHANE CH=C1 (q)
70 CHLOROMETHYLENE CHC1 (qg)
71 CHLOROMETHYLIDYNE CCl1 (g)

72 CHLOROSILANE SiH=Cl (g)
3 COHENITE FesC (s)
74 COFFER Cu (s,l,9)

73 COFPFER Cu= (g)

74 COFFER CYANIDE CuCN (s)

77 COFPFER DICHLORIDE Cull=z (s)

7 COFFER HYDROXIDE CuH=0= (s)
79 COFFER MONDCHLORIDE CuCl (s,1,q)
80 CCFFER OXIDE CuD (s,q)

31 COFFER SULFATE CuS0a (s)

=22 CORDIERITE Mg=R145is01a (s)
273 CORUNDUM Al=0s (s,1)
34 CUFROUS OXIDE Cu=0 (s,1)
33 CYANOGEN CN (g9)

86 CYANDGEN CHLDRIDE CNC1 (g)

37 DIALUMINUM DIOXIDE Al=0= (g)

28 DIALUMINUM MONOXIDE Al=z0 (q)

89 DIAZENE (CIS) NzH= (g)




e ——

FEF DATABASE

Chemical
Name Index

No. Name Formula

90 DICALCIUM FERRITE CazxFex0s (s5)
91 DICHLORINE MOMOXIDE C1=20 (g)

2 DICHLOROETHYNE C=2C12 (q)

3 DICHLOROMETHANE CHzCl= (qg)

94 DICHLOROMETHYLENE CClz (@)

99 DICHLOROCSILANE S5iH=2Cl= (q)
@b DICOFPFER SULFATE CuxS0a (3)

97 DIHYDROGEN FHOSFHIDE H=F (g)

93 DIIRON HEXACHLORIDE FexCles (q)

99 DIIRON TETRACHLORIDE Fe=Cla (g)
100 DILITHIUM DICHLORIDE LizCla (qg)
101 DILITHIUM DIHYDROXIDE LizH20=2 (g)
102 DIMAGNESIUM TETRACHLORIDE Ma=Cla (g)
1073 DINITROGEN OXIDE N=20 (q)

104 DINITROGEN FENTAQOXIDE M=20s (g)

109 DINITROGEN TETRAOXIDE N=20s (s5,1.9)
106 DINITROGEN TRIODXIDE N=0=x (g)

107 DIOFSIDE CaMgSiz0s (5.1)
108 DIFOTASSIUM CYANIDE KaCzN=> (g)
109 DIFOTASSIUM DICHLORIDE K=2Cla (qg)

110 DIFOTASSIUM DIHYDROXIDE Kz2H=20= (g)
111 DISILICON NITRIDE SizaN (g)

112 DISODIUM CYANIDE NMazCz=Nz (g)
113 DISODIUM DICHLORIDE Na=Cl= (g)
114 DISODIUM DIHYDROXIDE Ma=H=0= (g)
115 DISULFUR DICHLORIDE S52Cl= (1,g)
116 DISULFUR MONOCHLORIDE S=2C1 (g)

117 DISULFUR MONOXIDE S»0 (g)

118 DOLOMITE CaMgC=04 (s)
119 ETHANEDINITRILE CaN= (qg)

120 ETHYLENE CzHa (g)

121 ETHYNYL CzH (g)

122 FAYALITE Fex3i0a (s)
123 FERRIC SULFATE Fex8x042 (s)
124 FORMAL.DEHYDE CH=0 (g)

125 FORMYL HCO (q)

126 FORSTERITE Mg=51i04 (3,1)
127 GEHLENITE CazAl=5i0+ (s,1)
128 GROSSUL AR CaxAl=Six01=2 (s)
129 HEMATITE FexOx (s)

1720 HEXACHLOROETHANE Cz2Cls (q)

171 HIGH SANIDINE KAlSi=0a (3,1)
2 HYDRAZINE NzaHa (1l,g)
133 HYDROGEN H (g)

134 AYDROGEN Hz (g)
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138 HYDROGEN CHLORIDE HC1 (g)

176 HYDROGEN CYANIDE HCN (qg)

127 HYDROGEN ISOCYANATE HCNO (g)

128 HMHYDROGEN FEROXIDE Hz20= (g)

17 HYDROGEN FHOSFHIDE HF (g)

140 HYDROGEN SULFIDE H=5 (g)

141 HYDROFEROXO HO= (g)

142 HYDROFHILITE CaCl= (s.,1,9)
147 HYDROXYAFATITE CasF=HOLs (S)
144 HYFOCHLOROUS ACID HOC1 (g)

1435 ILMENITE FeTiOx (s)
146 IMIDOGEN NH (g)

147 IRON Fe (s,1.q)
148 IRON CARBONYL FeCs0s (1l.9)
149 IRON DICHLORIDE FeCla (s,1l,q9)
120 IRON HYDROXIDE FeHz02 (s.q)
151 IRON MONOCHLORIDE FeCl (g)

152 IRON OXIDE FeO (s,.1l.9)
153 IRON SULFATE FeS0a (s)

154 IRON TRICHLORIDE FeClx (s.,1,q9)
135 IRON TRIMYDROXIDE FeH=0=x (s)
156 JADEITE NaflSiz04 (s.1)
157 KALIOPHILLITE KAlSi0s (s)
158 LARNITE (CA-DLIVINE) Cax51i0a4 (s)
159 LEUCITE KAl1Sim0s (S)
160 LITHIUM Li (s,1.9)
161 LITHIUM Liz (g)

162 LITHIUM ALUMINATE LiAl0z (s,1)
1673 LITHIUM CARBIDE LizC= (s)

1564 LITHIUM CARBONATE LioCOx (s,.1)
145 LITHIUM DISILICATE LizSiz0a (s,1)
146 LITHIUM HYDRIDE LiH (s,1l.q9)
167 LITHIUM HYDROXIDE LiOH (s.1.9g)
148 LITHIUM HYFOCHLORITE Li0OCl (g)

169 LITHIUM MONOCHLORIDE LiCl (s3.1.q9)
170 LITHIUM MONOXIDE Li0 (g)

171 LITHIUM NITRIDE LiN (a)

172 LITHIUM OXIDE Li=z0 (s.,1,3)
173 LITHIUM OXYNITRIDE LiON (q)

174 LITHIUM FERCHLORATE LiCl10a (s,1)
173 LITHIUM FEROXIDE Liz0= (s,qg)
176 LITHIUM SILICATE LizSi0x (s,1)
177 LITHIUM SODIUM OXIDE LiNaO (qg)

178 LITHIUM SULFATE LixB04 (s.,1.0)
179 LITHIUM TETRAHYDROALUMINATE LiAlHa (s)




FEF DATABASE

Chemical
Name Index

No. Name Formula

180 LITHIUM TITANATE Li=TiOx (5,1)
181 MAGNESIOFERRITE MgFe=0as (S)
182 MAGNESITE MgCO= (s)

183 MAGNESIUM Mg (s,1.Q)
184 MAGNES I UM Mg= (g)

185 MAGNESIUM CARBIDE Mg=Cx (s)

186 MAGNESIUM CAREBIDE MgC= (s)

187 MAGNESIUM DICHLORIDE MgCl= (s,l.q)
188 AGMESIUM DIHYDRIDE MgH= (s)

189 MAGNESIUM DIHYDROXIDE MgH=0= (s.q)
190 MAGNESIUM DINITRIDE Mg=Na (s)

191 MAGNESIUM DITITANATE MgTi=0s (s,1)
192 MAGNESIUM HYDRIDE MaH (aq)

193 MAGNESIUM HYDROXIDE MgOH (a)

194 MAGNESIUM MONOCHLORIDE MgCi (g)

1645 MGGNESIUM NITRATE MgN=0. (s)
196 MAGNESIUM NITRIDE MgN (g)

197 MAGNESIUM ORTHOTITANATE Mg=Ti0a (5.1)
198 MAGNESIUM OXIDE MgO (s,1,q)
199 MAGNESIUM FHOSFHATE MaxF=20a (S.1)
200 MAGNESIUM SILICATE MgSils (s,1)
201 MAGNESIUM SILICIDE Mg=5i (s,1)
202 MAGNESIUM SULFATE MgS0a (s.1)
203 MAGNESIUM SULFIDE MgS (s,q9)

Z04 MAGNESIUM TITANATE MgTiOx (s541)
2085 MAGNETITE Fex0s (S)

206 MASCAGNITE NoHeS0as (S)
207 MERCAPTO HS (g)

208 MERWINITE CaxMgSiz0e (s)
209 ME THANE CHa (g)

210 METHINOFHOSFHIDE CHF (qg)

211 METHYL CH= (g)

212 METHYLENE CH=z (g)

213 METHYLIDYNE CH (g)

214 MULLITE AleSi=z04x (s,1)
215 MUSCOVITE KAlxSixH2012 (3)
216 NEFHEL INE NaAlSiDa (s,1)
217 NITER KNO= (s)

218 NITRIC ACID HNO= (g)

219 NITROEARITE BaNz0s (s)
220 NITROGEN N (g)

221 NITROGEN Nz (g)

222 NITROGEN DIOXIDE NO= (g)

223 NITROGEN MONOXIDE NO (g)

224 NITROGEN TRIOXIDE NO= (g)
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NO . Name Formula
MITROSYL CHLORIDE NOC1 (g)
MITROWUS ACID HNO= (g)
NITROXYL HNO (g)
NITRYL CHLORIDE NO=C1 (g)
OLDHAMITE CaS (s.g)

OX IRANE CaHa0 (g )
OXYEEN 0 (g)

OXYGEN D= (g)

OZONE 0= (q)
FEROVSKITE CaTiOx (s)
FHOSFHORIC ACID HxFOa (s,1)
FHOSFHOROUS MONOCHLORIDE FC1 (g)
FHOSFHORUS F (s.1.9)
FHOSFHORUS F= (g)
FHOSFHORUS Fa (g)
FHOSFHORUS DIOXIDE FO= (g}
FHOSFHORUS MONDXIDE FO (g)
FHOSPHORUS NITRIDE FN (g)
FHOSFHORUS FENTACHLORIDE FCls (g)
FHOSFHORUS FENTAOXIDE DIMER Fabio (5.Q)
FHOSFHORUS SULFIDE FS (g)
FHOSFHORUS TRICHLORIDE PCl= (g)
FHOSFHORUS TRIOXIDE DIMER Fale (Qg)
FHOSFHORUS TRISULFIDE FaSx (s5.1.49)
FHOSFHORYL TRICHLORIDE FOCls (g)
FORTLANDITE CalzH=2 (s.9)
FOTASSIUM K (s.l.9)
FOTASSIUM k= (g)
FOTASSIUM ALUMINUM SULFATE KAlSz0a (s)
FOTASSIUM CARBONATE K=CO= (s,1)
FOTASSIUM CHLORIDE KCl (s,.1,.9)
FOTASSIUM CYANIDE KCN (s,.1,9)
FOTASSIUM DIOXIDE KO0= (s)
FOTASSIUM HEXACHLOROALUMINATE KxAlCls (s)
FOTASSIUM HYDRIDE KH (s.9)
FOTASSIUM HYDROXIDE K¥OH (s,1.0)
FOTASSIUM MONOXIDE KO (g)
FOTASSIUM NANDCHLOROALUMINATE KxAlzCle (s)
FOTASSIUM OXIDE K=0 (s)
FOTASSIUM FERCHLORATE KC10a (s)
FOTASSIUM FEROXIDE K202 (s)
FOTASSIUM SILICATE K=25i0x (s5,1)
FOTASSIUM SULFATE K=250a (s,1,9)
FOTASSIUM SULFIDE K28 (s,1)
FOTASSIUM TETRACHLOROALUMINATE KALICla (s)
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70 PYRITE FeS= (s)

271 FYROFE Mg=sAl=8is0.:2 (S)
272 FYROFHYLLITE Al251i4H=20.2 (3)
27 FYRRHOTITE Feo.a»»5 (8)
74 RUTILE TiO= (s,l,q)
273 SILICON 53i (=,1.9)
D7 SILICON €i= (q)

277 SILICON Six (g)

278 SILICON CAREIDE SiC (s.9)

279 SILICON DICARBIDE SiC= (g)

Z380 SILICON DICHLORIDE SiCl= (g)

281 SILICON DIOXIDE 8i0= (s,1,9)
32 SILICON DISULFIDE SiSz (s,1)
=283 SILICON HYDRIDE 3iH (g)

e84 SILICON MONOCHLORIDE SiCl (qg)

2895 SILICON MONOXIDE Si0 (g)

=86 SILICON NITRIDE SiN (g)

287 SILICON SULFIDE SiS (qg)

=88 SILICON TETRACHLORIDE SiCla (g)

289 SILICON TETRAHYDRIDE SiHa (g)

290 SILICON TRICHLORIDE SiCl= (g)

291 SODIUM Na (s.1.9)
292 SODIUM Na= (g)

293 SODIUM ALUMINATE NaflO=z (s)
294 SODIUM CAREONATE NazxCOx (s.1)
293 SODIUM CHLORIDE NaCl (s.l.,q)
296 SODIUM CYANIDE NaCN (s.1,9)
297 SODIUM DIOXIDE Nal= (s)

298 SODIUM DISILICATE Na=8i=0s (s,1)
299 SODIUM DISULFIDE Na=S= (s,1)
00 SODIUM HEXACHLOROALUMINATE NasAlCls (s)
T0L SODIUM HYDRIDE NaH (s,q)

I02 SODIUM HYDROXIDE NaOH (s,1.9)
03 SODIUM MONOXIDE NaO (g)

04 SODIUM OXIDE Na=0 (s,.,1)
T03 SODIUM FERCHLORATE NaClOa (s)
Z06 SODIUM FEROXIDE Na=z0= (s)

307 SODIUM SILICATE NazSiOs (s.1)
08 SODIUM SULFATE Na=S50a4 (s,1.9)
09 SODIUM SULFIDRE Na=5 (s.1)
210 SODIUM TETRACHLOROALUMINATE NaAlCla (s)
11 SFINEL MgAl=0a (s,1)
12 SULFUR S (s.1.9)

13 SULFUR S= (ag)

14 SULFUR Sx (g)
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T18 SULFUR Sa (3)

Ii6 SULFUR Ss (g)

17 SULFUR Se (g)

z18 SULFUR S» (g)

719 SULFUR Se (g)

20 SULFUR DICHLORIDE 5Cl= (1l,q)
IZL SULFUR DIOXIDE 50= (a)

22 SULFUR MONOCHLORIDE SCl (g)

IZT SULFUR MONOXIDE 80 (g)

24 SULFUR NITRIDE SN (g)

I25 SULFUR TRIOXIDE S0= (g)

326 SULFURIC ACID HzS0a (1,9)
27 SULFURIC ACID DIHYDRATE HaS0. (1)
728 SULFURIC ACID HEMIHEXAHYDRATE  HisS0i0.smce (1)
TE29 SULFURIC ACID MONOHYDRATE HaS0s (1)
330 SULFURIC ACID TETRAHYDRATE HioS0a (1)
ITL SULFURIC ACID TRIHYDRATE HaS0» (1)
332 SULFURYL CHLORIDE S0z=Cl= (g)
3T TETRACHLOROETHYLENE C=Cla (g)
334 TETRAMETHYLSILANE SiCaHiz (Q)
I3 THIOFHOSFHORYL TRICHLORIDE SFCls (g)
336 TITANITE (SFHENE) CaTiSiOs (s)
I3 TITANIUM Ti (s,l,9)
338 TITANIUM CAREIDE TiC (s.1)
339 TITANIUM DICHLORIDE TiCla (s,9)
340 TITANIUM HYDRIDE TiHz (s)

341 TITANIUM HYFOCHLORATE TiOCl= (g)
742 TITANIUM HYPOCHLORITE TiOCl (g)
43 TITANIUM MONOCHLORIDE TiCl (s)
44 TITANIUM MONOXIDE Ti0 (s,1.9)
345 TITANIUM NITRIDE TiN (s,1)
I46 TITANIUM OXIDE Tiz0=x (s,1)
T47 TITANIUM FENTAOXIDE Tix0s (s,1)
748 TITANIUM SEFTOXIDE TiaO» (s,1)
749 TITANIUM TETRACHLORIDE TiCla (s,1,9)
IS0 TITANIUM TRICHLORIDE TiCls (s,Q)
351 TREMOLITE CazMgaSigHz0=24 (s)
352 TRICHLOROMETHANE CHCl=x (g)
53 TRICHLOROMETHYL CCls (g)

354 TRICHLORCMETHYLSILANE SiCH=Cls (g)
I85 TRICHLOROSILANE SiHCl= (g)
356 TRICOFFER TRICHLORIDE CusxCls (g)
57 TRIHYDROGEN FHOSFHIDE H=F (g)

758 TRILITHIUM NITRIDE LisN (s)

599 TRILITHIUM TRICHLORIDE
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250 TRIFHOSFHORUS FENTANITRIDE PxNs (35)

T61 TRISILICON TETRANITRIDE SixNa (s)
62 TROILITE FeS (s,1.,9)
RICYS WATER H=20 (1.g)
64 WHITLOCKITE Ca=F=20e (35)
63 WITHERITE BaCO=x (s)
TEb WOLLASTONITE CaSi0x (s)
167 WUSTITE Feo.9a>0 (s)
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Farmula Index

No. Formula Name

O Al ALUMINUM (s,1,g)

1 ALC ALUMINUM CARBIDE (aq)

2 AlC1 ALUMINUM MONOCHLORIDE (g}
> AlCl= ALUMINUM DICHLORIDE (g)

4 AlCl~ ALUMINUM TRICHLORIDE (s.1.g)
b AlH ALUMINUM HYDRIDE (g)

5 ALN ALUMINUM MITRIDE (s.,3)

7 A410 ALUMINUM MONOXIDE (g)

3 A10OC1 ALUMINIM OKYCHLORIDE (s,4)
? Al10H ALUMINUM HYDROXIDE (g)

10 Al0= SLUMINGM DIOXIRE (a)

i1 Al10=zH BOEHMITE (g3)

12 AlFPOa BERLINITE (s

iz Al1S ALUMINUM SULFIDE (g)

14 Al=Cla ALUMINUM HEXACHLORIDE (g)
135 Al=0 DIALUMIMNUM MONOXIDE (qg)
16 Alz0= DIALUMINUM DIOXIDE (g7

17 Al=0= CORUNDUM {3,1)

i3 AlzaS= ALUMINOM SULFIDE (s)

12 Alz85=x0:2 ALUMINUM SULFATE (s)

20 Al=Si0s AMDALUSITE (3)

21 AlzSiaH2012 PYROFHYLLLITE (s)

22 AlaCx ALUMINUM TRICARBIDE (s)
oz AleSiaDyx MULLITE (s,1)

24 Ar ARGON (g)

25 Ba BARIUM (s,1,q)

26 BaCOx WITHERITE (s)

=27 BaCl BARIUM CHLORIDE (g)

28 BaClz BARIUM DICHLORIDE (s,l.g)
29 BaN=04 NITROBARITE (3)

0 Bal BARIUM OXIDE (s.l,Q9)

Z1 BaOH BARIUM MONOHYDROXIDE (g)
32 BaOzH= BARIUM DIHYDROXIDE (s,1.q)
I3 EaS BARIUM SULFIDE (s,g)

4 EaSOa BARITE (s)

35 » CARBON (s,.q)

b6 CCl1 CHLOROMETHYLIDYNE (aq)

Z CCla= DICHLOROMETHYLENE (qg)

=8 CClx TRICHLOROMETHYL. (g)

9 CCla CARBON TETRACHLORIDE (q)
40 CH METHYLIDYNE (g3)

41 CHC1 CHLOROMETHYLENE (g)

422 CHCl= TRICHLOROMETHANE (g)

4= CHF METHINOFHOSFHIDE (qg)

34 CH= METHYLENE (q)
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435 CH=C1l= DICHLOROMETHANE (gq)

a6 CH=0 FORMALDEHYDE (3)

37 CHx METHYL {(aq)

48 CH=C1 CHLOROMETHANE (g)

49 CHa METHAME ()

30 CN CYANOGEM (g)

51 CNC1 CYANQOGEN CHLORIDE (g)
52 co CAREBON MOMNOXIDE (g)

532 COC1 CAREBONYL CHLORIDE (o)
=4 COCl= CARBCONIC DICHLORIDE (g)
39 cos CARBON GXIDE SULFIDE (g)
54 CO0= CAREON DIOXIDE (g)

57 cF CARBON FHOSFHIDE (g)

a8 CS CARECON SULFIDE (g)

oe CS= CAREON DISULFIDE (g)

&0 C= CARBON (g)

61 CzCla DICHLORGCETHYNE (g)

&2 C=Cla TETRACHLORCETHYLENE (g)
&3 C=Cls HEXACHLORCETHANE (g)

&4 CzH ETHYNYL (g)

655 C=zHC1 CHLOROETHYNE (g)

b6 Cz=H= ACETYLENE (g)

&7 CzHa ETHYLENE (qg)

&8 CaHa0 OXIRANE (g)

&9 CaNs ETHANEDINITRILE (q)

70 Cx CARBON (g)

71 Cx0= CAREON SUBOXIDE (g)

72 Ca CAREON (g)

73 CalNzm Z-BUTYNEDINITRILE (g)
74 Ca CARBCN (g)

75 Ca CALCIUM (s.1.9)

76 CaAl=Si0. CA-Al. PYROXENE (s)

77 CaAl=8iz0a ANORTHITE (s,1)

78 CaCO= CALCITE (3)

79 CaCl CALCIUM MONOCHLORIDE (g)
80 CaCl= HYDROFHILITE (s,1.Q)

81 CaFez04 CALCIUM FERRITE (s)

82 CaMgC=04 DOLOMITE (s)

a8z CaMgsiz0ls DIOFSIDE (s,1)

34 CaNoQOs CaLCIUM NITRATE (s)

8% Ca0 CALCIUM OXIDE (s.1l,.9)
86 CaOH CALCIUM MONOHYDROXIDE (g)
87 CalDoHa FORTLANDITE (s.g)

88 CaS OLDHAMITE (s,q)

82 CaS0a4 ANHYDRITE (s)
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0 CaSi0= WOLLASTOMITE (=)
21 CaTiO=x FEROVSKITE (3)
22 CaTiSils TITANITE (SFHMENE) (3)
23 CazAl=51i0- GEHLENITE (3,1)
94 CazF=220s DICALCIUM FERRITE (s3)
25 Ca=Mg85i=0+ AKERMANITE {(s)
P& Ca=MgeSiaHz0za TREMOLITE (3)
7 Cax85i0a LARNITE (CA=-SLIVINE) (3]
78 CazAlzSix0,= SROSEULAR (s
7 CazMgSiale MERWINITE (s)
100 CaxPz0a WHITLOCEITE (39
101 CagFxHDL= HYDROXYAFATITE (3)
102 1 CHLORINE (g)
1037 C1l0 CHLORINE MONOXIDE (g}
104 Cl0= CHLORINE DIOXIDE (g)
108 Cl= CHLORINE (q)
106 Ci=zD DICHLORINE MONOXIDE (g)
107 Cu COFFER (3.1.3)
108 CuCN COFFER CYANIDE (s)
109 CuCl COPFER MONOCHLORIDE (s.l.g)
110 CuClz CCFFER DICHLORIDE (s)
111 CuH=0= COFFER HYDROXIDE (s)
112 Culd COPFER OXIDE (m,9)
113 CuS0a COFFER SULFATE (s)
114 Cu= COFFER (g)
115 Cu=0 CUFROUS OXIDE (s.l)
116 Cu=8 CHALCOCITE (s)
117 Cu=50s DICOFPFER SULFATE (s)
118 Cu=Cls TRICOFFER TRICHLORIDE (g)
119 Feo.ar>8 PYRRHOTITE (s)
120 Feo.saz0 WUSTITE (s)
121 Fe IRON (s.1.0)
122 FeCuls IRON CAREBONYL (l.q)
123 FaCl IRON MONQCHLORIDE (g)
124 FeCla IRON DICHLORIDE (s,1.q)
125 FeCls IRON TRICHLORIDE (s.1.9)
126 FeHz0= IRON HYLROXIDE (s.qg)
127 FeHx0Dx IRON TRIHYDROXIDE (s3)
128 Fa0 IRON OXIDE (s.,1.9)
129 FeS TROILITE (s.l,g)
130 FeS04 IRON SULFATE (3)
131 FeSz PYRITE (s)
132 FeTiOx ILMENITE (s3)
33 FezCla DIIRON TETRACHLORIDE (g)
134 FexCl, DIIRON HEXACHLORIDE (q)
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1395 Fealx HEMATITE (s)

136 FeabSx0isia FERRIC SULFATE (s)

127 FeaS5ila FAYALITE (s)

1z8 FexC COHENITE (s)

139 Fe<Oa MAGNETITE (s3)

140 H HYDROZEN (g)

141 HCN HYDROGEN CYANIDE (g)

142 HCNO HYDROGEN ISOCYANATE (g)

143 HCO FORMYL (g)

i44 HC1 HYDROGEN CHLORIDE (g)

145 HNG NITROXYL (q)

1446 HNG = NITROUS ACID (4g)

147 HNG = NITRIC &CID (g)

148 HOC1 HYFOCHLOROUS ACID (qg)

149 HO= HYDROFEROXGC (q)

150 HP HYDROGEN FHOSFHIDE (g)

151 HS , MERCAFTO (g)

132 Ha HYDROGEN (g}

1873 H=20 WATER (1.,9)

154 Hz0x HYDROGEN FEROXIDE (g)

155 HzP DIHYDROGEN FHOSFHIDE (qg)

136 H=S HYDROGEN SULFIDE (g)

137 H2504 SULFURIC ACID (1,.g9)

138 HP TRIHYDROGEN FHOSFHIDE (g)

159 HxFOa FHOSPHORIC ACID (s.l)

160 HaS0s SULFURIC ACID MONOHYDRATE (1)

161 HeS04 SULFURIC ACID DIHYDRATE (1)

162 HaS0- SULFURIC ACID TRIHYDRATE (1)

163 H1050a SULFURIC ACID TETRAHYDRATE (1)

164 H155010.300 SULFURIC ACID HEMIHREXAHYDRATE (1)

165 K FOTASSIUM (s.l.q)

1466 KAlCla FOTASSIUM TETRACHLORCALUMINATE (s)

167 KAl1Sz0a FOTASSIUM ALUMINUM SULFATE (s)

148 KAlSiO0a KALIOFHILLITE (s)

169 KAlSi=De LEUCITE (s)

170 KAlSix0a HIGH SANIDINE (s.l)

171 KAl=xSisH=0:12 MUSCOVITE (s3)

172 KCN FOTASSIUM CYANIDE (s.1l,q9)

173 kC1 FOTASSIUM CHLORIDE (s.,1.Q)

174 KC10a4 FOTASSIUM FPERCHLORATE (s)

175 KH FOTASSIUM HYDRIDE (s.,g9)

176 K¥NO= NITER (s)

177 kD FOTASSIUM MONOXIDE (g)

178 K.OH FOTASSIUM HYDROXIDE (s.l.g)

179 KDz FOTASSIUM DIOXIDE (s)
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130 o FOTASSIUM (g3)

191 WaCO FOTASSIUM CAREONATE (s.1)

182 K2CzNz DIFPOTAESIUM CYANIDE (g)

187 Ka2Cla DIFOTASSIUM DICHLORIDE (g)

134 KaHz202 DIFCTASSIUM DIHYDROXIDE {(g)

188 =0 FOTASSIUM OXIDE (3)

186 FaDa FOTASESIUM FEROXIDE (3)

187 KaS FOTASSIUM SULFIDE (s,.1)

188 2504 FOTASSIUM SULFATE (s.1.3)

139 X231i0 FOTASSIUM SILICATE (3.1)

1920 “=AlCls FOTASSIUM HEXACHLOROALUMINATE (s

1?1 K=xA1aCle FOTASSIUM NANCCHLORCALUMINATZ (=)

19z Li LITHIUM (s.1,9)

197 LiAlHa LITHIUM TETRAHYDROALUMINATE (3)

194 LiAl0x LITHIUM ALUMINATE (s,.1)

195 LiCl LITHIUM MONOCHLORIDE (s,l.3)

1946 LiCl0a LITHIUM FERCHLORATE (s541)

197 LiH LITHIUM HYDRIDE (s,1.9)

1?8 LiN LITHIUM MITRIDE (q)

199 LiNaQ LITHIUM S0DIUM OXIDE (g}

200 Li0 LITHIUM MOMOXIDE (q)

201 Li0cl LITHIUM RHYPOCHLORITE (g)

202 LiGH LITHIUM HYDROXIDE (s.1,.,39)

207 Li0ON LITHIUM OXYNITRIDE {(g)

204 Liz LITHIUM (ag)

205 "LixC0x LITHIUM CARBONATE (s3.1)

Z0é6 LizC= LITHIUM CARBIDE (s)

207 LizCla DILITHIUM DICHLORIDE (@)

208 LizH=0= DILITHIUM DIHYDROXIDE (g)

209 Lix0 LITHIUM OXIDE (s,1.49)

210 LizOx LITHIUM FEROXIDE (s,Q9)

211 Li=S0,4 LITHIUM SULFATE (s.l.9)

212 Lio5i0x LITHIUM SILICATE (s.1)

213 LizSiz0s LITHIUM DISILICATE {(s.l)

214 LizTiO= LITHIUM TITANATE (s.1)

213 Li=Clx TRILITHIUM TRICHLORIDE (q)

216 Li=N TRILITHIUM NITRIDE (3)

217 Mg MAGNESIUM (s,1.9)

213 MgAlz0a SFINEL (s,1)

219 MgCOx MAGNESITE (s3)

220 MgCxa MAGNESIUM CAREIDE (3)

221 MgC1l MAGNESTIUM MONOCHLORIDE (g)

222 MgCla MAGNESIUM DICHLORIDE (s,1.q)

227 MogFez0a MAGNESIOFERRITE (s)

224 MgH MAGNESIUM HYDRIDE (q)
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229 MgH= MAGNESIUM DIHYDRIDE (s)

226 MgH=z0= MAGNESILUM DIHYDROXIDE (s.9)
227 MgN MAGNESIUM NITRIDE (q)

228 MgN=Oa MAGNESIUM MNITRATE (3)

229 MgD MAGNESIUM OXIDE (s.1,9)

270 MgOH MAGNESIUM HYDROXIDE (qQ)

221 MaS MAGNESIUM SULFIDE (s,9)

232 MaS0a MAGNESIUM SULFATE (3,1)

23 MgSiOs MAGNESIUM SILICATE (3.1)

23 MgTiOs MAGHNESIUM TITANATE (s.1)
239 MgTizOs MAGNESIUM DITITANATE (=,1)
236 Mg= MAGNESIUM (g)

237 MQ=2R14Sialis CORDIERITE (3)

223 Mg=Cx MASNEZSIUM CAREBIDE (s)

239 Mg=Cla DIMAGNESIUM TETRACHLORIDE (3]
240 Mg=5i MAGNESIUM SILICIDE (3.1)
241 Mg=5i0a FORSTERITE (s3,.,1)

242 Mg=TiOa MAGNESIUM ORTHOTITANATE (s3,1)
247 Mg:gi:!leizD;_: FYROFE (3)

244 Mg=Nz MAGNESIUM DINITRIDE (s)

245 Mg=F=0a MAGBNESIUM FHOSFHATE (s.1)
246 [\ NITROGEN (g)

247 NH IMIDOGEN (4q)

248 NH= AMIDOGEN (g)

249 NH= AMMONIA (g)

290 NHLC1 AMMONIUM CHLORIDE (3)

291 NHACl04 AMMONIUM FERCHLORATE (s)
2592 NO NITROGEN MONOXIDE (g)

253 NOC1 NITROSYL CHLCRIDE (g)

254 NO= NITROGEN DIOXIDE (g)

295 NOZC1 MITRYL CHLORIDE (g)

256 NO~ NITROGEN TRIOXIDE (q)

257 Nz NITROGEN (g)

258 NaH= DIAZENE (CIS) (g)

260 NoHaOx AMMONIUM NITRATE (s)

261 NaHaS04 MASCAGNITE (s)

262 N=0 DINITRDGEN OXIDE (q)

263 NzOx DINITROGEN TRIOXIDE (q)

264 NzDa DINITROGEN TETRAOXIDE (s.l,9)
263 NzOs DINITROGEN FENTAOXIDE (g)
266 Nx AZIDE (g)

267 Na SODIUM (s,1.9)

268 NaAlCla S50DIUM TETRACHLOROALUMINATE (s)
269 NaAl0= SODIUM ALUMINATE (s)
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270 NaAlSila NEFHELINE (s,1)

271 NaA1Si=0s JADEITE (s5,1)

272 Nafl15i=0a ALBITE (s,1)

Y NaCN S3CDIUM CYANIDE (s.1l.9)

274 NaC1 S0DIUM CHLORIDE (3,1.4)

o735 NaCl0a Z0DIUM FERCHLORATE (s3)

75 MaH SODIUM HYDRIDE (s.3)

277 Nald SODIUM MONOXIDE (g3

273 MatH SODIUM HYDROXIDE (=,1l.9)

-7 MNaO= SODIUM DIDXIDE (s}

80 Na= 30DIUM (g7

281 MNazC0= SODIUM CARBOCMATE is,1)

252 NazCzNz DISODIUM CYANIDE {(g)

293 Ma=zClz DIZODIUM DICHLORILE (g)

z34 NazHx0= DISODIUM DIHYDROXIDE (g)

=85 Nax0 SCDIUM DOXIDE (s,1)

786 Na=O= SODILM FEROXIDE (s)

287 MaxS S0DIUM SULFIDE (s,.1)

=88 Naz50a4 SODIUM SULFATE (s.l.q)

289 NaxSa SODIUM DISULFIDE (s.1)

Z70 Na.2S5i0= SCDIUM SILICATE (3.1)

Zel Ma=51i20s SODIUM DISILICATE (s.1)

292 MaxAlCle 50DIUM HEXACHLORDALUMINATE (3)

293 (8] CXYGEM {(g)

294 O= OXYGEN (g)

293 O DZONE (g)

296 P FHOSFHORUS (3.1.,9)

297 FC1 FHOSFHOROUS MONOCCHLORIDE (3)

273 FCl= FHOSFHORUS TRICHLORIDE (g)

299 FClas FHOSFHORUS FENTACHLORIDE (4g)

00 M PHOSFHORUS NITRIDE (q)

RIS 0 FHOSPHORUS MONOXIDE (g)

T02 FOCl= PHOSFHORYL TRICHLORIDE (qg)

03 FO= FHOSFHORUS DIOXIDE (g)

04 FS FHOSFHORUS SULFIDE (g}

Z05 Fa FHOSPHORUS (g)

T04 FeNa TRIFHOSFHORUS FENTANITRIDE (s)

07 Pa FHOSFHORUS (qg)

o8 Fale FHOSFHORUS TRIOXIDE DIMER {(g)

T09 PaOro FHOSFHORUS PENTAOXIDE DIMER (3,9)

=10 PaSx FHOSFHORUS TRISULFIDE (s.,1.9)

511 =) SULFUR (s,1.9)

312 SC1 SULFUR MONCCHLORIDE (g)

Z13 8Clx SULFUR DICHLORIDE (l.g)

Z14 SN SULFUR NITRIDE (g)
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I15 sa SULFUR MONOXIDE (q)

T14 S0 SULFUR DIOXIDE (g)

T17 S50zCla SULFURYL CHLORIDE (Q)

=13 30~ SULFUR TRIOXIDE (a)

=19 SFC1~ THIOFHOSFHCRYL TRICHLORIDE (4)

I20 S SULFUR (g

21 3201 DISULFUR MONDOCHLORIDE (g9)

e Salla DIZULFUR DICHLORIDE (1.9)

27 520 DISULFUR MCNOXIDE (g3)

24 Sx SULFUR (q)

IR5 Sa SULFUR (g

32 Sa SULFUR (g)

27 S5a SULFUR {g)

28 S SULFUR {g)

29 S5a SULFUR ©qg)

IT0 51 SILICON (s,1,9}

31 31C SILICON CARBIDE (s,.3)

I32 3iCH=C1lx TRICHLORCMETHYLSILANE (g)

a3 SiCa . SIL.ICCN DICARBIDE (q)

334 SiClaHyi=z TETRAMETHYLSILANE (g)

I35 g8iCl SILICOM MOMNOCHLORIDE (g9)

336 SiClz SILICCN DICHLORIDE (g)

337 SiClx SILICOM TRICHLORIDE (g)

38 SiCla SILICON TETRACHLORIDE (g)

3 S5iH SILICON HYDRIDE (g)

340 SiHCl=x TRICHLOROSILANE (g)

241 SiH=Cl= DICHLOROSILANE (g)

42 SiH=C1 CHLORDSILANE (g)

343 SiHa SILICON TETRAHYDRIDE (g)

44 SiN SILICON NITRIDE (g)

243 Si0 SILICON MONOXIDE (g)

I46 Si0= SILICON DIOXIDE (s.,l.g9)

47 3is SILICON SULFIDE (g)

48 SiS= SILICON DISULF:DE (s,1)

249 Sia SILICON (g)

390 SiaN DISILICCM NITRIDE (g)

391 Six SILICON (qg) :

352 SixNa TRISILICON TETRANITRIDE (s)

393 Ti TITANIUM (s,1.9)

354 TiC TITANIUM CARERIDE (s,1)

385 TiCl TITANIUM MONOCHLORIDE (s)

336 TiCl= TITANIUM DICHLORIDE (s.q)

=57 TiCl= TITAMIUM TRICHLORIDE (s.qg)

58 TiCla TITAMIUM TETRACHLORIDE (s.1.9)

359 TiH= TITANIUM HYDRIDE (s)




DATABASE

FEF cal
Faormula Index

No. Formula Name

60 TiN TITANIUM NITRIDE (3.1)

I51 Tig TITANIUM MOMOXIDE (s.l.Q)

I462 TioCcl TITANMIUM HYFOCHLORITE (q)

TAT TiOCl= TITAMIUM HYFOCHLORATE (g}

44 TiOx RUTILE (s.,1,9)

265 TizOx TITANIUM OXIDE (s.1)

T&E6 TizxOm TITANIUM PENTAOXIDE (3.1)

57 Ti.D- TITAMIUM

SEPTOXIDE (s5,1)

B-9
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